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Preface

Sustainable Construction and Building Materials provides an overview of the complete range of
modified and modern sustainable construction and building materials available to civil en‐
gineers and all those involved in the building and construction industries. The book sheds
light on recent advances in sustainable construction and building materials with special em‐
phasis on the characterization of natural and composite hydraulic mortars, advanced con‐
crete technology, green building materials, and the application of nanotechnology to the
improvement of the design of building materials. The book covers in detail the characteriza‐
tion of natural hydraulic lime mortars, a decade of research on self-healing concrete, bio‐
composite cement binding process and performance, development of sustainable building
materials from agro-industrial wastes, applications of sugarcane biomass ash for developing
sustainable construction materials, oil-contaminated sand: sources, properties, remediation,
and engineering applications, oil shale ash addition effect in concrete to freezing/thawing,
connection node design and performance optimization of girders, functionally graded con‐
crete structures, cumulative tensile damage and consolidation effects on fracture properties
of sandstone, key performance criteria influencing the selection of construction methods
used for the fabrication of building components in the Middle East, fly ash as a resource
material for the construction industry, degradation monitoring systems for a building infor‐
mation modeling maintenance approach, durability of composite-modified asphalt mixtures
based on inherent and improved performance, and bitumen and its modifiers.

With its distinguished editor and eminent editorial committee, Sustainable Construction and
Building Materials is a standard introductory reference book on the complete range of con‐
struction and building materials. It is aimed at students of civil engineering, construction
engineering, and allied courses, including water supply and drainage engineering. It also
serves as a source of essential background information for engineers and professionals in
the civil engineering and construction sector.

Sayed Hemeda
Doctor of Civil Engineering

Aristotle University of Thessaloniki, Greece

Professor of Geotechnical Engineering
and Structural Restoration of Historic Buildings

Faculty of Archaeology
Cairo University, Egypt
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Abstract

Natural hydraulic lime (NHL) mortars are widely used for restoration works due to 
their good compatibility with the substrate material in terms of physical, chemical, and 
mechanical properties. Regarding their mechanical characterization, there is still a need 
for further understanding of their fracture behavior and the influence of their dosage 
methodology on the mechanical properties. Thus, this chapter focuses on the mechani-
cal characterization of NHL mortars, such as flexural, compressive, and splitting tensile 
strengths, elastic modulus, and fracture energy. Moreover, the influence of the composi-
tion and production process on such properties was studied as well. Furthermore, the 
loading rate effect on the fracture behavior was also presented. The results show that 
NHL mortars have shape and size effect on the compressive strength. In addition, NHL 
mortar is rate sensitive, mainly due to the viscous effects caused by the presence of free 
water in the porous structure.

Keywords: mechanical characterization, dosage, empirical equations, size effect, 
loading rate effect

1. Introduction

Natural hydraulic lime (NHL) is a binding material formed by burning of argillaceous or
siliceous limestones with reduction to powder by slaking with or without grinding [1]. From
a mineralogical point of view, it is mainly composed of portlandite (Ca(OH)2), dicalcium
silicates (C2S), gehlenite (C2AS), and small amounts of tricalcium silicates (C3S). Tricalcium
aluminate (C3A) and tetracalcium aluminoferrite (C4AF) can be present as well [2]. Moreover,
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calcite (CaCO3) can also appear in NHL as a result of a slight carbonation (reaction with carbon 
dioxide from the air) of portlandite during storage [3]. When mixed appropriately with water 
and aggregates, NHL produces mortars which are able to harden and gain strength with time 
[1]. As a hydraulic material, NHL mortars have the property of setting and hardening under 
water and reacting with carbon dioxide from the air (carbonation) [1, 4]. According to the 
standard EN 459-1 [1], NHL is classified as NHL 2, NHL 3.5, and NHL 5; the corresponding 
compressive strength at 28 days in MPa is as follows:  2 ≤ NHL 2 ≤ 7 ,  3.5 ≤ NHL 3.5 ≤ 10 , 
and  5 ≤ NHL 5 ≤ 15 .

The use of NHL mortars prevails presently for restoration works due to their good compat-
ibility with the substrate material in terms of physical, chemical, and mechanical properties 
[5, 6]. That is to say, NHL mortars interact quite well with stones and blocks of masonry walls; 
the interventions with the materials are durable in time and do not originate spalling of the 
stones [7]. Moreover, NHL mortars are more appropriate than air-hardening or lime poz-
zolana ones when the early strength gain is essential [6]. Furthermore, NHL mortars are eco-
efficient as they require low amount of energy during their production process and absorb 
CO2 from the air while carbonating [6].

Knowledge on the mechanical properties of mortar is crucial to ensure a good performance of 
masonry structures [8]. In general, NHL mortars are well investigated in terms of compressive 
and flexural strengths [5, 9–11]. Recently, Garijo, Zhang, and Ruiz et al. [12, 13] have measured 
fracture energy, splitting tensile strength and characteristic length of such materials. At pres-
ent time, the dynamic mechanical behavior of lime mortars is getting more attention due to 
the fact that most masonry structures are situated in zones of seismic activity, such as Lisbon 
(Portugal), L’Aquila (Italy), Lorca (Spain), Kathmandu (Nepal), Nairobi (Kenya), etc. Pereira 
and Lourenço [14] studied the dynamic compressive behavior of masonry specimens, clay 
brick, and mortar prisms by using a drop-weight tower. The corresponding strain rate range 
was from 2 to 200 s−1. A commercial ready-mix mortar (Mapei Mape-Antique MC) was used 
for the fabrication of masonry and mortar specimens. The dynamic increase factor (DIF, a ratio 
of the dynamic response over the corresponding quasi-static one) 2.73 was obtained for the 
compressive fracture energy of the mortar specimens. Asprone et al. [15] analyzed the tensile 
behavior of a basalt fiber-reinforced natural hydraulic lime mortar at medium and high strain 
rates, using a hydropneumatic machine and a modified Hopkinson bar apparatus, respec-
tively. The DIF for tensile strength was 5.11 at the strain rate 90 s−1. For bending behavior, 
Chan and Bindiganavile [16] studied the strain rate sensitivity of plain and fiber-reinforced 
hydraulic lime mortar by adopting a universal testing machine and a drop-weight impact 
machine at strain rate range from 10−6 to 10 s−1. Impact tests on notched beams with dimen-
sions 100 mm × 100 mm × 350 mm were conducted; the notch depth was 12.5 mm and 2 mm in 
width, and the span was 300 mm. For plain hydraulic lime mortar, the results show that the DIF 
for modulus of rupture was 12 at the drop height 500 mm (corresponding to strain rate 10 s−1), 
while it was 53 for fracture toughness. Moreover, the flexural behavior of hydraulic lime mor-
tar is more sensitive to strain rate than fiber-reinforced hydraulic lime mortar. Later, the bond 
behavior between the stone masonry block and the plain and fiber-reinforced hydraulic lime 
mortar was also investigated by Bindiganavile et al. [17, 18]. The results show that there was 
an improvement in the bond strength due to polypropylene microfibers (20 mm in length) 
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but a difference in the fracture performance between the Portland cement-lime and hydraulic 
lime mortars. Whereas with the former, the fibers promoted failure through fracture in the 
stone block especially under dynamic loading conditions; with the latter, the fibers moved the 
failure plane from the interface to within the bulk mortar.

Nevertheless, there is still a need for the further understanding of the mechanical behavior of 
NHL mortars under quasi-static and dynamic loading conditions, especially for the latter. In 
this chapter, under quasi-static loading condition, an advanced mechanical characterization 
of NHL 3.5 mortars has been performed, such as elastic modulus, fracture energy, splitting 
tensile strength, and compressive and flexural strengths. Particularly, compressive strengths 
from prisms and cylinders were compared to study the size and shape influence. Moreover, 
the effects of dosage and production process on these properties were analyzed as well. Under 
dynamic loading condition, NHL mortar beams were tested at various loading rates (loading-
point displacement rates) by using a servo-hydraulic testing machine, from the quasi-static 
one, 5.0 × 10−4 mm/s, to rate sensitive ones, 5.0 × 10−1 mm/s (intermediate loading rate) and 
1.6 × 101 mm/s (fast loading rate). The results show that the peak load and fracture energy are 
rate sensitive, which is mainly due to the viscous effect caused by the presence of free water 
in the porous structure.

2. Experimental procedure

2.1. Raw materials

The binder used for all seven types of mortars was a NHL 3.5, according to EN 459-1 [1]. 
It was supplied by “Socli, Italcementi group (France)” with an apparent particle density of 
2.58 g/cm3 and apparent density of 0.85 g/cm3. Three types of aggregates were adopted in 
the fabrication process. The usual one was a commercial crushed limestone with maximum 
size of 4 mm; the rest were the crushed limestones with a maximum size of 2 mm and river 
sand with a maximum size of 4 mm. The particle-size distribution curves of the aggregates 
were determined in accordance with EN 1015-1 [19] and are shown in Figure 1. The appar-
ent density and apparent particle density of each aggregate listed in Table 1 were measured 
according to EN 1097-3 [20] and EN 1097-6 [21], respectively.

2.2. Mortar preparation

In total, seven types of mortars were prepared and tested (see Table 2). All of them presented 
a lime/aggregate volume ratio 1:3 as it is the one commonly used for the historical mortars 
[22, 23]. Volume proportions of compounds were converted to weight to obtain a convenient 
measurement for the mixing process. First of all, a benchmark mortar, named as NHL09C04M 
as a simplification, was fabricated with a water/lime volume ratio of 0.9, which provided 
a plastic consistency (between 140 and 200 mm), determined by the flow table test accord-
ing to EN 1015-3 [24] and EN 1015-6 [25]. In addition, a crushed limestone aggregate with a 
maximum grain size of 4 mm and a metallic mold were used. The rest of the mortars were 
prepared by varying one aspect of the benchmark mortar, such as the water/lime ratio, the 
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as a simplification, was fabricated with a water/lime volume ratio of 0.9, which provided 
a plastic consistency (between 140 and 200 mm), determined by the flow table test accord-
ing to EN 1015-3 [24] and EN 1015-6 [25]. In addition, a crushed limestone aggregate with a 
maximum grain size of 4 mm and a metallic mold were used. The rest of the mortars were 
prepared by varying one aspect of the benchmark mortar, such as the water/lime ratio, the 
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maximum aggregate size, the aggregate type, the material of the mold, and the curing condi-
tions (see Table 2). In order to isolate and quantify the influence of the type and maximum 
size of aggregate, materials of mold, and curing conditions on the mechanical properties of 
mortars, the water/lime ratio was kept constant as 0.9 instead of following the conventional 
procedure by adapting the water/lime ratio to obtain an approximately constant consistency 
as presented in the Refs. [5, 6, 9].

The mixing process was performed according to EN 1015-2 [26]. Both prismatic (40 × 40 × 160 mm) 
and cylindrical (75 mm in diameter and 150 mm in height) specimens were prepared. The 
mortar was poured in two layers when using the prismatic molds and in three layers instead 
when the cylindrical molds were used; each layer was compacted with 25 strokes of the tam-
per. All specimens were removed from the molds in 2 days after the fabrication according to 
EN 1015-11 [27].

2.3. Mechanical tests

The flexural, compressive, and splitting tensile strengths, elastic modulus, and fracture energy 
were measured by various types of tests as shown in Figure 2, at an age of 56 days. Moreover, 

Figure 1. Aggregates grading curves.

Density Standards Crushed limestone 
0/4 mm

Crushed limestone 
0/2 mm

River sand 
0/4 mm

Apparent density (g/cm3) EN 1097-3 [20] 1.82 1.81 1.46

Apparent particle density 
(g/cm3)

EN 1097-6 [21] 2.68 2.74 2.59

Table 1. Apparent density and apparent particle density of the aggregates used.
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the loading rate effect on fracture energy was studied by performing three-point bending 
tests on beams at various loading rates (loading-point displacement rates), 5.0 × 10−4 mm/s 
(quasi-static loading rate), 5.0 × 10−1 mm/s (intermediate loading rate), and 1.6 × 101 mm/s 
(high loading rate), respectively.

2.3.1. Flexural and compressive strength

The flexural and compressive strengths were measured according to EN 1015-11 [27] by using 
the Instron 1011 testing machine. The flexural strength was obtained by a three-point bend-
ing test on three beams at a loading rate of 10 N/s and a span of 100 mm (see Figure 2(a)). 
It is worth noting that the anti-torsion supports were used for the test, which is specially 
important for quasi-brittle materials. That is to say, the beam rests on two rigid-steel cylinders 
placed on two supports which permit rotation out of the plane of the beam and rolling along 
the longitudinal axis of the beam with negligible friction.

The compressive tests were performed at a loading rate of 50 N/s on the six half prisms 
remaining from the bending tests, as presented in Figure 2(b). The load was centered in the 
middle of the longest side by using a steel plate (40 mm × 40 mm × 10 mm). Moreover, an 
individualized ball-and-socket joint over the steel plate was used to reduce the eccentricity 
during the loading process.

2.3.2. Elastic modulus and compressive strength from cylinders

For studying the size and shape effects on the compressive strength, compressive tests were 
also performed on four cylinders (75 mm in diameter and 150 mm in height) at a loading rate 
of 10 N/s by using the Instron 8805 testing machine. Moreover, the elastic modulus was deter-
mined following the principles of EN 12390-13 [28] (see Figure 2(c)). Two clips (strain gauge 

Mortar composition Volumetric 
water/lime 
ratio

Consistency 
(mm)

Type of 
aggregate

Maximum 
grain size 
(mm)

Material of 
the mold

Curing 
conditions

NHL09C04M 0.9 150–155 Crushed 
limestone

4 Metallic 56 days in CC

NHL08C04M 0.8 130–135 Crushed 
limestone

4 Metallic 56 days in CC

NHL11C04M 1.1 238–240 Crushed 
limestone

4 Metallic 56 days in CC

NHL09C02M 0.9 120–125 Crushed 
limestone

2 Metallic 56 days in CC

NHL09R04M 0.9 180–187 River sand 4 Metallic 56 days in CC

NHL09C04W 0.9 150–155 Crushed 
limestone

4 Wooden 56 days in CC

NHL09C04MA 0.9 150–155 Crushed 
limestone

4 Metallic 7 days in CC 
and 49 in AC

CC, climatic chamber (RH: 97 ± 0.5%, 20 ± 0.5°C); AC, ambient laboratory conditions (RH: 50 ± 10%, 23 ± 3°C).

Table 2. Characteristics of the seven mortar compositions prepared.
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extensometers Instron 2630) were used to measure the axial deformation. They were placed 
centrally in opposite generatrices of the specimen covering a span of 50 mm in order to avoid 
local constrictions caused by the friction of the specimen surface and the steel platens of the 
machine. Two rubber layers with 2 mm thickness each were used between the upper surface 
of the sample and the steel platen to keep away from contact problems due to the irregular 
roughness of the sample. In order to obtain a stable value, five repeat monotonic tests were 
conducted up to 30% of the compressive strength at a loading rate 10 N/s for each cylinder; the 
mean of the last three values measured was taken as the elastic modulus.

2.3.3. Fracture energy and loading rate effect

The fracture energy, defined as the energy required to open a unit area of crack surface, was 
measured through a three-point bending test by using the Instron 8805 testing machine, 
following the procedure recommended by the RILEM [29] and the improvements proposed 
by Planas, Guinea, and Elices [30–32] (see Figure 2(d)). The beams were the same size 
as those used for the flexural tests. A precast notch in the middle of the specimens was 
introduced by using a cardboard piece (2 mm in width and 20 mm in depth) during the 
fabrication. More detailed information on how to determine the fracture energy can be 
found in the Refs. [12, 13].

Figure 2. Tests for (a) flexural strength, (b) compressive strength, (c) elastic modulus and compressive strength from 
cylinders, (d) fracture energy and elastic modulus from prisms, and (e) splitting tensile strength.
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The tests were performed in the displacement control. In order to study the rate effect on the 
fracture energy, three various loading rates (loading-point displacement rates) were applied 
during the test from a quasi-static level (5.0 × 10−4 mm/s) to rate dependent (dynamic) levels 
(5.0 × 10−1 mm/s and 1.6 × 101 mm/s). In such way, it took around 30 minutes and 0.3 seconds 
to finish the tests for the lowest and fastest loading rates, respectively. Three beams were 
tested at each loading rate. The corresponding strain rate,   ε   ̇  , can be calculated approximately 
according to the Eq. (1):

   ε   ̇  =   6 (D − a)   δ   ̇  _______  S   2     (1)

where   δ   ̇   stands for the loading rate; D and S are the beam depth and span, respectively; and 
a is the notch depth.

2.3.4. Elastic modulus from prisms

When performing the three-point bending tests at quasi-static loading rate, an extensometer 
(strain gauge extensometer Instron 2620) was attached to the lower surface of the specimen to 
obtain the crack-mouth opening displacement (CMOD). In this way, the elastic modulus (  E  

pr
   ) 

could be obtained from prisms by applying general Eqs. (2) and (3) for span/depth (S/D) ratios 
(β) between 2.5 and 16 [33]:

   E  pr   = 6    Sa ________  C  i   B  D   2     υ  β   (α)   (2)

   υ  β   (α)  =  υ  β   (a / D)  = 0.8 − 1.7α + 2.4  α   2  +   0.66 _____   (1 − α)    2    +   4 __ β   (− 0.04 − 0.58α + 1.47  α   2  − 2.04  α   3 )   (3)

where   C  
i
    is the initial compliance determined from load-CMOD curve,   υ  

β
   (α)   is a dimensionless 

shape function depending on  β , and the relative notch/depth ratio  α . The other parameters of 
the beam have been previously defined.

2.3.5. Splitting tensile strength (indirect tensile strength)

The splitting tensile strength was measured through quasi-static splitting tensile tests (Brazilian 
tests) on four prismatic halves resulting from the preceding bending test for measuring frac-
ture energy, following the procedure recommended by EN 12390-6 [34]. To conduct the test, 
the Instron 1011 testing machine was used, and the loading rate was set at 50 N/s. The propor-
tion between the load-bearing width and the height of the specimens was maintained as low 
as 1/10 following the recommendations in [35–37]. The bearing strips were made of plywood, 
and they were placed in the middle of the longest side of the halves (see Figure 2(e)). The 
splitting tensile strength is determined as

   f  t   = 2F / 𝜋𝜋BD  (4)
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where   f  
t
    is the splitting tensile strength,  F  is the maximum load, and B and D are the specimen 

width and depth, respectively, as mentioned previously.

2.3.6. Characteristic length

Once the splitting tensile strength (ft), elastic modulus from cylinders (Ecy), and quasi-static 
fracture energy (GF) are obtained, the characteristic length, lch, is calculated in accordance with 
Eq. (5). It is a parameter proposed by Hillerborg et al. [38] for fracture behavior, which is 
related to the length of the fracture process zone. It could be used to predict the brittleness of 
a material. As it decreases, brittle nature dominates and vice versa:

   l  ch   =  E  cy    G  F   /  f  t   2   (5)

3. Results and discussion

In this section, the results of the experimental campaign described in Section 2 are presented. 
It is organized as follows: influence of dosage and production process on the mechanical 
properties of seven types of NHL mortars, size effect on the compressive strength, and the 
loading rate effect on the fracture behavior.

3.1. Influence of dosage and production process on the mechanical properties

In total, five influence factors on the mechanical properties of seven types of NHL mortars 
were studied, i.e., water/lime ratio, material of the mold, type and maximum size of the aggre-
gates, and curing conditions. As explained in Section 2, a benchmark mortar was prepared, 
named as NHL09C04M (see Table 2). The influence of each factor was analyzed by varying an 
aspect of the mortar. That is to say, the influence of the water/lime ratio was studied among 
NHL08C04M, NHL09C04M, and NHL11C04M; the effect of the material of the mold was 
investigated by comparing NHL09C04W and the benchmark mortar, the influence of the type 
and maximum size of the aggregates through mortars NHL09R04M and NHL09C02M with 
the benchmark mortar, respectively. Finally, the impact of the curing conditions was obtained 
by comparing NHL09C04MA with the benchmark one. The detailed experimental results on 
the mechanical properties are listed in Table 3, fflex, fcpr, fccy, GF, ft, Ecy, Epr, and lch, respectively, the 
flexural strength, compressive strength from prisms, compressive strength from cylinders, 
fracture energy at quasi-static loading rate, elastic modulus from cylinders, elastic modu-
lus from prisms, and characteristic length. It is worth noting that for NHL09C04W, only the 
flexural and splitting tensile strengths (Figure 3(a) and (c)) were measured as the cylindri-
cal wooden molds were not fabricated. Moreover, the notched beams were damaged when 
demolding the specimens from the prismatic wooden molds [12].

It is observed from Table 3, in general, the mechanical properties of NHL mortars are improved 
for low water/lime ratio when comparing the experimental results among NHL08C04M, 
NHL09C04M, and NHL11C04M, due to the fact that the open porosity increases with an 
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increase in water/lime ratio which results in a weakening of the mortar structure and its 
mechanical properties [12]. Moreover, using wooden molds also benefits the mechanical 
properties as they absorb the excess of free water. The influence of the aggregate size is cou-
pled with the effect of the water/lime ratio. According to the Ref. [6], larger coarse aggregates 
improve the resistance in a comparison among mortars with similar consistencies. However, 
this is achieved by adding more water to mortars with smaller aggregates, as they have a 
higher water demand, which modifies the water/lime ratio. In our case, NHL09C04M and 
NHL09C02M have the same water/lime ratio as 0.9. As both have similar mechanical proper-
ties, it could be due to the positive effect of a lower water/lime ratio offsetting the possible 
lower capacity of smaller aggregates.

NHL09C04M and NHL09R04M mortars were fabricated with crushed limestone and river 
sand, respectively. In a fresh state, NHL09R04M has a higher consistency (180–187 mm) than 
NHL09C04M (150–155 mm) for the same water/lime ratio. It is obvious that the crushed lime-
stone aggregates exhibit better interlocking behavior than the river sands with round particles 
[39]. It should be noted if less water were added to NHL09R04M to get similar consistency as 
NHL09C04M, the mortar would be stronger.

The effect of the curing conditions were studied between NHL09C04MA, cured in the climatic 
chamber (RH: 97 ± 0.5%, 20 ± 0.5°C) for the first 7 days and at ambient laboratory conditions 
(RH: 50 ± 10%, 23 ± 3°C) for the rest 49 days, and NHL09C04M, cured in the climatic chamber 
for 56 days. The former presents lower mechanical properties than the latter. For example, 

Mortar composition fflex 
(MPa)

fcpr 
(MPa)

fccy 
(MPa)

GF 
(N/m)

ft (MPa) Ecy 
(GPa)

Epr 
(GPa)

lch (mm)

NHL09C04M Mean 1.3 3.2 2.0 12 0.39 5.0 5.2 390

Std. dev. 0.1 0.1 0.2 3 0.02 0.2 0.5

NHL08C04M Mean 1.3 4.2 2.7 13 0.51 5.4 6.0 260

Std. dev. 0.1 0.3 0.3 1 0.01 0.6 0.2

NHL11C04M Mean 0.89 1.7 1.4 4.9 0.24 2.8 3.8 240

Std. dev. 0.04 0.1 0.1 0.8 0.03 0.7 1.0

NHL09C04W Mean 1.7 3.5 — — 0.57 — — —

Std. dev. 0.1 0.1 0.05

NHL09C02M Mean 1.1 3.2 2.0 12 0.49 4.6 5.1 220

Std. dev. 0.1 0.2 0.1 1 0.05 0.2 0.6

NHL09R04M Mean 0.96 2.3 1.5 10 0.38 4.2 4.4 280

Std. dev. 0.06 0.1 0.1 2 0.03 0.2 0.4

NHL09C04MA Mean 0.91 2.4 1.5 8 0.34 2.8 3.2 190

Std. dev. 0.02 0.1 0.1 1 0.03 0.4 0.6

Table 3. Mechanical properties of NHL mortars at an age of 56 days.
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where   f  
t
    is the splitting tensile strength,  F  is the maximum load, and B and D are the specimen 

width and depth, respectively, as mentioned previously.
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increase in water/lime ratio which results in a weakening of the mortar structure and its 
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Mortar composition fflex 
(MPa)

fcpr 
(MPa)

fccy 
(MPa)

GF 
(N/m)

ft (MPa) Ecy 
(GPa)

Epr 
(GPa)

lch (mm)

NHL09C04M Mean 1.3 3.2 2.0 12 0.39 5.0 5.2 390

Std. dev. 0.1 0.1 0.2 3 0.02 0.2 0.5

NHL08C04M Mean 1.3 4.2 2.7 13 0.51 5.4 6.0 260

Std. dev. 0.1 0.3 0.3 1 0.01 0.6 0.2

NHL11C04M Mean 0.89 1.7 1.4 4.9 0.24 2.8 3.8 240

Std. dev. 0.04 0.1 0.1 0.8 0.03 0.7 1.0

NHL09C04W Mean 1.7 3.5 — — 0.57 — — —

Std. dev. 0.1 0.1 0.05

NHL09C02M Mean 1.1 3.2 2.0 12 0.49 4.6 5.1 220

Std. dev. 0.1 0.2 0.1 1 0.05 0.2 0.6

NHL09R04M Mean 0.96 2.3 1.5 10 0.38 4.2 4.4 280

Std. dev. 0.06 0.1 0.1 2 0.03 0.2 0.4

NHL09C04MA Mean 0.91 2.4 1.5 8 0.34 2.8 3.2 190

Std. dev. 0.02 0.1 0.1 1 0.03 0.4 0.6

Table 3. Mechanical properties of NHL mortars at an age of 56 days.
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Figure 3. Relationship between compressive strength from prisms and other mechanical properties: (a) flexural strength, 
(b) compressive strength from cylinders, (c) splitting tensile strength, (d) fracture energy, (e) elastic modulus from 
cylinders, (f) elastic modulus from prisms.
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their flexural strengths are 0.91 and 1.3 MPa, respectively. This is mainly due to the fact that 
high humid conditions favor the hydration of NHL mortars [9, 10, 12].

As mentioned in Section 2.3.6, characteristic length is an indicator of brittleness of quasi-
brittle materials. The shorter a material is, the more brittle it is. It is clear that using river sand 
in the fabrication and curing at ambient laboratory make the mortars more brittle. Moreover, 
smaller aggregate size of the mortar favors the brittle behavior.

In Figure 3, various empirical equations relating some mechanical properties with the com-
pressive strength from prisms were obtained (Eq. (6); Table 4) by fitting the experimental 
results. This could be useful for numerical simulations and structural design when only the 
compressive strength is measured owing to the convenience of performing the test. It is similar 
with the application of equations provided by the FIB Model Code [40] and ACI Building Code 
[41] for concrete. In most cases, R2, the determination coefficient, is over 75%. However, for the 
flexural strength, it is only 56%, due to the fact that the result of the specimens fabricated in the 
wooden mold does not follow the trend. The equation used to do the empirical correlations is:

  Y = m  f  cpr  n    (6)

3.2. Size effect on compressive strength

From Table 3 and Figure 3(b), it is observed that there is a big difference between the com-
pressive strength obtained from prisms and cylinders. For example, they are 4.2 and 2.7 MPa, 
respectively, for NHL08C04M, while 1.7 and 1.4 MPa for NHL11C04M, respectively. This 
could be due to improper curing throughout the specimen in the case of the cylinders, which 
are more massive than prisms [42]. However, this would not be the main cause as both speci-
mens present similar densities and open porosities [12]. Instead, the difference is mainly 
because of geometry and size effects, which are confirmed by the following numerical simu-
lation on the compressive tests of prisms.

The numerical model was created by using a commercial software, ATENA [43]. This program 
uses the finite element method and has nonlinear constitutive material models implemented, 

Y m n

fflex 0.60 0.62

fccy 0.76 0.85

ft 0.18 0.78

GF 4.19 0.82

Ecy 1.89 0.75

Epr 2.46 0.61

Table 4. Values of adjusting parameters according to Eq. (6).
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especially aimed for cohesive materials [13, 44]. The geometry of the model is formed by the 
mortar specimen itself and two metallic plates as used in the experimental test (see Figure 4). In 
order to reduce the number of finite elements and computing cost, symmetry was used in the 
model, defined by two vertical axes of symmetry. The material properties (Ecy, GF, ft, and fc) were 
taken from the experimental results of mortars NHL08C04M (dry consistency) and NHL11C04M 
(fluid consistency), respectively (Table 3). Under the hypothesis that the compressive strength 
of cylinder is closer to the intrinsic compressive strength of the material, we adopted their cor-
responding values as fc, instead of the corresponding to prisms. The metallic plates were defined 
as perfect linear elastic as their only function was to transmit the load and their strength was 
much higher than the one of the mortar [13].

In order to complete the comprehension of the possible size effect, two additional models of 
both mortars were performed by doubling the size of the original one once (80 mm × 80 mm × 
160 mm) and twice (160 mm × 160 mm × 320 mm), respectively, and it followed the procedure 
described by del Viso et al. in [45]. Then, it was possible to obtain the nominal strength of 
each model,   σ  

N
   , as the ratio of the corresponding maximum loads and their respective bearing 

surfaces.

In Figure 5, the square of the nominal strength of the three models for each mortar,   σ  
N
  2   , is plot-

ted against the inverse of Hillerborg’s brittleness number, 1/βH or lch/D. By adjusting a linear 
fitting of these three points, it is possible to obtain the asymptotic value of the compressive 
strength when the specimen depth, D, tends to infinite, that is to say, the intrinsic compressive 
strength of the material,   σ  

inf
    [13, 45]. This fitted line is defined in Eq. (7):

   σ  N  2   =  σ  inf  2   +  σ  inf  2   A   1 ___  β  H      (7)

Figure 4. Geometry of the numerical model.
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where A is obtained from the slope of the fitted line of Figure 5 for each mortar. With   σ  
inf

    , it is 
possible to obtain the non-dimensional values of   σ  

N
    (the ratio   σ  

N
   /  σ  

inf
   ) and plot them related to 

βH with a logarithmic scale (Figure 6). Then, it is possible to adjust one curve per mortar mix 
fitting these points. These two curves represent their size effect laws. As shown by them, for 
large specimen sizes, the size effect tends to disappear. In both cases,   σ  

inf
    is close to the com-

pressive strength of cylinders, meaning that this value can roughly be considered as the intrin-
sic compressive strength of the material, instead of the compressive strength of the prisms.

3.3. Loading rate effect on the fracture behavior

In order to study the rate effect on the fracture behavior of NHL mortars, the benchmark 
mortar, NHL09C04M, was tested in three-point bending under three different loading rates, 

Figure 5. Regression for setting   σ  inf    and A for (a) NHL08C04M and (b) NHL11C04M.

Figure 6. Size effect law for (a) NHL08C04M and (b) NHL11C04M.
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5.0 × 10−4 mm/s (quasi-static loading rate), 5.0 × 10−1 mm/s, and 1.6 × 101 mm/s. Table 5 presents 
the experimental results, where the values in brackets refer to the corresponding standard 
deviation. Moreover, an estimation of the strain rate,   ε   ̇  , is included as well for comparison 
with results of the literature under other loading methods. The DIF is defined by the ratios of 
peak load (Pmax) and fracture energy (GF) to their corresponding quasi-static values. Figure 7 
shows the peak load and fracture energy obtained under three different loading rates.

From Table 5 and Figure 7, it is observed that the maximum load and fracture energy of the 
NHL mortar increase with the loading rate. For example, their DIFs at the highest rate are 1.4 
and 1.9, respectively.

The tendency of the rate effect on the peak load and fracture energy is also presented in 
Figure 8. Moreover, following Eqs. (8) and (9), curve fittings of the DIFs are derived from 
the experimental results in regard to the peak load and the fracture energy, respectively, by 
using the least squares method. These adjustments provide a correlation coefficient higher 
than 95%. Though the format of such equations is original for plain and steel fiber-reinforced 
concretes [46–49], they are still valid for NHL mortars:

   DIF   P  max  
   = 1 + 0.19   (   δ   ̇  ___ 

  δ   ̇   0  
  )    

0.29

   (8)

   DIF   G  F  
   = 1 + 0.44   (   δ   ̇  ___ 

  δ   ̇   0  
  )    

0.25

   (9)

where    δ   ̇   
0
    is set as 1 mm/s. Such equations may be useful to predict the rate effect on the peak 

load and the fracture energy and when performing numerical simulations involving fracture 
on NHL mortars.

For understanding the cause of the loading rate dependency, six specimens (three per load-
ing rate) were dried for 48 hours at 105°C and tested at the lowest and highest loading rates. 
The experimental results of the dry specimens are also presented in Table 5. Moreover, the 
comparison of the maximum DIF between the normal and dry lime mortars is shown in 
Figure 9. It is obvious that the rate effect of NHL mortar is mainly related with the move-
ment of free water in pores. For example, for the dry NHL mortar, the peak load is almost 

Type of NHL 
specimens

Loading rate,   δ   ̇  
(mm/s)

Strain rate,   ε   ̇  
(s−1)

Maximum load, 
Pmax (N)

DIF 
for 
Pmax

Fracture 
energy, GF 
(N/m)

DIF 
for 
GF

Water 
content (%)

Normal 5.0 × 10−4 6 × 10−6 99 (10) 1.0 12.2 (1) 1.0 2.52 (0.24)

5.0 × 10−1 6 × 10−3 120 (10) 1.2 17.3 (1) 1.4

1.6 × 101 2 × 10−1 140 (15) 1.4 22.8 (10) 1.9

Dry 5.0 × 10−4 6 × 10−6 110 (20) 1.0 17.9 (2) 1.0

1.6 × 101 2 × 10−1 110 (10) 1.0 22.5 (7) 1.3

Table 5. Experimental results at various loading rates for NHL09C04M.
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Figure 7. Peak load and fracture energy at various loading rates. (a) Peak load. (b) Fracture energy.

Figure 8. Loading rate effect on (a) peak load and (b) fracture energy.

Figure 9. Maximum DIF of the normal and dry specimens of NHL09C04M.
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constant at different loading rates, a 30% increase in fracture energy. However, for the nor-
mal NHL mortar, the DIFs of the peak load and fracture energy are 1.4 and 1.9, respectively.

4. Conclusions

In the chapter, the influence of five factors affecting the dosage and fabrication process of seven 
types of NHL 3.5 mortars on their mechanical properties was studied. Moreover, the shape 
and size effect on the compressive strength was disclosed by numerical simulation and experi-
ments. Furthermore, the loading rate effect on the fracture energy was investigated as well.

Regarding the five influence factors on the mechanical properties, the results show that high 
water/lime ratios produce structural weakening and reduce mechanical properties. High rela-
tive humidity (97 ± 0.5%) is more suitable than ambient laboratory conditions for the hydra-
tion of the compounds of NHL mortars and for the increase of its ductility. Moreover, using 
wooden molds also improves these properties as they absorb the excess of free water. When 
maintaining constant water/lime ratios, using aggregates with higher grain size increases the 
mechanical properties. Mortars with river sand have lower mechanical properties. Certainly, 
if the water/lime ratio also varies at the same time, the tendency would be different.

There exists a big variation on the compressive strengths from prisms and cylinders; the ratio 
could reach 1.6. A numerical simulation analysis of the compressive test on prisms of two 
NHL mortars confirms that such variation is mainly due to the geometry and size effects.

With respect to the loading rate effect, from 5.0 × 10−4 to 1.6 × 101 mm/s, on the fracture behav-
ior of NHL mortar, it is obvious that the material is rate sensitive. The DIFs of the peak load 
and fracture energy are 1.6 and 1.9, respectively. Such phenomenon is mainly because of the 
viscous effects caused by the presence of free water in the porous structure.
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maintaining constant water/lime ratios, using aggregates with higher grain size increases the 
mechanical properties. Mortars with river sand have lower mechanical properties. Certainly, 
if the water/lime ratio also varies at the same time, the tendency would be different.

There exists a big variation on the compressive strengths from prisms and cylinders; the ratio 
could reach 1.6. A numerical simulation analysis of the compressive test on prisms of two 
NHL mortars confirms that such variation is mainly due to the geometry and size effects.

With respect to the loading rate effect, from 5.0 × 10−4 to 1.6 × 101 mm/s, on the fracture behav-
ior of NHL mortar, it is obvious that the material is rate sensitive. The DIFs of the peak load 
and fracture energy are 1.6 and 1.9, respectively. Such phenomenon is mainly because of the 
viscous effects caused by the presence of free water in the porous structure.
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The main findings of a decade of research on the design and development of the first 
self-healing concrete are summarized in this chapter. The autonomous healing concept 
is introduced, and plethora of design campaigns is enlisted. Healing agent encapsulation 
and agent tubes vascular networks are reported as the most efficient healing configura-
tions for laboratory-scale and real-size applications, respectively. Crack formation, closure 
after healing and further damage are phenomena tracked by using advanced experimental 
monitoring methods and their performance is critically revised. The effect of self-healing 
technology on concrete mechanical response, durability and long-term response to dam-
age are critically discussed. The study contributes to the open discussion in the scientific 
research community regarding self-healing concrete upscaling feasibility and finally it aims 
to contribute as a base for the future studies dealing with concrete design optimization.
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1. Introduction

1.1. A millennium of experience on concrete healing

The invention of construction materials equally strong and efficient to natural ones (i.e. stone, 
wood and fibers) is an inherent need of humans. Archeological findings prove that the concept 
of ‘concrete’ composite material is dating back to Roman Empire period. A variety of pozzo-
lana compositions were established and numerous still standing today monuments are made 
of it, indicatively the Colosseum in Rome and the Mediterranean Caesarea harbor. The latter 
Roman concrete infrastructure is built undersea and its revolutionary composition is recently 
decoded: mineral aluminum tobermorite is exposed to sea water during the service life lead-
ing to progressive and post-curing lime crystallization [1]. The composition is reported as 
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the first historical evidence of concrete design that concerns self-healing mechanisms in an 
attempt to enhance its durability.

Durability issues arise in concrete when under early age shrinkage or service loads, micro-
cracks form and propagate on the cementitious media. Due to material quasi-brittle nature 
and heterogeneous multi-scale composition, micro-cracks build dense networking, making 
macro-crack formation inevitable. This complex material response to damage is acquainted 
since antiquity, therefore smart lime crystallization mechanisms as in Roman concrete were 
introduced.

Extended literature exists on the autogenous repair mechanisms intrinsically built in con-
crete dependent on the material composition. The micro-organisms calcite precipitation 
and the continuous hydration of un-hydrated cement grains are the most promising crack 
repair mechanisms [2, 3]. Nowadays, the intrinsic autogenous hydration ability of cement 
is enhanced by embedding superabsorbent polymers at casting [4] and use of high volume 
fractions of micro-fibers (i.e. engineered cementitious composite [5]). Eventually, autogenous 
healing delays cracking, but it cannot effectively eliminate the degradation in the presence of 
macro-cracks. Therefore, the treatment of cracks with size of several hundred micrometers 
appears the crucial repair mechanisms and plays a key role on the material sustainable design.

1.2. The pioneering autonomous healing concept

Reaching the end of the previous century, technological progress has established easy and 
cost-effective methods to repair open macro-cracks on concrete. European Standard EN1504 
provides guidelines on repair based on adhesive polyurethane or other epoxy agent injection 
into cracks. Today one finds plethora of conventional repair kits in the market that promise 
sealing of cracks ranging from capillary to few millimeters opening size. In real cases, the 
effective damage repair is limited since the agent cannot penetrate and effectively polymerize 
into narrow crack paths. Furthermore, only the cracks that reach the concrete surface, are 
visually detected and are easily accessible, can be treated using external agent injection. As a 
result, repair kits provide partial sealing and limited short-term repair, being therefore not a 
sustainable healing solution.

The pioneering research at the University of Illinois introduced the idea of autonomous heal-
ing design both on concrete [6, 7] and polymer composites (White protocol [8]). Dry et al. 
designed brittle fibrous tubes that carried sealant agent and embedded them into large con-
cete plates. The cracks developed due to surface shrinkage, propagated through the tubes and 
broke them releasing the sealant into the crack void. The cracks were filled and repair joints 
were formed at the concrete surface proving successful sealing. The healing prototype design 
was poorly investigated from the following years until 2009, when a boost in research studies 
on autonomous healing appears (see statistical graph in Figure 1).

1.3. Boost on research interest: design and composition optimization

Stepping on pioneering work of Dry, Van Tittelboom et al. designed laboratory-scale concrete 
beams carrying methyl methacrylate and polyurethane agent embedded into short (typical 
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length at 50 mm), thin (diameter up to 5 mm) brittle glass borosilicate capsules [9–12]. Pelletier 
et al. manufactured polyurethane short capsules carrying sodium silicate solution with repair 
ability [13].

The master concept is graphically illustrated in Figure 2. Based on it, numerous studies fol-
lowed in an attempt to optimize the healing efficiency of concrete systems, in all cases follow-
ing a series of principal requirements:

• Autonomous healing mechanism should be activated only in the presence of damage. The 
healing agent should be stored within concrete, protected by a pre-cursor that is strong 
enough to survive concrete mixing process and in parallel brittle enough to instantly break 
in tension as crack propagates through it.

• The amount of healing agent should be enough to fill up the cracks formed in concrete under 
service loads, but should remain limited in volume in order to eliminate agent leaching on 
exterior surfaces. The agent rheological properties should be adjusted to fulfill this request.

Figure 1. Total publications (right vertical axis) and summary of times cited (left vertical axis) per year in the topic of 
‘healing concrete’. Source: Web of Science database.

Figure 2. Four pairs of borosilicate glass capsules carrying the healing agent (polyurethane in yellow) and its actuator 
(white component) are attached using thin plastic wires to the concrete mold. Picture taken before concrete casting.
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ing design both on concrete [6, 7] and polymer composites (White protocol [8]). Dry et al. 
designed brittle fibrous tubes that carried sealant agent and embedded them into large con-
cete plates. The cracks developed due to surface shrinkage, propagated through the tubes and 
broke them releasing the sealant into the crack void. The cracks were filled and repair joints 
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was poorly investigated from the following years until 2009, when a boost in research studies 
on autonomous healing appears (see statistical graph in Figure 1).

1.3. Boost on research interest: design and composition optimization

Stepping on pioneering work of Dry, Van Tittelboom et al. designed laboratory-scale concrete 
beams carrying methyl methacrylate and polyurethane agent embedded into short (typical 
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length at 50 mm), thin (diameter up to 5 mm) brittle glass borosilicate capsules [9–12]. Pelletier 
et al. manufactured polyurethane short capsules carrying sodium silicate solution with repair 
ability [13].

The master concept is graphically illustrated in Figure 2. Based on it, numerous studies fol-
lowed in an attempt to optimize the healing efficiency of concrete systems, in all cases follow-
ing a series of principal requirements:

• Autonomous healing mechanism should be activated only in the presence of damage. The 
healing agent should be stored within concrete, protected by a pre-cursor that is strong 
enough to survive concrete mixing process and in parallel brittle enough to instantly break 
in tension as crack propagates through it.

• The amount of healing agent should be enough to fill up the cracks formed in concrete under 
service loads, but should remain limited in volume in order to eliminate agent leaching on 
exterior surfaces. The agent rheological properties should be adjusted to fulfill this request.

Figure 1. Total publications (right vertical axis) and summary of times cited (left vertical axis) per year in the topic of 
‘healing concrete’. Source: Web of Science database.

Figure 2. Four pairs of borosilicate glass capsules carrying the healing agent (polyurethane in yellow) and its actuator 
(white component) are attached using thin plastic wires to the concrete mold. Picture taken before concrete casting.
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• The healing cycles should be repeatable in order to protect concrete throughout the struc-
ture’s service life. Concerning the time and spatial spread of damage phenomena on con-
crete, the self-healing concept should be accompanied by a self-sensing mechanism that 
detects cracks at any moment in order to control the healing activation procedure.

Section 2 presents the optimized and most promising design strategies: healing agent encap-
sulation (Section 2.1) and agent delivery vascular networks (Section 2.2). The loading configu-
ration and monitoring techniques used on test campaigns to assess damage and consequent 
healing are enlisted in Section 3 and a critical review of their effectiveness on damage and 
healing assessment is given. The combination of the optimal self-healing and self-sensing 
technologies permits us today to test the feasibility of building constructions with autono-
mous repair ability. The experimental tests on real-size concrete structures loaded under ser-
vice loads are reported. This chapter closes with a critical and extensive discussion on healing 
definition, the transition from laboratory testing to industry and the potential contributions 
of cutting-edge technologies on future concrete healing concepts.

2. Design strategies

2.1. Encapsulated healing agent

2.1.1. Healing agent

Polymer-based agents similar to the ones traditionally used for external manual injection are 
used. The preliminary studies discussed the self-healing effectiveness of polymers existed in 
the market (polyurethane, superglue and epoxy) [10]. It was evident that the polymer chemis-
try had to be modified in order to optimally perform as encapsulated healing agent:

• The agent should react only with specific catalyst, indicatively air, water or other chemical 
accelerators.

• The agent should be effectively polymerized enclosed into the aggressive alkaline concrete 
environment.

• The agent curing should be rapid enough to prevent crack propagation and exposure of 
reinforcement to ambient environment.

• The agent rheology should permit fast penetration through thin cracks (by means of 
capillary and gravitational forces), but agent leaching due to low viscosity should be 
eliminated.

• Optimally, the agent should expand in volume in order to fully seal the crack void.

2.1.2. Agent carrier

Borosilicate glass [12], ceramic [14], cementitious [14], polyurethane [13] and other polymeric 
[15] capsules were used. Glass effectively breaks in the presence of macro-cracks, however, 
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cannot survive mixing and long-term exposure to the aggressive alkaline concrete environ-
ment. Polymer-based capsules can survive mixing and embedment into concrete, but often do 
not rupture in the presence of cracks. Finally, ceramic and cementitious capsules appear the 
most promising. Minnebo and Tsangouri developed the latter capsules by material extrusion 
[14]. The capsules can survive the concrete mixing and provide the optimal interfacial bond-
ing with the concrete. Enhanced concrete-capsule interfacial bonding ensures instant capsule 
rupture as cracks form and eliminate debonding effects.

The capsules were initially designed in spherical shape [16], but later the tubular shape [10] 
was adopted as the optimal shape since it increases the chances of rupture in cracking stage. 
The size of capsules varies: Yang introduced micro-capsules [16], Van Tittelboom established 
the short 25–75 mm long tubular capsules and recently longer capsules up to 1 m long were 
manufactured [14, 17].

2.2. Agent delivery vascular networks

In the recent decade, an alternative effective healing system is under investigation inspired 
by the blood circulation in vascular networks. Concrete sections are made porous and healing 
agent circulates through the material providing repeatable repair at different locations [18]. 
Kuang designed a porous core in concrete and as a proof-of-concept adhesive epoxy was 
manually injected in the presence of crack [19]. Shape memory alloys and shrinkable polymer 
tendons were implemented to enhance the effective agent penetration and curing [19, 20]. 
Upon damage, externally introduced heating activates the tendons which recover and shrink 
to their original shape, closing in this manner the crack-void and facilitating the bonding 
at the fractured surfaces. The aforementioned systems provide passive manual healing, but 
their contribution should not be underestimated since these prototypes introduced the idea 
of agent delivery vascular networks.

The research team at the Department of Mechanics of Materials and Constructions (MeMC) 
at Vrije Universiteit Brussel (VUB) worked the past 5 years on the manufacturing of healing 
agent tubes network that imitates the vascular network flow. A comparative study on opti-
mal tubes composition that considers the material compatibility and brittleness, the bonding 
conditions at the concrete tubes interface and durability performance reached the conclusion 
that ceramic and cementitious long (up to 1 m), extruded capsules with inner diameter up 
to 10 mm optimally perform [14, 17]. The tubes are interconnected by 3D printed connection 
nodes that often stand below reservoir deposits. The agent is stored in the deposit and is 
poured into the tubes only in the presence of cracks, procedure manually triggered by an 
air pressure sensor. Current research investigates how sensor configurations can be imple-
mented into the healing system introducing autonomous sensing of damage and healing 
process trigger.

In parallel, the on-going research project materials for life focuses on the development of thin 
tunnels network embedded into concrete carrying organic, but also inorganic healing agent 
[21]. The tunnels network is built into thin wall elements and its performance under service 
loads is currently under investigation.
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3. Assessment of healing efficiency

The healing efficiency of encapsulation systems is evaluated in the laboratory by performing 
tests on small and bigger concrete samples that carry the healing system. At first, the intact 
concrete sample is loaded until a macro-crack is formed. As the crack propagates, it breaks the 
capsules that pass through, activating eventually the healing process: due to gravitational and 
capillary forces, the agent is released in the crack void. A loading pause of few hours (often 
less than 24 hours) follows during which agent polymerization takes place. After the healing 
pause, loading is applied once again and at this time the response of the healed zone to further 
cracking is assessed. In the case that numerous capsules are embedded and new cracks form 
after healing, more than one reloading cycles are applied to detect potential repeatable healing.

In Figure 3, different loading configurations and specimen geometries are illustrated giving 
an overview of the most popular test setups used up to date for healing assessment. Cases 1–3 
stand for short concrete beams (840 × 100 × 100 mm) loaded under 3- and 4-point bending. 
Only in Case 1, a notch is prepared to guide the crack at the middle section of the beam [22] 
where limited number of short glass capsules are embedded. Case 2 considers numerous 
short capsules scattered into concrete and their performance is assessed as multiple cracks 
form under 4-point bending [23]. Similarly, in Case 3, 4-point bending is applied on a beam 
that carries a prototype agent delivery tubes network [14]. Cases 4–6 illustrate the tests done 
on real-size structural elements (beam, slab and wall, respectively). Short glass capsules 
are embedded along the length of a beam 3 m long and potential multiple cracks healing is 
assessed under 4-point bending [24, 25]. The prototype tubes vascular network is extended 
in 2D plane and is embedded into a slab 4 m long and 1 m wide in an attempt to upscale this 
promising healing system (Case 5, [17]). Finally, the healing mechanisms built in the course of 
materials for life research project are evaluated by loading and monitoring the cracks formed 
on 1 m-wide walls as illustrated in Case 6 [21].

3.1. Detection of healing activation

The first step towards autonomous healing is the in time and effective activation of the healing 
process. The capsules should break in the presence of a macro-crack leading to healing agent 

Figure 3. Design and configuration of tests performed to assess the healing efficiency on concrete. Loading is commonly 
applied in two or more cycles.
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release. Continuous monitoring using acoustic emission (AE) is proven to accurately sense 
the capsules rupture. In Figure 4a, the AE hits energy emitted from short concrete beams 
(design Case 1) is plotted. The beams carry numerous short glass capsules that break as crack 
forms and propagates. The majority of AE hits are originated from the concrete cracking, 
however there are series of AE hits instantly emitted carrying energy up to a scale higher than 
the concrete cracking hits (typically a series consists eight hits captured by the eight sensors 
attached to the beam). The high energy hits, marked in black in Figure 4a are released as the 
capsules rupture.

Figure 4. (a) Scatter of AE hits energy where hits emitted due to capsules rupture have values at least a scale greater 
than the hits originated from concrete cracking; (b) the capsules rupture detected by AE energy analysis are tracked on 
the load-crack opening curve. The loading curve is compared to reference case at which healing capsules are not used.
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AE hits energy-based protocol was used to distinguish the rupture of different types of cap-
sules: glass (Figure 4a, [22]), ceramic [14], cementitious [14] and glass with cementitious rein-
forcement [23]. In all cases, capsule breakages were distinguishable from concrete cracking, 
however the energy levels drop in the cases that compatible to concrete capsules material is 
used (i.e. cementitious mortar). In a step further, the capsules rupture can be localized rele-
vant to the fracture stage: in Figure 4b, the instants of capsule rupture (detected by AE energy 
protocol) are plotted along the load-crack opening curve. The AE analysis proves that capsule 
break in the presence of a macro-crack with size ranging from 40 to 150 μm. Furthermore, 
the load-crack opening curve of a reference concrete beam (carrying no capsules) is given 
highlighting the fracture toughness increase in the healing series. Apparently, the capsules 
enhance the concrete response to fracture and provide an indirect local reinforcement to the 
structure. The study proves the multi-beneficial contribution of encapsulated agent systems 
on concrete damage response.

3.2. Sealing efficiency

The healing performance of the proposed technology is variously interpreted. Often in litera-
ture, the terms sealing, repair and mechanical restoration are enclosed in the term ‘healing’. 
Effective sealing can be assessed by performing water permeability tests [23], neutron tomog-
raphy [12] and optical scanning microscopy [26]. The water flow through multiple cracks 
formed on short and small-scale concrete beams was measured and it was found that only 
partial sealing can be achieved since the expansive agent only partially covers the crack void 
[12]. The water permeability configuration loses its accuracy in the presence of several cracks 
[23]. Scanning microscopy has effectively illustrated the agent release into the crack void. In 
Figure 5, Feiteira et al. visualized the effective sealing of a crack by an elastic polymer agent 
[26]. In bending after healing, the agent elastically deforms and progressively debonds from 
the crack faces. The method can provide sealing evidence only if samples of few hundred mil-
limeters are considered, but it loses in accuracy as larger damage zones are inspected [23, 24].

Figure 5. Scanning microscopy: (a) a crack formed on small-scale concrete beam is sealed with an elastic polymer healing 
agent and (b) at reloading stage, the agent elastically deforms and debonds from the crack faces [26].
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3.3. Mechanical reset and repair

Mechanical restoration can be quantified by measuring the stiffness, strength and fracture 
toughness after healing and compare these values to the ones of intact stage. Extended research 
was previously performed on short concrete beams that carry a crack control pre-notch and 
a series of short agent capsules were embedded into them. The analyses have shown that in 
the ideal case that the unique crack is fully sealed and the agent is well polymerized, stiffness 
and strength recovery up to 100% can be achieved. In practice and considering an effective 
healing, typical reset levels are ranging from 40 to 70%.

The mechanical restoration can be associated to ultrasound pulse velocity recovery after 
healing. In a recent study, a pair of transmitter-receiver sensors is set facing the zone where 
controlled unique crack will form under load. As shown in Figure 6a, the piezoelectric trans-
ducers are embedded into concrete beams (design Case 1) during casting, this way eliminat-
ing the surface coupling and wave attenuation effects (further setup description can be found 
in [27]). A damage index that by definition considers both the shift of the arrival time and the 
amplitude variations is calculated and the outcome is presented in Figure 6b for both refer-
ence (carrying no healing material) and healing series [27]. It is shown that only in the case of 
healed samples, the damage index resets at the reloading cycle onset.

Figure 6. (a) A pair of piezoelectric transducers is detached to the concrete mold. The concrete is cast and the sensors 
remain embedded into it; (b) damage index evolution at loading/reloading cycles for reference and healing series.
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The use of embedded sensors to track damage appears effective monitoring method only 
when small-scale controlled damage test configurations are considered and significantly 
loses in accuracy in larger concrete samples (i.e. design Case 4). Monitoring of larger concrete 
samples requires the development of a well-spread sensors network.

Tracking of repair efficiency appears more challenging as multiple cracks form and interact 
in concrete (design Case 2). Digital image correlation (DIC) strain concentration mapping 
can indicate the cracked zones on concrete surface, therefore highlights potential crack clo-
sure after healing. In Figure 7, a representative cracks pattern is presented. There are five 
macro-cracks with crack opening up to 300 μm formed on short concrete beams tested under 

Figure 8. Mapping of ultrasound pulse velocity distribution, indicative of effective healing: (a) transmitter-receivers 
configuration; (b) maps of healed (blue) and non-healed (yellow) zones; (c) visual inspection of the plate bottom indicates 
areas where agent is leaching; (d) indicative distribution of velocities for a healed and non-healed zone, respectively.

Figure 7. Horizontal strain (parallel to crack opening direction) maps captured by DIC on concrete surface of small-scale 
concrete beams. One of the cracks formed at the first loading cycle is healed, therefore at reloading stage another crack 
forms at its vicinity [28].
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four-point bending. The majority of cracks reopen at reloading stage after healing, however, 
one of them is effectively repaired and closed, therefore another crack forms at its surround-
ing at this second loading stage. The crack closure and opening of new cracks after healing is 
an evidence of effective material mechanical restoration.

In a recent study, ultrasound pulse velocity is applied to map the structural health condition 
of a plate (design Case 5) after healing. An array of piezoelectric transducers is attached to 
concrete surface as illustrated in Figure 8. Periodically, each one of the sensors emit a burst 
pulse (emitter) that travels through the concrete plate and reaches the other seven sen-
sors (receivers). Considering known the spatial distance of the sensors and measuring the 
pulse arrival time, one can calculate the wave propagation velocity along the transmitter-
receiver line. The study has shown that there are zones (marked in blue, Figure 8b) where 
the velocity drops under bending due to cracks formation, but after healing the velocity 
resets. On the other hand, yellow-marked zones on the plate indicate areas the velocity 
has not recovered after healing, therefore local healing was not effective. Indicative veloci-
ties distribution is illustrated in Figure 8d. The healed zones detected by ultrasound pulse 
velocity measurement are correlated to the zones where agent leaching is detected at the 
bottom side of the plate (Figure 8c), the latter being an indirect evidence of healing activa-
tion mechanism.

4. Closing remarks/future perspectives

4.1. Testing protocol establishment

The studies performed to assess the efficiency of newly developed healing technologies 
are empirically designed. The loading/unloading/reloading testing protocol is well-estab-
lished since strength, stiffness, toughness or other mechanical feature reset index can be 
calculated:

  Repair index  (%)  =   
Mechanical feature at intact stage

   ___________________________________    Mechaincal feature after damage and healing   × 100%  (1)

However, there is no standardized test protocol based on which the healing index is obtained. 
The author proposes the design of concrete elements according to Rilem TC 50-FMC rec-
ommendation: small-scale unreinforced concrete beams carrying a pre-notch in the middle 
section that guides and controls the crack propagation, loaded under three-point bending in 
a quasi-static mode. Rilem TC 221-SHC should extend its recommendation on self-healing 
concrete testing protocol.

In this direction, the terms healing, repair, sealing and mechanical feature reset should be 
studied using different measuring and monitoring methodologies. Indicatively, the water 
permeability testing quantifies the sealing efficiency, digital image correlation can be used to 
track cracks repair and load-crack opening curve should be plotted to obtain potential stiff-
ness and strength reset after healing.
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The use of embedded sensors to track damage appears effective monitoring method only 
when small-scale controlled damage test configurations are considered and significantly 
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sure after healing. In Figure 7, a representative cracks pattern is presented. There are five 
macro-cracks with crack opening up to 300 μm formed on short concrete beams tested under 

Figure 8. Mapping of ultrasound pulse velocity distribution, indicative of effective healing: (a) transmitter-receivers 
configuration; (b) maps of healed (blue) and non-healed (yellow) zones; (c) visual inspection of the plate bottom indicates 
areas where agent is leaching; (d) indicative distribution of velocities for a healed and non-healed zone, respectively.

Figure 7. Horizontal strain (parallel to crack opening direction) maps captured by DIC on concrete surface of small-scale 
concrete beams. One of the cracks formed at the first loading cycle is healed, therefore at reloading stage another crack 
forms at its vicinity [28].
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four-point bending. The majority of cracks reopen at reloading stage after healing, however, 
one of them is effectively repaired and closed, therefore another crack forms at its surround-
ing at this second loading stage. The crack closure and opening of new cracks after healing is 
an evidence of effective material mechanical restoration.
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sors (receivers). Considering known the spatial distance of the sensors and measuring the 
pulse arrival time, one can calculate the wave propagation velocity along the transmitter-
receiver line. The study has shown that there are zones (marked in blue, Figure 8b) where 
the velocity drops under bending due to cracks formation, but after healing the velocity 
resets. On the other hand, yellow-marked zones on the plate indicate areas the velocity 
has not recovered after healing, therefore local healing was not effective. Indicative veloci-
ties distribution is illustrated in Figure 8d. The healed zones detected by ultrasound pulse 
velocity measurement are correlated to the zones where agent leaching is detected at the 
bottom side of the plate (Figure 8c), the latter being an indirect evidence of healing activa-
tion mechanism.
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lished since strength, stiffness, toughness or other mechanical feature reset index can be 
calculated:

  Repair index  (%)  =   
Mechanical feature at intact stage

   ___________________________________    Mechaincal feature after damage and healing   × 100%  (1)

However, there is no standardized test protocol based on which the healing index is obtained. 
The author proposes the design of concrete elements according to Rilem TC 50-FMC rec-
ommendation: small-scale unreinforced concrete beams carrying a pre-notch in the middle 
section that guides and controls the crack propagation, loaded under three-point bending in 
a quasi-static mode. Rilem TC 221-SHC should extend its recommendation on self-healing 
concrete testing protocol.

In this direction, the terms healing, repair, sealing and mechanical feature reset should be 
studied using different measuring and monitoring methodologies. Indicatively, the water 
permeability testing quantifies the sealing efficiency, digital image correlation can be used to 
track cracks repair and load-crack opening curve should be plotted to obtain potential stiff-
ness and strength reset after healing.
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4.2. Hyper-sensing in the service of healing

The analytical presentation of the monitoring methods outcome highlights the utmost impor-
tance of their application for healing assessment on concrete. An integrated methodology 
that combines optical, acoustic or other acoustic techniques should be designed providing 
essential structural health assessment.

4.3. Long-term healing efficiency

The progress on self-healing concrete design is impressive the last decade, still the technology 
has not reached the market since there is an open discussion on the material sustainability. Up 
to date, there are no studies done to assess the long-term performance of self-healing systems. 
It is proven that glass capsules cannot survive the alkaline concrete environment more than 
few years, therefore their replacement by ceramic or cementitious capsules is advance in this 
direction. Moreover, there is no evidence of agent degradation as the polymer is stored for 
several years at the healing reservoir. Life-cycle assessment models should be developed in 
the near future to predict the potential use of self-healing technology.

4.4. Additive manufacturing of healing systems

The tubes vascular network remained science fiction since the tubes network is characterized 
by extend geometrical complexity. The recently developed additive manufacturing technol-
ogy is called to overpass this limitation: 3D printed polyamide plastic agent reservoir and 
delivery elements were easily and cost-effectively manufactured [14]. A prototype delivery 
element for a 2D tubes network is presented in Figure 9a and b. The reservoir is attached to 
the tubes edges, is externally filled up with agent that is delivered through the tubes only in 
the presence of cracks. In preliminary studies, the reservoir appears to attract cracks forma-
tion due to greater than concrete material stiffness. Ongoing research investigates the poten-
tial additive manufacturing of the reservoir by cementitious media.

In plane healing vascular networks as discussed in Section 2.2, the short tubes are intercon-
nected by additive manufactured circular, thin and light-weight PVC nodes (Figure 9c) 
[17]. Holes through which the agent circulates are drilled through the nodes. The tubes are 
attached to the holes. Additive manufacturing appears an essential tool for the design of real-
scale concrete structural elements with healing ability.

4.5. Healing in the service of heritage conservation

Recently the interest on historic buildings conservation has arisen. Following the trend of 
smart materials of today, the composition of traditional mortars is re-invented in an attempt 
to optimally repair existed heritage structures. In a recent study, lime mortar casted as 
historical masonry filler is designed considering commercial crystalline admixtures and 
tailored encapsulated additives that permit early age autogenous and post-curing autono-
mous healing [29]. The self-healing lime mortar compatibly fits to the historic mortar and 
moreover is able to heal micro-cracks and develop superior mechanical capacity. This 
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pioneering work illustrates the potential application of self-healing technology for the 
repair and retrofitting of heritage infrastructure, a hot-topic research especially today since 
the architectural monuments of modernism are tremendously deteriorated and call for 
effective repair.

5. Conclusions

A retrospective and the current tendencies in self-healing concrete design are presented in 
this chapter. Self-healing concrete research introduced a new class of intelligent construc-
tion materials. The autonomous sensing of fracture and cracks repair feasibility is critically 
revised leading to the most promising material design: the embedment into concrete of a 
plane vascular healing agent carrying tubes network. The healing efficiency is assessed using 
a plethora of inspection experimental methods (AE, DIC, UPV, etc.) and it is concluded that 
each method contributes to sealing, healing, repair and mechanical restoration characteriza-
tion. A decade ago, the self-healing concrete idea was abstractly projected in the long future. 
Recent scientific progress has made revolutionary jumps giving us the confidence that the 
futuristic self-healing concrete is a product of today.

Figure 9. Additive manufactured components of healing agent vascular network: (a) the reservoirs-tubes model (design 
Case 3 [14]); (b) detail of the reservoir and (c) connection node in slab design case (Case 5 [17]).
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Abstract

This chapter presents the preparation of a new kind of biocement based on the biophos-
phate minerals, which have cementation, by the bacteria reacting with the substrate. 
Ammonia/ammonium can be changed into environment-friendly struvite when the solu-
ble phosphate is added to biocarbonate cement. After that, struvite and carbonate, which 
can be considered as composite cements, are applied to cement loose particles. The bioce-
ment is environmentally friendly, which has important application prospects. Based on 
mixing-precipitation process, the injection process was adopted to bind loose sand par-
ticles. Permeability, porosity, compressive strength, and internal microstructure of the 
biosandstones cemented by composite cement were determined under different number 
of injections. Mixing-precipitation process was inferior to injection process according to 
compressive strength of the biosandstones caused by the particle size and morphology of 
composite cement. Permeability, porosity, compressive strength, and fixation ammonia 
ratio of the biosandstones were compared when three different formulations of compos-
ite cement (CJ1, CJ1.5, and CJ2) were adopted to bind sand columns. The results show 
that the CJ2 has the best overall performance. The molar ratio of K2HPO4·3H2O and urea 
was 2:1 in the CJ2 formulation.

Keywords: biocement, struvite, carbonate, bind, sand particles, injection process, 
compressive strength, sand columns

1. Introduction

Portland cement is the most commonly used cementing material in the construction field 
and an important part of the building materials industry. The main raw material of cement 
is limestone. During the production process, limestone is burned with fossil fuels, and 
the greenhouse gas CO2 is decomposed and released. When the fuel is burned, harmful 
gases such as SO2 and NOx are also emitted, causing adverse effects on the ecological and 
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Abstract

This chapter presents the preparation of a new kind of biocement based on the biophos-
phate minerals, which have cementation, by the bacteria reacting with the substrate. 
Ammonia/ammonium can be changed into environment-friendly struvite when the solu-
ble phosphate is added to biocarbonate cement. After that, struvite and carbonate, which 
can be considered as composite cements, are applied to cement loose particles. The bioce-
ment is environmentally friendly, which has important application prospects. Based on 
mixing-precipitation process, the injection process was adopted to bind loose sand par-
ticles. Permeability, porosity, compressive strength, and internal microstructure of the 
biosandstones cemented by composite cement were determined under different number 
of injections. Mixing-precipitation process was inferior to injection process according to 
compressive strength of the biosandstones caused by the particle size and morphology of 
composite cement. Permeability, porosity, compressive strength, and fixation ammonia 
ratio of the biosandstones were compared when three different formulations of compos-
ite cement (CJ1, CJ1.5, and CJ2) were adopted to bind sand columns. The results show 
that the CJ2 has the best overall performance. The molar ratio of K2HPO4·3H2O and urea 
was 2:1 in the CJ2 formulation.

Keywords: biocement, struvite, carbonate, bind, sand particles, injection process, 
compressive strength, sand columns

1. Introduction

Portland cement is the most commonly used cementing material in the construction field 
and an important part of the building materials industry. The main raw material of cement 
is limestone. During the production process, limestone is burned with fossil fuels, and 
the greenhouse gas CO2 is decomposed and released. When the fuel is burned, harmful 
gases such as SO2 and NOx are also emitted, causing adverse effects on the ecological and 
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environmental systems. Based on microbial cement, it can consolidate loose particles with 
low energy consumption and less pollution. It can solve some disadvantages of traditional 
materials in the fields of ground reinforcement, desert treatment, dust control, etc. Biocement, 
based on microbial-induced mineralization, can consolidate the loose particles and would be 
a novel and sustainable cementing material which is applied to foundation reinforcement, 
dust control, and other fields.

The biocalcite cement, as one kind of biocement, has been investigated widely [1–6]. 
However, ammonia will be released in the cementation process of biocalcite cement, 
which has a negative impact on the ecological environment. It is a new type of sustain-
able development of cementitious materials. Biocarbonate cement can be used to cement 
loose grains into a whole with good mechanical properties through a grouting process. The 
main purpose of this chapter is to convert the ammonia/ammonium released from urease 
hydrolysis of urea into environmentally friendly struvite during the cementation process, 
and cemented loose particles together with carbonates. This can partially replace the 
chemical grouting materials commonly used in the treatment of foundations today, such 
as cement pastes, water glass, epoxy resins, methacrylates, polyurethanes, acrylic amines, 
lignin, and other chemical reinforcement materials. The biocomposite cement is injected 
into the prepared quartz sand mold through a peristaltic pump, and the loose particles 
can be cemented well into a whole with mechanical properties, and the ammonia/ammo-
nium produced during the cementation of the biocarbonate cement can be converted into 
environmentally friendly struvite. The mineralization reaction of the cement in the pores 
between the loose particles produces struvite and hydromagnesite composite cementitious 
materials, which can improve the permeability, pore structure, and mechanical properties 
of the sand.

2. Biocomposite cement bind sand process

2.1. Preprecipitation mixing process molding sand columns

2.1.1. Biocomposite cement slurry with different standing time molding sand columns by 
preprecipitation mixing process

About 4 mol of K2HPO4·3H2O was completely dissolved in the carbonate-mineralized bacteria 
(Sporosarcina pasteurii, 2 L), for CJ2. Divided into 18, 100 mL each, 1 group for 3 samples. Then, 
100 mL of urea (1 mol/L) and MgCl2 (3 mol/L) were sequentially added to obtain a precipitated 
solution. The settling solution was left standing every three groups for 0, 2, 6, 12, 24, and 40 h. 
The supernatant was removed, each group of sediment (30% of the total sand column) was 
mixed with quartz sand (particle size 425–212 μm), mechanically mixed until uniform, and 
the mixture was poured into a plastic mold (Ф 3cm × 6 cm), as shown in Figure 1. The molded 
specimens were placed in a 30 ± 2°C oven for drying. The molds were removed and the cor-
responding sand columns were obtained.
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The average compressive strength of the sand column is shown in Table 1, which are 0.18, 
0.42, 0.38, 0.34, 0.34, and 0.21 MPa, respectively. The average compressive strength of the bio-
BaHPO4 slurry (30% of the total sand column) cement sand column (Ф 3cm × 6 cm) is 0.90 MPa 
[1]. The results show that the average compressive strength of sand columns cemented by the 
composite cement slurry in mixing process is lower than that of the bio-BaHPO4 slurry.

2.1.2. Different contents of biocomposite cement slurry forming sand column by 
preprecipitation mixing process

The raw file of the composite cement slurry (standing time for 6 h) was analyzed by the MDI 
Jade 5.0 program. The results showed that the composition of the product was the mixture 
of MgNH4PO4·6H2O (JCPDS No. 03-0240) (JCPDS No. 03-0240) and Mg5(CO3)4(OH)2(H2O)4 
(JCPDS No. 70-1177) (Figure 2). SEM images show that the morphology of the mixture is 
irregular, the surface is relatively rough, and the particle size is in the range of 150–500 μm, 
as shown in Figure 3.

The average compressive strength of the sand columns (Ф 3cm × 6 cm) cemented 10, 20, 30, 40, 
50, and 60% for the composite cement slurry (standing time for 6 h) were 0.13, 0.25, 0.38, 0.36, 
0.35, and 0.36 MPa, respectively, as shown in Table 2. Compared with the average compressive 

Figure 1. Schematic diagram of the preprecipitation mixing process.

Standing time (h) 0 2 6 12 24 40

Compressive strength (MPa) 0.18 0.42 0.38 0.34 0.34 0.21

Table 1. Effect of standing time of precipitated slurry on the average compressive strength of the biosandstones.
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strength of sand columns (Ф 3cm × 6 cm) cemented bio-BaHPO4 slurry at different dosages, 
the average compressive strength of sand columns cemented by composite cement slurry is 
lower [7]. Therefore, the grouting process was used to cement the loose sand.

2.2. Biogrouting process forming sand columns

Quartz sand with different particle sizes (particle diameter 425–212 μm) was mechanically 
mixed until uniform. CJ1 represents per liter of carbonate-mineralized bacteria containing 
1 mol of K2HPO4·3H2O. Before adding loose sands, put a 1.0-mm high gauze on the bottom 
of the PVC pipe (Ф 5cm × 15 cm), then place sands in a PVC pipe and compact it to dense. 
Finally, put a 1.0-mm high gauze on top of PVC pipe. The bottom of the PVC tube (the bottom 
of the cylinder) was connected with a peristaltic pump that the flow rate can be regulated, and 

Figure 2. XRD patterns of the precipitated slurry.

Figure 3. SEM images of the precipitated slurry.
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inject the solution from the bottom to top. The steps are as follows: (1) injecting tap water into 
the mold at a flow rate of 16 mL/min to eliminate air bubbles existing between the particles; 
(2) injecting 100 mL of CJ1; (3) injecting 100 mL of (1 mol/L) urea and (2 mol/L) MgCl2 mixed 
solution and stand for 6 h; (4) injecting 100 mL of CJ1 and allowed to stand for 6 h; (5) 100 mL 
of (1 mol/L) urea and (2 mol/L) MgCl2 mixed solution was injected and allowed to stand for 
6 h; (6) 100 mL of CJ1 was injected and allowed to stand for 6 h, and so on, until unable to 
inject CJ1 and urea and MgCl2 of mixed solution to sand columns. Then, the samples with the 
mold were placed in an oven (30 ± 2°C) to dry for 21 days, and then the mold was removed. 
All experiments were performed in triplicate and cemented at 30 ± 2°C. The number of injec-
tions of CJ1 was 2, 4, and 6, respectively (Figure 4).

2.2.1. XRD pattern of sand columns

The constituents of the sand column were analyzed through XRD, as shown in Figure 5. 
The sand column components were mainly a mixture of quartz sand (JCPDS No. 46-1045), 
MgNH4PO4(H2O)6 (JCPDS No. 71-2089), and Mg5(CO3)4(OH)2·4H2O (JCPDS No. 25-0513). 
The XRD results indicated that the cementation material in the biosandstone was a mix-
ture of Mg5(CO3)4(OH)2·4H2O and MgNH4PO4(H2O)6. Ammonia and ammonium could be 
converted into magnesium ammonium phosphate. Therefore, the biocomposite cement can 

Content (%) 10 20 30 40 50 60

Compressive strength (MPa) 0.13 0.25 0.38 0.36 0.35 0.36

Table 2. Effect of content of composite cement slurry on the average compressive strength of the biosandstones.

Figure 4.  Schematic diagram of biogrouting process [8].
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be synthesized through Sporosarcina pasteurii-induced precipitation. MgNH4PO4(H2O)6 was 
mainly prepared by magnesium ions reacting with ammonium and HPO4

2− ions. Meanwhile, 
Mg5(CO3)4(OH)2·4H2O could also be prepared by magnesium ions reacting with carbonate 
ions in the alkaline solution.

2.2.2. Influence of the number of injections on the hydraulic conductivity of sand columns

Figure 6 shows the hydraulic conductivity of the biosandstone. The average hydraulic con-
ductivity of the sand was 3.97 × 10−2 cm/s before cementation. The average hydraulic conduc-
tivity of the biosandstone was 2.72 × 10−2, 2.22 × 10−2, and 2.03 × 10−2 cm/s when the number 
of injections was 2, 4, and 6, respectively. The hydraulic conductivity of the biosandstone 
decreased as the number of injections increased.

2.2.3. Influence of the number of injections on compressive strength and porosity of sand 
columns

Figure 7 shows the effect of the number of injections on compressive strength of the sand 
columns. When the number of injections increases from 2, 4, and 6, compressive strength 
of the sand columns increases sequentially, and the average compressive strength is 0.37, 
0.80, and 1.53 MPa, respectively. After injecting 6 times, it is difficult to inject the biocompos-
ite cement. Therefore, the maximum number of injections was 6 times. Figure 8 shows the 
relationship between the number of injections and porosity. The average porosity of sand 
columns decreased from the initial 45.01 to 34.62, 29.55, and 25.15%, when CJ1, the number of 
injections was 2, 4, and 6, respectively, and the decrease rates were 10.39, 15.46, and 19.86%, 
respectively. The average porosity of sand columns shows a decrease with the increase in the 
number of injections.

Figure 5. X-ray diffraction of the biosandstone.
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2.2.4. Microstructure of sand columns under different number of injections

SEM images of sand columns with different number of injections are shown in Figure 9. 
Figure 9(a–f) shows the internal filling of the sand columns under numbers of injection 2, 4, 
and 6, respectively. The morphology of the particles is mainly an irregular sheet structure. 
Figure 9(a, b) shows that the internal filling of the sand column results in a small amount 
of composite cementitious material and cannot be filled in between the sand particles. 
Figure 9(c, d) shows that the interior of the sand column is filled, and the amount of the 

Figure 7. Effect of the number of injections on the compressive strength of sand columns.

Figure 6. Effect of the number of injections on the hydraulic conductivity of the biosandstone.
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composite cementitious material produced is more than Figure 9(a, b) and can be partly 
filled between the sand particles. Figure 9(e, f) shows that the interior of the sand column 
is well filled, and the amount of the composite cementitious material produced is more 
than that of 2 and 4 times. The loose sand grains could well be cemented into a whole 
with good mechanical properties. The above results also indicate that compressive strength, 
permeability, and porosity of the sand columns decrease with the increase in the numbers 
of injection.

2.2.5. 3D pore structure evolution of biosandstone produced using different number of 
injections

The XCT was Y. CT Precision S series high-precision computed tomography system from 
YXLON, Germany, with a resolution of micrometers. The test method was described in the 
literature [8]. XCT in situ trace tests were performed on sand columns with different cemen-
tation times (2, 4, and 6 times). The test results were analyzed using the defect analysis 
module in the VG Studio Max 2.0 software on the XCT device. According to the literature 
[9], VG Studio Max 2.0 software’s defect analysis module and gray threshold algorithm 
are used to extract hole information, and a color scale is used to represent the size of the 
hole, in which blue to red represent from small holes to large holes. Figure 10 shows the 
three-dimensional (3-D) pore structure evolution of the sand columns at different number 
of injections. When the number of injections increased, the defect volume in the sand col-
umns gradually decreases. The maximum defect volume of the sand column with injecting 
2 times was 1401 mm3. After injecting 6 times, it decreased to 738 mm3. This is due to the 
increase in the number of injections, resulting in more and more microbial cement product 
filling defects in the sand column. With the increase of the number of cementation, the 
size of the defect gradually decreased. This is also due to the increase in the number of 

Figure 8. Effect of the number of injections on the porosity of sand columns.
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injections, resulting in the continuous filling of microbial cement in the defects, thereby 
reducing the size of defects and the number of defects. The overall defect distribution of 
the sand columns is not uniform. This is due to the inhomogeneity of defect distribution 
during the formation of loose sand grains, i.e., uneven distribution of internal defects, as 

Figure 9. SEM images of sand columns: (a, b) 2 injections; (c, d) 4 injections; (e, f) 6 injections.
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shown in Figure 10. The average porosity of the sand columns was 36.20, 32.21, and 20.21% 
with corresponding injection times 2, 4, and 6, respectively. This result is similar to aver-
age porosity of 34.62, 29.55, and 25.15% for the sand columns measured at 2, 4, and 6 with 
paraffin drainage method.

3. Comparison of performance of sand columns cemented by 
biocomposite cement with preprecipitation mixing process and 
biogrouting process

By comparing the preprecipitation mixing process and the biogrouting process, the compres-
sive strength of sand columns cemented by the preprecipitation mixing process sand column is 
poor, and the biogrouting process achieves a certain number of cementation can significantly 
improve the compressive strength, permeability, and porosity of sand columns. The reason 

Figure 10. 3D pore structure evolution of biosandstone following: (a) 2 injections, (b) 4 injections, and (c) 6 injections.
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for the compressive strength of sand columns cemented by preprecipitation mixing process 
is inferior to the biogrouting process caused by the particle size and structure. For example, 
Figure 3 shows that the particle morphology of the biocomposite cement is an irregular mas-
sive structure with a size in the range of 150–500 μm, while the pore size under tightly packed 
loose grains is less than 100 μm, resulting in the increase in the distance between sand grains 
under the preprecipitation mixing process. This is one of the reasons for the low compressive 
strength of the sand columns. Secondly, through the particle structure of the biocomposite 
cement, it can be judged that the bonding force between the particles is poor, which is also 
the reason why the compressive strength of sand columns is low. However, the particle size 
of the biocomposite cement formed by the grouting process is less than 100 μm, and the 
particles are tightly bound together in the sand columns, as shown in Figure 9. Therefore, it 
is better consolidate loose sand grains into a whole with good mechanical properties. In the 
next experiment, different formulations of biocomposite cement were used to cement loose 
grains under the grouting process, and the porosity, permeability, compressive strength, and 
internal microstructure of the sand columns were studied.

4. Different formulations of biocomposite cement binding loose 
sand

Each liter of solution for Sporosarcina pasteurii and K2HPO4·3H2O (1, 1.5, and 2 mol/L) are 
named as CJ1, CJ1.5, and CJ2, respectively. Different types of magnesium ammonium phos-
phate and carbonate are synthesized by CJ1, CJ1.5, and CJ2 reacting with the mixture solution 
of MgCl2 and urea (equimolar). Biocomposite cement was then obtained.

All sand columns were pared according to Section 2.2. All injection experiments were per-
formed at room temperature of 25–30°C. PVC pipe (bottom of the cylinder) was connected 
with a peristaltic pump, and the CJ1, CJ1.5, and CJ2 and mixture solution of MgCl2 and urea 
were injected from the bottom to top. The steps are as follows: (1) tap water was injected into 
three PVC pipes at a flow rate of 16 mL/min to exclude bubbles; (2) 100 mL of CJ1, CJ1.5, and 
CJ2 were injected to three PVC pipes, respectively; (3) injecting 100 mL of mixed solution of 
urea and MgCl2 to PVC pipes standing for 6 h. The next steps are the same as in Section 2.2. 
Until CJ1, CJ1.5, and CJ2, mixed solution of urea and MgCl2 could not be injected, and num-
ber of injections was 6, 4, and 3, respectively. Then, the specimens were placed in a 30 ± 2°C 
oven for curing for 15 days. The molds were removed and the corresponding sand columns 
were obtained. This method can well cement loose sand grains into a whole with mechanical 
properties, as shown in Figure 11. All tests were performed in triplicate and cemented at 
30 ± 2°C. The initial porosity is 45.01 ± 2%.

4.1. XRD patterns of sand columns

The XRD diffraction peak of the sand column cemented by CJ1 was quartz (JCPDS No. 
46-1045), MgNH4PO4(H2O)6 (JCPDS No. 71-2089), and Mg5(CO3)4(OH)2·4H2O (JCPDS No. 
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shown in Figure 10. The average porosity of the sand columns was 36.20, 32.21, and 20.21% 
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All sand columns were pared according to Section 2.2. All injection experiments were per-
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ber of injections was 6, 4, and 3, respectively. Then, the specimens were placed in a 30 ± 2°C 
oven for curing for 15 days. The molds were removed and the corresponding sand columns 
were obtained. This method can well cement loose sand grains into a whole with mechanical 
properties, as shown in Figure 11. All tests were performed in triplicate and cemented at 
30 ± 2°C. The initial porosity is 45.01 ± 2%.

4.1. XRD patterns of sand columns

The XRD diffraction peak of the sand column cemented by CJ1 was quartz (JCPDS No. 
46-1045), MgNH4PO4(H2O)6 (JCPDS No. 71-2089), and Mg5(CO3)4(OH)2·4H2O (JCPDS No. 
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25-0513) (Figure 12(a)). The XRD results show that the cementitious materials formed by 
CJ1 cementation sand column are mainly MgNH4PO4(H2O)6 and Mg5(CO3)4(OH)2·4H2O 
complexes.

The XRD diffraction peak of the sand column cemented by CJ1.5 was quartz (JCPDS No. 
86-2237), MgNH4PO4(H2O)6 (JCPDS No. 71-2089), Mg3(PO4)2(H2O)8 (JCPDS No. 84-1148), 
and MgCO3(OH)2(H2O)3 (JCPDS No. 70-0591), as shown in Figure 12(b). The XRD results 
show that the cementitious materials formed by CJ1.5 cement sand column are mainly 
MgNH4PO4(H2O)6 and MgCO3(OH)2(H2O)3 composites.

The XRD diffraction peak of the sand column cemented by CJ2 was quartz (JCPDS No. 
89-1961), MgNH4PO4·6H2O (JCPDS No. 15-0762), and Mg5(CO3)4(OH)2·5H2O (JCPDS No. 
23-1218) (Figure 12(c)). The XRD results showed that the cementitious materials formed by 
CJ2 cemented sand column were mainly MgNH4PO4·6H2O and Mg5(CO3)4(OH)2·5H2O com-
plexes. The above results indicate that the main components of cementation product in sand 
columns are mainly magnesium ammonium phosphate (struvite) and hydromagnesite com-
posites. Therefore, ammonia/ammonium (NH3 /NH4

+) can also be changed into struvite when 
Sporosarcina pasteurii contained K2HPO4·3H2O in all cementation process.

4.2. Influence of different biocomposite cement on hydraulic conductivity of sand 
columns

Figure 13 indicates the influence on hydraulic conductivity of biosandstones by three differ-
ent biophosphate and carbonate composite cements. The average hydraulic conductivity of 
the sand was 39.7 × 10−3 cm/s before cementation, as shown in Figure 13(a). Figure 13(b–d) 
indicates that the average hydraulic conductivity of biosandstones cemented by CJ1, CJ1.5, 
and CJ2 is 20.3 × 10−3 cm/s, 2.52 × 10−3 cm/s, and 3.59 × 10−3 cm/s, respectively. Therefore, 
permeability of biosandstones can be retained when loose particles are cemented by three 
different biocomposite cements.

Figure 11. Loose sand particles to sand column cemented by biocomposite cement.
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4.3. Influence of different biocomposite cement on compressive strength and 
porosity of sand columns

The effects of different biophosphate and carbonate composite cement on compressive strength 
are presented in Figure 14. Figure 14(a–c) shows that the average compressive strength of biosand-
stones cemented by CJ1, CJ1.5, and CJ2 are 1.53, 1.42, and 1.47 MPa, respectively. Results show that 
the maximum compressive strength of biosandstone cemented by CJ1 cementation is 1.59 MPa.

The relationship between average porosity and different biophosphate and carbonate com-
posite cement is presented in Figure 15. The average porosity of biosandstones cemented by 
CJ1, CJ1.5, and CJ2 is effectively reduced from initial 45.01% down to 25.15%, 26.08%, and 
25.87%, respectively, as shown in Figure 15(a–c). The reductions were 19.86%, 18.93%, and 
19.14%, respectively.

Figure 13. Effect of different biocomposite cement on the average hydraulic conductivity of sand columns.

Figure 12. X-ray diffraction of the sand columns cemented by three different biocomposite cements.
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4.4. Microstructure of sand columns cemented by different biocomposite cements

The SEM images of different formulations of biocement cemented sand columns are shown in 
Figure 16. Figure 16(a, b) shows the internal state of the CJ1 cemented sand column. The mor-
phology of the composite cement product was mainly an irregular sheet structure and could 
be well filled between sand grains. The internal state of the CJ1.5 cemented sand column 
shows that the biocomposite cement product of morphology is an irregular particle cluster 
structure and can also be well filled between sand grains (Figure 16(c, d)). The internal state 
of the CJ2 cemented sand column shows that the morphology of the biocomposite cement 
product is also an irregular particle cluster structure, and can also be well filled between sand 
grains, as shown in Figure 16(e, f). SEM images show that the porosity of sand columns can 
well be filled by three formulations of biocomposite cement.

Figure 14. Effect of different biocomposite cements on compressive strength of sand columns.

Figure 15. Effect of different biocomposite cements on the average porosity of sand columns.
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4.5. Comparison of performance of three types of biocomposite cement

Above results show that the strength of sand columns cemented by three bio-composite 
cements is significantly lower than that of the biocarbonate cement bind sand columns. 
Similarly, three biocomposite cements can replace biocarbonate cement and can be applied to 
desert or dust treatment, sandy soil foundation, etc. The average permeability coefficients of 
sand columns cemented by CJ1, CJ1.5, and CJ2 were 2.03 × 10−3, 2.52 × 10−2, and 2.59 × 10−2 cm/s, 
respectively, and the average compressive strengths were 1.53, 1.42, and 1.47 MPa, respec-
tively (Table 2). The content of biocomposite cement and compressive strength of sand col-
umns are similar. The ammonia is released for 9.4, 7.5, and 5.7 g/L in CJ1, CJ1.5, and CJ2 
cementation process, respectively. Therefore, CJ2 can effectively reduce ammonia emissions, 
and cementation numbers are least. Therefore, overall performance of CJ2 is optimum.

Figure 16. SEM images of the sand columns: (a, b) CJ1 cementation, (c, d) CJ1.5 cementation, and (e, f) CJ2 cementation.
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5. Conclusions

Using biocomposite cement, loose sand grains can be cemented into sand columns with good 
mechanical strength by the biogrouting process. Ammonia was produced during the forma-
tion of biocarbonate cement and could be effectively become into struvite by phosphate. The 
number of injections has an important influence on the mechanical properties of sand col-
umns. XRCT analysis showed that content of the biocomposite cement increased, the pores 
between sand grains gradually filled, and finally reducing the defect volume. Loose sand 
particles can well be cemented into biosandstone by three biocomposite cements. The perfor-
mance of the biosandstones cemented by three formulations of composite cement was com-
pared. Experiment results show that the compressive strength of sand columns cemented by 
three types of biocomposite cement is greater than 1.0 MPa. The weight of ammonia produced 
by CJ2 is less than CJ1 and CJ1.5.
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Abstract

One of the continuing challenges posed by unprecedented urbanisation in Nigeria, esti-
mated at about 5% per annum, is the provision of adequate and affordable housing. The 
shortage in housing, due in part to the ever-rising prices of construction materials, makes 
it logical to consider alternative building materials. Paradoxically, Nigeria is grappling 
with the challenges of managing solid waste, many of which could find suitable applica-
tions in the production of cement-, concrete- and clay-based walling, roofing and ceiling 
products as well as pozzolans for partial replacement for ordinary Portland cement. The 
objective of this chapter is to present information on the development, experimental inves-
tigations and practical application of sustainable building materials from agro-industrial 
wastes in Nigeria. Agroforestry residues such as bagasse and corn cob ashes have been 
found suitable as pozzolans; cement- and clay-bonded reinforced composite roofing tiles, 
hollow concrete blocks and stabilised clay bricks have been developed using a variety of 
lignocelluloses as sources of fibre reinforcement, while biomaterial substitutes for steel 
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stimulates social stability and work efficiency. It is also an indicator of a person’s standard of 
living and of his place in the society [1].

One of the continuing challenges posed by unprecedented urbanisation in Nigeria and 
many other Sub-Saharan African countries is the provision of adequate and affordable hous-
ing. Affordable housing is a term used to describe dwelling units whose total housing costs 
are deemed “affordable” to a group of people within a specified income range. Although 
the term is often applied to rental housing that is within the financial means of those in the 
lower-income ranges of a geographical area, the concept is applicable to both renters and 
purchasers in all income ranges. In the United States and Canada, a commonly accepted 
guideline for housing affordability is a housing cost that does not exceed 30% of a house-
hold’s gross income. Housing costs considered in this guideline generally include taxes and 
insurance for owners and usually include utility costs. When the monthly carrying costs of a 
home exceed 30–35% of household income, then the housing is considered unaffordable for 
that household [2].

The challenges of urbanisation and the attendant consequences on housing provision are prob-
ably more widespread in Nigeria than anywhere else in Sub-Saharan Africa. Approximately 
50% of the Nigerian population lives in urban cities with predictions that the urban popula-
tion will hit the 65% mark by the year 2020. Rapid urban growth has resulted in problems 
of urban congestion or overcrowding and poor housing, among other challenges. Typical 
manifestations of this unmet demand include proliferation of slums in the cities with Nigeria 
having the fourth largest number of slum dwellers in the world (Figure 1) and the menace of 
skyrocketing house rents. Estimates show that Nigeria housing deficit is over 16 million units. 
An average of 1 million housing units per year is required not only to replenish decaying 
housing stock but also to meet rising demand [3, 4].

Figure 1. Number of slum dwellers in different countries. Source: [3].
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Unfortunately, the twin concepts of Public housing, a form of housing tenure in which the property 
is owned by a central or local government authority, and Social housing, an umbrella term refer-
ring to rental housing owned and managed by the state, not-for-profit organisations, or a combi-
nation of the two, are not popular yet in Nigeria, even though the common goal of both concepts 
is to provide affordable housing. The consequence is that a vast majority of individuals engage 
in the construction of personal houses financed through different means including savings and 
loans, excluding in most cases long-term financing—mortgage financing and mortgage-backed 
securities—which is still at the rudimentary state of existence in the country at the moment [4].

The housing problem in Nigeria is more serious for the low-income groups whose challenges 
are complicated by several factors including the ever-increasing cost of construction materi-
als. The aim of this chapter, therefore, is to discuss the potentials of nonconventional building 
materials derived from agroforestry and municipal wastes in addressing the challenges of 
affordable housing construction in Nigeria.

2. A brief review of conventional building materials in common use 
in Nigeria

Rocks and its derivables including stones, granite, gravel, sand and clay and wood, twigs and 
leaves have been used to construct buildings across Nigeria over the ages. Rock is the longest 
lasting building material available and is readily available in the country. Wood, a product of trees 
and sometimes other fibrous plants, is also used for construction purposes when cut or pressed 
into lumber and timber, such as boards, planks and similar materials. Apart from the aforemen-
tioned naturally occurring construction materials, many man-made products are in use including 
steel used as structural framework for larger buildings such as skyscrapers or as an external sur-
face covering, glass and concrete. The most common form of concrete is Portland cement concrete, 
which consists of mineral aggregate (generally gravel and sand), Portland cement and water [4].

Concrete hollow blocks (Figure 2) and unfired clay bricks (Figure 3) are two of the predomi-
nant conventional materials for the construction of houses in Nigeria. Concrete hollow blocks 
manufactured in a factory or on-site made of Portland cement and sand in a ratio of 1:8, and 
more commonly used in the urban and peri-urban areas, are usually rectangular, often 45 cm 

Figure 2. Freshly manufactured concrete hollow blocks.
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wide, 15 cm thick and 30 cm high and yellow/whitish in colour. The hollows tend to run from 
top to bottom and occupy about two-thirds of the volume of the block [5]. The blocks are usu-
ally joined together with mortar in building construction as shown in Figure 4.

Clay is relatively cheap, environmental friendly and abundantly available, and there are large 
deposits of laterite clay in the six geopolitical zones of Nigeria [6]. Hence, clay is widely used 
for building construction across the country. Unfired clay bricks are particularly prominent in 
rural housing construction. Such buildings come in different forms such as when the walls are 
made directly with the mud mixture, when walls are built by stacking air-dried mud bricks, 
when the walls are made with clay combined with straws to create light clay and when brick 
walls are made from cement-stabilised bricks, i.e. laterite stabilised with just 5% cement or 
cement-stabilised interlocking blocks [7].

3. Recent advances in the production of sustainable building 
materials in Nigeria

One of the challenges associated with the use of concrete hollow blocks in building construc-
tion is the relatively high cost of Portland cement. While Nigeria does not produce enough 

Figure 4. A typical building under construction using concrete hollow blocks.

Figure 3. A typical building constructed using clay bricks.
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cement domestically to meet demand, imports have been restricted, leading to sharp increases 
in the price of cement. Also, concrete blocks and unfired clay bricks tend to exhibit brittleness 
in failure. One way of addressing the challenge of escalating cost of cement is the partial 
replacement of Portland cement with either with pozzolana or a lime in the production of 
concrete hollow blocks. The challenge of cost and brittle failure could both be addressed 
simultaneously by the addition of fibrous materials to delay and control tensile cracking of 
the matrix [8]. Incidentally, vast quantities of agroforestry, industrial and municipal solid 
waste are generated which constitute a source of health hazards and environmental pollu-
tion in Nigeria. One way of reducing the cost of housing construction is by recycling some 
of the agroforestry and industrial municipal waste materials either as pozzolanas, fillers or 
reinforcement materials in innovative cement- and clay-bonded low-cost building materials. 
Doing so should help in conserving energy and preserving the environment even as the prod-
ucts are expected to exhibit acceptable strength, sound, thermal and durability properties 
[8]. Examples of such sustainable building materials investigated for diverse applications in 
Nigeria within the last two decades include the following paragraphs.

3.1. Pozzolans and blended cement

In Nigeria, many agricultural residues are freely available and often treated as waste. 
Examples include bagasse (waste obtained from sugar cane (Saccharum officinarum) process-
ing) and corn (Zea mays) cobs. The pozzolanic activities of the ashes of these two residues have 
been tested and proven [9, 10]. The chemical analysis of bagasse ash is presented in Table 1. 
The combined percentage composition of silica, alumina and ferric oxide exceeds the mini-
mum requirement of 70% for a good pozzolan for the manufacture of blended cement in both 
bagasse and corn cob ashes. It has been further reported that a corn cob ash (CCA)-blended 
cement containing not more than 15% of CCA satisfies the NIS 439:2000 and ASTM C 150 
requirements for cement. The workability and compressive strength of CCA-blended cement 
concrete were also investigated [11]. Experimental results showed that CCA-blended cement 
containing not more than 8% of CCA is suitable for structural concrete works.

Calcium carbide residue is a by-product of oxyacetylene gas welding, a very toxic mate-
rial whose toxicity can be contained by incorporating it in construction materials [12]. 
However, it is mostly sent to landfills in Nigeria. It is generally believed that since calcium 

Element Quantity (%)

SiO2 57.95

Al2O3 8.23

Fe2O3 3.96

K2O 2.41

CaO 1.17

Loss in ignition (LOI) 5.00

Table 1. Chemical analysis of bagasse ash.
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carbide residue is rich in calcium hydroxide, it behaves like hydrated lime. Hence, calcium 
carbide residue has also been analysed for potential use as partial replacement for cement 
in concrete works [13]. A comparison of the results of chemical analysis of the calcium 
carbide samples tested in Nigeria with those reported by other researchers elsewhere [14, 
15] and presented in Table 2 shows that there were little but insignificant variations in the 
chemical compositions.

3.2. Natural fibre-reinforced roofing tiles

The major types of roofing materials presently in use in Nigeria include corrugated iron and 
aluminium sheets, slates and asbestos sheets [16]. While corrugated iron sheets are prone to 
rusting and can be noisy when it is raining, asbestos roofing sheets are relatively expensive 
and have been outlawed in many countries due to carcinogenic nature of asbestos fibres. 
Investigations on the development of alternative roofing materials from wood fibre-cement 
composites have been going globally on for over 30 years now [17].

A major source of fibre for cement-bonded roofing tile production is rattan, a specialised 
group of scaly fruited, spiny, climbing palms with flexible stem generally found near water 
courses in no less than 20 African countries including Nigeria. The stem popularly referred 
to as ‘cane’ is generally considered an ‘open-access’ resource that is readily harvested from 
wild forests largely for furniture and handicraft production. However, in many rural areas, 
the cane is split to make ropes used to tie bamboo and stick frame of houses before the frame 
is plastered with mud [18, 19]. To its advantage, rattan is much easier to harvest, requires 
simpler tools and is much easier to transport and grows much faster than most tropical wood 
[19]. The bonding of whole rattan canes, fibres and splits with ordinary Portland cement has 
been reported [20] as well as the development of methodologies for rattan fibre, particle and 

Element Sources of calcium carbide residue

Nigeria [9] Bahrain [13] Thailand [14]

Quantity (%)

SiO2 2.69 <0.10 3.4

Al2O3 1.78 <1.22 2.6

Fe2O3 0.17 0.02 0.3

K2O 0.10 0.0

CaO 61.41 65.05 51.9

MgO 0.80 0.97 0.5

Na2O 0.0 Not indicated 0.0

SO3 Not indicated 0.64 0.2

Loss in ignition (LOI) 32.51 27.92 41.7

Table 2. Chemical analyses of calcium carbide residues of various origins.
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strand application in cement-bonded composite manufacture [21–23]. Also, the production of 
relatively strong and dimensionally stable cement-bonded roofing tiles reinforced with rattan 
fibres in which cement was partially replaced with carbide waste has been reported [24, 25], 
and samples are shown in Figure 5.

Banana (Musa acuminata) fibre has also been investigated as a reinforcement material in 
cement-bonded composite roofing tile production in Nigeria [26]. The researchers studied 
the effects of partial replacement of cement with calcium carbide residue and the addition of 
calcium chloride (CaCl2) on the properties of banana fibre-reinforced roofing tiles. The fibre 
content was fixed at 3%, while lime replacement levels by mass of cement were 0 (control), 10, 
20 and 30%. Two percent of Iron II oxide was added for colouring, while CaCl2 was added at 
0 (control) and 3% levels. The density of the roofing tiles ranged between 1.63 and 2.0 g/cm3. 
Calcium carbide residue and Cacl2 reduced the density of the composites. There was also a 
decrease in impact strength as the calcium carbide residue content increased.

Other fibrous materials already investigated and found suitable for cement-bonded compos-
ite roofing tile production in Nigeria include bamboo (Bambusa vulgaris), coconut husk (Cocos 
nucifera), sugar cane bagasse (Saccharum officinarum), raffia palm (Raphia africana) and luffa 
(Luffa cylindrica) [27–31]. Samples of bamboo and coconut husk roofing tiles are shown in 
Figures 6 and 7a,b.

In a departure from the use of ordinary Portland cement alone as the binder, the production 
of clay-cement-sawdust composite roofing tiles using sawdust derived from teak (Tectona 
grandis) and wood ash as a partial replacement for cement was investigated [32]. The basic 
properties of the lateritic clay material used are presented in Table 3, while the properties of 
the tiles produced are presented in Table 4. Partial replacement of ordinary Portland cement 
with about 10% of wood ash was found very acceptable in producing composite roofing tiles 
with relatively good bending strength, while partial replacement of cement with between 
20 and 30% of wood ash reduced the thermal conductivity of the composite roofing tiles to 
acceptable levels.

Figure 5. A prototype roof fabricated from rattan-cement composite tiles. Source: [16].
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Figure 6. Fibre-reinforced composite roofing tiles installed on a gable-roofed building in Ibadan, Nigeria. Source: [23].

Figure 7. (a) Samples of cured coconut husk fibre-reinforced roofing tiles, (b) coconut husk fibre-reinforced roofing tiles 
installed on a flat roof building. Source: [30].
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3.3. Cement-bonded composite ceiling boards

Cement-bonded particleboard is a generic term for a panel product manufactured from 
lignocelluloses primarily in the form of discrete pieces or particles, combined with cement 
and compacted. Some of the admirable properties of cement-bonded particleboards include 
relatively high strength-to-weight ratio and durability; high resistance to moisture uptake, 
nailability and ease of sawing; excellent insulation against noise and heat; and high resistance 
against fire, insect and fungus attack. The panels do not emit gases or leak harmful chemi-
cals [33]. One of the common nonstructural uses of cement-bonded particleboard in housing 
construction is for ceiling, i.e. as an overhead interior surface that bounds the upper limit of a 

Properties Quantity

Natural moisture content (%) 3.18

Liquid limit (%) 71.5

Plastic limit (%) 59.63

Plasticity index (%) 11.87

Percentage passing BS.NO.200 sieve 233.5

Specific gravity 2.78
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Maximum dry density, MDD (M/m3) 1.45
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pH value 6.7
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Table 3. Basic properties of the laterite used for composite tile production.

Sample composition Mean density 
(Kg/m3)

Mean impact 
energy (J)

Mean thermal 
conductivity (W/m.k)

Mean 24-h water 
absorption (%)

Clay + cement + sawdust (2:3:1) 
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850 0.95 1.44 32.2

Clay + 90% cement + 10% wood 
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960 1.14 1.26 23.8

Clay + 90% cement + 20% wood 
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940 0.68 1.18 38.3

Clay + 90% cement + 30% wood 
ash + sawdust

980 0.64 1.18 43.2
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Figure 6. Fibre-reinforced composite roofing tiles installed on a gable-roofed building in Ibadan, Nigeria. Source: [23].

Figure 7. (a) Samples of cured coconut husk fibre-reinforced roofing tiles, (b) coconut husk fibre-reinforced roofing tiles 
installed on a flat roof building. Source: [30].
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room, a finished surface concealing the underside of the roof structure. Ceiling boards serve 
the purposes of thermal insulation, noise reduction/absorption and fire protection.

Ceiling boards have been manufactured from a number of lignocellulosic fibres and wastes 
in Nigeria including sawdust, waste paper, rattan cane, coconut husk, maize husk, elephant 
grass (Pennisetum purpureum), pawpaw (Carica papaya) pseudostem, okra (Abelmoschus escul-
entus L. Moench) and Cissus populnea, among others. In many of these investigations, ordinary 
Portland cement was partially replaced either with rice husk ash (RHA) or calcium carbide 
residue [34–39]. The development of a low-cost motorised ceiling board-making machine 
(Figure 8) has also been reported [16]. Samples of selected made-in-Nigeria ceiling boards are 
shown in Figures 9 and 10, while a comparison of the basic properties of some of the ceiling 
boards with asbestos cement ceiling board is presented in Table 5.

3.4. Sawdust-reinforced concrete hollow blocks and clay bricks

As earlier noted, concrete hollow blocks and clay bricks remain popular construction mate-
rials in Nigeria for walls of single-storey buildings in urban and rural areas, respectively. 

Figure 8. Made-in-Nigeria ceiling board-making machine. Source: [16].

Figure 9. Made-in-Nigeria wood-cement composite ceiling boards after installation. Source: [16].
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Though the strength of a concrete hollow block is less than that of fired clay bricks, it is 
considerably cheaper. In a bid to further reduce the cost of concrete hollow blocks, the pos-
sibility of incorporating Nigerian-grown teak (Tectona grandis) sawdust and partial replace-
ment of cement with calcium carbide residue and poultry egg shell powder in the mix for the 
production of low-cost concrete hollow blocks was investigated [30]. Representative samples 
of 100 × 100 × 100 mm sawdust-reinforced concrete hollow blocks were produced using dif-
ferent percentages of sawdust (20, 25, 30%) and carbide calcium carbide residue (30, 25, 20%) 
in the mix. These were cured for 28 days, after which 24-h water absorption and thickness 
swelling as well as compressive strength were determined. The water absorption (6.1–10.3%) 

Figure 10. Made-in-Nigeria wastepaper-cement composite ceiling boards. Source: [16].

Board properties Asbestos 
cement

Sawdust 
cement

Maize stalk 
cement

Coconut husk 
cement

Rattan 
cement

Density (kg/m3) 1200 1200 1200 990–1200 1360

Modulus of rupture (N/mm2) 7.7 2.0–4.0a

8.7–11.2b

3.1–5.4 4.3–7.4 7.0

Modulus of elasticity (N/mm2) 3142 1250–3000a

3000–4000b

6409 4253 3350

Water absorption at 24 h (%) 13.8–17.8 18.0a

28.0b

25.7 22.1 2.5

Thickness swelling at 24 h (%) 0.21–0.29 0.16a

0.43b

0.88 0.6 0.5

Sound absorption ratio (%) 35.0 35.0c 35.0c 35.0–40.3c

Thermal conductivity (W/Km) 0.38 0.38c 0.38c 0.30–0.38c

a100% sawdust cement panel
bThree-layered boards incorporating flakes
cTheoretical computed value

Table 5. A comparison between asbestos cement and cement-bonded composite ceiling boards manufactured with 
selected agroforestry materials.
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Figure 11. Samples of nonconventional clay bricks. Source: [33].

and thickness swelling (1.2–1.9%) were quite acceptable. The maximum compressive strength 
obtained in the mix containing 20% sawdust and 30% of carbide waste fell within the mea-
sured strength values (0.5–1 N/mm2) of commercially available concrete hollow blocks in 
Nigeria. The preliminary cost analysis indicated the possibility of a 20% reduction in the 
production of concrete hollow blocks with the incorporation of sawdust and calcium carbide 
residue in the production mix.

In another investigation, the possibilities of using sawdust of Cordia millenii timber species, 
calcium carbide residue and poultry eggshell powder for the production of stabilised laterite 
clay bricks were explored [40]. It is well known that poultry egg contains about 95% calcium 
carbonate and hence can be used as a supplement for lime. The index properties of the laterite 
were first determined. A set of 100 mm × 100 mm × 100 mm bricks (Figure 11) was then pro-
duced using laterite stabilised with 50% of sawdust and 10% ordinary Portland cement (w/w). 
Based on the combined results of the liquid limit and the particle size analysis, the clay was 
classified as A-7-6 and CH in accordance with AASHTO and the Unified Soil Classification 
System, respectively. Its specific gravity of 2.8 fell within the range of 2.6 and 3.4 reported for 
lateritic soils, while its pH of 6.7 showed that it was slightly acidic. In some of the samples, 
ordinary Portland cement was partially replaced (w/w) with calcium carbide residue (50%) 
and eggshell powder (30%). The density, compressive strength and 24-h water absorption of 
the bricks were determined after 28 days of air drying under a shade and shown in Table 6. 
Both the calcium carbide residue and egg shell powder significantly lowered the density 
and compressive strength (p ≤ 0.05). Incorporation of the poultry egg shell powder led to an 
increase in water absorption of the bricks. Only bricks produced from a mixture of laterite, 
sawdust and cement met the minimum compressive strength requirement of 1.65 N/mm2 
specified by the Nigerian Building and Road Research Institute for building construction.

3.5. Natural fibre-reinforced floor and wall tiles

Tiles are hard-wearing thin, flat slabs or blocks typically made from porcelain, fired clay 
or ceramic with a hard glaze or other materials such as glass, metal, cork and stone. They 
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are usually used to form wall and floor coverings and can range from simple square tiles to 
complex mosaics. Modern concrete tiles are made from the mixture of Portland cement and 
quarry sand as an aggregate. The major advantage of fibre reinforcement of concrete tiles 
is to impart additional energy-absorbing capability and to transform a brittle material into 
a pseudo-ductile material [41]. One of the sources of natural fibres found throughout West 
Africa and readily available in Nigeria is Cissus populnea (Guill. and Perr.) shown in Figure 12, 
a strong woody climbing shrub, typically 8–10 m long and 7.5 cm in diameter. Although 
greater attention has been paid to the binding properties of Cissus populnea [42], less attention 
has been paid to the fibrous leftover once the gum is extracted, a potential material for fibre-
reinforced cementitious composite production.

A manually operated machine for the manufacture of Cissus fibre-reinforced cement-bonded 
composite floor tiles (Figure 13) was developed and used to produce 200 (length) × 100 
(width) × 10.5 mm (thickness) tiles of different colours—white, red, yellow, blue, green, black 
and grey (Figure 14) [41]. The average mass per unit area was 25.5 kg/m2. The impact energy 
absorption capacity of the composite tiles (2943 Nmm) was relatively lower than that of a 
typical ceramic tile (3746 Nmm). However, the fibre-reinforced tiles had much lower water 
absorption of 7% than 12% for a typical ceramic tile at after 24 h of soaking in cold water, 
while both types of tiles had the same thickness swelling of 3%.

Brick composition Density  
(Kg/m3)

Compressive strength  
(N/mm2)

24-h water 
absorption (%)

Sawdust + cement + laterite (control) 950 1.73 54.9

Sawdust + cement + calcium carbide residue 
+ laterite

940 1.59 59.2

Sawdust + cement + egg shell + laterite 930 1.53 51.9

Sawdust + calcium carbide residue + laterite 860 1.39 62.1

Sawdust + egg shell + laterite 830 1.13 63.5

Table 6. Selected properties of the modified clay bricks.

Figure 12. Cissus populnea shrubs.
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Africa and readily available in Nigeria is Cissus populnea (Guill. and Perr.) shown in Figure 12, 
a strong woody climbing shrub, typically 8–10 m long and 7.5 cm in diameter. Although 
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Figure 14. Samples of cement-bonded Cissus populnea fibre-reinforced floor tiles produced. Source: [41].

3.6. Concrete beam reinforcement

Portland cement concrete is relatively strong in compression but weak in tension. The weak-
ness in tension is typically overcome by the use of the conventional rod (steel bar) reinforce-
ment. However, the permeability of concrete allows the entry of other aggressive elements 
which leads to carbonation and chloride ion attack resulting in corrosion problems, hence the 
search for alternative reinforcing materials.

The bond strength of the canes of selected rattan species in concrete was investigated [43]. It 
was reported that the strength could be up to roughly 30% of that of mild steel with concrete. 
The use of whole canes, fibres and splits of rattan canes as reinforcement materials in concrete 
slabs was also investigated [20]. It was noted that rattan canes remained stable in strength and 
dimensions after 36 months of embedment in concrete and that canes could be used as rein-
forcement in lightly loaded structures. In another study, the suitability of bamboo (Bambusa 
vulgaris) as an alternative reinforcement material in concrete slabs was also investigated and 
confirmed [44], as well as the suitability of bamboo and rattan cane as reinforcement in concrete 
struts [45]. It was reported that the average compressive strength of the bamboo- and rattan-
reinforced struts was about 78 and 64% of the equivalent steel reinforcement, indicating that 
both materials could be used as replacements for steel in struts of low load-bearing structures.

Figure 13. Side view of the tile-making machine. Source: [41].
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The potential use of oil palm (Elaeis guineensis) stem as reinforcement in concrete was also 
confirmed [46] as well as the suitability of rattan cane in reinforced concrete lintel beam 
fabrication in rural building construction in Nigeria [30]. The concrete lintel beam dimen-
sions were 0.23 m × 0.254 m × 1.37 m, while the mean diameter of the rattan cane stems was 
30 mm. They were soaked in water for 24 h to ensure flexibility, manually straightened 
and cut into 4 long (1300 mm) and 12 short (187 mm) pieces. The short pieces were tied to 
the long ones as stirrup with binding wires, sun-dried for 2 days to about 15% moisture 
content and then placed in the formwork for casting three 0.23 m × 0.254 m × 1.37 m con-
crete lintel beams (Figures 15a,b). The cement content of the concrete was partially replaced 
with 20% RHA to reduce the alkalinity. After 28 days post-casting operation, the formwork 
was removed, and it was observed that the lintel was straight with no sign of deforma-
tion (Figure 15c). Hence, it was successfully demonstrated that rattan canes with diameters 
ranging from 26 to 31.5 mm could be used as alternative to steel in lintel construction with 
up to 54% reduction in production cost.

Figure 15. (a) Rattan cane reinforcement, (b) lintel beam casting in progress, (c) the cured concrete lintel beam after 
28 days. Source: [23].
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4. Conclusion

Article 25 of the Universal Declaration of Human Rights states that “Everyone has the right 
to a standard of living adequate for the health and well-being of himself and of his family, 
including food, clothing, housing …”. In confronting the daunting challenges of inadequate 
housing in Nigeria, research efforts in recent years have been geared towards using locally 
available materials in developing sustainable wall construction, roofing, flooring and ceiling 
products, as well as concrete slab and strut reinforcement products in residential building 
construction. Some efforts have also been geared towards developing appropriate facilities for 
the small-scale manufacturing of fibre-reinforced roofing, flooring and ceiling tiles. However, 
for these products to become widely acceptable as building components, greater awareness 
has to be created among all stakeholders in the building construction industry, coupled with 
the development of appropriate design codes.
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4. Conclusion

Article 25 of the Universal Declaration of Human Rights states that “Everyone has the right 
to a standard of living adequate for the health and well-being of himself and of his family, 
including food, clothing, housing …”. In confronting the daunting challenges of inadequate 
housing in Nigeria, research efforts in recent years have been geared towards using locally 
available materials in developing sustainable wall construction, roofing, flooring and ceiling 
products, as well as concrete slab and strut reinforcement products in residential building 
construction. Some efforts have also been geared towards developing appropriate facilities for 
the small-scale manufacturing of fibre-reinforced roofing, flooring and ceiling tiles. However, 
for these products to become widely acceptable as building components, greater awareness 
has to be created among all stakeholders in the building construction industry, coupled with 
the development of appropriate design codes.
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Abstract

Modifying the properties of cement by including mineral-based additives into cement 
ensures benefits such as preventing environmental hazards of waste additives and pro-
viding increase in cement amount. Based on these main considerations, as a part of the 
study in which contribution of ash, obtained as a result of the burning of oil shale rocks in 
fluidized bed thermal plants, to Portland cement (PC) in 15% ratio is chemically proven, 
this study is performed in order to understand the direction and severity of the effects that 
oil shale ash (OSA) might have on the properties of cements. For this purpose, freezing-
thawing experiments were performed on cement samples produced with PC 42.5 cement, 
which has 0, 10, 20, and 30% of OSA additions. It is desired to make a conclusion by 
finding weight loss factor (AFw) and relative elasticity module (E) loss related with press 
and ultrasonic test methods based on given experiments. As a result, it was observed 
that durability of concretes obtained by addition of oil shale rocks in 15% ratio to PC 42.5 
cements against freezing/thawing effects is greater than that of PC 42.5 control sample.

Keywords: Portland cement, oil shale ash, concretes, freezing-thawing, resistance

1. Introduction

Concrete should not be damaged by decomposing due to the compressive strength of the ice 
formed in it. If compression stress in ice that is the resultant of freezing, reaches greater values 
than original compressive strength of ice, the ice turns to water by decomposing and the 
negative effect of freezing are removed [1]. Depending on the freezing temperature, there can 
be increases in the volume of water frozen inside the concrete by up to 12%, and this causes 
wearing in concrete by creating internal stresses.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Frost occurrence initially starts at big pores in the concrete and then builds up at small pores. 
The freezing degree of water decreases as the size of gaps inside the material is reduced. 
Finally the water inside capillary gel gaps gets frozen. This happens as salt crystals cannot 
be formed in gel gaps that are in microns size, and the freezing of water in these zones can-
not be prevented. Temperature value should be under −78°C for water to be frozen inside 
the mentioned small capillary pores. Here, the major effects are the methods and techniques 
and materials used during the concrete manufacture and also the fact of adding or not add-
ing additive substances inside cement qualification and the type and amount of the additive 
substance, if added.

Oil shale is formed by the simultaneous sedimentation of granule mineral fragments and the 
rotting organisms of low-ranked animals and plants and also is a kind of marlite containing 
combustible organisms. Several researchers studied about the addition of oil shale ash into 
cement. Xiang-penga et al. studied the effects of burning temperature on the reactivity of oil 
shale ash [2]. Al-Hasan [3] searched to replace cement with ash, even with small amounts, 
and he found it to be an effective way to improve thermal conductivity of concrete mixtures. 
Further, the higher was the level of cement replacement by oil shale ash, the lower was the 
compressive strength [3]. Oymael [4] obtained at 700°C by burning oil shale and then added to 
cement at the ratio of 15 and 30% by its weight. The optimum pozzolanic characteristics and 
performances were provided by the mixture containing 15% ashes [4]. Smadi and Haddad [5] 
observed that oil shale ash replacement of cement, sand, or both by about 10% (by weight) 
yielded the optimum compressive strength. Moreover, its replacement of cement by up to 30% 
was not reducing its compressive strength [5]. Raado et al. [6] focused on the use of oil shale 
ash for low-strength concrete. Two main types of oil shale ash and their mixes were tested, and 
they discovered that expansion and water resistance tests showed the content of CFB ash in 
OSA binders to increase and water resistance was developed and expansion disappeared [6].

The purpose of this study is to reveal the attribute of concretes made up with pozzolanic oil 
shale ash added Portland cements (PC) against freezing-thawing effects. Based on these con-
siderations, this study investigates the relationship between compressive strength values and 
material loss that would happen due to frost under freezing-thawing forcing in air-entrained 
and non-air-entrained (10 cm3) concrete samples that are made with PC 42.5 cements as per 
TSE CEN/TS12390-9 [7].

2. Materials and method

2.1. Cement

PC 42.5 cement manufactured in Gaziantep Cement Factory and brought as bulk to Elazığ 
El-Beton Prefabricated Concrete Building Elements Factory was used. A chemical and physi-
cal property of the mentioned cement is given in Table 1.

2.2. Oil shale ash

Oil shale rocks of Ankara-Çayırhan region are broken to aggregate size and grinded to fine-
ness of cement. By firing this powdered material in laboratory-type ovens, at the rate of 125 
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capsules for 1.5 h at 500, 600, 700, 800, 900, and 1030°C, oil shale ash is obtained. Obtaining oil 
shale ash as waste substance in industry can be made by firing/combusting oil shale rocks as 
combustion of low calorie lignite in fluidized bed thermal plants. If the most suitable values of 
ash were obtained by firing at 700°C [8] in the study, this temperature at fluidized bed thermal 
plants would be needed to determine and control the rate of material to be transferred into the 
oven and air circulation (Table 2).

The values obtained in activity experiments performed according to TS25/T1 [9] and TS EN 
197-1 [10] are given in Table 3. In the activity experiment performed by lime, the amount of 
ash is found by the formula of (specific weight of ash/specific weight of lime) × 300 and that 

Chemical properties (%) Physical properties

CaO 63.92 Specific gravity (g/cm3) 3.11

SiO2 19.57 Blaine fineness (cm2/g) 3510

Al2O3 5.72 Compressive strength (N/mm2) 7 days 41.9 (lim: 31.5) 
N/mm2

Fe2O3 3.69

MgO 1.17

SO3 3.19 28 days 54 N/mm2

Unidentified 0.24

(Na2O + K2O) 0.15 + 0.62

Chloride ≤0.1

Loss on ignition 1.73

C3S 58.68

C2S 11.83

C3A 8.91
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Firing 
temperature 
(°C)

SiO2 
(%)
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(%)

Fe2O3 
(%)

CaO 
(%)

MgO 
(%)

SO3 
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Loss on 
ignition 
(%)
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residue (%)

Unidentified (%)

500 29.26 10.15 4.65 36.13 6.82 2.30 3.24 4.21 3.24

600 28.6 8.97 4.47 32.80 8.04 3.79 6.47 3.88 2.98

700 39.32 7.80 4.20 26.40 9.26 5.21 3.82 1.28 1.11

800 28.4 9.40 4.40 31.18 7.70 2.27 8.82 4.30 3.53

900 20.25 13.00 4.35 29.00 6.63 4.25 15.4 5.37 1.87

1030 14.54 17.45 4.90 26.82 5.35 6.23 19.84 3.94 0.93

Table 2. Chemical change of oil shale ash depending on firing temperature.
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Frost occurrence initially starts at big pores in the concrete and then builds up at small pores. 
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amount of ash is mixed with 150 g of lime, 239 g of water, and 1350 g of standard sand and 
standard mortar is obtained. However, in cement experiment, mortar is obtained by mixing 
the ash, for which the amount is firstly found by the formula of (*147 × specific weight of ash)/
specific weight of cement, with 293 g of Portland cement, 1350 g of standard sand and water 
in an amount of 0.5 (Portland cement + ash). For experiment of activity with lime, after the 
mortar mixtures were given shape in 40 × 40 × 160 mm of standard molds and kept under 
room temperature for 24 h, the open surfaces of the molds were covered with glass and their 
surroundings were made airtight with paraffin, and they were kept in an oven for 6 days at 
55 ± 2°C. Those mortar samples were cured in water for 2, 7, and 28 days for experiment of 
activity with cement. Activity experiment values and results are given in Table 3.

The mean numeric relationship between addition ratios of OSA at the temperatures is 
obtained, and its fineness is given in Table 4. The ash at 700°C, which was sieved through 
mentioned sieves, was seen to give the optimum fineness values. Blaine fineness for ashes 
obtained as a result of firing was found to be 3180–3500 cm2/g without performing any 
additional grinding process.

Firing 
temperature 
(°C)

Lime activity (TS25/T1) [9] Cement activity (TS EN 197-1) [10]

Compressive 
strength  
(N/mm2)

Flexural 
strength  
(N/mm2)

Compressive strength (N/mm2) Flexural strength (N/mm2)

7 days 2 days 7 days 28 days 2 days 7 days 28 days

500 — — — — — — — —

600 9.1 3.0 — — — — — —

700 13.0 3.6 15.3 23.9 29.5 3 4.5 8.1

800 10.1 3.0 11.1 22.2 23.3 2.7 4.3 5.8

900 8.7 2.6 — — — — — —

1030 4.2 1.3 — — — — — —

Table 3. Activity experiments values and results of OSAs.

Firing temperature (°C) 200 μm Sieve (%) 90 μm Sieve (%) Blaine fineness (cm2/g) (average)

PC-Control 0.5 6.7 3180–3500

500 0.7 5.9

600 0.9 4.0

700 0.6 4.0

800 1.0 9.0

900 1.8 9.8

1030 1.1 4.7

Table 4. Relationship between firing temperature and fineness.

Sustainable Construction and Building Materials78

The specific weight of oil shale ash had shown a relative increase from 2.26 to 2.77 g/cm3 based 
on the firing temperatures at 500, 600, 700, 800, 900, and 1030°C. As this is lower than the 
specific weight of Portland cement, this causes a partial increase in the volume of the cement.

2.3. Standard sand

All of the mortar mixtures in the study were used in the standard sand produced by the 
Pınarhisar Cement Plant which is in compliance with TS EN 196-21 [11].

2.4. Aggregate

In cement experiments, washed Palu aggregate used in Fırat University Elazığ Vocational 
School Laboratories was used. The maximum aggregate size was selected by using one-fifth 
of the experiment sample molds (19 mm) as a basis. Three sizes (0–8, 8–16, 16–19 mm) of 
aggregates were used. Properties of granulometric structured aggregate in accordance with 
TS 706 EN 12620 + A1 [12] are given in Table 5.

3. Experiment method and results

In the study, PC 42.5 Portland cement and aggregate were used. In the design of concrete mix-
ture, water amounts were specified based on DYK (saturated dried surface) aggregate (Table 7). 
It was taken as a basis to have 105–110% dispersion in mixtures and to add liquid air-entraining 
admixture chemical substance specified in TS EN 934–4 [13] to water amount in air-entrained 
samples. In the experiment, OSA in 0, 10, 20, and 30% ratios were added to PC 42.5 cement, and 
in order to meet the predicted dispersion values, corrections in water amounts were made. It was 
observed that in concrete mixtures as OSA, percentage ratio is increased, the water requirement 
is also increased, and dispersion value is decreased. This fact reflects on the water amount in con-
crete mixture design and accordingly on the fresh concrete density. Non-air-entrained concrete 
mixture design is given in Table 6, and air-entrained concrete mixture design is given in Table 7.

For the study, cubic samples of 10 cm size were prepared in two groups. The first group 
includes air-entrained concrete samples, whereas the second group includes non-air-entrained 
(normal) concrete samples. Each group of samples was exposed to three experiments. First of 

Particle 
group (mm)

Volume spec, 
weight (DYK)

Water 
absorption (%)

Present 
humidity (%)

Density (kg/m3) Abrasion (%) (Tuvennan)

Loose Tight 100 cycles 500 cycles

0–8 2.69 (2.59) 1.15 0.7 1650 1755 6.98 18.63

8–16 2.69 1.2 0.62 1580 1720

16–19 2.69 1.2 0.44 1455 1650

DYK, saturated dried surface.

Table 5. Granulometry of Tuvennan aggregate.
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them was the experiment on determination of weight loss factor (AFw), the second one was the 
experiment on press compressive strength loss factor, and the third one was the experiment on 
determination of dynamic elasticity module.

In the experiment on determination of weight loss factor (AFw) in freezing/thawing experi-
ment, following 28 days of cure period in water at average (+22°C) temperature, the samples for 
compressive strength were broken by press. Other samples were exposed to freezing-thawing 
experiments at Elazığ El-Beton Concrete Prefabricated Building Elements Factory Laboratory.

Experiment samples were dried at 110 ± 5°C in an oven until they reached constant weight, 
then they were taken from the oven and cooled in a desiccator until they reached room tem-
perature. Then, they were weighed with 0.1 g precision, and W0 is found. Those experiment 

Mixture 0% PC-Control 10% 20% 30%

Cement (kg) 360 324 288 252

OSA (kg) — 36 72 108

Fine aggregate (0–8 mm) 663 663 663 663

Coarse aggregate (8–16 mm) 807 807 807 807

Coarse aggregate (16–19 mm) 346 346 346 346
*Water + HK** (kg) 202 + 1.2 209 + 1.2 216 + 1.3 245 + 1.5

Water/binder (%) 0.52 0.54 0.6 0.68

Dispersion (mm) 115 116 114 116

Fresh concrete density (kg/m3) 2378 2385 2392 2421

*Net water (aggregate DYK).
**Air is predicted, included to the fresh concrete weight.

Table 6. Non-air-entrained concrete mixture design.

Mixture 0% PC-Control 10% 20% 30%

Cement (kg) 360 324 288 252

OSA (kg) — 36 72 108

Fine aggregate (0–8 mm) 663 663 663 663

Coarse aggregate (8–16 mm) 807 807 807 807

Coarse aggregate (16–19 mm) 346 346 346 346
*Water + HK** (kg) 207 + 1.8 214 + 1.8 236 + 1.8 243 + 1.8

Water/binder (%) 0.58 0.6 0.66 0.68

Dispersion (mm) 105 111 115 116

Fresh concrete density (kg/m3) 2384 2391 2413 2441

*Net water (aggregate DYK).
**HK: air entraining ratio 0.5%.

Table 7. Air-entrained concrete mixture design.
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samples were saturated with water under normal atmospheric conditions and were frozen in 
the freezer. The cooling rate of the freezer was adjusted as it would decrease to −20°C within 
4 h. After it was observed that the temperature of the freezer decreased to −20°C, the experi-
ment samples that were kept at this temperature for about 2 h were taken out at the end of the 
period. By immersing them in water as they would be completely under water and keeping 
them as such for 2 h, it was ensured that the ice completely melted. At the end of the freezing-
thawing processes repeated for 25 times like this, after the experiment samples that reached 
constant weight in the oven at 110 ± 5°C were cooled in a desiccator, they were weighed with 
0.1 g precision (Wn). As can be seen in Tables 8 and 9, the decrease in mass, weight loss factor 
(AFw), caused by the portions that break and leave from the samples due to freezing-thawing 
effect is calculated by the following formula (Eq. (1)).

   AF  w   = 1 −  W  n   /  W  0   × 100  (1)

Here AFw: weight loss factor (%); W0: mean compressive strength of samples before frost 
experiment (N/mm2); Wn: arithmetic mean of compressive strength of concrete after freezing 
(N/mm2).

According to weight loss and compressive strength

Mixture (air 
addition (HK))

Number 
of 
samples

According to weight loss According to compressive strength

Mean 
initial 
weight 
(g) (W0)

Mean 
final 
weight 
(g) (Wn)

AFw = 
1 − Wn/W0 
× 100(%)

Initial 
compressive 
strength (N/mm2) 
(f0)

Final 
compressive 
strength (N/mm2) 
(fn)

DFf = 1− fn/f0 × 
100 (%)

0% HK, 
PC-Control

6 2.32 2.303 0.7 20.1 16 20.3

10% + HK 6 2.28 2.254 1 13.5 10.1 25.1

20% + HK 6 2.27 2.238 1.4 12.7 9.5 23.6

30% + HK 6 2.18 2.139 2 11.3 8.3 26.5

According to relative dynamic elasticity module

Mixture (air 
addition 
(HK))

Number 
of 
samples

Unit weight 
(kg/dm3)

Number of freezing–thawing cycles 
and ultrasonic measurements

E = 106 × 
v2 × Δ/g

E = 106 
× v2 × 
Δ/g

E = 106 × v2 
× Δ/g

V0 
(m/s)

Vn (m/s) Vn (m/s)

0 5 10 15 20 25 E0 (N/
mm2)

En (N/
mm2)

EMF (%)

0% HK, 
PC-Control

6 2.32 4.44 4.16 4.14 4.11 4.08 3.9 466,213 35,976 23

10% + HK 6 2.28 4.30 4.06 4.06 4.0 3.86 3.61 429,737 302,886 29

20% + HK 6 2.27 4.20 3.93 3.92 3.79 3.63 3.45 408,183 275,419 33

30% + HK 6 2.18 4.00 3.87 3.86 3.86 3.80 3.15 355,555 225,000 38

Table 8. Calculation table of freezing-thawing experiment for air-entrained samples.
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In the second part of the experiment, a study taking losses at compressive strength as a basis 
was performed. Decrease factor of compressive strength (DFf) is calculated by the following 
formula by finding mean compressive strength of samples after experiment (fn) for which 
mean compressive strength values at press (f0) for equivalents of original samples of experi-
ment were found before freezing-thawing experiment (Eq. (2)).

   DF  f   = 1 −  f  n   /  f  0   × 100  (2)

Here DFf = decrease factor of compressive strength (%); f0 = mean compressive strength of 
sample before experiment (N/mm2); fn = mean compressive strength of sample after freezing 
(N/mm2).

In the third part of the experiment, ultrasonic pulse velocity (v = km/s) of samples exposed 
to freezing-thawing were found before experiment (DYK) and during experiment at the end 
of 5, 10, 15, 20, and 25 cycles. Based on these values, the dynamic elasticity modules (E) of 
samples are calculated by the following formula (Eq. (3)).

According to weight loss and compressive strength

Mixture Number 
of 
samples

According to weight loss According to compressive strength

Mean 
initial 
weight 
(g) (W0)

Mean 
final 
weight 
(g) (Wn)

AFw = 
1 − Wn/W0 
× 100(%)

Initial 
compressive 
strength (N/mm2) 
(f0)

Final 
compressive 
strength (N/mm2) 
(fn)

DFf = 1 − fn/f0 
× 100 (%)

0% 
PC-Control

6 2.408 2.383 1 22.5 16.3 27.5

10% 6 2.443 2.411 1.3 20.6 14.3 30.5

20% 6 2.369 2.319 2.1 15.6 9.1 41.6

30% 6 2.293 2.233 2.6 11 6.1 39

According to relative dynamic elasticity module

Mixture Number 
of 
samples

Unit 
weight 
(kg/dm3)

Number of freezing–thawing cycles 
and ultrasonic measurements

E = 106 × 
v2 × Δ/g

E = 106 × 
v2 × Δ/g

E = 106 × v2 
× Δ/g

V0 
(m/s)

Vn (m/s) Vn 
(m/s)

0 5 10 15 20 25 E0 (N/
mm2)

En (N/
mm2)

EMF (%)

0% 
PC-Control

6 2.408 4.58 4.32 4.32 4.25 4.18 4.13 514,894 418,685 19

10% 6 2.443 4.46 4.27 4.25 4.06 3.86 3.83 495,363 365,301 26

20% 6 2.369 4.40 4.23 4.11 4.04 3.47 3.38 467,521 275,885 41

30% 6 2.293 4.31 4.03 4.00 3.93 3.27 3.11 434,199 226,076 48

Table 9. Calculation table of freezing-thawing experiment for non-air-entrained samples.
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  E = 106 ×  v   2  × Δ / g.  (3)

Here E = relative dynamic elasticity module (N/mm2); v = ultrasonic pulse velocity (km/s) 
(V0 = values before experiment; Vn = values after experiment); Δ = unit weight of concrete (kg/dm3); 
g = gravitational acceleration (g/cm2).

In experiments conducted as per TSE CEN/TS 12390-9 [7] principles, comparative values of 
after frost losses of weight and compressive strength and relative dynamic elasticity module 
of air-entrained and non-air-entrained samples which were exposed to freezing-thawing in 
water are shown in Figures 1–3 and Tables 8 and 9.

When AFw values after 25 cycles of freezing–thawing in air-entrained concrete samples are 
examined, it is observed that for those with 10% addition, partial frost loss is 0.30 times less 
than the control sample and for those with 20 and 30% addition, partial frost loss is 2.42 and 
2.85 times less than the control sample, respectively. In general, those values are 27% less than 
those with no air entrainment.

For air-entrained and non-air-entrained samples, decrease factor of compressive strength 
(DFf) as given in Tables 8 and 9 (if pressure loss value at 20% OSA ratio is excepted), it is 
seen that there is a linear relation between pressure loss value and addition ratio, and as 
the addition ratio increases, the pressure loss also increases. Both in added or not added 
samples, considering that the pressure loss due to freezing-thawing experiments (DFf) can-
not be more than 20% [14], it is understood that 15% of the addition ratio would be more 
suitable.

In evaluations performed according to relative elasticity module (E) in air-entrained samples, 
the value for 0% added (control) sample was 23%, whereas it was 29, 33, and 38% for those 
with 0, 20, and 30% addition, respectively. After 25 cycles, if maximum 0.30 [14] limit is con-
sidered for decrease in relative dynamic elasticity module of concrete samples, it can be sug-
gested that 15% added one would be suitable. This result is also valid for non-air-entrained 
samples. Relative dynamic elasticity module values are given in Figure 3.

Figure 1. Relationship between weight loss and OSA percentage in samples.
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4. Conclusion and recommendations

By firing oil shale rocks at different temperatures, oil shale ash (OSA) was obtained. With a 
series of physical and chemical tests performed, in order to obtain the maximum performance, 
the ratio of the ash to be added to PC (Portland cement) was suggested. As a conclusion, it was 
determined that all chemical test values of the cement obtained as a result of addition of OSA, 
which was obtained by firing at 700 °C, to PC (Portland cement) with 15% ratio (when ignition is 
considered separately, which was also 0.65% greater) were within the limits of TS EN 197-1 [15].

In this study which was performed to determine the resistance of concrete produced with 
15% OSA-added cement to freezing-thawing effects, air-entrained and non-air-entrained 
concretes were produced and weight loss factor, press strength factor, and relative dynamic 
elasticity module was investigated. As a result of the performed studies, it was observed that 
optimum results could be taken from concrete samples produced by addition of 15% of OSA 
to PC 42.5 cement.

Figure 3. Relationship between relative dynamic elasticity module and addition percentage in air-entrained and non-
air-entrained samples.

Figure 2. Relationship between compressive strength factor and addition percentage in air-entrained and non-air-
entrained samples.
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In examinations about weight loss of air-entrained and non-air-entrained samples, it was 
seen that by freezing-thawing cycles there occurred more breaks and weight decreases for 
air-entrained samples. This fact demonstrates the protection of concrete against frost by air-
entraining substance.

In experiments of press compressive strength, the compressive strength (loss) factor (DFf) 
found by interpolation for those with 15% addition was 24.3% for non-air-entrained samples 
and 20.7% for air-entrained samples. Therefore, for resistance to freezing–thawing, the air 
entraining (HK) chemical substance that is added as 0.5% of the cement weight decreased 
the strength (loss) factor (DFf) by about 14%. These values comply with the condition that 
compressive strength loss in freezing-thawing experiments should be not more than 20%.

Although frost resistances of air-entrained concrete samples are more than that of non-air-
entrained concrete samples, their compressive strength is less. The alterations in compressive 
strength might change based on amount and type of air entrainment.

According to relative dynamic elasticity module (E) examination, for those with 15% addi-
tion the value found by interpolation is 33% for non-air-entrained samples and 31% for air-
entrained samples. When this result is compared with the limit value for which the relative 
dynamic elasticity module loss would be maximum 30%, the suitability of air-entrained 15% 
OSA + HK samples (although the limit is a little bit forced) was observed. Relative dynamic 
elasticity module (E) is an indicator of durability in concretes.

In air-entrained samples, there is an inverse relation between OSA addition ratios and ultra-
sonic measurement values that are basis for compressive strength. As pozzolanic addition 
ratio increases in concrete structure, compactness increases, but pressure loss does not increase 
because there is a relation between water/binder ratio and compressive strength of air-entraining 
substance. As air-entraining substance makes closed air gaps in the inner structure of the con-
crete, the compressive strength is negatively affected. By decreasing Water/Binder ratio in con-
crete, the number and size of capillary small channels might be decreased. So, less water would 
enter inside of concrete by capillaries. This fact also shows itself by decreasing permeability.

In places where freezing–thawing is frequently happening, concrete with 15% OSA addition 
can be used. It is preferred to use mentioned concrete in detail elements, not in structural 
building elements that are exposed to flexural strength. This includes construction of pave-
ment concrete and so on.

As a conclusion, as 15% OSA-added concretes show performance over desired limit values 
against freezing-thawing, they can be used in engineering structures of airports, highways, 
railways and in building elements in buildings as walls, floorings, columns and beams, and in 
every kind of coatings. So, by adding OSA, which was a waste product, to Portland cement, 
an economic benefit would be obtained.
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Abstract

Girder truss is a kind of high-performance truss, which is combined with some single trusses 
by connectors. It is the common structural form of the key-bearing node in the modern wood 
structure floor and roof structure system. With the development of the sponge city and green 
building in China, girder truss is widely used in wood structure buildings and re-roofing 
project for its lightweight, high strength, good seismic performance, simple construction, 
design flexibility, and other excellent characteristics. Since the stress environment of girder 
truss is more complicated than single wood truss, the wood girder truss needs higher bear-
ing capacity. This chapter emphatically provides a theoretical basis for practical engineer-
ing and mainly introduces a new type of girder truss connected with different diameters 
of wood dowels. The deformation of each node in the static loading process is measured in 
situ and continuously by using the self-designed loading device and the advanced measur-
ing system. Research contents include the increasing effect of girder truss than single truss 
and influence of different connection modes on the mechanical properties of girder trusses. 
We can restore the mechanical properties and failure mechanism from the two aspects of 
phenomena and mechanism by comparing the test results.

Keywords: girder truss, static load test, carrying capacity, anti-deformation capability, 
connection node design

1. Introduction

For many years, the construction industry has been called the ‘big energy-consuming house-
holds’ in China with the industry and transportation. Building energy consumption accounts 
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structure floor and roof structure system. With the development of the sponge city and green 
building in China, girder truss is widely used in wood structure buildings and re-roofing 
project for its lightweight, high strength, good seismic performance, simple construction, 
design flexibility, and other excellent characteristics. Since the stress environment of girder 
truss is more complicated than single wood truss, the wood girder truss needs higher bear-
ing capacity. This chapter emphatically provides a theoretical basis for practical engineer-
ing and mainly introduces a new type of girder truss connected with different diameters 
of wood dowels. The deformation of each node in the static loading process is measured in 
situ and continuously by using the self-designed loading device and the advanced measur-
ing system. Research contents include the increasing effect of girder truss than single truss 
and influence of different connection modes on the mechanical properties of girder trusses. 
We can restore the mechanical properties and failure mechanism from the two aspects of 
phenomena and mechanism by comparing the test results.

Keywords: girder truss, static load test, carrying capacity, anti-deformation capability, 
connection node design

1. Introduction

For many years, the construction industry has been called the ‘big energy-consuming house-
holds’ in China with the industry and transportation. Building energy consumption accounts 
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for one-third of the total energy consumption of the whole society, which is 2–3 times higher 
than other countries under the same climatic conditions (see Ref. [1]). This is mainly due to the 
traditional Chinese construction materials, such as steel, cement, clay bricks, etc. These materi-
als not only waste a lot of natural resources but also cause pollution to the ecological environ-
ment. Therefore, the use of green building materials has become the key to energy conservation 
and emission reduction in the construction industry. On March 5, 2016, Premier Li Keqiang 
clearly stated in the “Government Work Report” of the Fourth Session of the 12th National 
People’s Congress that the focus of the work in the field of housing construction is to further 
promote new urbanization and vigorously develop green buildings and building materials (see 
Ref. [2]). A very important direction for the development of green buildings is wood structure 
architecture (see Ref. [3]). A large number of studies have also shown that wood structure is 
better able to save energy and reduce emissions than other structural forms (see Ref. [4–6]). As 
one of the major trends in modern architecture, building energy efficiency can be beneficial to 
the growth of national economy as well as help protect the ecologic environment (see Ref. [6, 7]). 
Besides, timber structure building has a strong prefabrication because most of its components 
are processed in the factory. The study on the components is very crucial because the compo-
nents are closely related to the safety and energy efficiency of timber structure.

As the important parts of timber structure building, floor system and roof are usually divided 
into two kinds of systems, the traditional grille-rafter system and light wood truss structure 
system, and the latter is more widely used. With the development of light wood structure in 
China, the application prospect of light wood truss in modern wood structure in China will be 
more and more broad. The girder truss is composed of several pieces of single light wood truss 
by connectors and commonly used in key parts of the roof or floor system in modern wood 
structure buildings and re-roofing projects. For the floor and roof system of modern timber 
structure, the key joints have suffered both the upper uniform load and the concentrated load 
from other trusses that connected with them. So the force circumstance is so complicated 
that the ordinary single wood truss can hardly bear (see Ref. [8–10]). A common solution 
in practical engineering is to increase the cross-sectional area of the member by combining 
a plurality of ordinary light wood trusses as a structural member to obtain a greater load 
carrying capacity (as shown in Figure 1). The form of the girder truss can be easily obtained 
and conforms to the developing trend of industrialization and modularization of buildings. 
Besides, some long-span and cantilevered structure is emerged with the development of 
modern timber structure building, which needs the wood truss with a higher carrying capac-
ity. Emerging as the times require, the girder truss appears with a higher carrying capacity, 
greater span, and wider range of use, compared to the single wood truss. At present, the study 
on the single truss is very mature (see Ref. [11–13]), but few studies have been done on the 
girder truss. In most practical engineering projects, many builders work mostly depending 
on their experiences without any reliable standard, which will bring some potential safety 
issues. Girder truss is usually connected with nail and bolt, which is easy corrosion, and 
the mechanical property will reduce under the fire resistance circumstance. Therefore, this 
chapter has designed a new type of connection method that is used for girder truss (as shown 
in Figure 2). Wood dowel connector is not easy to be rusted and its mechanical property will 
not be reduced rapidly under fire resistance circumstance. Besides, wood-made connectors 
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can increase the ductility of the connected components. Thus, the performance of girder truss 
is improved. The connection node of the wood structure is also related to the bearing capacity 
and normal use of the whole building in the future. Therefore, it is very meaningful to study 
the connection nodes of wood structure (see Ref. [14]).

2. New connection node design of girder truss

The connection modes of girder truss are currently relatively simple. The domestic connection 
method is recommended in the technical specification for light wood trusses (JGJ/T 265-2012), 
but the following problems remain when it is connected with nails.

1. Processing is complicated. The girder truss needs to turn over the truss constantly during 
processing. Nailing in different parts is not conducive to industrialized line processing.

2. Poor fire resistance. When subjected to fire, the steel will soften and its mechanical proper-
ties will rapidly decrease. The failure of the girder truss node affects its overall bearing 
performance, resulting in transient failure of the structure.

Figure 1. Application of girder truss in building structure.
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3. Easy to rust. Steel or iron nails are prone to rusting when exposed to air, which are more 
pronounced under conditions of high humidity and high salt, thus reducing the durability 
of the entire timber structure.

4. Poor energy dissipation. Nails are the fastening type joints, which constrain the relative 
rotation between the truss and the truss, and cannot consume the energy generated by the 
lateral force, which leads to the lateral resistance of the whole building becoming weak.

In response to the problems with connection modes of girder truss, this chapter proposes a 
new type of connection modes of girder truss, which replaces traditional iron connectors with 
wooden connectors. The specific scheme is as follows: all the single trusses that make up the 
girder truss are preassembled and temporarily fixed, then predrilled at specific positions of all 
the trusses and finally inserted into a wood or bamboo round dowel, which is a wood dowel 
connector (see Ref. [15]) (as shown in Figure 2).

The use of wood or bamboo connectors is mainly due to the fact that wood or bamboo 
joints are less susceptible to corrosion than iron joints (see Ref. [16, 17]). There is also 
no problem of a sharp drop in mechanical properties under fire-resistant conditions. In 
addition, the wood or bamboo joints can greatly improve the ductility of the connected 
members (see Ref. [18]), thereby improving the performance of girder truss when resisting 
lateral forces.

The selection of the position of the wood dowel connection is determined by the force char-
acteristics of the parallel chord truss. Parallel chord truss can be considered as a simply sup-
ported beam when subjected to an upper uniform load. The force is mainly borne by the 

Figure 2. A new type of girder truss.

Sustainable Construction and Building Materials92

upper and lower chords of the truss. The upper chord is under pressure and the lower chord 
is subjected to tension, but the web only plays a supporting role. Figure 3 shows the internal 
force diagram of the light wood truss supported by the upper uniform unit. It can be seen 
from the internal force diagram that if the parallel chord truss is regarded as a static combina-
tion structure, which means the chord is broken and both ends are hinged. Under the uniform 
load, the middle bending moment value of each chord is the largest and the shear force is at 
least zero. The use of wood dowel connectors requires predrilling the upper and lower chords 
of the truss, thus reducing the net cross-sectional dimensions of the chord. The shear force 
calculation formula of the structural member is:

  τ =   Q __ A    (1)

A represents the sheared net cross-section of the sheared member. The decrease in A means 
an increase in the shear stress in the member. Therefore, the position of the connector must be 
placed in where the chord shear force is the smallest, which is the middle of every two nodes 
of the chord.

Figure 3. Internal force diagram of parallel chord truss. (a) Parallel chord truss axial force diagram; (b) parallel chord 
truss bending moment diagram; (c) parallel chord truss shear force diagram.
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3. Experiment overview

3.1. Experimental design

The material used in the test is the Larch (Larix gmelinii) specification material imported from 
Russia. The material grade is grade II and the density is 0.657 g/cm3. The moisture content is 
17.4%, according to the general requirements for physical and mechanical tests of wood (GB/T 
1928–2009).

According to the method of continuous loading of trusses in the standard for test methods of 
timber structures (GB20329-2012), the static load test of six types of small-span trusses was 
carried out, and the test piece number is expressed as S.

In order to explore the influence of different diameter wood dowels on the girder truss perfor-
mance, the experiment in this chapter contains girder truss of three different diameter wood 
dowels. The wood dowels are 12, 16, and 20 mm in diameter. The performance evaluation of 
the three girder truss is still considered from the two aspects of ultimate bearing capacity and 
deformation resistance. Among them, the anti-deformation ability includes creep resistance 
and elastic recovery performance.

In addition, the experiment also set up a girder truss composed of three single trusses to 
explore the enhancement effect of girder truss with the increase of the number of single truss. 
The diameter of the wood dowels connecting the girder truss depended on the experimen-
tal results of the girder trusses with two single trusses. In order to distinguish other girder 
trusses with two single trusses, girder trusses with three single trusses are denoted by G3, 
while other girder trusses are denoted by G2.

Figure 4 shows the structural form and specific dimensions of the test piece used in this test. 
The girder trusses used in the experiment are all composed of this single truss.

The specific test piece composition is shown in Table 1.

3.2. Theoretical calculation

Calculation of standard load Pk

Figure 4. Module’s size of girder truss (unit: mm).
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Assume that the truss spacing is 406 mm and the building life is 50 years.

According to the 2012 edition of load code for the design of building structures (GB5009-2012):

Standard value of constant load: 0.885 × 0.406 = 0.359 kN/m

Truss weight: 0.106 × 0.406 = 0.043 kN/m

Snow load standard value: 0.5 × 0.406 = 0.203 kN/m

Standard value of live load: 2.0 × 0.406 = 0.812 kN/m

Load design value: (0.359 + 0.043) × 1.2 + (0.203 + 0.812) × 1.4 = 1.9 kN/m

Load on the node: 1.9 × 1.734 ≈ 3.3 kN.

3.3. Load program and device

According to the truss grading loading in the standard for test methods of timber structures 
(GB50329-2012), the truss static load test added a first-order load every 10 minutes during 
the failure phase, with a load of 0.2Pk per stage. This test used a mechanical testing machine 
to load. So the loading procedure could be carried out in a continuous loading mode, which 
is 0.2 Pk every 10 minutes. The loading per minute was 0.02 Pk. After the above theoretical 
calculation, Pk was 3.3 kN, and the loaded force per minute was 0.066 kN. However, in the 

Truss number Description Quantity

SPT-S Normal single truss 1

SPT-G2-N Girder truss made by two SPT-S nails 1

SPT-G2-12 Girder truss made of two SPT-S connected by a 12-mm diameter beech wood dowel 2

SPT-G2-16 Girder truss made of two SPT-S connected by a 16-mm diameter beech wood dowel 2

SPT-G2-20 Girder truss made of two SPT-S connected by a 20-mm diameter beech wood dowel 2

SPT-G3 Girder truss made of three SPT-S connected by a 16-mm diameter beech wood dowel 1

Table 1. Sample number and description.

Figure 5. Loading system.
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preliminary experiment, we found that the girder truss had more than twice the ultimate 
bearing capacity of the single truss. So during the loading process, the load of each stage 
was also doubled to 0.132 kN. If the girder truss is composed of three single trusses, the 
load per stage was also tripled to 0.198 kN. The specific loading system diagram is shown 
in Figure 5.

3.4. Evaluation index and measurement point arrangement

The purpose of this experiment is to explore the effect of different dowel diameters on the 
mechanical properties of the new dowel-connected girder truss. The performance evaluation 

Figure 6. Layout of strain gauges and displacement gauges. (a) Layout of strain gauge; (b) displacement gauge; (c) 
universal mechanical testing machine.
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of girder truss for different dowel diameters should also start from the aspects of ultimate 
bearing capacity, deformation resistance, failure form and mechanism. Therefore, similar 
to the static load test of large-span wood trusses, it is necessary to track the displacement 
changes of various nodes of different types of wood trusses continuously. In this experiment, 
a small-range displacement sensor was also arranged between the chord and tooth plate for 
measuring the relative slip of the tooth plate relative to the chord. In addition, strain gauges 
were arranged at the important chords to measure the strain at various stages of the chords. 
The specific measuring point layout is shown in Figure 6.

4. Phenomenon description

4.1. Overall destruction

This chapter performs a static load test on one single truss and nine girder trusses, including a 
girder truss composed of three single trusses. There is a big difference in the ultimate bearing 
capacity and deformation of various types of trusses. However, the overall form and process 
of destruction of the truss are roughly the same. The damage form of the connector taken out 
after the girder truss test is also quite different. This also fully illustrates the different connec-
tion between girder trusses, which will have a greater impact on its performance.

First, during the preloading of the T1 stage, the truss did not produce significant changes. 
After 30 minutes of loading, all types of trusses produced very small residual deformations. 
Especially, the girder truss could achieve full elastic recovery. From the load-displacement 
curve of the T1 stage in Figure 7, a certain creep value appeared in the single truss during 
the preloading phase. The creep variables of other girder trusses were negligible. The use 
of dowel connectors of different diameters had little effect on the performance of the girder 
truss.

As the test progressed, there was no significant test phenomenon for each truss from the 
24-hour holding load to the initial T3 stage. However, when loading to 5 Pk, the test phe-
nomenon began to occur in the span of the truss and there was no obvious phenomenon 
at other nodes. For example, a slight truss plate bulge occurred in the upper B node of the 
SPT-S and the lower chord appeared cracking near the knot (as shown in Figure 8). At 
other stages, other girder trusses were similar to the test phenomenon of single trusses, 
and the phenomena of destruction were also concentrated in these two places. In par-
ticular, the truss plate of the central B node of the upper chord bulged (as shown in 
Figure 9). This is mainly related to the force mechanism of parallel chord truss. When the 
parallel chord truss is subjected to the upper concentrated load, the upper chord is under  
compression and the lower chord is under tension. Combined with the analysis of struc-
tural mechanics, the diagonal web of the truss will generate a lateral force at the B node 
in order to resist the upper concentrated load. Therefore, the B node was subjected to the 
shear stress, and the stress environment was very complicated. Combined with the final 
failure form of the truss plate, the truss plate at the B node eventually appeared as a form 
of shear compression failure.
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Figure 7. Load-displacement in T1 stage. (a) SPT-S; (b) SPT-N; (C) SPT-G2-12 (d) SPT-G2-16; (e) SPT-G2-20.
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Figure 8. The lower chord cracks accompanied by tooth extraction test process of SPT-S1.

Figure 9. Shear compression failure of mate plate in B node. (a) SPT-G2-N; (b) SPT-G2-12-1; (c) SPT-G2-16-2; (d) 
SPT-G2-20-2.
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Figure 10. Destruction in lower chords of trusses. (a) SPT-G2-N; (b) SPT-G2-12-2; (c) SPT-G2-16-1.

Figure 11. Failure phenomenon of SPT-G2-20-1.

In addition, many experiments have found that the overall damage of the truss is destroyed 
by the destruction of the lower chord. The knot of the lower chord also directly affects the 
force performance. Figure 10 shows the actual photo of destruction in lower chords of trusses. 
When processing the truss, the experimenters must pay attention to the selection of the lower 
chord and try to avoid too many specifications with the knots. However, the upper chord and 
the web of the truss had obvious shear damage and the chord did not have obvious damage. 
Therefore, when the wood truss is processed, the grade of the processing material can be 
appropriately reduced.

The destruction of the lower chord of the girder truss SPT-G2-20 was due to different rea-
sons. The SPT-G2-20 had a 19.5-mm diameter hole in its upper and lower chords. The open-
ing of the lower chord was too large, destroying the fibers in the direction of the wood and 
also reducing the net cross-sectional area of the truss chord. Under the condition of constant 
force, reducing the net cross-sectional area of the rod will increase the stress on the chord. 
The tensile strength of large-sized wood is less than the compressive strength, so the lower 
chord is easily damaged. Figure 11 shows the real photo of the girder truss SPT-G2-20 chord 
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failure. The lower chord crack started from the wood dowel joint and run through the entire 
chord. This ultimately led to the overall destruction of the truss, yet there was little damage 
to dowel.

4.2. Connection node destruction

The previous section described the node failure mode of a girder truss connected by a 20-mm 
diameter dowel between the single trusses of girder truss. The final damage was caused by  
the destruction of the lower chord, but the dowels showed almost no deformation. The 
size of the dowels and the nail connectors was damaged to varying degrees. Figure 12 
shows the connector removed from the truss after the final destruction of each girder truss 
connector.

From Figure 12, the deformation caused by the nail connection was large. Similar to the long-
span nail connection girder truss, a plastic hinge appeared in the middle of the nail. When 
the truss was loaded to the later stage, a more obvious dislocation occured between the single 
trusses that make up the girder truss. Different diameters of dowels produced different forms 
of deformation or damage. First, similar to the nail, a 12-mm diameter wood dowel also pro-
duced a plastic hinge. However, the amount of deformation was less than the nail connection. 
The diameter of the wood dowels affected its stiffness. The dowel deformation of a large diam-
eter was small. The dowels with a diameter of 20 mm showed almost no deformation. Wood 
dowels were almost unaffected by truss damage. The deformation of the wood dowels with 
16 mm was also not obvious. The cross-sectional loss of the chord was reduced while provid-
ing sufficient joint strength. The relationship between the diameter of hole and dowel of the 
truss member also had an effect on the connection performance. The black color at the end of 
the 20-mm diameter dowel in Figure 13 is the result of carbonization when dowel was screwed 
into the slot. When the hole diameter of the chord was less than 0.5 mm of the diameter of the 

Figure 12. Failure form of connectors.
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wood dowel, the wood dowel screwed in the rod was carbonized by the high-speed rotation 
heat generation and the carbonized layer formed on the surface of the dowel, which protected 
the surface of the wood dowel. The surface strength was improved. Therefore, it is necessary 
to select the connectors well and fit the appropriate size of predrilling from the perspective the 
durability of girder truss.

5. Ultimate bearing capacity

Figure 13 is a comparison of the ultimate bearing capacity of a category five trusses. Among 
them, the new wood dowel-joined girder truss takes the average of two tests. It can be seen 
from the figure that the ultimate bearing capacities of all kinds of wood trusses are much 
higher than its theoretical calculation value, so reducing the span of the truss will effectively 
improve its carrying capacity. In addition, the ultimate bearing capacities of various girder 
trusses are much larger than that of single truss, but the ultimate bearing capacities of the 
various girder trusses have little different from each other. The 12-mm and 16-mm wood 
dowel-joined girder trusses have a relatively high ultimate bearing capacity. The nail connec-
tion girder truss affected the synergy of girder truss due to the mutual dislocation between 
its single trusses, thus reducing its bearing performance. The girder truss with a wood dowel 
diameter of 20 mm had a large opening area at the lower chord of the truss, which reduced 
the net cross-sectional area of the tension member, thereby reducing the load-bearing perfor-
mance of the truss.

Figure 13. Ultimate bearing capacity of trusses.
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6. Analysis of node deflection test results

Figure 14 is a deflection diagram of the lower chords of three girder trusses using two differ-
ent diameter wood dowel connections. It can be seen from the figure that the three types of 
trusses show good consistency in the first two stages of loading. The truss enters the nonlinear 
stage when it enters the failure stage, and the results of the two tests will vary due to the 
variability of the wood. Figure 17 shows the variation of the overall deformation of the truss 
during the loading process. The image shows that it is difficult to distinguish the influence 
of different connection methods on the creep resistance, elastic recovery performance and 
deformation resistance of the truss on small-span truss specimens. Only in the stage of truss 
failure, the deflection curve can be distinguished and different failure modes and mechanisms 
of various trusses can be analyzed.

Figure 14. Time-deflection of new girder trusses from start to finish. (a) SPT-G2-12; (b) SPT-G2-16; (c) SPT-G2-20.
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Figure 15. Load-deflection curve of trusses.

As shown in Figure 15, the load-deflection curves of the single truss, the girder truss of the nail 
connection, and the girder truss of the wood dowel connection are selected in the failure stage. 
It can be seen from the figure that different types of trusses exhibit different failure modes 
and mechanisms. Single truss showed obvious characteristics of brittle failure. There was no 
obvious sign in the vicinity of the failure. A crack occurred near the knot of the lower chord 
(as shown in Figure 8). Then, the crack continued to increase. Eventually,  the overall failure of 
the truss was caused by the sudden fracture of the lower chord.

The ductility of the two girder trusses is significantly better than that of single truss. In the 
middle and later stages of truss failure, the load-displacement curve often shows a twist at 
one end. The reason for the twists and turns is that one single truss in the girder trusses was 
destroyed first. Since the other truss still had the carrying capacity, it would quickly bear the 
upper load. However, it would also be destroyed quickly because only one single truss was 
stressed. Due to the different connections between the selected single trusses of girder trusses, 
the above situation would be different. Although the shear span ratio was reduced, the girder 
truss of the nail connection still exhibited in-plane instability at the later stage of loading. 
Larger span trusses were not very obvious. There was mutual dislocation between the upper 
trusses. The girder truss would be obvious that one single truss were destroyed first and then 
another truss would be destroyed quickly. Therefore, the nail connection girder truss did not 
produce the expected effect of “one plus one is greater than two.” The girder truss connected 
by wood dowel could still maintain good synergy between the loaded trusses. Therefore, 
SPT-G2-16 also had its first wave where SPT-G2-N had its twists and turns. However, it can 
be seen that the drop in displacement was very limited, indicating that the truss had not been 

Sustainable Construction and Building Materials104

completely destroyed. As the load continuing to increase, the curve appeared three or four 
small twists. Eventually, the cracks that was generated at the bottom of the two lower chords 
of the truss were excessive and completely penetrated (as shown in Figure 16), resulting in 
failure of the truss.

Figure 17 shows the load-deflection curves of three new girder trusses with different 
diameters of wood dowel as the connection between single trusses. It can be seen from the 

Figure 17. Load-deflection curve of new girder trusses.

Figure 16. Failure phenomenon of SPT-G2-16.
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figure that the load-deflection curves of the three girder trusses show different shapes. The 
girder truss with a wood dowel diameter of 20 mm had a similar failure mode of single 
truss, which was brittle failure (as shown in Figure 10). The lower chord was broken under 
the combined action of tension and shear. The 12-mm diameter dowel connected girder 
truss was similar to the nail-connected girder truss. Although the load-displacement curve 
had undergone a twist, the truss did not show good synergy. Finally, a plastic hinge 
appeared similar to the wood dowel and the nail. Therefore, the dowel connected girder 
truss showed a better mechanical performance with a 16-mm diameter wood dowel.

7. Further experiments of girder truss composed of three single 
trusses

In the last section, the girder trusses connected by three different diameter wood dowels were 
tested for static load, and the girder truss with 16-mm diameter wood dowels was the best. 
All previous experiments were performed on girder truss composed of two single trusses, but 
girder truss composed of three or more single trusses were not tested. For the girder trusses 
to be widely used in larger span structures and more complicated bearing environments, they 
cannot be composed of only two single trusses. It must consider more forms of single truss 
combinations. Combined with the test results of the previous section, this section performs a 
static load test on a girder truss composed of three single trusses connected by 16-mm diam-
eter wood dowels. The enhancement effect of girder truss was explored by comparison with 
girder truss composed of two single trusses connected by the same diameter wood dowels.

In terms of bearing capacity, the girder truss composed of two single trusses was 53 kN 
and the girder truss composed of three single trusses had a bearing capacity of 77 kN, 
increasing 45%. Thus, the more quantities of the single trusses that make up the girder 
truss are, the more obvious enhancement effects have from the perspective of the failure 
mode, the two girder trusses were similar and the chord was destroyed under the tensile 

Figure 18. The failure of SPT-G3-16.
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shear environment, resulting in the destruction of the truss. As shown in Figure 18, the 
middle truss first appeared as cracks at the lower chord. The increase in force resulted 
in an overall failure of the intermediate truss, with only two trusses being stressed, but 
girder truss had lost synergy at this time. Then, the wood dowels of the lower chord were 
also destroyed (as shown in Figure 19). The lower chord of the single truss on the outside 
of  girder truss was completely cracked in the direction of the grain. The truss failed as a 
whole. As shown in Figure 20, the load-displacement curves of the two girder trusses in 
the final failure stage, it can also be found that the two girder trusses have very similar 
failure modes and both exhibit good ductility.

Figure 19. Failure of connectors in SPT-G3-16.

Figure 20. Load-displacement curve in failure stage.
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8. Conclusion

In this chapter, the static load test of wood trusses was carried out to investigate the influ-
ence of different joints on the mechanical properties of girder truss between single trusses of 
girder truss, especially the influence of different dowel diameters on girder truss. The results 
showed that:

1. The girder truss with wood dowel connection should be connected to the girder truss as a 
whole, but the diameter of the wood dowel should be chosen reasonably.

2. From the perspective of the load capacity, failure mechanism, and mode of the truss, the 
girder truss has the best performance when the wood dowel diameter is 16 mm.

3. Under serviceability limit states, the use of dowel connectors of different diameters has 
little effect on the resistance to deformation of girder truss.

4. On the upper chord connected to the truss plate, the truss plate is prone to shear damage 
due to the combined action of pressure and shear. In the actual project, it should try to do 
partial reinforcement.

5. As the number of single trusses that make up the girder truss increases, there will also be 
a significant improvement in its mechanical properties.

6. Wood knots, especially dead knots, have a strong weakening effect on the carrying capac-
ity of the chords of wood trusses. The overall failure of the truss is often due to the pres-
ence of the knot, so the selection of the truss should be done. The chord of the truss should 
avoid the use of materials with knots. If necessary, It can be chosen that using steel instead 
of wood, developing steel-wood composite structure.
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8. Conclusion

In this chapter, the static load test of wood trusses was carried out to investigate the influ-
ence of different joints on the mechanical properties of girder truss between single trusses of 
girder truss, especially the influence of different dowel diameters on girder truss. The results 
showed that:

1. The girder truss with wood dowel connection should be connected to the girder truss as a 
whole, but the diameter of the wood dowel should be chosen reasonably.

2. From the perspective of the load capacity, failure mechanism, and mode of the truss, the 
girder truss has the best performance when the wood dowel diameter is 16 mm.

3. Under serviceability limit states, the use of dowel connectors of different diameters has 
little effect on the resistance to deformation of girder truss.

4. On the upper chord connected to the truss plate, the truss plate is prone to shear damage 
due to the combined action of pressure and shear. In the actual project, it should try to do 
partial reinforcement.

5. As the number of single trusses that make up the girder truss increases, there will also be 
a significant improvement in its mechanical properties.

6. Wood knots, especially dead knots, have a strong weakening effect on the carrying capac-
ity of the chords of wood trusses. The overall failure of the truss is often due to the pres-
ence of the knot, so the selection of the truss should be done. The chord of the truss should 
avoid the use of materials with knots. If necessary, It can be chosen that using steel instead 
of wood, developing steel-wood composite structure.
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Abstract

By inverse analysis, the concept, functionally gradient, is introduced into thick-walled
lining to improve the supporting performance. Theoretical results show that for two
linings with the same sizes, an ideal functionally graded lining (IFGL) has higher elastic
ultimate bearing capacity than a traditional single-layered lining (TSL). But the IFGL
model requires that the Young’s modulus should be a continuously monotonically
increasing function in the radial direction, which, obviously, cannot be achieved currently
for the concrete materials. In order to apply this idea to real lining, we use a simplest
multilayered lining, a double-layered functionally graded lining (DFGL), as an approxi-
mate simulation of the IFGL. Then, we carried out elastoplastic analysis on IDFL and
DFGL and model test on DFGL to assess the support performance. Results of elastoplastic
analysis show that the elastic ultimate bearing capacities of both the IDFL and DFGL are
higher than the traditional single-layered lining. Model tests also verify the conclusion.

Keywords: functionally graded structure, concrete, rock support, lining

1. Introduction

Concrete thick-walled lining is an important supporting structure widely used in many areas
like mining, hydraulic power station, tunnel, underground storage project, and so on. Under
the action of the outer loading, usually the in situ stresses, stress distributions are nonuniform,
especially in the radial direction. For example, as a thick-walled hollow cylinder is subjected to
hydraulic pressure, tangential stress concentration will occur along the inner boundary (see
Figure 1). Nowadays, some underground engineering disciplines, like mining, are being exca-
vated in depth more than 1000 m and the in situ stresses will be very large, maybe more than
27 MPa [1]. Under such a stress, if the concrete strength is not high enough, failure will
probably initiate from the inner lining boundary. In order to improve the bearing capacity
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and ensure the lining can work safely, two means are usually used: (i) increase the thickness of
lining and (ii) improve the material strength. For the first mean, using thicker lining, the stress
concentration can be eased, but in a limit range. Moreover, it is not economical. Statistics show
that the excavation may cost 40–60% of the total cost of a shaft construction. As deeper than
1000 m, a 10 mm decrease in lining thickness, the total cost will decrease by around 1%
(reinforced concrete structure) and 0.25% (concrete structure). For the other mean, using high-
strength concrete, the elastic ultimate bearing capacity will increase in a certain extent. But
high strength concrete usually needs high strength cement and kinds of admixtures, and high-
level construction technology, which will also lead to higher cost. Besides, as we all know,
concrete materials with higher strength have more significant brittleness and very low residual
strength. Thus, sudden failure will be more likely to occur in lining. Both theoretical and
practical results illustrate that total cost will increase significantly and usually the failure
cannot be avoided either by increasing thickness or by improving higher strength.

The usually used two means are neither economic nor practical. Herein, in order to conquer
these problems and increase the ultimate bearing capacity of lining, an alternative way we
proposed in this work is to introduce the idea, functionally graded materials (FGMs). The
concept of FGM was firstly proposed in 1984 by Japanese materials scientists as a mean of
preparing thermal barrier materials. Continuous changes in the composition, microstructure,
porosity, etc. of material result in gradients in such properties as mechanical strength and

Figure 1. Traditional single-layered lining under hydrostatic in situ stress.
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thermal conductivity [2]. Compositional micro/macrostructure gradient can not only dismiss
undesirable effects such as stress concentration [3] but also generate unique positive function
[4]. Then, its applications have been expanded to also the components of chemical plants, solar
energy generators, heat exchangers, nuclear reactors, and high efficiency combustion systems
[5]. Some people also carried out some works on the functionally graded performances of
construction materials [6, 7]. Shen et al. [8] developed a functionally graded material system
with a spatially tailored fiber distribution to produce a four-layered, functionally graded fiber-
reinforced cement composite. Dias et al. [9] discussed the use of statistical mixture designs to
choose formulations and presented ideas for the production of functionally graded fiber
cement components. In this work, in order to improve the stress distributions, inverse analysis
is carried out firstly. We let the Young’s modulus be a function of radius r, that is, E(r), not just
a constant E as usual, and the Poisson’s ratio μ be a constant. Then, we induce the expressions
E(r) based on the preassumed stress distributions. In this way, we can get an ideal model, the
functionally graded lining. But this ideal model is not practical for concrete material used in
lining. Thus, we choose the multilayered lining as an alternative. We analyze the simplest one,
a double-layered lining with hydrostatic pressure acting on the outer boundary, to assess the
support performance of functionally graded lining. Finally, model tests are carried out to check
the theoretical results.

2. Inverse analysis of functionally graded lining

There have been many analytical results on FG thick-walled hollow cylinder subjected to
temperature loads or stresses. In these works, material parameters are preassumed to be a
certain function about radius. Usually, the Poisson’s ratio is set as a constant but the Young’s
modulus or shear modulus is defined as different types of functions about radius like linear
variation [10, 11], power law variation [12–21], exponential variation [18, 22, 23], and other
forms [24, 25]. All these abovementioned works mainly calculated the stress and displacement
distributions in a FG thick-walled hollow cylinder with given Young’s modulus E(r) or shear
modulus G(r). Obviously, the stresses and displacement distributions are dependent on the
given E(r) or G(r). This is a forward problem. Instead, in order to obtain a stress distribution
that we want it to be, we preassume the stress distribution and let the Young’s modulus E(r) be
undetermined. The undetermined E(r) can be back-induced according to the preassumed
stress distribution and loadings. This process is usually called inverse analysis [26]. The prob-
lem we discussed in this section is such a process. The FG lining is subjected to a hydrostatic
pressure p.

2.1. Basic assumptions

If we want to give full play to the support material, the ideal state is that the whole lining
enters into plastic yielding at the same time. We confine attention to the plane strain problem.
Compressive stress is defined as positive in this chapter. Because of the axial symmetry of the
problem, the tangential and radial stresses, σθ and σr, in the rock mass will, respectively, be the
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maximum and minimum principal stresses, that is, σ1 = σθ and σ3 = σr. And we assume the
failure of the lining concrete is ruled by the Tresca criterion, σ1 � σ3 = c, where c is a constant
reflecting the material strength. In this situation, the ideal stress state can be preassumed as
σθ � σr = c. It should be noted that the values of Young’s modulus E(r) in different radius r may
be different from each other, but for one point, it has the same value in any directions. It means
that materials of the FG linings discussed here are isotropic. Besides, there is an implicit
requirement behind “the whole lining enters into plastic yielding simultaneously”: the FG
lining should have a constant strength, although the Young’s modulus may be different in the
radial direction.

2.2. Basic equations and solution

The Young’s modulus E(r) only depends on the radius r. So, the problem shown in Figure 1 is a
plane strain axisymmetric problem. For small strain problem, the strain-displacement rela-
tions, constitutive equations, and equilibrium equations can be given, respectively, as

εr ¼ du
dr

(1)

εθ ¼ u
r

(2)

εr ¼ 1� μ2

E rð Þ σr � μ
1� μ

σθ

� �
(3)

εθ ¼ 1� μ2

E rð Þ σθ � μ
1� μ

σr

� �
(4)

dσr
dr

þ σr � σθ
r

¼ 0 (5)

where εθ and εr are the tangential and radial strains, respectively; u is the radial displacement;
and μ is the Poisson’s ratio.

Substituting σθ � σr = c into Eq. (5) and solving the partial differential equation gives the
expression of the radial stress,

σr ¼ Aþ cln r (6)

where A and c are constants to be determined, the values of which can be determined by the
stress boundary conditions on the inner boundary r = Rin, σr = 0, and outer boundary r = Rout,
σr = p. We have A ¼ �plnRin=ln Rout=Rinð Þ and c ¼ p=ln Rout=Rinð Þ. And then substituting A
and c into Eq. (6) and σθ ¼ σr þ c, we get

σr ¼ p
ln r=Rinð Þ

ln Rout=Rinð Þ (7)

σθ ¼ p
1þ ln r=Rinð Þ
ln Rout=Rinð Þ (8)
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Combining Eqs. (1)–(5), (7), and (8), the following ordinary differential equation can be
obtained,

dE∗ rð Þ
dr

rþ 1� 2μ
1� μ

rln r=Rinð Þ
� �

¼ �2E∗ rð Þ (9)

where E∗ rð Þ ¼ 1=E rð Þ. We can get the solution of Eq. (9) as

E rð Þ ¼ B
1� 2μ
1� μ

ln r=Rinð Þ þ 1
� �2 1�μð Þ

1�2μ

(10)

where B is constant of integration. To differentiate, we name the linings with Young’s modulus
satisfying Eq. (10) as ideal FG lining. Figure 2 shows the dimensionless Young’s modulus as
μ = 0.0, 0.25, and 0.5. Note that Eq. (10) is not available for incompressible materials, μ = 0.5. In
this case, E(r) can be solved directly by Eq. (9) as

E rð Þ ¼ Br2 (11)

which agrees with the result by Nie and Batra [15, 27].

It can be seen from Figure 2 and Eqs. (10) and (11) that in order to achieve the preassumed
stress distribution σθ � σr = c, the Young’s modulus E(r) needs to be monotonously increasing
with radius r and increases faster as the Poisson’s ratio is larger.

Figure 2. Dimensionless Young’s modulus with respect to radius for different Poisson’s ratios.

Functionally Graded Concrete Structure
http://dx.doi.org/10.5772/intechopen.81435

115



maximum and minimum principal stresses, that is, σ1 = σθ and σ3 = σr. And we assume the
failure of the lining concrete is ruled by the Tresca criterion, σ1 � σ3 = c, where c is a constant
reflecting the material strength. In this situation, the ideal stress state can be preassumed as
σθ � σr = c. It should be noted that the values of Young’s modulus E(r) in different radius r may
be different from each other, but for one point, it has the same value in any directions. It means
that materials of the FG linings discussed here are isotropic. Besides, there is an implicit
requirement behind “the whole lining enters into plastic yielding simultaneously”: the FG
lining should have a constant strength, although the Young’s modulus may be different in the
radial direction.

2.2. Basic equations and solution

The Young’s modulus E(r) only depends on the radius r. So, the problem shown in Figure 1 is a
plane strain axisymmetric problem. For small strain problem, the strain-displacement rela-
tions, constitutive equations, and equilibrium equations can be given, respectively, as

εr ¼ du
dr

(1)

εθ ¼ u
r

(2)

εr ¼ 1� μ2

E rð Þ σr � μ
1� μ

σθ

� �
(3)

εθ ¼ 1� μ2

E rð Þ σθ � μ
1� μ

σr

� �
(4)

dσr
dr

þ σr � σθ
r

¼ 0 (5)

where εθ and εr are the tangential and radial strains, respectively; u is the radial displacement;
and μ is the Poisson’s ratio.

Substituting σθ � σr = c into Eq. (5) and solving the partial differential equation gives the
expression of the radial stress,

σr ¼ Aþ cln r (6)

where A and c are constants to be determined, the values of which can be determined by the
stress boundary conditions on the inner boundary r = Rin, σr = 0, and outer boundary r = Rout,
σr = p. We have A ¼ �plnRin=ln Rout=Rinð Þ and c ¼ p=ln Rout=Rinð Þ. And then substituting A
and c into Eq. (6) and σθ ¼ σr þ c, we get

σr ¼ p
ln r=Rinð Þ

ln Rout=Rinð Þ (7)

σθ ¼ p
1þ ln r=Rinð Þ
ln Rout=Rinð Þ (8)

Sustainable Construction and Building Materials114

Combining Eqs. (1)–(5), (7), and (8), the following ordinary differential equation can be
obtained,

dE∗ rð Þ
dr

rþ 1� 2μ
1� μ

rln r=Rinð Þ
� �

¼ �2E∗ rð Þ (9)

where E∗ rð Þ ¼ 1=E rð Þ. We can get the solution of Eq. (9) as

E rð Þ ¼ B
1� 2μ
1� μ

ln r=Rinð Þ þ 1
� �2 1�μð Þ

1�2μ

(10)

where B is constant of integration. To differentiate, we name the linings with Young’s modulus
satisfying Eq. (10) as ideal FG lining. Figure 2 shows the dimensionless Young’s modulus as
μ = 0.0, 0.25, and 0.5. Note that Eq. (10) is not available for incompressible materials, μ = 0.5. In
this case, E(r) can be solved directly by Eq. (9) as

E rð Þ ¼ Br2 (11)

which agrees with the result by Nie and Batra [15, 27].

It can be seen from Figure 2 and Eqs. (10) and (11) that in order to achieve the preassumed
stress distribution σθ � σr = c, the Young’s modulus E(r) needs to be monotonously increasing
with radius r and increases faster as the Poisson’s ratio is larger.

Figure 2. Dimensionless Young’s modulus with respect to radius for different Poisson’s ratios.
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2.3. Ultimate bearing capacity of ideal FG lining

For the ideal FG lining, the stresses in any point can satisfy the equation σθ � σr = c as we
preassumed, when σθ � σr = c = σcFG (σcFG is the UCS of the ideal FG lining material), the whole
FG lining will enter into plastic state at the same time. So, for the ideal FG lining, the elastic
ultimate bearing capacity peFG is actually the same with the plastic ultimate bearing capacity
ppFG. In this way, the ultimate bearing capacity of the ideal FG lining can be obtained by
substituting Eqs. (7) and (8) into σθ � σr = σcFG,

peFG ¼ ppFG ¼ σcFGln Rout=Rinð Þ (12)

3. Ultimate bearing capacities of double-layered lining

3.1. Model description and basic equations

According to the inverse analysis in Section 2, we know that the ideal FG lining material
should mainly satisfy two requirements: (i) constant strength and (ii) continuously increasing
Young’s modulus in radial direction (see Figure 3(B)). Currently, most of the linings are
constructed using concrete-based materials. But in view of the state of the art of concrete, it is
scarcely possible to satisfy the second point, that is, continuously changing Young’s modulus.
So, in order to apply the FG idea in practical engineering, we use multilayered lining as an
alternative (see Figure 3(C)). In this way, it is required that every layer of the multilayered
lining should have almost equal strength and that each layer should have larger Young’s
modulus than its adjacent inner layer, that is, Ei > Ei�1. We herein, as an example, conduct the
elastoplastic analysis of the simplest one, a double-layered lining subjected to hydrostatic in
situ stress on the outer boundary (see Figure 4), calculating its elastic and plastic ultimate
bearing capacities and comparing them with the corresponding parameters of the traditional
single-layered lining and the ideal FG lining.

Similar to Section 2, the deformation pattern is restricted by the plane strain condition as well.
Material behaviors of both layers are modeled by a finite strain elastoplastic flow theory based
on the Tresca yield function. Perfectly elastoplastic behavior is assumed for the support material.

Figure 3. (A) Traditional single-layered lining; (B) ideal FG lining; and (C) multilayered lining.
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σθi � σri ¼ σci i ¼ 1; 2ð Þ (13)

The subscript i = 1 and 2 denote the inner and outer layers, respectively (similarly hereinafter). The
stresses in both layers satisfy the equilibrium Eq. (5); as we use in this section, we just need to add
the subscript i for each layer, the same with the strain-displacement relations, Eqs. (1) and (2).

Ei, μi, and σci (i = 1 and 2) denote Young’s modulus, Poisson’s ratio, and uniaxial compressive
strength, respectively (see Figure 4). The inner and outer radii of lining are Rin and Rout,
respectively. Although the two layers are not bond with each other, the problem we discuss is
axisymmetric, so the outer boundary of the inner layer and the inner boundary of the outer
layer should be always together. The radius of the interboundary is R1. The calculated mechan-
ical model is shown in Figure 4.

As we know, for a thick-walled hollow cylinder under outer and/or inner hydrostatic pres-
sures, the most significant stress concentration will occur along the inner boundary, so the
plastic yielding will initiate formation of the inner boundary. It is the same for each layer of a
multilayered lining. The initiation and extension path of plastic yielding in a multilayered
lining depend on the values of the Young’s modulus Ei, the strength σci, and the radius Ri of
each layer. For the double-layered lining, according to the initiation and extension mode of
plastic yielding, there will exist four different cases of elastic and plastic zones. Both layers stay
in elastic state as the loading is small (see Figure 5(A)). As the loading is relatively large, plastic

Figure 4. Double-layered thick-walled hollow lining under hydrostatic in situ stress.
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2.3. Ultimate bearing capacity of ideal FG lining

For the ideal FG lining, the stresses in any point can satisfy the equation σθ � σr = c as we
preassumed, when σθ � σr = c = σcFG (σcFG is the UCS of the ideal FG lining material), the whole
FG lining will enter into plastic state at the same time. So, for the ideal FG lining, the elastic
ultimate bearing capacity peFG is actually the same with the plastic ultimate bearing capacity
ppFG. In this way, the ultimate bearing capacity of the ideal FG lining can be obtained by
substituting Eqs. (7) and (8) into σθ � σr = σcFG,

peFG ¼ ppFG ¼ σcFGln Rout=Rinð Þ (12)

3. Ultimate bearing capacities of double-layered lining

3.1. Model description and basic equations

According to the inverse analysis in Section 2, we know that the ideal FG lining material
should mainly satisfy two requirements: (i) constant strength and (ii) continuously increasing
Young’s modulus in radial direction (see Figure 3(B)). Currently, most of the linings are
constructed using concrete-based materials. But in view of the state of the art of concrete, it is
scarcely possible to satisfy the second point, that is, continuously changing Young’s modulus.
So, in order to apply the FG idea in practical engineering, we use multilayered lining as an
alternative (see Figure 3(C)). In this way, it is required that every layer of the multilayered
lining should have almost equal strength and that each layer should have larger Young’s
modulus than its adjacent inner layer, that is, Ei > Ei�1. We herein, as an example, conduct the
elastoplastic analysis of the simplest one, a double-layered lining subjected to hydrostatic in
situ stress on the outer boundary (see Figure 4), calculating its elastic and plastic ultimate
bearing capacities and comparing them with the corresponding parameters of the traditional
single-layered lining and the ideal FG lining.

Similar to Section 2, the deformation pattern is restricted by the plane strain condition as well.
Material behaviors of both layers are modeled by a finite strain elastoplastic flow theory based
on the Tresca yield function. Perfectly elastoplastic behavior is assumed for the support material.

Figure 3. (A) Traditional single-layered lining; (B) ideal FG lining; and (C) multilayered lining.
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σθi � σri ¼ σci i ¼ 1; 2ð Þ (13)

The subscript i = 1 and 2 denote the inner and outer layers, respectively (similarly hereinafter). The
stresses in both layers satisfy the equilibrium Eq. (5); as we use in this section, we just need to add
the subscript i for each layer, the same with the strain-displacement relations, Eqs. (1) and (2).

Ei, μi, and σci (i = 1 and 2) denote Young’s modulus, Poisson’s ratio, and uniaxial compressive
strength, respectively (see Figure 4). The inner and outer radii of lining are Rin and Rout,
respectively. Although the two layers are not bond with each other, the problem we discuss is
axisymmetric, so the outer boundary of the inner layer and the inner boundary of the outer
layer should be always together. The radius of the interboundary is R1. The calculated mechan-
ical model is shown in Figure 4.

As we know, for a thick-walled hollow cylinder under outer and/or inner hydrostatic pres-
sures, the most significant stress concentration will occur along the inner boundary, so the
plastic yielding will initiate formation of the inner boundary. It is the same for each layer of a
multilayered lining. The initiation and extension path of plastic yielding in a multilayered
lining depend on the values of the Young’s modulus Ei, the strength σci, and the radius Ri of
each layer. For the double-layered lining, according to the initiation and extension mode of
plastic yielding, there will exist four different cases of elastic and plastic zones. Both layers stay
in elastic state as the loading is small (see Figure 5(A)). As the loading is relatively large, plastic

Figure 4. Double-layered thick-walled hollow lining under hydrostatic in situ stress.
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yielding may occur only in the inner layer (see Figure 5(B)) or only in the outer layer (see
Figure 5(C)) or in both layers (see Figure 5(D)). rp, and rpi (i = 1 and 2) in Figure 5 denote the
radii of plastic zones. As mentioned above, the main aim of the elastoplastic analysis in this
section is to calculate the elastic and plastic ultimate bearing capacity. So, we just give the
analyzing processes, in detail, of Case A assessing the elastic ultimate bearing capacity and
Case D assessing the plastic ultimate bearing capacity.

3.2. Stresses and displacement in elastic zone

For an axisymmetric plane strain problem, the radial and tangential stresses, σri and σθi, and
the radial displacement, uri, can, respectively, be given by the following expressions [28],

σeri ¼ Ai � Bi

r2
(14)

σeθi ¼ Ai þ Bi

r2
(15)

ueri ¼
1þ μi

Ei

Air2 1� 2μi

� �þ Bi

r
(16)

where Ai and Bi (i = 1 and 2) are constants to be determined. The superscript e represents
elasticity.

3.3. Stresses and displacement in plastic zone

Substituting Eq. (13) into Eq. (5) gives the stresses in the plastic zone,

σpri ¼ σciln rþ Ci (17)

σpθi ¼ σci 1þ ln rð Þ þ Ci (18)

where Ci (i = 1 and 2) are constants to be determined.

Figure 5. Four cases of double-layered lining under hydrostatic in situ stresses: (A) both layers in elastic state; (B) plastic
yielding occurs only in inner layer, Rin < rp ≤ R1; (C) plastic yielding occurs only in outer layer, R1 < rp ≤ Rout; and
(D) plastic yielding occurs in both layers, Rin < rp1 ≤ R1, R1 < rp2 ≤ Rout.
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In the plastic zone, total radial and tangential strains, εr and εθ, can be decomposed into elastic
and plastic parts as

εri ¼ εeri þ εpri (19)

εθi ¼ εeθi þ εpθi (20)

Similarly, the superscript e and p represent elastic and plastic, respectively.

In order to determine the displacement field in the plastic region, a plastic flow rule is needed.
By assuming that the elastic strains are relatively small in comparison to the plastic strains and
that an associated flow rule is valid, the plastic parts of radial and tangential strains may be
related for the plane strain condition

εpri þ εpθi ¼ 0 (21)

From Eqs. (1), (2), (19)–(21) the differential equation for the radial displacement can be
expressed as

dui
dr

þ ui
r
¼ f i rð Þ (22)

where f i rð Þ ¼ εeri þ εeθi.

By using the generalized Hooke law with consideration of the plane strain assumption, εθi = 0,
the elastic strains can be given as

εeri ¼
1
Ei

σri � μiσθi � μ2
i σri � μ2

i σθi
� �

(23)

εeθi ¼
1
Ei

σθi � μiσri � μ2
i σθi � μ2

i σri
� �

(24)

It should be noted that σri and σθi in Eqs. (23) and (24) are stresses in the plastic zone, so, they
can be expressed by Eqs. (17) and (18), respectively. So, the function fi(r) is

f i rð Þ ¼ 1þ μi

� �
1� 2μi

� �
Ei

σci 1þ 2ln rð Þ þ 2Ci½ � ¼ Diln rþ Fi (25)

where Di ¼ 2 1þμið Þ 1�2μið Þσci
Ei

, Fi ¼ 1þμið Þ 1�2μið Þ σciþ2Cið Þ
Ei

, Ci (i = 1 and 2) are constants to be deter-

mined. Substituting Eq. (25) into Eq. (22) and solving the differential equation, we can obtain
the displacement in the plastic zone,

upri ¼
r
4

2Diln r�Di þ 2Fið Þ þ Gi

r
(26)

where Gi (i = 1 and 2) are constants to be determined.
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yielding may occur only in the inner layer (see Figure 5(B)) or only in the outer layer (see
Figure 5(C)) or in both layers (see Figure 5(D)). rp, and rpi (i = 1 and 2) in Figure 5 denote the
radii of plastic zones. As mentioned above, the main aim of the elastoplastic analysis in this
section is to calculate the elastic and plastic ultimate bearing capacity. So, we just give the
analyzing processes, in detail, of Case A assessing the elastic ultimate bearing capacity and
Case D assessing the plastic ultimate bearing capacity.
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For an axisymmetric plane strain problem, the radial and tangential stresses, σri and σθi, and
the radial displacement, uri, can, respectively, be given by the following expressions [28],
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where Ai and Bi (i = 1 and 2) are constants to be determined. The superscript e represents
elasticity.

3.3. Stresses and displacement in plastic zone

Substituting Eq. (13) into Eq. (5) gives the stresses in the plastic zone,

σpri ¼ σciln rþ Ci (17)

σpθi ¼ σci 1þ ln rð Þ þ Ci (18)

where Ci (i = 1 and 2) are constants to be determined.

Figure 5. Four cases of double-layered lining under hydrostatic in situ stresses: (A) both layers in elastic state; (B) plastic
yielding occurs only in inner layer, Rin < rp ≤ R1; (C) plastic yielding occurs only in outer layer, R1 < rp ≤ Rout; and
(D) plastic yielding occurs in both layers, Rin < rp1 ≤ R1, R1 < rp2 ≤ Rout.
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In the plastic zone, total radial and tangential strains, εr and εθ, can be decomposed into elastic
and plastic parts as

εri ¼ εeri þ εpri (19)

εθi ¼ εeθi þ εpθi (20)

Similarly, the superscript e and p represent elastic and plastic, respectively.

In order to determine the displacement field in the plastic region, a plastic flow rule is needed.
By assuming that the elastic strains are relatively small in comparison to the plastic strains and
that an associated flow rule is valid, the plastic parts of radial and tangential strains may be
related for the plane strain condition

εpri þ εpθi ¼ 0 (21)

From Eqs. (1), (2), (19)–(21) the differential equation for the radial displacement can be
expressed as

dui
dr

þ ui
r
¼ f i rð Þ (22)

where f i rð Þ ¼ εeri þ εeθi.

By using the generalized Hooke law with consideration of the plane strain assumption, εθi = 0,
the elastic strains can be given as

εeri ¼
1
Ei

σri � μiσθi � μ2
i σri � μ2

i σθi
� �

(23)

εeθi ¼
1
Ei

σθi � μiσri � μ2
i σθi � μ2

i σri
� �

(24)

It should be noted that σri and σθi in Eqs. (23) and (24) are stresses in the plastic zone, so, they
can be expressed by Eqs. (17) and (18), respectively. So, the function fi(r) is

f i rð Þ ¼ 1þ μi

� �
1� 2μi

� �
Ei

σci 1þ 2ln rð Þ þ 2Ci½ � ¼ Diln rþ Fi (25)

where Di ¼ 2 1þμið Þ 1�2μið Þσci
Ei

, Fi ¼ 1þμið Þ 1�2μið Þ σciþ2Cið Þ
Ei

, Ci (i = 1 and 2) are constants to be deter-

mined. Substituting Eq. (25) into Eq. (22) and solving the differential equation, we can obtain
the displacement in the plastic zone,

upri ¼
r
4

2Diln r�Di þ 2Fið Þ þ Gi

r
(26)

where Gi (i = 1 and 2) are constants to be determined.
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3.4. Elastic ultimate bearing capacity

The elastic ultimate bearing capacity is the load p, as plastic yielding initiates along the inner
boundaries of either layer. It can be calculated by elastic analysis of Case A (see Figure 5(A)).
The boundary and continuity conditions include at the inner boundary of the inner layer
r ¼ Rin, σer1 ¼ 0; at the interboundary r ¼ R1, σer1 ¼ σer2, and ue1 ¼ ue2; and at the outer boundary
of the outer layer r ¼ Rout, σer2 ¼ p. These conditions can, respectively, give the following
equations,

A1 � B1

R2
in
¼ 0 (27)

A1 � B1

R2
1
¼ A2 � B2

R2
1

(28)

1þ μ1

E1

A1R2
1 1� 2μ1

� �þ B1

R1
¼ 1þ μ2

E2

A2R2
1 1� 2μ2

� �þ B2

R1
(29)

A2 � B2

R2
out

¼ p (30)

We have four variables Ai and Bi (i = 1 and 2) and four equations Eqs. (27)–(30). When the
plastic yielding initiates from the inner boundary of the inner layer, the stresses at r ¼ Rin

should satisfy the Tresca criterion,

σeθ1 � σer1
� ���

r¼Rin
¼ σc1 (31)

Similarly, if the plastic yielding initiates from the inner boundary of the outer layer, we have

σeθ2 � σer2
� ���

r¼R1
¼ σc2 (32)

From Eqs. (31) and (32), we can obtain two critical loads pe1 and pe2, respectively. The ratio
between the two critical loads can be given as

pe1
pe2

¼ Δ2E1 þ Δ3E2ð Þσc1
Δ1E1σc2

(33)

where Δ1 ¼ 2 1� μ2
2

� �
R2
1, Δ2 ¼ μ2 þ 1

� �
2μ2 � 1
� �

R1 � Rinð Þ R1 þ Rinð Þ, and Δ3 ¼ μ1 þ 1
� �

�2R2
1μ1 þ R2

in þ R2
1

� �
. For simplicity sake, we take μ1 = μ2 = 0.5, considering the material as

incompressible. In this situation, the ratio becomes

pe1
pe2

¼ R2
inE2σc1

R2
1E1σc2

¼ λ2 R
2
in

R2
1

(34)

where λ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2=σc2ð Þ= E1=σc1ð Þp

. According to the value of the ratio, we have the following
three cases:
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i. When pe1=p
e
2 < 1 or R1=Rin > λ, plastic yielding will initiate from the inner boundary of the

inner layer and the elastic ultimate bearing capacity pe can be given as

pe ¼ pe1 ¼
σc1
2

E2R2
in

E1

1
R2
1
� 1
R2
out

 !
þ 1� R2

in

R2
1

" #
(35)

ii. When pe1=p
e
2 ¼ 1 or R1=Rin ¼ λ, plastic yielding will initiate from both inner boundaries of

the inner and outer layers simultaneously and the elastic ultimate bearing capacity pe can be
given as

pe ¼ pe1 ¼ pe2 ¼
σc1
2

σc2
σc1

1� E1

E2

� �
þ 1� E2

E1

R2
in

R2
out

" #
(36)

iii. When pe1=p
e
2 > 1 or R1=Rin < λ, plastic yielding will initiate from the inner boundary of the

outer layer and the elastic ultimate bearing capacity pe can be given as

pe ¼ pe2 ¼
σc2
2

E1R2
1

E2

1
R2
in

� 1
R2
1

 !
þ 1� R2

1

R2
out

" #
(37)

3.5. Plastic ultimate bearing capacity

As the whole lining turns into plastic yielding state, the corresponding load is the ultimate
bearing capacity, which can be calculated by analyzing Case D (see Figure 5(D)). In the same
way as the elastic analysis, the elastoplastic analysis can be carried out by using the boundary
and continuity conditions, which include at the inner boundary of the inner layer r ¼ Rin,
σpr1 ¼ 0; at the elastic-plastic interface of the inner layer r ¼ rp1, σ

p
r1 ¼ σer1, and up1 ¼ ue1; at the

interboundary r ¼ R1, σer1 ¼ σpr2, and ue1 ¼ up2; at the elastic-plastic interface of the outer layer
r ¼ rp2, σ

p
r2 ¼ σer2, and up2 ¼ ue2; and at the outer boundary of the outer layer r ¼ Rout, σer2 ¼ p.

These conditions can, respectively, give the following equations,

σc1lnRin þ C1 ¼ 0 (38)

σc1ln rp1 þ C1 ¼ A1 � B1

r2p1
(39)

rp1
4

2D1ln rp1 �D1 þ 2F1
� �þ G1

rp1
¼ 1þ μ1

E1

A1r2p1 1� 2μ1

� �þ B1

rp1
(40)

A1 � B1

R2
1

¼ σc2lnR1 þ C2 (41)

1þ μ1

E1

A1R2
1 1� 2μ1

� �þ B1

R1
¼ R1

4
2D2lnR1 �D2 þ 2F2ð Þ þ G2

R1
(42)
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3.4. Elastic ultimate bearing capacity

The elastic ultimate bearing capacity is the load p, as plastic yielding initiates along the inner
boundaries of either layer. It can be calculated by elastic analysis of Case A (see Figure 5(A)).
The boundary and continuity conditions include at the inner boundary of the inner layer
r ¼ Rin, σer1 ¼ 0; at the interboundary r ¼ R1, σer1 ¼ σer2, and ue1 ¼ ue2; and at the outer boundary
of the outer layer r ¼ Rout, σer2 ¼ p. These conditions can, respectively, give the following
equations,

A1 � B1

R2
in
¼ 0 (27)

A1 � B1

R2
1
¼ A2 � B2

R2
1

(28)

1þ μ1

E1

A1R2
1 1� 2μ1

� �þ B1

R1
¼ 1þ μ2

E2

A2R2
1 1� 2μ2

� �þ B2

R1
(29)

A2 � B2

R2
out

¼ p (30)

We have four variables Ai and Bi (i = 1 and 2) and four equations Eqs. (27)–(30). When the
plastic yielding initiates from the inner boundary of the inner layer, the stresses at r ¼ Rin

should satisfy the Tresca criterion,

σeθ1 � σer1
� ���

r¼Rin
¼ σc1 (31)

Similarly, if the plastic yielding initiates from the inner boundary of the outer layer, we have

σeθ2 � σer2
� ���

r¼R1
¼ σc2 (32)

From Eqs. (31) and (32), we can obtain two critical loads pe1 and pe2, respectively. The ratio
between the two critical loads can be given as

pe1
pe2

¼ Δ2E1 þ Δ3E2ð Þσc1
Δ1E1σc2

(33)

where Δ1 ¼ 2 1� μ2
2

� �
R2
1, Δ2 ¼ μ2 þ 1

� �
2μ2 � 1
� �

R1 � Rinð Þ R1 þ Rinð Þ, and Δ3 ¼ μ1 þ 1
� �

�2R2
1μ1 þ R2

in þ R2
1

� �
. For simplicity sake, we take μ1 = μ2 = 0.5, considering the material as

incompressible. In this situation, the ratio becomes

pe1
pe2

¼ R2
inE2σc1

R2
1E1σc2

¼ λ2 R
2
in

R2
1

(34)

where λ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2=σc2ð Þ= E1=σc1ð Þp

. According to the value of the ratio, we have the following
three cases:
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i. When pe1=p
e
2 < 1 or R1=Rin > λ, plastic yielding will initiate from the inner boundary of the

inner layer and the elastic ultimate bearing capacity pe can be given as

pe ¼ pe1 ¼
σc1
2

E2R2
in

E1

1
R2
1
� 1
R2
out

 !
þ 1� R2

in

R2
1

" #
(35)

ii. When pe1=p
e
2 ¼ 1 or R1=Rin ¼ λ, plastic yielding will initiate from both inner boundaries of

the inner and outer layers simultaneously and the elastic ultimate bearing capacity pe can be
given as

pe ¼ pe1 ¼ pe2 ¼
σc1
2

σc2
σc1

1� E1

E2

� �
þ 1� E2

E1

R2
in

R2
out

" #
(36)

iii. When pe1=p
e
2 > 1 or R1=Rin < λ, plastic yielding will initiate from the inner boundary of the

outer layer and the elastic ultimate bearing capacity pe can be given as

pe ¼ pe2 ¼
σc2
2

E1R2
1

E2

1
R2
in

� 1
R2
1

 !
þ 1� R2

1

R2
out

" #
(37)

3.5. Plastic ultimate bearing capacity

As the whole lining turns into plastic yielding state, the corresponding load is the ultimate
bearing capacity, which can be calculated by analyzing Case D (see Figure 5(D)). In the same
way as the elastic analysis, the elastoplastic analysis can be carried out by using the boundary
and continuity conditions, which include at the inner boundary of the inner layer r ¼ Rin,
σpr1 ¼ 0; at the elastic-plastic interface of the inner layer r ¼ rp1, σ

p
r1 ¼ σer1, and up1 ¼ ue1; at the

interboundary r ¼ R1, σer1 ¼ σpr2, and ue1 ¼ up2; at the elastic-plastic interface of the outer layer
r ¼ rp2, σ

p
r2 ¼ σer2, and up2 ¼ ue2; and at the outer boundary of the outer layer r ¼ Rout, σer2 ¼ p.

These conditions can, respectively, give the following equations,

σc1lnRin þ C1 ¼ 0 (38)

σc1ln rp1 þ C1 ¼ A1 � B1

r2p1
(39)

rp1
4

2D1ln rp1 �D1 þ 2F1
� �þ G1

rp1
¼ 1þ μ1

E1

A1r2p1 1� 2μ1

� �þ B1

rp1
(40)

A1 � B1

R2
1

¼ σc2lnR1 þ C2 (41)

1þ μ1

E1

A1R2
1 1� 2μ1

� �þ B1

R1
¼ R1

4
2D2lnR1 �D2 þ 2F2ð Þ þ G2

R1
(42)
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A2 � B2

r2p2
¼ σc2ln rp2 þ C2 (43)

rp2
4

2D2ln rp2 �D2 þ 2F2
� �þ G2

rp2
¼ 1þ μ2

E2

A2r2p2 1� 2μ2

� �þ B2

rp2
(44)

A2 � B2

R2
out

¼ p (45)

We have 12 variables Ai, Bi, Ci, Di, Fi, and Gi (i = 1 and 2), but just eight equations (Eqs. 38–45),
while the four variables Di and Fi (i = 1 and 2) can be determined using the material parameters
and values of other variables. So, all variables can be calculated and the stresses and displace-
ments in both layers can be obtained. Besides, in order to determine the relationship between
the load, p, and the radii of plastic zones, rp1 and rp2, we need two more equations. According
to the extension path of plastic yielding, we know that the stresses along the both inner
boundaries of two elastic zones should satisfy the Tresca criterion as well, which gives

2B1

r2p1
¼ σc1 (46)

2B2

r2p2
¼ σc2 (47)

If we take the Poisson’s ratio μ1 = μ2 = 0.5, the relationship between the load and the two radii
of the plastic zones can be obtained as
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" #
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r2p2
r2p1

¼ σc1E2

σc2E1
(49)

By letting rp1 ¼ R1 and rp2 ¼ Rout of Eq. (48), we can get the plastic ultimate bearing capacity pp as

pp ¼ σc1ln
R1

Rin

� �
þ σc2ln

Rout

R1

� �
(50)

It can be seen from Eq. (49) that for the given material parameters, the ratio between the two radii
of the outer and inner plastic zones keeps equal the coefficient λ we defined in Section 3.4, that is,
λ ¼ rp2=rp1. According to the ratio, we have the following three different modes of plastic yielding:

i. When Rout=R1 > λ, the inner layer will first finish the plastic yielding and the corresponding
critical load at this state is

p ¼ σc1
2

ln
R2
1

R2
in

 !
þ σc2

2
1þ ln λ2� �� λ2 R2

1

R2
out

" #
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ii. When Rout=R1 ¼ λ, the two layers will finish the plastic yielding simultaneously and the
corresponding critical load is the plastic ultimate bearing capacity (see Eq. (50)).

iii. When Rout=R1 < λ, the outer layer will first finish the plastic yielding and the
corresponding critical load at this state is

p ¼ σc1
2

1þ ln
R2
out

λ2R2
in

 !
� 1
λ2

R2
out

R2
1

" #
þ σc2

2
ln

R2
out

R2
1

 !
(52)

3.6. Elastic and plastic ultimate bearing capacities of traditional single-layered lining (TSL)

In order to assess the support performance of a FG lining, we will compare the elastic ultimate
bearing capacity of the FG lining with that of the traditional single-layered lining with constant
Young’s modulus and Poisson’s ratio. The tangential and radial stresses σθ and σr are also the
maximum and minimum principle stresses, respectively. They can be given by the classic Lame
solution, which can be referred in most classic elastic mechanics books [29]. As we mentioned
earlier, the plastic zone for this case will initiate from the inner boundary of the lining r = Rin.
So, as the stresses along the inner boundary satisfy the Tresca criterion, that is, σθ � σr = σc (σc

is the uniaxial compressive strength (UCS) of the traditional lining material), the loading acting
on the outer boundary is just the elastic ultimate bearing capacity of the traditional lining peTSL,

peTSL ¼ σc 1� R2
in=R

2
out

� �
=2 (53)

As the outer boundary turns into plastic state, the loading is the plastic ultimate bearing
capacity,

ppTSL ¼ σcln Rout=Rinð Þ (54)

3.7. Analysis and discussions

In order to investigate the support characteristics of different kind of linings, numerical examples
are illustrated in this section. Three different types of linings, that is, traditional single-layered
lining (TSL), ideal FG lining (IFGL), and double-layered FG lining (DFGL), are considered. The
parameters are listed in Table 1. In order to facilitate comparative analysis, the values of dimen-
sions, Rin, R1, and Rout, the Young’s modulus, E, and the UCS, σc, are taken based on the model
test shown in the following section.

3.7.1. Elastic and plastic ultimate bearing capacity

Figure 6 shows the support characteristic curves (SCCs) of the three different types of linings
and the ground response curves (GRCs) of a very good quality quartzite under different in situ
stresses given by Hoek and Brown [1], assuming the convergence that has finished as the
lining is installed, ui = 0.3 mm. The displacements of the several given coordinate values in
Figure 6 are the radial displacement of the outer boundary of lining under support pressure,
smaller by 0.3 mm than the tunnel deformation on the excavation boundary. It can be easily
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We have 12 variables Ai, Bi, Ci, Di, Fi, and Gi (i = 1 and 2), but just eight equations (Eqs. 38–45),
while the four variables Di and Fi (i = 1 and 2) can be determined using the material parameters
and values of other variables. So, all variables can be calculated and the stresses and displace-
ments in both layers can be obtained. Besides, in order to determine the relationship between
the load, p, and the radii of plastic zones, rp1 and rp2, we need two more equations. According
to the extension path of plastic yielding, we know that the stresses along the both inner
boundaries of two elastic zones should satisfy the Tresca criterion as well, which gives
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If we take the Poisson’s ratio μ1 = μ2 = 0.5, the relationship between the load and the two radii
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By letting rp1 ¼ R1 and rp2 ¼ Rout of Eq. (48), we can get the plastic ultimate bearing capacity pp as

pp ¼ σc1ln
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Rin
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þ σc2ln

Rout
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It can be seen from Eq. (49) that for the given material parameters, the ratio between the two radii
of the outer and inner plastic zones keeps equal the coefficient λ we defined in Section 3.4, that is,
λ ¼ rp2=rp1. According to the ratio, we have the following three different modes of plastic yielding:

i. When Rout=R1 > λ, the inner layer will first finish the plastic yielding and the corresponding
critical load at this state is
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ii. When Rout=R1 ¼ λ, the two layers will finish the plastic yielding simultaneously and the
corresponding critical load is the plastic ultimate bearing capacity (see Eq. (50)).

iii. When Rout=R1 < λ, the outer layer will first finish the plastic yielding and the
corresponding critical load at this state is

p ¼ σc1
2

1þ ln
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3.6. Elastic and plastic ultimate bearing capacities of traditional single-layered lining (TSL)

In order to assess the support performance of a FG lining, we will compare the elastic ultimate
bearing capacity of the FG lining with that of the traditional single-layered lining with constant
Young’s modulus and Poisson’s ratio. The tangential and radial stresses σθ and σr are also the
maximum and minimum principle stresses, respectively. They can be given by the classic Lame
solution, which can be referred in most classic elastic mechanics books [29]. As we mentioned
earlier, the plastic zone for this case will initiate from the inner boundary of the lining r = Rin.
So, as the stresses along the inner boundary satisfy the Tresca criterion, that is, σθ � σr = σc (σc

is the uniaxial compressive strength (UCS) of the traditional lining material), the loading acting
on the outer boundary is just the elastic ultimate bearing capacity of the traditional lining peTSL,

peTSL ¼ σc 1� R2
in=R

2
out

� �
=2 (53)

As the outer boundary turns into plastic state, the loading is the plastic ultimate bearing
capacity,

ppTSL ¼ σcln Rout=Rinð Þ (54)

3.7. Analysis and discussions

In order to investigate the support characteristics of different kind of linings, numerical examples
are illustrated in this section. Three different types of linings, that is, traditional single-layered
lining (TSL), ideal FG lining (IFGL), and double-layered FG lining (DFGL), are considered. The
parameters are listed in Table 1. In order to facilitate comparative analysis, the values of dimen-
sions, Rin, R1, and Rout, the Young’s modulus, E, and the UCS, σc, are taken based on the model
test shown in the following section.

3.7.1. Elastic and plastic ultimate bearing capacity

Figure 6 shows the support characteristic curves (SCCs) of the three different types of linings
and the ground response curves (GRCs) of a very good quality quartzite under different in situ
stresses given by Hoek and Brown [1], assuming the convergence that has finished as the
lining is installed, ui = 0.3 mm. The displacements of the several given coordinate values in
Figure 6 are the radial displacement of the outer boundary of lining under support pressure,
smaller by 0.3 mm than the tunnel deformation on the excavation boundary. It can be easily
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seen from Figure 6 that, as the in situ stress p0 = 27 MPa, all three lining structures can work in
elastic state. As p0 = 54 MPa, the IFDL and DFGL structures can still work in elastic state, with
approximate 8.4 and 2 MPa elastic bearing capacity unused, respectively. But the TSL cannot
work in elastic state in such an in situ stress. Under higher in situ stress, p0 = 81 MPa, all three
lining structures will turn into plastic state.

Figure 7 shows the support pressure versus radii of plastic zones. Presenting the relationships
in this way helps to visualize the extension path of plastic yielding. The points labeled by same
letter in Figures 6 and 7 indicate the same moment as the support pressure increases. For the
TSL, plastic yielding extends radially outward, initiating from its inner boundary (see point A
in Figures 6 and 7, p = 16.00 MPa) and finishing at the outer boundary (point B, p = 25.54 MPa).
For the IFGL, as we mentioned above, the elastic and the plastic ultimate bearing capacities are
the same (point C, p = 25.54 MPa). But for the DFGL, the extension mode of plastic yielding

TSL IFGL DFGL

Radii, R (m) Rin = 0.3, Rout = 0.5 Rin = 0.3, Rout = 0.5 Rin = 0.3, R1 = 0.4, Rout = 0.5

Young’s modulus, E (GPa) 41 Eq. (11), E(Rin) = 20 E1 = 25, E2 = 41

Poisson’s ratio, μ 0.5 0.5 0.5

UCS, σc (MPa) 50 50 σc1 = σc2 = 50

Table 1. Parameters of numerical examples.

Figure 6. Support characteristic curves of three different types of linings and ground response curves under different in
situ stresses.
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becomes more complex, depending on the Young’s modulus and Poisson’s ratio of the mate-
rials of both layers. For the incompressible material, that is, μ = 0.5, the extension path can be
determined by Eqs. (35)–(37), (50), and (51). Taking the DFGL given in Table 1 as example, the
extension of plastic yielding can be divided into four steps: (i) plastic yielding initiates from the
inner boundary of the inner layer (point D, p = 19.24MPa) and extends radially (see Figure 5(B));
(ii) along the inner boundary of the outer layer, plastic yielding begins to occur (point E,
p = 20.77 MPa); in this stage, plastic and elastic zones exist alternately in both layers; (iii) the
outer layer firstly turns into plastic state totally (point F, p = 25.51 MPa); and (iv) the inner layer
turns into plastic state totally (point G, p = 25.54 MPa).

As can be seen from the SCCs in Figures 6 and 7, the elastic ultimate bearing capacity of the
DFGL is 19.24 MPa, an increase of 20.3% over that of the TSL, 16.00 MPa, and the IFGL can
reach to 25.54 MPa, an increase of 59.6%, and, it should also be noted that the increase in the
elastic ultimate bearing capacity is proportional to the relative thickness of lining, t/Rin. In the
numerical examples, t/Rin = 0.667, which may be higher than most used in real engineering. We
will discuss later the effect of t/Rin on the elastic ultimate bearing capacity. Unlike the elastic
ultimate bearing capacity, the plastic ultimate bearing capacities of all three linings are the
same, 25.54 MPa, which is due to the same UCS.

One more thing that needs to be noted is that the behavior model for the lining concrete we
used is perfectly elastoplastic (see Figure 8(a)), but, as known to all, the concrete material
should be strain-softening (see Figure 8(b)), which means that the strength will decrease after
the concrete turns into plastic yielding state. For the strain-softening TSL, the strength decrease

Figure 7. Extension path of plastic yielding.
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seen from Figure 6 that, as the in situ stress p0 = 27 MPa, all three lining structures can work in
elastic state. As p0 = 54 MPa, the IFDL and DFGL structures can still work in elastic state, with
approximate 8.4 and 2 MPa elastic bearing capacity unused, respectively. But the TSL cannot
work in elastic state in such an in situ stress. Under higher in situ stress, p0 = 81 MPa, all three
lining structures will turn into plastic state.

Figure 7 shows the support pressure versus radii of plastic zones. Presenting the relationships
in this way helps to visualize the extension path of plastic yielding. The points labeled by same
letter in Figures 6 and 7 indicate the same moment as the support pressure increases. For the
TSL, plastic yielding extends radially outward, initiating from its inner boundary (see point A
in Figures 6 and 7, p = 16.00 MPa) and finishing at the outer boundary (point B, p = 25.54 MPa).
For the IFGL, as we mentioned above, the elastic and the plastic ultimate bearing capacities are
the same (point C, p = 25.54 MPa). But for the DFGL, the extension mode of plastic yielding
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Figure 6. Support characteristic curves of three different types of linings and ground response curves under different in
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becomes more complex, depending on the Young’s modulus and Poisson’s ratio of the mate-
rials of both layers. For the incompressible material, that is, μ = 0.5, the extension path can be
determined by Eqs. (35)–(37), (50), and (51). Taking the DFGL given in Table 1 as example, the
extension of plastic yielding can be divided into four steps: (i) plastic yielding initiates from the
inner boundary of the inner layer (point D, p = 19.24MPa) and extends radially (see Figure 5(B));
(ii) along the inner boundary of the outer layer, plastic yielding begins to occur (point E,
p = 20.77 MPa); in this stage, plastic and elastic zones exist alternately in both layers; (iii) the
outer layer firstly turns into plastic state totally (point F, p = 25.51 MPa); and (iv) the inner layer
turns into plastic state totally (point G, p = 25.54 MPa).

As can be seen from the SCCs in Figures 6 and 7, the elastic ultimate bearing capacity of the
DFGL is 19.24 MPa, an increase of 20.3% over that of the TSL, 16.00 MPa, and the IFGL can
reach to 25.54 MPa, an increase of 59.6%, and, it should also be noted that the increase in the
elastic ultimate bearing capacity is proportional to the relative thickness of lining, t/Rin. In the
numerical examples, t/Rin = 0.667, which may be higher than most used in real engineering. We
will discuss later the effect of t/Rin on the elastic ultimate bearing capacity. Unlike the elastic
ultimate bearing capacity, the plastic ultimate bearing capacities of all three linings are the
same, 25.54 MPa, which is due to the same UCS.

One more thing that needs to be noted is that the behavior model for the lining concrete we
used is perfectly elastoplastic (see Figure 8(a)), but, as known to all, the concrete material
should be strain-softening (see Figure 8(b)), which means that the strength will decrease after
the concrete turns into plastic yielding state. For the strain-softening TSL, the strength decrease

Figure 7. Extension path of plastic yielding.
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will affect its bearing capacity significantly, may be much smaller than that of the perfectly
elastoplastic TSL, because the plastic yielding initiates from the inner boundary and extends
outward. But for the strain-softening DFGL, the postfailure strength of the plastic zone in the
outer layer can be improved in some degree (see Figure 8(c)) because of the support action of
the elastic zone in the inner layer (see Figures 5(D) and 7). In this way, the support perfor-
mance of lining can be improved.

3.7.2. Optimized double-layered FG lining

If we want to make the most of a multilayered lining material, the optimum case should be that
plastic yielding initiates and finishes in each layer simultaneously, while, for a uniform thick
multilayered FG lining like the DFGL in Table 1, the optimum case cannot happen. In order to
achieve the optimum case for a double-layered lining constructed with incompressible mate-
rial, according to the above elastoplastic analysis, we have

R1

Rin
¼ Rout

R1
¼ λ (55)

It can be seen from Eq. (55) that for a circular tunnel supported by a double-layered FG lining,
if it requires a net space with radius Rin, the thickness δ can be chosen as δ = (λ2 � 1)Rin and the
radius of the interboundary R1 should be λRin. Herein, the effect of the convergence on the
required net space is ignored.

3.7.3. Effect of thickness on elastic ultimate bearing capacity

As we can see, from the numerical examples, the elastic ultimate bearing capacity can be
improved significantly by using the FG linings, either IFGL or DFGL. And, the improvement
degree, as mentioned above, is related to the relative thickness as well. So, it is necessary to
discuss the effect of lining thickness on the elastic ultimate bearing capacity. The relationships
between the dimensionless elastic ultimate bearing capacity and the relative thickness, t/Rin,
are to be given as follows. For the TSL, the relationship can be given according to Eq. (53),

Figure 8. Material behavior models.
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peTSL
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¼ 1
2

1� 1

1þ t=Rinð Þ2
" #

(56)

For the IFGL, it can be deduced according to Eq. (12),

peIFGL
σc

¼ ppIFGL
σc

¼ ln 1þ t=Rinð Þ (57)

For the ODFGL, it can be deduced according to Eqs. (36) and (55),

peODFGL

σc
¼ t=Rin

1þ t=Rin
(58)

For an uniform thick DFGL, that is, R1 = (Rin + Rout)/2, its elastic ultimate bearing capacity is
also related to the values of the Young’s modulus. If R1=Rin > λ, according to Eq. (35), we have

peDFGL
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¼ 1

2
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1
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if R1=Rin < λ, according to Eq. (37), we have

peDFGL

σc
¼ 1

2
E1

E2
1þ t=2Rinð Þ2 � 1

h i
þ 1� 1

2
þ 1
2 1þ t=Rinð Þ

� �2( )
(60)

It should be noted that Eqs. (56)–(60) are obtained on the assumption that the UCS of each
lining material is constant. Figure 9 illustrates the curves between the dimensionless elastic
ultimate bearing capacity with respect to the relative thickness. The curve of the DFGL in
Figure 9 is plotted based on the values of Young’s modulus list in Table 1, E1 = 25 GPa and
E2 = 41 GPa. The increases on elastic ultimate bearing capacity of different types of linings with
respect to relative lining thickness are listed in Table 2. As can be seen from Figure 9 and
Table 2 that, if we use the IFGL and ODFGL, the increases will become more significant,
especially the IFGL. But the opposite situation happens for the DFGL. The elastic ultimate
bearing capacity is improved more significantly as the lining is thinner.

3.7.4. Stresses and radial displacement distributions

In order to compare the stress distributions in different types of linings, we take the value of
support pressure p = 15 and 23 MPa as examples and the other parameters are the same as in
Table 1. Figures 10 and 11 illustrate the radial and tangential stress distributions in the radial
direction. The main difference between the three linings is the tangential stress σθ and the
radial stress distributions are almost the same. As p = 15 MPa (see Figure 10), all the three
linings are in elastic state. As we know, the tangential stress concentration is the main reason of
plastic yielding. Usually, the largest tangential stress concentration occurs along the inner
boundary of the lining and the stress there is two dimensional, so the inner boundary of the
lining is the most plastic-yielding-prone zone. In this zone, as can be seen from Figure 10 that
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will affect its bearing capacity significantly, may be much smaller than that of the perfectly
elastoplastic TSL, because the plastic yielding initiates from the inner boundary and extends
outward. But for the strain-softening DFGL, the postfailure strength of the plastic zone in the
outer layer can be improved in some degree (see Figure 8(c)) because of the support action of
the elastic zone in the inner layer (see Figures 5(D) and 7). In this way, the support perfor-
mance of lining can be improved.

3.7.2. Optimized double-layered FG lining

If we want to make the most of a multilayered lining material, the optimum case should be that
plastic yielding initiates and finishes in each layer simultaneously, while, for a uniform thick
multilayered FG lining like the DFGL in Table 1, the optimum case cannot happen. In order to
achieve the optimum case for a double-layered lining constructed with incompressible mate-
rial, according to the above elastoplastic analysis, we have

R1

Rin
¼ Rout

R1
¼ λ (55)

It can be seen from Eq. (55) that for a circular tunnel supported by a double-layered FG lining,
if it requires a net space with radius Rin, the thickness δ can be chosen as δ = (λ2 � 1)Rin and the
radius of the interboundary R1 should be λRin. Herein, the effect of the convergence on the
required net space is ignored.

3.7.3. Effect of thickness on elastic ultimate bearing capacity

As we can see, from the numerical examples, the elastic ultimate bearing capacity can be
improved significantly by using the FG linings, either IFGL or DFGL. And, the improvement
degree, as mentioned above, is related to the relative thickness as well. So, it is necessary to
discuss the effect of lining thickness on the elastic ultimate bearing capacity. The relationships
between the dimensionless elastic ultimate bearing capacity and the relative thickness, t/Rin,
are to be given as follows. For the TSL, the relationship can be given according to Eq. (53),
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For the IFGL, it can be deduced according to Eq. (12),
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For the ODFGL, it can be deduced according to Eqs. (36) and (55),
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For an uniform thick DFGL, that is, R1 = (Rin + Rout)/2, its elastic ultimate bearing capacity is
also related to the values of the Young’s modulus. If R1=Rin > λ, according to Eq. (35), we have
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if R1=Rin < λ, according to Eq. (37), we have
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It should be noted that Eqs. (56)–(60) are obtained on the assumption that the UCS of each
lining material is constant. Figure 9 illustrates the curves between the dimensionless elastic
ultimate bearing capacity with respect to the relative thickness. The curve of the DFGL in
Figure 9 is plotted based on the values of Young’s modulus list in Table 1, E1 = 25 GPa and
E2 = 41 GPa. The increases on elastic ultimate bearing capacity of different types of linings with
respect to relative lining thickness are listed in Table 2. As can be seen from Figure 9 and
Table 2 that, if we use the IFGL and ODFGL, the increases will become more significant,
especially the IFGL. But the opposite situation happens for the DFGL. The elastic ultimate
bearing capacity is improved more significantly as the lining is thinner.

3.7.4. Stresses and radial displacement distributions

In order to compare the stress distributions in different types of linings, we take the value of
support pressure p = 15 and 23 MPa as examples and the other parameters are the same as in
Table 1. Figures 10 and 11 illustrate the radial and tangential stress distributions in the radial
direction. The main difference between the three linings is the tangential stress σθ and the
radial stress distributions are almost the same. As p = 15 MPa (see Figure 10), all the three
linings are in elastic state. As we know, the tangential stress concentration is the main reason of
plastic yielding. Usually, the largest tangential stress concentration occurs along the inner
boundary of the lining and the stress there is two dimensional, so the inner boundary of the
lining is the most plastic-yielding-prone zone. In this zone, as can be seen from Figure 10 that
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the tangential stress concentration of the TSL σθ/p = 3.125, the largest tangential stress concen-
tration of the TSL, while the tangential stress concentration factor σθ/p along the inner bound-
ary of the DFGL and that of the IFGL are 2.599 and 1.958, decreases of 16.8 and 37.3%
compared to the TSL, respectively. And the largest tangential stress concentration of the DFGL

Figure 9. Dimensionless elastic ultimate bearing capacity with respect to relative thickness.

t/Rin pTSLe=σc
peIFGL=σc Increment (%) peODFGL=σc Increment (%) peDFGL=σc Increment (%)

0.05 0.046 0.049 4.96 0.048 2.44 0.061 30.83

0.10 0.087 0.095 9.83 0.091 4.76 0.113 29.72

0.20 0.153 0.182 19.34 0.167 9.09 0.195 27.65

0.30 0.204 0.262 28.52 0.231 13.04 0.257 25.77

0.40 0.245 0.336 37.39 0.286 16.67 0.304 24.07

0.50 0.278 0.405 45.97 0.333 20.00 0.340 22.53

0.60 0.305 0.470 54.26 0.375 23.08 0.369 21.12

0.70 0.327 0.531 62.28 0.412 25.93 0.392 19.83

0.80 0.346 0.588 70.04 0.444 28.57 0.410 18.66

0.90 0.361 0.642 77.55 0.474 31.03 0.425 17.58

1.00 0.375 0.693 84.84 0.500 33.33 0.437 16.59

Note: All the increases are calculated comparing with the TSL.

Table 2. Increases on elastic ultimate bearing capacity.
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Figure 10. Stress distributions in the radial direction (p = 15 MPa).

Figure 11. Stress distributions in the radial direction (p = 23 MPa).
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and that of the IFGL, σθ/p = 2.966 and 2.958, occur along the inner boundary of the outer layer
and the outer boundary of the lining, respectively, where both are in three dimensional stress.
So, the stress distributions in both the DFGL and IFGL are more reasonable than that in the
TSL. As p = 23 MPa (see Figure 11), the given support pressure is larger than the elastic
ultimate bearing capacities of the TSL and DFGL, so parts of the two linings turn into plastic
state. But the IFGL is still in elastic state. The thickness of plastic zone in the TSL is about
0.092 m, 46% of the total thickness of the lining, while, for the DFGL, the thickness of plastic
zone in both layers is about 0.062 m total, 31% of the total thickness of the lining. So, according
to the stress distributions and the plastic area, we can come to that both the DFGL and IFGL
are superior to the TSL.

4. Model tests

4.1. Mixture of model material

In order to testify the superiorities of the FG linings over the TSL, we carried out a model test to
compare the support characteristics. Due to the difficulties of constructing a multilayered
concrete lining, the simplest multilayered lining, a double-layered lining structure, is chosen.
As mentioned earlier, in order to obtain a FG concrete lining, we need a FG concrete mixture
(FGC), producing concrete with same strength but different Young’s modulus.

The main factors influencing the strength and/or the Young’s modulus contain the aggregate
properties (like the quality [30], the type and maximum aggregate size [31], the grade [32],the
Young’s modulus [33], etc.), the water/binder ratio [34], the chemical admixtures (like the air-
void mixture [35], shrinkage-reducing mixture [36], retarders and accelerators [37], superplasti-
cizer [38], etc). Besides, the steel or polyfibers [39], usually used in practice, also have influence
on the concrete strength and Young’s modulus. In order to obtain the FGC, we conducted
orthogonal test and a large number of single factor tests, investigating the influences of almost
all of the abovementioned factors on the Young’s modulus and compressive strength of concrete.
Experimental data were analyzed statistically. Test results of multivariate analysis of variance
(MANOVA) with 95% confidence level (α = 0.05) show that the quantity and modulus of coarse
aggregate are two significant factors influencing the Young’s modulus, but the compressive
strength is slightly influenced by the two factors. The poly fiber also has such an influence just
not that significant. So, the quantity andmodulus of coarse aggregate the poly fiber are chosen as
the major factors to prepare the FGC.

4.1.1. Raw materials

The mixture test and the model tests later in this chapter are based on Portland Cement 42.5R
as the cementing material. The physical parameters of cement are listed in Table 3. The coarse
aggregate is crushed limestone with the size between 5 and 20 mm. Figure 12 shows the size
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distribution of the coarse aggregate, including the corresponding ASTM C 33 limits. It can be
seen that the coarse aggregate is within the ASTM C 33 coarse aggregate grading band [40].
The fine aggregate was river sand with a fineness modulus of 3.2 (see Figure 13). Polypropyl-
ene fibers, GRPF-12 mm (Figure 14), are added in concrete mixes at different volumetric
fractions. Specifications are listed in Table 4. The superplasticizer (JM-PCA(V)) is a complex
additive based on carboxylic grafted polymeric, produced by Nanjing Subote New Materials
Co., Ltd., China.

Type of cement P.O 42.5R

Specific surface area (m2/kg) 330

Initial setting time (min) ≥60

Final setting time (h) 6

Compressive strength (3d) (MPa) ≥24.0

Compressive strength (28d) (MPa) ≥48.0

Flexural strength (3d) (MPa) ≥4.5

Flexural strength (28d) (MPa) ≥7.0

Table 3. Parameters of cement.

Figure 12. Grading of coarse aggregates.
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Figure 13. Size distribution for fine aggregate with fineness modulus = 3.2.

Figure 14. Polypropylene fiber.
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4.1.2. FGC mixture

Based on the results of tests, six concrete mixtures and the parameters are given in Table 5.

4.2. Model test program

4.2.1. Lining structures and dimensions

As mentioned earlier, in the model tests, we conduct two lining structures, that is, the tradi-
tional single-layered lining (Figure 15(I)) and the double-layered FG lining (Figure 15(II)),
assessing the support characteristics. Because the two layers of the DFGL need to be poured
separately, the interface between them is unavoidable. In order to reduce the interface effect to
the results, the TSL is also poured twice like the DFGL. The pouring process is to be given later.

Material composition 100% polypropylene

Density (g/cm3) 0.91

Equivalent diameter (μm) 27.69

Fracture strength (MPa) 641

Initial modulus (GPa) 8.5

Elongation at break (%) 30

Length (mm) 12

Melting point (�C) >160

Material shape Monofilament

Chemical properties Acid-proof, alkali-proof, nontoxic

Table 4. Properties of polypropylene fiber.

No. Water
(kg/
m3)

Cement
(kg/m3)

Sand
(kg/
m3)

Aggregate
(kg/m3)

Water
reducer
(kg/m3)

Polypropylene
fiber (kg/m3)

Properties

Compressive
strength, σc

(Mpa)

Young’s
modulus,
E (Gpa)

Poisson’s
ratio

Slum
(cm)

1 156 390 585 1325 8.775 8 54.6 40.2 0.228 8.5

2 187 467 702 1040 10.508 — 51.3 41.0 0.235 17.0

3 218 546 819 795 12.285 4 45.9 37.7 0.235 12.0

4 255 686 1029 — 17.493 4 50.2 26.9 0.234 6.0

5 255 686 1029 — 17.493 8 49.1 24.8 0.233 6.0

6 255 686 1029 — 17.493 12 46.0 24.1 0.23 4.0

Table 5. Proportions and mechanical properties of FGCs (kg/m3).
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Considering the working space of the test platform, the dimensions are chosen as Rin = 300 mm,
R1 = 400 mm, and Rout = 500 mm. It should be noted that the problem we discussed in our
theoretical models is a plain strain problem; so in order to get linings that can simulate the state
of a plain strain, the linings should be long enough, comparing with the dimensions of the
cross section. The length in our test is 2300 mm (Figure 16).

4.2.2. Material properties

Combining the theoretical results and the functionally graded concrete (FGC), two types of
concrete, M1 and M2, are poured using the two mixtures, No. 2 and 5 in Table 5, respectively.
The mechanical parameters of the lining concretes are listed in Table 6. The parameters are

Figure 15. Two types of lining structures: (I) TSL and (II) DFGL.

Figure 16. Pouring process of DFGL (mm).
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obtained by testing the specimens poured using the real lining concrete mixtures, not the
results in Table 5. The specimens and the linings are all cured in water (20 � 2�C) for 28 days.

4.2.3. Casting of the lining

We firstly pour the inner layer and then the outer layer. The process in detail is as follows:

i. Choose 400- and 300-mm-radius steel cylinders (R400 and R300) as the outer and inner
moulds of the lining inner layer, respectively, and fix them on the bottom steel ring,
making sure they are located with the same axis (Figure 16(I)).

ii. Wipe release agent and pour concrete of the inner layer (Figure 16(I)). In order to fix the
top steel ring and ensure the contact between the concrete and the top steel ring, a certain
space should be reserved and the surface should be rough (Figure 16(I)).

iii. 24 hours later, tear down the outer mold.

iv. Choose 500-mm-radius steel cylinder (R500) as the outer mold of the lining outer layer,
wipe release agent, and fix it around the bottom steel ring (Figure 16(II)).

v. Pour the concrete of the outer layer (Figure 16(III)) and fix the top steel ring.

vi. Tear down R300 and R500 (Figure 16(IV)).

vii. 48 hours later, move lining into the special curing box.

4.2.4. Monitoring scheme

As mentioned earlier, both ends of linings are poured in steel rings, we can say both ends are
fixed in the horizontal cross section, which, of course, will lead to difference between the
theoretical model and the test linings. So, three monitoring cross sections are all in the middle
part of the linings. The monitoring parameters contain the radial displacements on the inner
surface (all displacement sensors are fixed on a vertical steel cylinder with magnetic stands, the
axial displacements at both ends, and the tangential and axial strains on the inner and outer
surfaces). Due to the limited working space, displacements only in the upper two cross
sections are monitored. Figure 17 shows the layout of monitoring points.

Lining types UCS, σc (MPa) Young’s modulus, E (GPa) Poisson’s ratio, μ Slump (cm)

Single-layered lining Inner layer 51.260 40.687 0.235 19

Outer layer 50.120 41.047 0.236 17

Two-layered FGL Inner layer 49.634 25.391 0.235 16

Outer layer 48.583 41.199 0.233 7

Table 6. Mechanical properties of lining concretes.
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4.3. Results and discussions

As mentioned earlier, the load process is accomplished in three steps. In this section, we just
analyze the third step, that is, confining pressure step. In addition, due to the complexity and
the long loading time, only part of displacement sensors and strain gages work regularly, so, in
our analysis, only effective data are illustrated. For the test results, the sign convention is
defined positive for tension strain and outward displacement, and negative for compressive
strain and inward displacement. All data, related to displacements, strains, and pressures, are
collected with interval of 5 seconds.

Figure 18 illustrates the curves of the confining pressure versus loading time. Figure 19 illust-
rates the convergences along inner boundaries of linings versus support pressure, containing
model test and theoretical results. As can be seen from Figure 19, the confining pressures of
both the TSL and DFGL drop suddenly after reaching the maximum values. For comparison,
the results of theory and model test are listed in Table 7. It can be noted that the maximum
confining pressure that the DFGL can bear in model test is approximately 20.44 MPa, 24.56%
greater than that of the TSL, 16.41 MPa. The two maximum confining pressures are close to the
theoretical elastic ultimate bearing capacities of the DFGL and TSL (19.24 and 16.00 MPa,
corresponding to points D and A in Figure 19), respectively.

4.3.1. Effect of Poisson’s ratio on ultimate bearing capacity

It should be noted that the two theoretical elastic ultimate bearing capacities of the DFGL and
TSL are obtained by assuming the lining concrete as incompressible, that is, μ = 0.5. According
to the theoretical analysis, the plastic ultimate bearing capacities are just affected by the
material strengths, having nothing to do with the Poisson’s ratio. The only one elastic ultimate

Figure 17. Layout of monitoring points (mm): (A) unfolded section; (B) vertical section; and (C) horizontal section.

Sustainable Construction and Building Materials136

Figure 18. Loading scheme.

Figure 19. Convergences along inner boundaries of linings versus support pressure.
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bearing capacity related to the Poisson’s ratio is that of the DFGL (see Table 7). Let μ = 0.24 (see
Table 6), we can obtain the elastic ultimate bearing capacities, pe

DFGL = 19.74 MPa (see point D’
in Figures 18 and 19), which is closer to the maximum confining pressure from the model tests.
So, the maximum confining pressures of the TSL and DFGL should be their elastic ultimate
bearing capacities, which can also be confirmed by Figure 18.

4.3.2. Effects of the Poisson’s ratio on radial displacement

From Figure 19, in the elastic stage, the Poisson’s ratio affects the radial displacement of all the
three lining structures in a same rule, that is, for a given confining pressure, the radial
displacement for μ = 0.24 is greater than that for μ = 0.5. The Poisson’s ratios of the concrete
in the model tests are about 0.24. So, the p-ur curves of TSL and DFGL from model tests should
be closer to those theoretical ones as μ = 0.24 than as μ = 0.5. The opposite happens, that is, the
convergences by model tests are smaller than the analytical values, being closer to the

Figure 20. Extension path of plastic yielding.

Lining
types

Elastic ultimate bearing capacities
(μ = 0.5), pe (MPa)

Plastic ultimate bearing
capacities, pp (MPa)

Maximum confining pressure
in model tests, pmax (MPa)

TSL 16.00 25.54 16.41

DFGL 19.24 (19.741) 25.54 20.44

IFGL 25.54 25.54

1The value for μ = 0.24.

Table 7. Ultimate bearing capacities of linings.
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analytical results as μ = 0.5. This situation may be resulted from the restrictions of steel rings at
both ends of linings in our model tests (Figure 16).

4.3.3. Effects of the Poisson’s ratio on plastic zone

Figure 20 illustrates the extension paths of plastic yielding of all the three lining structures as
μ = 0.24 and 0.5. The value of the Poisson’s ratio only affects the plastic yielding path of the
DFGL, but not that of the IFGL and TSL, which is because the Poisson’s ratio is related to the
displacement and the displacement continuous conditions are used in the elastoplastic analysis
of the DFGL, but not in the IFGL and TSL. For μ = 0.24, the plastic yielding will (i) initiate from
the inner boundary of the outer layer (point D’ in Figures 19 and 20, where p = 19.74 MPa), not
from the inner layer as μ = 0.5; (ii) the inner boundary of the inner layer turns into plastic
yielding at point E’, where p = 20.28 MPa; (iii) the outer layer totally turns into plastic state
at point F0, where p = 24.42 MPa; and followed by (iv) the inner layer turns into plastic state at
point G’, where p = 25.54 MPa.

5. Conclusions

The purpose of the work is to showa newway to improve the elastic ultimate bearing capacity of
a circular single-layered concrete lining. We proposed the concept of functionally graded con-
crete lining, which is based on the inverse analysis of assuming the concrete failure ruled by the
Tresca criterion, and the theoretical analysis can verify the effectiveness of the method. But the
requirements of the theoretical ideal functionally graded lining, that is, the constant compressive
strength and continuously increasing Young’s modulus in radially outward direction, can hardly
be achieved for concrete material. So, we choose the multilayered lining as the alternative.

Elastoplastic analysis is carried out, and the elastic and plastic ultimate bearing capacities are
obtained. The results show that a double-layered functionally graded lining has greater elastic
ultimate bearing capacity but the same plastic ultimate bearing capacity comparing with the
traditional single-layered lining. The distributions of stresses in ideal functionally graded lining
and double-layered functionally graded lining are more reasonable, maximum tangential stress
concentration decreasing and no longer in the inner boundary of lining. Even if in the plastic
stage, the areas of plastic zone in functionally graded linings are smaller than that in single-
layered lining. And the opposite happens for the radial displacement, which is resulted from the
lower Young’s modulus of the inner layer. Besides, the Poisson’s ratio has effect on the radial
displacement, elastic ultimate bearing capacity, and extension path of plastic yielding.

Finally,model tests are conducted in order for verifying the theoretical results.A traditional single-
layered lining and a double-layered functionally graded lining are poured and loaded in axial and
confining pressures. The maximum confining pressures that the linings can bear in test are only
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Lining
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(μ = 0.5), pe (MPa)

Plastic ultimate bearing
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Table 7. Ultimate bearing capacities of linings.
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Abstract

The presence of cracks in many historical objects indicates the action of external forces
accompanied by internal strain gradients. This is usually a repetitive process, and damage
cumulation may occur. A study of these effects requires a suitable methodology for testing
historical stone that has been subjected to repeated tension strains. The chapter presents
the results of a pilot experimental assessment of changes in the mechanical characteristics
of sandstone due to accumulation of damage. The Young modulus and the Poisson
number were investigated, using a verified methodology for testing stone in simple
tension and in cyclic simple tension/compression loading. The results show that the first
tension load displacement can be approximated very satisfactorily by a power function,
and the optical digital image correlation (DIC) method again demonstrated its capacity
and suitability for measuring the complex deformation field on porous surfaces and on
naturally well-structured surfaces. The chapter further presents a methodology for inves-
tigating fracture phenomena in sandstone treated for consolidation. It shows the prepara-
tion of test specimens with a cyclic loading generated crack, control of the test specimen
preparation, and verification by means of X-ray micro-CT and DIC techniques. The chap-
ter illustrates an influence of various consolidation agents on the toughness of cracked
specimens.

Keywords: damage cumulation, sandstone, historical monuments, simple tension,
cyclic loading, stone consolidation

1. Introduction

Visible cracks are present on most historical buildings, structures, and objects of art made of
porous brittle or quasi-brittle materials. Stone monuments form an important category of these
structures.
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In principle, visible cracks may develop due to external forces acting under various time
situations, for example, incidental shocks or gradually increasing loads, or due to internal
strain gradients, which mostly generate cumulative damage, such as fatigue phenomena.

Cumulative tensile damage may occur in stone monuments due to repeated environmental
uneven volumetric change. Stone objects are frequently subjected to repeated changes in
temperature from solar irradiation, when the heat is transferred unevenly inside the material.
The accompanying different thermal dilations may cause dangerous stresses that lead to
cumulative crack propagation, typically initiated in the interior defects that are usually pre-
sent. In addition, a combination of temperature and moisture dilation effects may worsen the
situation, especially in sandstone or in specific fragile stones, e.g., in the so-called “opuka”
stone (Cretaceous marly stone) used in the Czech Republic. In the case of these materials, stone
elements in the interior environment are also threatened by environmental fatigue. Let us
present a typical example that has been described in greater detail in Drdácký [1].

The second author of this paper investigated the case of a severe failure of the sandstone
tracery of the triforium of St. Vitus Cathedral, where repeated uneven humidity loading
(wetting and drying) and temperature loading (heating and cooling) were the cause of the
collapse. A detailed survey discovered that this type of damage was present or had been
repaired on most of the tracery arches of the triforium, where further failures subsequently
occurred. The extent of the dangerous stresses was verified using simple thermal loading
modeling and computations. It was proved that the state of stress in the damaged places
reached or surpassed the material strength levels (Figure 1) [2].

The triforium tracery elements are chiseled out of a single piece of sandstone. They are
connected with the lower window beam of the nave or the transept. The triforium structure is
situated on the border between the exterior and the interior, and its ceiling plates are exposed
to the exterior environment forming the roof structure. The temperature of the air fluctuates in
the exterior and the interior of the cathedral. The stone elements of the triforium include parts
of different proportions that have been composed into a single unit. Due to rapid changes in
the ambient temperature, situations can arise when the temperature of the massive parts is
different from the temperature of the subtler elements. This situation generates a stress inside

Figure 1. Distribution of the effective stress in the slice for coordinate y = 1.37; 3D model of own weight (left) and 3D
model of warming up (right) [1, 2]. (Image by P. Beran).
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the structure. The same effect is caused by the change in moisture content that always accom-
panies temperature changes.

Similar damage has been observed on other historic buildings, for example, on the church of
Notre Dame du Sablon in Brussels (see Figure 2) where several failed original elements have
been replaced.

Adverse effects of this type have led to a call for studies of the behavior of similar stone
structures under extreme climate effects. These studies require greater knowledge than what
is available of the fracture characteristics of the historical stone. Numerous works on the
fracture behavior of rock have been published, mostly based on tests on cylindrical stone
specimens under cyclic compression according to the ISRM standards (e.g., Ning et al. [3],
Bagde and Petroš [4], Backers [5]). Quantitative toughness data are calculated, or qualitative
data are assessed on the basis of these tests. A classical work by Attewell and Farmer [6] and
also a comprehensive work by Jian-Qing et al. [7], which review fatigue damage variables and
discuss a broad range of NDT measurement methods, in particular ultrasonic and acoustic
emission methods, are worth mentioning. However, this type of testing methodology is not
suitable for studies of the effects of conservation treatment on the fatigue behavior of stone. No
pure tensile fatigue tests on stone have been found in the literature, only three-point or four-
point bending tests (e.g., Cardani and Meda [8]). There is a lack of data on the behavior of
stone under repeated uniaxial tensile loads, and until now no suitable methodology for testing
stone toughness before and after conservation treatment has been suggested and accepted.

Figure 2. Repaired tracery with damaged elements in Notre Dame du Sablon (photo by M. Drdácký).
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stone (Cretaceous marly stone) used in the Czech Republic. In the case of these materials, stone
elements in the interior environment are also threatened by environmental fatigue. Let us
present a typical example that has been described in greater detail in Drdácký [1].

The second author of this paper investigated the case of a severe failure of the sandstone
tracery of the triforium of St. Vitus Cathedral, where repeated uneven humidity loading
(wetting and drying) and temperature loading (heating and cooling) were the cause of the
collapse. A detailed survey discovered that this type of damage was present or had been
repaired on most of the tracery arches of the triforium, where further failures subsequently
occurred. The extent of the dangerous stresses was verified using simple thermal loading
modeling and computations. It was proved that the state of stress in the damaged places
reached or surpassed the material strength levels (Figure 1) [2].
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connected with the lower window beam of the nave or the transept. The triforium structure is
situated on the border between the exterior and the interior, and its ceiling plates are exposed
to the exterior environment forming the roof structure. The temperature of the air fluctuates in
the exterior and the interior of the cathedral. The stone elements of the triforium include parts
of different proportions that have been composed into a single unit. Due to rapid changes in
the ambient temperature, situations can arise when the temperature of the massive parts is
different from the temperature of the subtler elements. This situation generates a stress inside

Figure 1. Distribution of the effective stress in the slice for coordinate y = 1.37; 3D model of own weight (left) and 3D
model of warming up (right) [1, 2]. (Image by P. Beran).
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the structure. The same effect is caused by the change in moisture content that always accom-
panies temperature changes.

Similar damage has been observed on other historic buildings, for example, on the church of
Notre Dame du Sablon in Brussels (see Figure 2) where several failed original elements have
been replaced.

Adverse effects of this type have led to a call for studies of the behavior of similar stone
structures under extreme climate effects. These studies require greater knowledge than what
is available of the fracture characteristics of the historical stone. Numerous works on the
fracture behavior of rock have been published, mostly based on tests on cylindrical stone
specimens under cyclic compression according to the ISRM standards (e.g., Ning et al. [3],
Bagde and Petroš [4], Backers [5]). Quantitative toughness data are calculated, or qualitative
data are assessed on the basis of these tests. A classical work by Attewell and Farmer [6] and
also a comprehensive work by Jian-Qing et al. [7], which review fatigue damage variables and
discuss a broad range of NDT measurement methods, in particular ultrasonic and acoustic
emission methods, are worth mentioning. However, this type of testing methodology is not
suitable for studies of the effects of conservation treatment on the fatigue behavior of stone. No
pure tensile fatigue tests on stone have been found in the literature, only three-point or four-
point bending tests (e.g., Cardani and Meda [8]). There is a lack of data on the behavior of
stone under repeated uniaxial tensile loads, and until now no suitable methodology for testing
stone toughness before and after conservation treatment has been suggested and accepted.

Figure 2. Repaired tracery with damaged elements in Notre Dame du Sablon (photo by M. Drdácký).
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This paper presents the results of an experimental pilot assessment of changes in the mechan-
ical properties of sandstone from Božanov (a typical material used on the Charles Bridge in
medieval times) resulting from accumulated damage. The Young modulus and the Poisson
number were observed. In addition, a methodology for testing stone in tension and in cyclic
tension/compression loading is suggested and verified.

2. Experiments

Božanov stone is a grayish beige gross grain strong arkose sandstone without marked layering
(Figure 3). The material used in the tests was extracted from the 11th arch of the Charles Bridge
parapet wall, which had to be replaced during recent repairs. It has a rather deeply located
detachment crack parallel to the surface, probably due to some previous surface treatment
which had locked moisture inside the stone. The material can be characterized as a quasi-
brittle inelastic silicate composite.

Test specimens 50 � 50 � 200 mm3 in dimensions were fixed into rectangular steel tubes with
axially welded flat steel hangers, which served to fix the set into the hydraulic grips of the
loading frame (Figure 4). Two-component Sikadur-31 CF RAP resin was used for gluing. The
fixtures had to be prepared with great precision in order to ensure perfect alignment and
perpendicular arrangement for tension and combined loading. The specimens in prismatic
form were cut with negligible geometrical imperfections in a precise prismatic form.

The specimens were loaded into an Instron 1343 electrohydraulic testing frame with force
capacity of 100 kN (Figure 5) using an Instron 100 kN load cell, a FastTrack 8800 controller,
two Instron extensometers type 2620-602 (accuracy class 1, with maximum possible error of
0.5% of the read value, measurement base l0 = 50 mm), and WaveMatrix measurement soft-
ware. The extensometers were placed on opposite sides of the specimen, and their read values
were arithmetically averaged. The contacts on the surface of the stone were provided with
glued thin aluminum sheets to protect the extensometer wedges. The deformations were also

Figure 3. Macro photo of the Božanov sandstone (arkose) structure (photo J. Frankl).
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recorded and evaluated using a contactless telecentric digital camera and the digital image
correlation (DIC) method. This method utilizes a sequence of acquired images that represents a
specimen surface deformation process. In this sequence, DIC observes the displacements of
small rectangular regions (templates) on the sample with a distinguishable distribution of
gray-scale intensities [9, 10]. The displacements obtained from this method are utilized for
calculating the strains. In the case of stone, the random surface pattern, a prerequisite for the
method, is formed by the distinct natural texture of the surface of the specimen.

The DIC algorithm used in this work has two main steps. First, an integer value of the pixel
displacement is evaluated using a normalized cross-correlation function for a central pixel of a
square image template in the reference image. The second step in the matching process is
known as the Lucas-Kanade algorithm [11]. This step takes into account the reference tem-
plate’s own deformation. The method searches for an affine transformation that projects the
template onto the deformed image using minimization of the sum-squared differences
between the template and the deformed image. The LK algorithm is an iterative nonlinear
optimization method. The integer values of the pixel displacement estimated in the first step

Figure 4. Test compression/tension specimens (photo by M. Šperl).

Figure 5. Arrangement of pure tension tests on the stone specimens (photo by M. Šperl).
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were passed to this iterative process as initial guess values. The longitudinal deformation was
measured using two rows of points. Each point represents the center of the rectangular
template, the displacement of which was measured by DIC. Multiple points were used, and
their displacements were finally averaged for noise reduction. Subsequently, the longitudinal
engineering strain was calculated using the measured displacements as

ð1Þ

Knowing the measured applied force and the dimensions of the cross section of the specimen,
the engineering stress can finally be evaluated.

Twelve experiments were carried out—four on the specimens from Figure 4 and eight on
prismatic beams cut out of the broken parts after the tension tests. The tests therefore involved
(i) compression, (ii) very-low-cycle fatigue, (iii) tension, (iv) fatigue (an alternating
nonsymmetrical cycle)—all on the specimens from Figure 4—and (v) three-point bending tests
on small size beams with a 20 � 20 mm2 cross section.

The effect of consolidation on the fracture behavior was studied on prismatic beams of the
same cross section as described above provided in its center with a notch and a generated
crack. The crack generation procedure is described in detail by Drdácký et al. [12]. Specimens
with similar length of crack were consolidated applying the most typical agents: elastified
Steinfestiger 300 (30% concentration of the active substance), Paraloid B-72 (2% concentration),
and Funcosil 100 (10% concentration of the active substance). After maturing they were tested
in standard static three-point bending.

3. Test results

The compression force was applied in three stages: �1.5, �26, and �37 MPa. Deformation was
measured during the tests in order to study the change in Young’s modulus and the Poisson
number with relation to applied load (Figures 6 and 7). Hysteresis and irreversible deformation
were observed, and the Poisson number reached a value of 0.23. The diagram shows that the
tested sandstone increased in stiffness with an increasing number of compression cycles at the
beginning of the tests. The change in the slope of the interpolated linear approximations of
the load-displacement diagrams reflects this fact. The modulus of elasticity rose from an initial
value of 11,360MPa to a value of 19,237MPa for the third cycle of loading, i.e., a 70% increase. This
differs from the results of other tests on sandstone as presented in the cited literature. At the same
time, hysteresis occurs with irreversible deformations. During the first loading cycle to�1.5 MPa,
no irreversible deformation was observed. It seems that irreversible deformation occurs after the
material has been subjected to some limit compression load. The Czech standard for tests on
natural stone prescribes that the modulus of elasticity is to be evaluated after three loading cycles.

During the tension tests, the velocity of the crosshead movement was intentionally kept very
low at a value of 5 μm/min. Due to this low loading velocity, it was possible to evaluate the
overall energy absorbed during crack origin and propagation upon the initiation of a crack at a
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defect present within the specimen (Figure 8). The load-displacement graph shows the overall
energy absorbed during the test (0.4 J) and during crack growth (0.16 J). This corresponds to
the behavior of highly brittle material. The strength decreased (to 1.43 MPa) due to the defect
in the material. The course of the stress and deformation up to fracture can be described well
by means of a suitable power function (see Figure 9), which presents a detailed diagram.

It follows from Figure 9 that a suitable power function appropriately describes the material
behavior up to rupture. The tangent to the curve gives the modulus of elasticity value:

ð2Þ

The power function seems to be ideal for describing the deformation behavior of this sand-
stone.

Figure 6 First compression loading cycle (left) and second and third loading cycles (right), with corresponding linear
approximations.

Figure 7 Poisson ratio measured using the DIC method.
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The DIC record exhibits a slight difference in comparison with the conservative measurement
approach. This may be caused by a small change in the geometric relations between the
specimen and the camera objective during loading. However, the agreement is still very good.

A sinusoidal altering nonsymmetrical loading cycle with stress limits of +1.5 and �2MPa was
applied during the very-low-fatigue test. The mean value of the stress was �0.25 MPa, the
stress double amplitude was 3.5 MPa, and the frequency of loading was 0.2 Hz (Figure 10).

Figure 8. Load-crosshead displacement diagram for the tension test with a calculation of the absorbed energies and an
indication of the probable place with an initial defect in the cross section of the specimen.

Figure 9. Tension diagram of the tested Božanov sandstone, comparing the conservative measurement with the DIC
measurement and presenting a suitable power function approximation.
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The maximum tension stress (σmax ≈ 1.5 MPa) approached the limit stress (strength) in tension
of the tested material (the static strength was 1.43 MPa on a weakened profile; see above). The
resulting number of cycles was only 1.25; the fracture occurred while the maximum tension
load was being attained in the second cycle.

Figure 10 also indicates that a power function can be used to approximate the first loading
course. The parameters of the constant however are different from that of the previous case.
This could be a result of the presence of an interior defect in the first case or merely the wide
distribution of the material’s characteristics. The change in the fatigue loop’s tension branch is
also noteworthy. In comparison to the first cycle, it is significantly straighter and more hori-
zontal. It is even possible to approximate it with a linear function. It signifies considerable
damage to the material resulting from the first loading cycle, corresponding to the stress
applied. The hysteresis exhibited by this specimen is quite high. The compression component
is steeper than the tension component [14].

The nonsymmetrical altering sinusoidal loading cycle was also used in the fatigue tests, with
stress limits of +0.265 and �0.354 MPa. There were two modes of cycling velocity used—for
the main loading sequence a frequency of 0.25 and 0.01 Hz at certain stages for groups of three
cycles measuring deformations, based on which the second cycle was evaluated and the E
modulus calculated. Such detailed measurements were attained up to 2000 cycles. The speci-
men was then loaded to the point of failure. The asymmetry characteristics of the cycle were
kept the same to allow for comparability of results (R = �1.33 and stress span Δσ = 0.619 MPa).
The overall lifespan reached 224,908 loading cycles. Typical results are presented in Figure 11.

Figure 10. Low-cycle fatigue diagram.
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The modulus of elasticity E changed during the cycling. Its value dropped from the initial
figure of 11,214–10,705 MPa after 82 loading cycles (a decrease of about 5%). Then the value
stabilized around 10,865 MPa after 2002 cycles (Figure 12). The change was influenced by
fatigue damage in the material.

In Figure 11, the observed shift of the measured data toward negative strain values with the
increasing number of cycles is caused by thermal dilation of the specimens. The average
change in temperature in the testing hall was about 4�C. The temperature change dilations
were checked by computations, taking into account the coefficient of dilation of sandstone
equal to α = 10 � 10�6 K�1 and the equation Δl = α�ΔT�l. Figure 13 presents examples of the
temperature drift.

Figure 11. Stress-strain ratios after a given number of cycles: 22 (top left), 42 (top right), 82 (center left), 202 (center right),
602 (bottom left), and 2002 (bottom right).
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Figure 14 presents a very rough representation of the probable life estimate of the tested
sandstone between two applied stress levels. Of course, many more tests will be required
before the true Wöhler curve can be constructed.

After the uniaxial and fatigue tests, small beams with a cross section of 20 � 20 mm2 were
prepared from the broken specimens and were subjected to three-point bending loading
(Figure 15). The measured flexural strength reached much higher values (about 4.5 MPa) than
the strength in the tension tests, which was influenced by a rather low span to height ratio
(about 3.75).

Figure 12. Change in the modulus of elasticity during cycling.

Figure 13. Temperature caused a drift in specimen deformation due to dilation (2000–20,000 cycles).
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However, the moduli of elasticity were lower than those measured during the previous tests
(though still higher than those measured by the first author on thin plates during tests on the
characteristics of the Charles Bridge sandstone—Čechová et al. [13]). It is clear that both the
load-displacement diagram and the change in the modulus of elasticity can be well approxi-
mated by a suitable mathematical model (Figure 16).

Figure 14. Fatigue test results for Božanov sandstone for cycle asymmetry of R = �1.33.

Figure 15. Three-point bending test arrangement (photo O. Vála).
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In the study on consolidation effects influencing crack propagation and toughness, three types
of specimens were tested—notched beams without cracks, notch beams with cracks generated
by cycling, and notched beams with cracks after consolidation [14]. They were loaded in three-
point bending configuration.

The results show that consolidation increased the load-carrying capacity of the cracked sand-
stone specimens. The reference specimen with the initiation notch attained an average bending
strength of 5.05 MPa, the notched specimen with the cycled crack one of 4.56 MPa, and the
consolidated specimen one of about 6 MPa.

4. Conclusions

Although it is difficult to generalize the results of the pilot tests described here, they provide
important findings for further planning of stone fatigue tests.

The methodology of tension tests using specimens inserted and glued in tubular fixtures is
functional and has been verified. However, it is very demanding from the point of view of
specimen preparation, and it requires very skilled staff. It can be recommended mainly for
special small-series tests. For research requiring tests on a large numbers of specimens, it is
necessary to develop some other techniques. However, the pilot tests were successfully com-
pleted, and the energies for crack initiation and propagation in the given sandstone have been
determined.

The optical DIC method again proved its capacity and its suitability for measurements of a
complex deformation field on porous and naturally well-structured surfaces.

Figure 16. Loading force-deflection diagram during three-point bending testing and calculated modulus of elasticity.
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The modulus of elasticity may be a good parameter for assessing damage accumulation,
though it is difficult to measure on real structures (see Figure 11). In the next series of tests,
the correlation between the modulus of elasticity and NDT techniques will be studied, espe-
cially ultrasonic measurements for possible application in situ.

It follows from Figure 13 that the first tension load displacement can be approximated very
satisfactorily by means of a power function.

The tests with consolidated specimens proved the positive effects of stone impregnation on
strength and toughness. All notched and cracked specimens after consolidation with ethyl
silicates KSE 100 and KSE 300 and Paraloid B-72 attained values above full profile strength
which was tested on identical beams. The KSE 300 consolidation agent attained the best result
in the range of 145% as far as strength is concerned and 161% in the toughness value (KIC).

The toughness of untreated notched and cracked specimens reached almost the same values
(0.33:0.35 MPa√m), which mean that with such a heterogeneous material, one cannot expect
stress concentration factors similar to those of metals.
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Abstract

There is a lack of an efficient systematic approach to the selection of appropriate construc-
tion methods for building projects. Not only various innovative methods are now available, 
but also established methods may often be adapted inappropriately, without recourse to 
the necessary scientific foundation of their efficiency. The result is that there is a low level of 
performance on building projects. This study examines how key performance criteria were 
used in the selection of construction methods on projects. The study employed an extant 
review of the literature, cross-section survey of construction managers of building projects 
and experts interview in the Middle East to identify and evaluate the influencing of the key 
performance criteria on selecting construction methods for building projects. It emerged 
from the Pearson Correlation Coefficient and Analytical Hierarchy Process analysis that key 
performance criteria consisting of time, quality, and cost have strong positive significant 
roles in the selection of construction methods used on building projects and that these selec-
tion criteria differed depending on the building components. The study concludes that the 
likelihood of a construction method being selected for use on projects in the Middle East 
depends on its ability to shorten the duration, improving the quality and reduce the cost 
of projects.

Keywords: analytical hierarchy process (AHP), building project, construction method, 
Middle East, Pearson correlation coefficient, performance criteria

1. Introduction

In the construction of buildings, there are common problems and challenges of a low level 
of productivity and efficiency. According to Wambeke et al. [1], 58% of building construction 
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projects exceed the scheduled time, and 15 out of 20 projects exceed their original approved 
budgets. Kamali et al. [2] and Ren et al. [3] found that different construction methods influ-
ence project performance in various ways and impact on the productivity of construction 
projects; deficient methods decrease the productivity of projects. Furthermore, Forbes and 
Ahmed [4] posited that the choice of construction method significantly impacts on the cost, 
time, and quality of buildings, and adopting inappropriate methods increases the cost and 
duration of projects, as well as decreasing the quality and lifespan of buildings. Currently, the 
construction industry has been revolutionized and is experiencing changes, with the rapid 
growth of technology and the introduction of new building materials and modern construc-
tion methods [5]. Furthermore, the new generation of building regulations has been enacted 
to increase the efficiency and improve the quality of buildings and infrastructure [6]. As a 
result, construction managers, as decision makers, have to choose appropriate construction 
methods from those available. Therefore, to achieve construction project performance objec-
tives, there is a need for adequate information and knowledge to help construction managers 
to make good choices of construction methods.

This research examines the selection of construction methods and materials on building 
projects in the Middle East by using the Pearson correlation coefficient (PCC) and the ana-
lytical hierarchy process (AHP) to determine the weight and influence of each key criterion. 
The PCC and AHP are also helpful to consider as the total weight of different construction 
methods used in the fabrication of selected building components. The AHP is an effective 
mathematical method used in solving multicriteria decision-making problems [7]. It has been 
applied to many decision-making problems related to construction management. However, 
AHP is unable to handle the inherent subjectivity and ambiguity associated with the map-
ping of an individual’s perception to an exact number [8]. In this condition, the Pearson 
correlation coefficient (PCC) analysis is applied in verifying the AHP weight by measuring 
the relationship between the key criteria used in the selection and the level of use of each 
construction method.

The focus of the study is on the construction of buildings because these are the most common 
types of construction projects that make use of a wide variety of methods and components. 
With adequate knowledge and comprehensive data, the most suitable construction method, 
complementing the objectives, and condition of the project, can be selected.

2. Literature review

2.1. Overview of construction methods and key performance criteria

The construction method is a technical procedure to transform construction resources (mate-
rials, workforce, and equipment) into constructed products [9]. According to Haidar [10], the 
construction methods adopted affect the work activities and the work sequence. Construction 
planning and management techniques are without value if construction methodologies 
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are not selected appropriately and if those selected are not optimal [11]. Each construction 
method has different specifications and aspects. Information such as cost, time, quality, ease 
of construction, and availability of method and skill is used by construction managers in the 
selection and use of appropriate construction methods on construction projects [12].

According to Monghasemi et al. [13], shorter time, lower cost, and higher quality are the pri-
mary project objectives which should be considered in the selection of construction methods. 
However, among these three primary factors, cost and quality are single dimension elements; 
this means that choosing the method with less cost, or with higher quality, will not guarantee 
or improve the other influencing factors. Time is a multidimensional element; choosing the 
method with a shorter construction time will reduce the labor cost and the error caused by 
labor [13, 14].

Ferrada and Serpell [15] posited that it is important to consider other parameters, such as the 
availability of materials in the market, the supply of a skilled workforce, ease of transporta-
tion, and ease of implementation; these all impact on the project objectives. The above suggests 
that selecting suitable construction methods depends on understanding the outcome of each 
method in relation to the final project outcome. Therefore, in this study, the impact and effect 
of each primary construction project performance criterion (cost, time, and quality), combined 
with ease of construction and the availability of method and skill, focus on six common com-
ponents of buildings: the foundation, the frame of the structure, the roof, the wall, the flooring, 
and the façade. This effect applies to all buildings, regardless of their size and type.

The factor called “ease of construction” concerns the use of less intensive labor on construction 
sites to reduce the duration of construction and concomitant labor cost; however, the material 
cost of this method may be higher than those of more established construction methods [16].

2.2. Overview of the use of analytical hierarchy process and Pearson correlation 
coefficient in multicriteria decision analysis in selecting construction methods and 
materials

The analytic hierarchy process (AHP) is a structured technique for organizing and analyz-
ing complex decisions, based on mathematics and psychology. It is a multicriteria decision- 
making approach [17]. In construction management, many decisions are made based on vari-
ous criteria such as time, cost, and quality; thus, these decisions could be made by construction  
experts by assigning weights to the different criteria. It is important to determine the structure 
of the problem and explicitly evaluate the many criteria. The AHP method has been used in 
various areas of construction management. For instance, Sangiorgio et al. [18] measured the 
relative project performance among a set of criteria; Ng [19] evaluated environmental benefit 
of building designs using a weighting AHP; Hossaini et al. [20] assessed the lifecycle sustain-
ability of a six-story wood frame and concrete frame buildings (respectively) in Vancouver; 
Wong and Li [21] analyzed the selection of intelligent building systems in Hong Kong; Pan 
[22] used a multi-criteria decision model to select the most suitable bridge construction 
method in China; Zayed et al. [23] evaluated the highway construction projects risks in China; 
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Shapira and Goldenberg [24] created an equipment selection model for construction proj-
ects; Al-Harbi [25] evaluated the problem of contractor prequalification; and Skibniewski and 
Chao [26] measured the technical and economic factors of the selection process of a tower 
crane in construction projects.

However, there is limited research undertaken involving the use of multicriteria models as 
a basis for the selection of construction methods using the key performance criteria. Reza 
et al. [27] used the AHP as a tool to assess the sustainability of floor systems in the city of 
Tehran. In a similar approach, Nadoushani et al. [28] utilized AHP to select façade systems 
for a building, based on criteria of sustainability. Hosseini et al. [29] used a simple scoring 
aggregation procedure, combined with the AHP method, to select the unsurpassed types of 
exterior walls to reconstruct in earthquake areas; Akadiri et al. [30] applied a multicriteria 
evaluation model for the selection of sustainable roofing materials for building projects in 
the United Kingdom. In all these studies, the AHP method was used for selecting only one 
component of the building, reflecting its particular characteristics. Even though AHP has been 
used for tackling multicriteria decision-making problems, it is required to validate the weight 
value of the criteria because of the discrete scale used in AHP, which cannot handle the uncer-
tainty and ambiguity present in deciding the priorities of different attributes [31]. Therefore, 
the correlation coefficient analysis is commonly used in construction research to validate the 
research results and to measure the relationship between two random variables [32].

The Pearson correlation coefficient (PCC) has been used to determine and validate the rela-
tionship between different variables in construction projects, such as the relationship between 
total project cost and total material cost; between uncertainty factors and risk contingency 
value; between intelligence attributes of the Integrated Building Management Systems (IBMS) 
and the operational benefits; and between productivity and safety performance [21, 33–35].

3. Research objectives

The primary purpose of this study is to evaluate the key performance criteria influencing the 
selection of construction methods, which are currently being used on building projects in 
the Middle East and whether the selection criteria differ according to building components. 
According to Ferrada and Serpell [15], selecting appropriate construction methods based 
on their performance objectives is a contemporary topic in construction management that is 
progressing and expanding gradually. This technique involves evaluating, classifying, and 
suggesting the most appropriate construction method that best fits the project conditions [36]. 
There is limited research that examines the selection of construction methods for fabrication 
of different building components; most of the existing AHP models [27, 28, 30, 37] employ 
only one building component, such as the wall, the roof, or the floor. Therefore, this research 
examines the key performance criteria (time, cost, quality, ease of construction, and avail-
ability of method and skill) affecting the selection of 28 construction methods used in the 
fabrication of 6 building components, by employing multicriteria models as a basis for match-
ing construction methods to performance criteria.
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The novelty of this research is in the selection of construction methods for six different building 
components based on the five performance criteria, which are not only very complex issues 
due to involving a multi-criteria decision, but also some of these criteria may also influence 
some additional problems. Therefore, this research presents an AHP approach to determine 
the weight of the five key performance criteria in the selection of construction methods, for six 
main building components, and validates the key criteria weight of the construction method, 
through a PCC statistical analysis.

This approach is straightforward and provides the total weight value of the different per-
formance criteria, which impacts on the selection of construction methods. It also provides 
a holistic overview of the most important criteria for construction managers and engineers, 
who are the decision makers on the building project.

4. Research method

The study made use of a sequential mixed-method research approach in evaluating the 
selection of construction methods currently adopted in the Middle East and in determining 
the contribution and relationship between the key performance criteria and the level of use 
of identified construction methods, differentiated by building components. First of all, the 
research identifies common construction methods that are currently employed on projects in 
the Middle East. To do this, the information on construction methods used was gathered and 
classified based on data obtained from construction industry experts. Secondly, the influence 
and significance of each performance criterion in selecting construction methods used on the 
building projects were obtained from the data collected from questionnaires. The question-
naires were completed by construction managers on 200 building projects in five countries, 
namely Iran, United Arab Emirates, Turkey, Egypt, and Qatar. The construction managers 
had different work experience and levels of education, as classified in Tables 1 and 2. Each 
questionnaire consisted of two parts:

Part 1 sought demographic information related to the construction manager.

Part 2 sought information concerning the construction methods and criteria used in the selec-
tion of each construction method used on the project.

The study also sought to know the perceptions of the construction managers regarding the 
performance in terms of cost, time, quality, ease of construction, and availability of the method/
skill of the identified construction methods, on a scale of 1–3, where 3 = High, 2 = Moderate,  
and 1 = Low. If all respondents scored the performance of the construction method as 3, it was 
recorded as High (see Table 4); also when 2 < 3, it was recorded as Moderate performance, 
while scores of less than 2 were classified as Low.

The data were also analyzed using descriptive and inferential statistics, consisting of the ana-
lytical hierarchy process (AHP) pair-wise comparison and the Pearson correlation coefficient 
(PCC) analysis. The AHP weight of each performance criterion and a total weight of available 
construction methods in the different building components were determined using Expert 
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Shapira and Goldenberg [24] created an equipment selection model for construction proj-
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The novelty of this research is in the selection of construction methods for six different building 
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building projects were obtained from the data collected from questionnaires. The question-
naires were completed by construction managers on 200 building projects in five countries, 
namely Iran, United Arab Emirates, Turkey, Egypt, and Qatar. The construction managers 
had different work experience and levels of education, as classified in Tables 1 and 2. Each 
questionnaire consisted of two parts:

Part 1 sought demographic information related to the construction manager.

Part 2 sought information concerning the construction methods and criteria used in the selec-
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The study also sought to know the perceptions of the construction managers regarding the 
performance in terms of cost, time, quality, ease of construction, and availability of the method/
skill of the identified construction methods, on a scale of 1–3, where 3 = High, 2 = Moderate,  
and 1 = Low. If all respondents scored the performance of the construction method as 3, it was 
recorded as High (see Table 4); also when 2 < 3, it was recorded as Moderate performance, 
while scores of less than 2 were classified as Low.

The data were also analyzed using descriptive and inferential statistics, consisting of the ana-
lytical hierarchy process (AHP) pair-wise comparison and the Pearson correlation coefficient 
(PCC) analysis. The AHP weight of each performance criterion and a total weight of available 
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Choice Version 11.5. To validate the AHP weight values and determine the extent of the rela-
tionship between the criteria used in the selection of the construction methods and the level of 
use of the construction methods on building projects, the Pearson correlation coefficient (PCC) 
analysis was conducted using IBM SPSS Statistics version 23. The most commonly used cor-
relation coefficients in construction research are Spearman’s rank correlation coefficient and 
the Pearson correlation coefficient [38]. The Pearson correlation coefficient is a measure of the 
strength of the linear dependence between random variables, while Spearman’s rank correla-
tion coefficient is a nonparametric measure of statistical dependence between two variables 
and is an indication of correlation between ranks of the values of random numbers instead of 
correlation between values [39]. Therefore, in this research, the Pearson correlation coefficient 
is preferred over the Spearman’s rank correlation coefficient, since Pearson is the correlation 
between variates, while Spearman is the correlation between the ranks of the variates.

Tables 1 and 2 indicate that 81% of the respondents have more than 5 years of work experi-
ence in the construction industry and that 77% of respondents hold a university degree. The 
levels of education and work experience the respondent has in the construction sector are 
of relevance to the study because the higher the education level and work experience of the 
respondent the better the credibility and reliability of the information provided via question-
naires which focus on their knowledge of construction management and methods.

Reliability in quantitative research indicates that the scores received from the respondents 
are consistent and stable over time; reliability is often assessed through reliability coefficients 
[40]. In order to check that the collected data and scores were reliable, a statistical analysis 
was made of the reliability and internal consistency of the data. These data had been provided 
by the 200 respondents on the key project performance criteria, which influenced the selec-
tion of construction methods for projects. To do this, the Cronbach’s alpha coefficient of each 
criterion and the internal consistency ratio of the overall influencing criteria were calculated. 
The values of Cronbach’s alpha that are commonly used to determine the internal reliability, 
consistency, and co-variation among variables related to the measurement of each construct 
often range from 0 to 1 [41]. The results of the test showed that dependency among the five 
identified criteria was equal to 0.838, which indicates a high reliability and internal consis-
tency of data collected across the five criteria. Also, Cronbach’s alpha coefficients of each 

Years of experience Individual percentage Overall percentage (%)

Iran (%) UAE (%) Turkey (%) Egypt (%) Qatar (%)

<5 18 16 20 23 17 19

6–10 34 38 32 33 36 35

11–15 28 24 25 23 29 26

16–20 9 13 14 11 10 11

>20 11 9 9 10 8 9

Source: Researcher’s field survey.

Table 1. Respondents’ work experience.
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criterion were greater than 0.7, which indicate sufficient reliability and internal consistency of 
the data collected for each criterion, as illustrated in Table 3.

5. Data presentation and analysis

This research evaluates five criteria (cost, time, quality, ease of construction, and availability 
of method/skill), which influence the selection of construction methods on building projects. 
Table 4 summarizes and evaluates the types of construction methods used, distributed by the 
number of projects, and the perceived performance attributes of each construction method.

Table 4 indicates the characteristics of each construction method, in terms of technology, 
three primary factors (cost, time, and quality) and two combinational influential factors (ease 
of construction and availability of method and skill), which influence the selection of con-
struction methods on building projects. Each method was evaluated based on the technol-
ogy utilized in two categories of the conventional method and modern innovative method. 
Furthermore, the cost (material cost and labor cost) [42], time (construction duration), quality, 
ease of construction, and availability of method and skill of each method are evaluated in 
three classes, namely low, moderate, and high.

It can be seen from Table 4 that the common construction methods used in the foundation, 
structure, roofing, wall, façade, and flooring of the projects studied are steel formwork, con-
crete framed structure, steel decking, Leca blocks, composite façade, and laminate flooring, 
respectively. However, Table 4 also shows that the construction methods with a perceived 

Level of education Individual Percentage Overall percentage (%)

Iran (%) UAE (%) Turkey (%) Egypt (%) Qatar (%)

Vocational degree 19 24 25 26 23 23

Bachelor degree 54 55 57 62 60 58

Postgraduate degree 27 21 18 12 17 19

Source: Researcher’s field survey.

Table 2. Respondents’ education level.

Cronbach’s alpha

Cost 0.829

Time 0.783

Quality 0.762

Ease of construction 0.768

Availability of method and skill 0.868

Table 3. Cronbach’s alpha coefficient of each influencing criterion.
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between variates, while Spearman is the correlation between the ranks of the variates.

Tables 1 and 2 indicate that 81% of the respondents have more than 5 years of work experi-
ence in the construction industry and that 77% of respondents hold a university degree. The 
levels of education and work experience the respondent has in the construction sector are 
of relevance to the study because the higher the education level and work experience of the 
respondent the better the credibility and reliability of the information provided via question-
naires which focus on their knowledge of construction management and methods.

Reliability in quantitative research indicates that the scores received from the respondents 
are consistent and stable over time; reliability is often assessed through reliability coefficients 
[40]. In order to check that the collected data and scores were reliable, a statistical analysis 
was made of the reliability and internal consistency of the data. These data had been provided 
by the 200 respondents on the key project performance criteria, which influenced the selec-
tion of construction methods for projects. To do this, the Cronbach’s alpha coefficient of each 
criterion and the internal consistency ratio of the overall influencing criteria were calculated. 
The values of Cronbach’s alpha that are commonly used to determine the internal reliability, 
consistency, and co-variation among variables related to the measurement of each construct 
often range from 0 to 1 [41]. The results of the test showed that dependency among the five 
identified criteria was equal to 0.838, which indicates a high reliability and internal consis-
tency of data collected across the five criteria. Also, Cronbach’s alpha coefficients of each 

Years of experience Individual percentage Overall percentage (%)

Iran (%) UAE (%) Turkey (%) Egypt (%) Qatar (%)

<5 18 16 20 23 17 19

6–10 34 38 32 33 36 35

11–15 28 24 25 23 29 26

16–20 9 13 14 11 10 11

>20 11 9 9 10 8 9

Source: Researcher’s field survey.

Table 1. Respondents’ work experience.

Sustainable Construction and Building Materials166

criterion were greater than 0.7, which indicate sufficient reliability and internal consistency of 
the data collected for each criterion, as illustrated in Table 3.

5. Data presentation and analysis

This research evaluates five criteria (cost, time, quality, ease of construction, and availability 
of method/skill), which influence the selection of construction methods on building projects. 
Table 4 summarizes and evaluates the types of construction methods used, distributed by the 
number of projects, and the perceived performance attributes of each construction method.

Table 4 indicates the characteristics of each construction method, in terms of technology, 
three primary factors (cost, time, and quality) and two combinational influential factors (ease 
of construction and availability of method and skill), which influence the selection of con-
struction methods on building projects. Each method was evaluated based on the technol-
ogy utilized in two categories of the conventional method and modern innovative method. 
Furthermore, the cost (material cost and labor cost) [42], time (construction duration), quality, 
ease of construction, and availability of method and skill of each method are evaluated in 
three classes, namely low, moderate, and high.

It can be seen from Table 4 that the common construction methods used in the foundation, 
structure, roofing, wall, façade, and flooring of the projects studied are steel formwork, con-
crete framed structure, steel decking, Leca blocks, composite façade, and laminate flooring, 
respectively. However, Table 4 also shows that the construction methods with a perceived 
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high overall performance are steel formwork, light steel frame structure (LSF), steel decking, 
polystyrene inter-joist, Leca block, autoclaved aerated concrete (AAC) block, silica block, and 
laminate flooring. By comparison, the low performing construction methods are brick form-
work and reinforced concrete slab (one/two way).

Figures 1–5 show the distribution of the five key performance criteria used by the construc-
tion managers in the selection of each construction method.

It can be seen from Figures 1–5 that from a ranking perspective, the performance criteria with 
the most influence on the selection of the construction methods studied are time, quality, cost, 
ease of construction, and availability of method and skill, respectively.

5.1. Influence of identified criteria on selection of construction methods

The study sought to know from the construction managers, the key criteria responsible for the 
choice of construction methods used on their projects. The influence and rank of each criterion 
in the selection of construction methods used in the fabrication of different components of the 
examined building projects are analyzed and presented in Table 5.

Table 5 shows that from a ranking perspective, in the foundation, structures, and roofing, 
the primary criterion influencing the choice of the construction method employed is time. 
However, in the other components consisting of the wall, flooring, and façade, quality is the 
key criterion influencing the selection of the construction methods used. Table 5 also shows 
the overall level of influence and rank of the criteria used in the selection of construction 

Figure 1. Distribution of cost as key performance in the selection of construction methods by construction managers.

Sustainable Construction and Building Materials170

Figure 2. Distribution of time as key performance in the selection of construction methods by construction managers.

Figure 3. Distribution of quality as key performance in the selection of construction methods by construction managers.
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Figure 4. Distribution of ease of construction as key performance in the selection of construction methods by construction 
managers.

Figure 5. Distribution of availability of method and skill as key performance in the selection of construction methods by 
construction managers.
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Figure 4. Distribution of ease of construction as key performance in the selection of construction methods by construction 
managers.

Figure 5. Distribution of availability of method and skill as key performance in the selection of construction methods by 
construction managers.
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methods based on the data collected. Table 5 indicates that time (25.2%) is the primary cri-
terion that is most frequently used by construction managers in the selection of construction 
methods on building projects in the Middle East, followed by quality (23.9%), cost (23.0%), 
and ease of construction (17.2%), while the least used criterion is the availability of method 
and skill (10.8%).

5.2. Prioritizing the criteria used in the selection of construction methods used 
within building projects

The AHP model shown in Figure 6 was developed to evaluate the importance of the different 
criteria used in the selection of construction methods (within the building components of the 
projects). Pairwise comparisons included cost, time, quality, ease of construction, and avail-
ability of method and skills, as shown in Figure 6.

The responses of construction experts, obtained in the pairwise comparisons, were used as 
inputs to determine the ranking of the selection criteria by each respondent. Table 6 shows 
the weight and rank of the criteria used in the selection of construction methods within each 
building component studied, along with the inconsistency ratio in each component of con-
struction, within the building project, from the AHP paired comparison matrix.

Table 6 shows that the inconsistency ratios of each component are less than 0.10 [43], which 
indicates the sufficient consistency in each matrix; therefore, all generated eigenvectors are 
considered. As shown in Table 6, it can be deduced that the construction method selection 
criteria weighting is in the following order at each stage:

1. Foundation time with weight value of 44.54% is more important than the other factors (cost 
(29.72%), quality (14.69%), ease of construction (7.31%), and availability of method and 
skill (3.74%)) in selecting foundation methods;

2. Structure cost with a weight value of 41.27% is the most important factor, followed by 
quality (24.19%), time (20.22%), availability of method and skill (10.39%), and ease of con-
struction (3.92%), respectively;

Figure 6. AHP model of the criteria influencing the selection of construction methods within building projects.
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3. Roofing quality with a weight value of 39.61% is the most important factor, followed by 
time and cost with weight values of 23.9 and 22.42%, ease of construction (8.21%), and 
availability of method and skills (5.86%);

4. Wall time and cost with weight values of 39.08 and 34.03% respectively, are the most 
important factors in selecting the wall methods, followed by quality (13.40%), ease of con-
struction (7.25%), and availability of method and skill (6.25%);

5. Façade quality with a weight value of 42.45% has a significant role in the selection of the 
façade construction method, followed by cost (27.28%), time (17.72%), ease of construction 
(8.36%), and availability of method and skill (4.19%); and

6. Flooring quality with a weight value of 37.61% and time with a weight value of 32.1% 
have a more important influence on the selection of a flooring method, followed by cost 
(14.21%), ease of construction (9.84%), and availability of method and skill (6.24%).

From a ranking perspective, the expert construction managers rated the key performance 
criteria (weight value) according to their importance in the selection of construction methods 
on building projects.

Table 7 presents the overall weight value and rank of each criterion used in the selection of 
construction methods, based on the AHP paired comparison matrix.

As shown in Table 7, the inconsistency ratio is less than 0.10, and time (29.60%) is the 
most important criterion used in the selection of construction methods in building proj-
ects, followed by quality (28.66%), cost (28.16%), and ease of construction (7.48%), and the 
least important is the availability of method and skill (6.11%). It is therefore anticipated 
that construction methods will be selected based on the criterion of time before other 
considerations.

5.3. Relationship between the level of use of the construction methods and selection 
criteria

To validate the calculated AHP weight value of each criterion in the previous section, the 
association between the criteria used in the selection of the construction methods and the 
level of use of the construction methods on building projects is determined, using the Pearson 
correlation coefficient (PCC). The results of the correlation coefficients are shown in Table 8.

Table 8 shows that there are positive significant relationships between the criteria used in the 
selection of construction methods identified by the respondents, and the level of use of the 
construction methods, in six different building components. This indicates that as the value 
of the criterion used in the selection of a construction method increases, the influence of using 
that construction method is likely to increase and vice-versa. Touran [44] proposed following 
convenient system to quantify the correlation coefficients: weak 0.15; moderate 0.45; and strong 
0.80. For instance, time (0.983) and cost (0.978) have a strong positive significant relationship 
on the selection of foundation methods, which means that an increase in the value of time and 
cost of a construction method (shorter duration and cheaper product) will result in an increase 
in the possibility of using the method and vice-versa. Table 6 shows that quality is the most 
significant criterion when selecting construction methods for roofing and that all criteria are 
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methods based on the data collected. Table 5 indicates that time (25.2%) is the primary cri-
terion that is most frequently used by construction managers in the selection of construction 
methods on building projects in the Middle East, followed by quality (23.9%), cost (23.0%), 
and ease of construction (17.2%), while the least used criterion is the availability of method 
and skill (10.8%).

5.2. Prioritizing the criteria used in the selection of construction methods used 
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criteria used in the selection of construction methods (within the building components of the 
projects). Pairwise comparisons included cost, time, quality, ease of construction, and avail-
ability of method and skills, as shown in Figure 6.
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2. Structure cost with a weight value of 41.27% is the most important factor, followed by 
quality (24.19%), time (20.22%), availability of method and skill (10.39%), and ease of con-
struction (3.92%), respectively;

Figure 6. AHP model of the criteria influencing the selection of construction methods within building projects.
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have a more important influence on the selection of a flooring method, followed by cost 
(14.21%), ease of construction (9.84%), and availability of method and skill (6.24%).

From a ranking perspective, the expert construction managers rated the key performance 
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ects, followed by quality (28.66%), cost (28.16%), and ease of construction (7.48%), and the 
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correlation coefficient (PCC). The results of the correlation coefficients are shown in Table 8.
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0.80. For instance, time (0.983) and cost (0.978) have a strong positive significant relationship 
on the selection of foundation methods, which means that an increase in the value of time and 
cost of a construction method (shorter duration and cheaper product) will result in an increase 
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significant when considering construction methods for the wall components. Also, Table 8 
presents the overall association between each criterion used in the selection of construction 
methods and the level of use of the construction method within the sample population.

As shown in Table 8, time (0.933) is the most associated criterion used in the selection of 
construction methods within the building projects studied followed by quality (0.932) and 
cost (0.931). These three factors have a strong positive significant relationship with the level of 
use of construction methods within the building projects assessed, while the ease of construc-
tion (0.771) and availability of method and skill (0.723) have a moderate positive significant 
relationship with the construction methods used within the building projects.

6. Discussion of findings

The main objectives of this study were to assess the criteria influencing the selection of con-
struction methods used in building projects and whether selection criteria differed according 
to building components. The collected data from expert surveys and 200 building projects 
were analyzed using AHP and Pearson correlation coefficient to determine the rank and 
weight value of each selection criterion, as well as the relationship between the criteria and 

Weight value (%) Inconsistency ratio Rank

Cost 29.60

0.04

1

Time 28.66 2

Quality 28.16 3

Ease of construction 7.48 4

Availability of method and skill 6.11 5

Table 7. Weight and rank of criteria used in the selection of construction methods on building projects.

Foundation Structure Roofing Wall Façade Floor

Cost 0.978* 0.994* 0.875* 0.992** 0.902* 0.903

Time 0.983* 0.961* 0.879* 0.993** 0.814 0.953*

Quality 0.921 0.986* 0.940** 0.978** 0.960** 0.974*

Ease of construction 0.873 0.436 0.779 0.970** 0.658 0.840

Availability of method and skill 0.614 0.949 0.687 0.965** 0.390 0.734

*Correlation is significant at the 0.05 level (two-tailed).
**Correlation is significant at the 0.01 level (two-tailed).

Table 8. Correlation between criteria used in the selection and level of use of the construction methods within different 
building components.
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significant when considering construction methods for the wall components. Also, Table 8 
presents the overall association between each criterion used in the selection of construction 
methods and the level of use of the construction method within the sample population.

As shown in Table 8, time (0.933) is the most associated criterion used in the selection of 
construction methods within the building projects studied followed by quality (0.932) and 
cost (0.931). These three factors have a strong positive significant relationship with the level of 
use of construction methods within the building projects assessed, while the ease of construc-
tion (0.771) and availability of method and skill (0.723) have a moderate positive significant 
relationship with the construction methods used within the building projects.

6. Discussion of findings

The main objectives of this study were to assess the criteria influencing the selection of con-
struction methods used in building projects and whether selection criteria differed according 
to building components. The collected data from expert surveys and 200 building projects 
were analyzed using AHP and Pearson correlation coefficient to determine the rank and 
weight value of each selection criterion, as well as the relationship between the criteria and 

Weight value (%) Inconsistency ratio Rank

Cost 29.60

0.04

1

Time 28.66 2

Quality 28.16 3

Ease of construction 7.48 4

Availability of method and skill 6.11 5

Table 7. Weight and rank of criteria used in the selection of construction methods on building projects.

Foundation Structure Roofing Wall Façade Floor

Cost 0.978* 0.994* 0.875* 0.992** 0.902* 0.903

Time 0.983* 0.961* 0.879* 0.993** 0.814 0.953*

Quality 0.921 0.986* 0.940** 0.978** 0.960** 0.974*

Ease of construction 0.873 0.436 0.779 0.970** 0.658 0.840

Availability of method and skill 0.614 0.949 0.687 0.965** 0.390 0.734

*Correlation is significant at the 0.05 level (two-tailed).
**Correlation is significant at the 0.01 level (two-tailed).

Table 8. Correlation between criteria used in the selection and level of use of the construction methods within different 
building components.
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the level of use of the construction methods within different components of building projects. 
Triangulating the results of the three analysis tests, as shown in Table 9, reveals that the AHP 
weight values and Pearson correlation coefficients correspond to each other in all the differ-
ent stages of the building projects considered. However, the discrepancy between results in 
some stages (level of influence of criteria in selecting the construction method to AHP weight 
values and Pearson correlation coefficients) demonstrated that some of the project managers 
selected improper and inappropriate construction methods that were neither complement 
project objectives nor optimal methods. For instance, the construction method employed by 
project managers studied at the roofing stage was not the optimal method, due to a mismatch 
in the ranking of quality and time factors. In addition, construction methods selected for use 
in the structure and wall stages were improper and inappropriate.

The total weight value of different construction methods was achieved using perceived per-
formance attributes of construction methods and AHP weight value of criteria in six building 
components. The total weight value assists decision makers in identifying the best suitable con-
struction methods with the highest total weight value in each building component. To facilitate 
the comparison between construction methods within each component of building projects, the 
cluster bar chart of the total value of six building components was plotted in Figure 7.

Figure 7 shows that the best construction methods with the highest total weight value at each 
stage of building projects are steel framework in foundation stage with total weight value of 
300, light steel frame structure (LSF) in structure stage with total weight value of 289.61, steel 
decking in roofing stage with total weight value of 300, Leca block in wall stage with total 

Stage Rank Level of influence AHP Correlation coefficient

Factor % Factor Weight value Factor Dependency

Foundation 1st Time 27.0 Time 44.54 Time 0.983*

2nd Cost 25.7 Cost 29.72 Cost 0.978*

Structure 1st Time 25.5 Cost 41.27 Cost 0.994*

2nd Cost 25 Quality 24.19 Quality 0.986*

Roofing 1st Time 26.8 Quality 39.61 Quality 0.940**

2nd Quality 23.8 Time 23.9 Time 0.879*

Wall 1st Quality 24.8 Time 39.08 Time 0.993**

2nd Cost 24.1 Cost 34.03 Cost 0.992**

Façade 1st Quality 28.3 Quality 27.28 Quality 0.960**

2nd Cost 22.1 Cost 42.45 Cost 0.902*

Flooring 1st Quality 27.2 Quality 37.61 Quality 0.974*

2nd Time 24.6 Time 32.1 Time 0.953*

*Correlation is significant at the 0.05 level (two-tailed).
**Correlation is significant at the 0.01 level (two-tailed).

Table 9. 1st and 2nd criteria used in the selection of construction methods in each stage of building projects.
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weight value of 265.97, steel façade in the façade stage with total weight value of 237.08, and 
laminate flooring in the flooring stage with total weight value of 300.

The comparison between the distribution of construction methods and the total weight value 
of construction methods reveals that majority of the responding construction managers were 
not able to determine and select the best construction methods for different building compo-
nents. It can be deduced that only 53% of construction managers have implemented the best 
construction method in the foundation stage, 5.5% in the structure stage, 38% in the roofing 
stage, 45% in the wall stage, 12% in the façade stage, and 39% in the flooring stage.

Table 10 shows the data analysis summary obtained from Tables 5, 6, and 8, on the level 
of use of the criteria in the selection of construction methods, AHP weight value, and PCC 
relationship of each selection criterion to methods used in the overall stage of the building 
projects examined.

Cross-comparison of the PCC dependency results between criteria used in the selection and 
level of use of the construction methods (Table 8), with the AHP weight value of the criteria 
in the selection of each component of building, and the overall AHP weight value (Tables 6 
and 7), validates the determined AHP weight values (See Table 10).

As demonstrated in Table 10, it emerged from the study that the results of three analysis tests 
established that the most important factor in the selection of construction methods is time, or 
duration of construction, with the highest level of use in the selection of construction methods, 
a weight value of 29.60% and a strong positive significant dependency to construction methods 

Figure 7. Total weight value of construction methods within each component of building projects.
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the level of use of the construction methods within different components of building projects. 
Triangulating the results of the three analysis tests, as shown in Table 9, reveals that the AHP 
weight values and Pearson correlation coefficients correspond to each other in all the differ-
ent stages of the building projects considered. However, the discrepancy between results in 
some stages (level of influence of criteria in selecting the construction method to AHP weight 
values and Pearson correlation coefficients) demonstrated that some of the project managers 
selected improper and inappropriate construction methods that were neither complement 
project objectives nor optimal methods. For instance, the construction method employed by 
project managers studied at the roofing stage was not the optimal method, due to a mismatch 
in the ranking of quality and time factors. In addition, construction methods selected for use 
in the structure and wall stages were improper and inappropriate.

The total weight value of different construction methods was achieved using perceived per-
formance attributes of construction methods and AHP weight value of criteria in six building 
components. The total weight value assists decision makers in identifying the best suitable con-
struction methods with the highest total weight value in each building component. To facilitate 
the comparison between construction methods within each component of building projects, the 
cluster bar chart of the total value of six building components was plotted in Figure 7.

Figure 7 shows that the best construction methods with the highest total weight value at each 
stage of building projects are steel framework in foundation stage with total weight value of 
300, light steel frame structure (LSF) in structure stage with total weight value of 289.61, steel 
decking in roofing stage with total weight value of 300, Leca block in wall stage with total 

Stage Rank Level of influence AHP Correlation coefficient

Factor % Factor Weight value Factor Dependency

Foundation 1st Time 27.0 Time 44.54 Time 0.983*

2nd Cost 25.7 Cost 29.72 Cost 0.978*

Structure 1st Time 25.5 Cost 41.27 Cost 0.994*

2nd Cost 25 Quality 24.19 Quality 0.986*

Roofing 1st Time 26.8 Quality 39.61 Quality 0.940**

2nd Quality 23.8 Time 23.9 Time 0.879*

Wall 1st Quality 24.8 Time 39.08 Time 0.993**

2nd Cost 24.1 Cost 34.03 Cost 0.992**

Façade 1st Quality 28.3 Quality 27.28 Quality 0.960**

2nd Cost 22.1 Cost 42.45 Cost 0.902*

Flooring 1st Quality 27.2 Quality 37.61 Quality 0.974*

2nd Time 24.6 Time 32.1 Time 0.953*

*Correlation is significant at the 0.05 level (two-tailed).
**Correlation is significant at the 0.01 level (two-tailed).

Table 9. 1st and 2nd criteria used in the selection of construction methods in each stage of building projects.
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weight value of 265.97, steel façade in the façade stage with total weight value of 237.08, and 
laminate flooring in the flooring stage with total weight value of 300.

The comparison between the distribution of construction methods and the total weight value 
of construction methods reveals that majority of the responding construction managers were 
not able to determine and select the best construction methods for different building compo-
nents. It can be deduced that only 53% of construction managers have implemented the best 
construction method in the foundation stage, 5.5% in the structure stage, 38% in the roofing 
stage, 45% in the wall stage, 12% in the façade stage, and 39% in the flooring stage.

Table 10 shows the data analysis summary obtained from Tables 5, 6, and 8, on the level 
of use of the criteria in the selection of construction methods, AHP weight value, and PCC 
relationship of each selection criterion to methods used in the overall stage of the building 
projects examined.

Cross-comparison of the PCC dependency results between criteria used in the selection and 
level of use of the construction methods (Table 8), with the AHP weight value of the criteria 
in the selection of each component of building, and the overall AHP weight value (Tables 6 
and 7), validates the determined AHP weight values (See Table 10).

As demonstrated in Table 10, it emerged from the study that the results of three analysis tests 
established that the most important factor in the selection of construction methods is time, or 
duration of construction, with the highest level of use in the selection of construction methods, 
a weight value of 29.60% and a strong positive significant dependency to construction methods 

Figure 7. Total weight value of construction methods within each component of building projects.
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used. It can be inferred from this finding that adopting a process that has a shorter duration 
has two impacts on the project; first, it reduces the duration of the project, thereby decreasing 
the cost of the project by reducing the cost of labor equivalent to amended time [13, 14].

The second most important factor seen from Table 10 is that quality highly influences the 
selection of construction methods, with a weight value of 28.66% and a strong positive signifi-
cant dependency to construction method. It can be deduced that quality is the second prior-
ity of construction managers when selecting building materials and construction methods. 
Conversely, the new generation of building regulations and codes tends to increase the quality 
of buildings [6]; therefore, choosing poor quality methods and materials could lead to addi-
tional cost and time, due to failure to meet these building regulations, or owners’ expectations.

Furthermore, the study found that the third factor influencing the selection of construction 
methods is cost, with a weight value of 28.16% and also a strong positive significant depen-
dency to construction method (see Table 10). Unlike time, the cost is a single dimension ele-
ment, and choosing the method or material with less cost will not guarantee or improve the 
other influencing factors [13]. For instance, cement hollow block (CHB) is cheaper than Leca 
block, but the construction time is longer and the implementation process is more difficult 
because the method uses more labor in the construction process and construction of the CHB 
wall would increase the overall cost of the project due to higher labor costs [42].

The fourth important factor influencing the selection of construction methods is the Ease of 
construction, with a weight value of 7.48% and moderate positive significant dependency 
to construction methods used. Finally, the factor with the least priority is the availability 
of methods and skills, with a weight value of 6.11% and also a moderate positive signifi-
cant dependency on construction methods used. The data obtained provide evidence of the 
adequate supply of all methods and expertise in the construction market of the Middle East.

The findings of the study are consistent with those of previous studies by Noorzai et al. [45] 
and Monghasemi et al. [13], who acknowledge that the most important effective criterion for 
the selection of construction methods in building projects is time, followed by quality and 
cost, among other factors; Lam et al. [46] indicates that in order to enhance productivity and 
efficiency of building projects, a shorter time and higher quality methods, such as precast or 
prefabricated systems, should be employed in the construction stage of projects.

Level of 
influence

Rank AHP weight 
value

Rank PCC dependency Rank

Time 25.2 1 29.6 1 0.933** 1

Quality 23.9 2 28.66 2 0.932** 2

Cost 23.0 3 28.16 3 0.931** 3

Ease of construction 17.2 4 7.48 4 0.771** 4

Availability of method and skill 10.8 5 6.11 5 0.723** 5

**Correlation is significant at the 0.01 level (two-tailed).

Table 10. Data analysis summary.
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The above analysis evaluated the importance, significance, and priority of each criterion that 
influences the selection of construction methods in selected components of building projects 
and highlighted that the selection criterion differs in line with the different building compo-
nents. This knowledge helps decision makers like construction managers and engineers to 
identify the importance (weight value) of each key performance criterion (time, cost, quality, 
ease of construction, and availability of method and skill) and best available construction 
method (total weight value) in different stages of building projects. They are then enabled to 
make proper decisions and select appropriate methods accordingly.

Selecting appropriate construction methods based on these priorities plays a significant role 
in achieving the project objectives and enhancing productivity and successful project delivery 
[47]. The other advantage of this knowledge is that building material manufacturers could use 
this guideline as a tool in the production of innovative technologies and modern construction 
methods for each component, according to the priority of the criterion used in its selection, so 
as to improve the productivity, efficiency, and quality of building projects.

7. Conclusion

The lack of an efficient systematic approach to the selection of appropriate construction methods 
for building projects necessitates a critical examination of the various construction methods cur-
rently available to identify the criteria used in their selection and their weight and to enable the 
optimum performance, success, and sustainability of building projects. Therefore, this study 
examines how key performance criteria were used in the selection of construction methods 
on projects and whether these selection criteria differed across different building components 
toward making recommendations for improving the selection of appropriate construction meth-
ods on projects. To achieve this objective, the study employed an AHP (structured mathemati-
cal) model and PCC (statistical) analysis to aggregate and compare relative weight values of 
different construction methods in six major building components, based on their performance 
criteria in construction projects completed in the Middle East.

The study found that 47% of construction managers had employed improper and inappropri-
ate methods in the foundation stage, 94.5% in the structure stage, 62% in the roofing stage, 
55% in the wall stage, 88% in the façade stage, and 61% in the flooring stage despite the avail-
ability of new equipment and facilities, innovative technologies, and modern construction 
methods in the Middle East.

The results of the AHP model and PCC analysis revealed that the most important criteria for 
the selection of construction methods and also the best component for each stage of a build-
ing project were steel framework in the foundation, light steel frame structure (LSF) in the 
structure, steel decking also in the roofing, Leca block in the wall, steel façade in the façade, 
and laminate in the flooring.

The study established the positive significant role and impact of time and quality performance 
criteria in the selection of construction methods. Based on the findings, it was concluded that the 
capacity of a method of construction to shorten the time span for the process (29.60%) and facili-
tate a higher quality of building (28.66%) rendered it more likely to be used on building projects. 
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Level of 
influence

Rank AHP weight 
value
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Table 10. Data analysis summary.
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toward making recommendations for improving the selection of appropriate construction meth-
ods on projects. To achieve this objective, the study employed an AHP (structured mathemati-
cal) model and PCC (statistical) analysis to aggregate and compare relative weight values of 
different construction methods in six major building components, based on their performance 
criteria in construction projects completed in the Middle East.

The study found that 47% of construction managers had employed improper and inappropri-
ate methods in the foundation stage, 94.5% in the structure stage, 62% in the roofing stage, 
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structure, steel decking also in the roofing, Leca block in the wall, steel façade in the façade, 
and laminate in the flooring.

The study established the positive significant role and impact of time and quality performance 
criteria in the selection of construction methods. Based on the findings, it was concluded that the 
capacity of a method of construction to shorten the time span for the process (29.60%) and facili-
tate a higher quality of building (28.66%) rendered it more likely to be used on building projects. 
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To achieve project objectives, enhance productivity, and successful project delivery, building 
components that are suitably aligned to these criteria should be selected by project decision 
makers, while construction materials producers need to align their products to fit these criteria.

Finding the most suitable and sustainable construction methods for building components 
will accomplish a sustainable building, as is required in the Middle East and other develop-
ing countries. The detailed analysis and results of prioritizing the affecting factors from this 
research should be used as a platform and benchmark for future studies. Also, this platform 
should be utilized for evaluating the level of efficiency of building processes and as a guide-
line for improving the effectiveness of building processes by selecting optimum construction 
methods that are aligned to project objectives and targets.

It is possible to extend the straightforward and flexible model developed here to other con-
struction methods and ultimately to the whole building project. The model criteria can also be 
modified, depending on the scope or focus of the study. Not only it is the proposed systematic 
approach applicable to different construction projects, but also it is useful globally to improve 
standards of construction, thereby benefiting communities and ensuring safer, sturdier, and 
more sustainable buildings.
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Abstract

The maximum amount of electricity is produced by most of the thermal power plants by 
burning coal at their operating facilities. Due to this activity, various types of secondary 
materials are generated. Any material resulting from coal-combustion processes may be 
called as a coal-combustion product (CCP). Among different CCPs reported worldwide 
by coal-burning power plants, flyash is the most common one. As per the characteriza-
tion report, flyash is considered as a powdery material being collected by dust collectors 
installed in the thermal power plants with the use of coal as fuel. There are different 
problems related to flyash like requirement of large area of land for disposal and toxicity 
caused by flyash which leach to groundwater. The study has established flyash as air and 
water pollution source. It is considered as waste that may act as a resource material in 
construction industry, thereby acting as a resource for waste and environment manage-
ment. Till a decade back, flyash was treated as waste material worldwide, but now it is 
developed as an environment savior.

Keywords: thermal power plants, coal-combustion product, flyash, waste material

1. Introduction

A naturally cementitious material that is obtained as a by-product after coal-combustion is fly-
ash. In order to reduce pollution, flyash is extracted from the precipitators installed in smoke-
stacks of coal-burning power plants. In near future, it is expected that a number of thermal 
power stations will increase with the increasing demand of power and coal. Flyash is spherical 
in shape and solidify in suspension form in exhaust gases. The composition of flyash consti-
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called as a coal-combustion product (CCP). Among different CCPs reported worldwide 
by coal-burning power plants, flyash is the most common one. As per the characteriza-
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water pollution source. It is considered as waste that may act as a resource material in 
construction industry, thereby acting as a resource for waste and environment manage-
ment. Till a decade back, flyash was treated as waste material worldwide, but now it is 
developed as an environment savior.
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Figure 1. Representation of the production (million tons/year) of flyash in different countries.

in concrete or soil stabilization are discussed in [1, 2]. According to Ref. [1], flyash is broadly 
classified into two classes, viz. Class F and Class C. The major difference between these two 
classes is the percentage of calcium, silica, alumina, and iron content. The chemical content of 
burned coal properties, i.e., anthracite and bituminous, decides the chemical content of the fly-
ash. When older and harder anthracite burns, they produce Class F flyash, which is pozzolanic 
in nature with 10% lime (CaO). In order to possess cementitious property, Class F flyash with 
the glassy silica and alumina requires a cementing agent like Portland cement, quicklime, or 
hydrated lime. The addition of sodium silicate (water glass) as a chemical activator to a Class 
F flyash may lead to the geopolymer formation. The burning of younger sub-bituminous coal 
produces flyash with pozzolanic and self-cementing properties. The presence of water hardens 
Class C flyash and enhances its strength with time. More than 20% lime is possessed by Class 
C flyash. Like self-cementing Class C flyash does not require an activator unlike Class F. The 
percentage of alkali and sulfate (SO4) are high in Class C flyash. Till a decade, flyash was con-
sidered as an industrial waste pollution and was disposed off in ash ponds. Several cumulative 
researches have been carried out worldwide for flyash management and disposal. The quality 
of flyash depends on various factors like coal, percentage of ash in coal, coal particle fineness, 
combustion technique used, air/fuel ratio, burners used, and type of boiler. During last few 
decades, innovative and alternate building materials with economic construction techniques 
have been developed by intensive research efforts which provide an opportunity to bring 
down the cost of construction. Flyash is the by-product of industry generated about 112 million 
tons from Thermal Power Plants (TPPs) with proven suitability for various applications such as 
admixture in cement/concrete/mortar, lime pozzolana mixture (bricks/blocks), etc. The cement 
industry is responsible for 50% utilization of flyash, the total utilization of this accounts for 
30MT (28%). The other application areas include low lying area fill (17%), roads and embank-
ments (15%), dyke raising (4%), brick manufacturing (2%) and in paint industry, agriculture, 
etc. [3]. According to 2001 census, India is the first largest country for the production of flyash 
worldwide. Figure 1 shows the flyash production (million tons/year) in various countries.
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2. Current scenario of flyash in India

Recent production of flyash, a by-product from coal-based TPPs annually, is about 160 mil-
lion tons (MT) and is expected to be about 600 MT by 2030 according to the current ENVIS 
CSIR report. As per the reports, India is among the largest producer of coal and contributes 
about 70% of the total installed capacity for power generation [4]. The bituminous and sub-
bituminous coal-use contains over 40% ash content. About 120–150 million tons of coal flyash 
are generated from 120 existing coal-based TPPs in India [5]. The emerging amount of average 
generation and utilization data received during the last 5 years by ENVIS Centre on flyash [6] 
is 166 million and 96 million tons. Flyash generation and utilization during the year 2011–2012, 
2012–2013, 2013–2014, 2014–2015, and the first half year of 2015–2016 are shown in Table 1.

Flyash generation and utilization data for the first half of 2015–2016 (April 2015 to September 
2015) is expected to be 132 coal/lignite-based thermal power stations of different power utili-
ties in the country. As per the data received on March 15, 2016, a conclusion was derived on 
the current status of flyash generation and its utilization in the country [7]. Flyash utilization 
percentage (of 146 thermal power stations) has increased during the first half of 2015–2016 
compared to utilization during first half of the previous year 2014–2015 [7]. ENVIS Centre 
on flyash hosted by CSIR-Central Building Research Institute, Roorkee sponsored by the 
Ministry of Environment, Forests and Climate Change, Government of India shows the cor-
relation between production and utilization from 1990 to 2030. The flyash generation and 
utilization scenario in India is shown in Figure 2.

2.1. Materials and method

The flyash utilized in the study was collected through electrostatics precipitators of Harduaganj 
Thermal Power Station Aligarh (UP), India [8]. The chemical analysis of flyash was done to 
determine the oxides of silica, iron, calcium, aluminum, total sodium, magnesium, and total 
potassium. The procedures used to determine the abovementioned elements are as per the 
specification of ASTM Designation: D 4326. About 0.50 g of the ashed flyash sample and 6.5 g 

Source: ENVIS Centre on Flyash Hosted by CSIR-Central Building Research Institute, Roorkee. Sponsored by Ministry 
of Environment, Forests & Climate Change, Govt. of India.

Table 1. Flyash generation and utilization current scenario in India.
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of fluxing material were taken into the crucible with 400 μL of liquid lithium bromide before 
fusing. In order to determine the loss on ignition, available sodium oxide, potassium oxide 
and alkali were used in accordance with ASTM designation C311.3. The sulfur trioxide with 
the carbon sulfur determinator was used to determine sulfur. XRF (X-ray fluorescence), X-ray 
diffraction (XRD), wavelength dispersive spectroscopy (microprobe WDS), and X-ray micro-
analysis (EDS) techniques are used in the chemical analyses of flyash. The physical properties 
were determined by Indian standards.

2.2. Chemical analysis of flyash

Determination of chemical composition of flyash is mandatory for classification of flyash as per 
the standards. The chemical composition of flyash consists of silicon, aluminum, calcium, iron, 
sulfur, and magnesium oxides along with carbon and other trace elements. These elements 
found in the ash possess high melting points and the short duration of the ash particles remain 
in furnace during combustion process. The SiO2 causes the initiation of the combustion process 
and are maintained as quartz in the coal ash. The clay mineral loses water molecule and melt 
forming alumino-silicate crystalline and noncrystalline (glassy) materials. Fe, Ca, and Mg along 
with oxygen in the air form oxides, such as magnetite (Fe2O3), lime (CaO), and periclase (MgO).

2.2.1. Chemical analysis of Class F flyash for present study

Locally available samples were examined in the present study. The detailed image analysis 
about the surface morphology and texture of individual particles were studied by Scanning 
Electron Microscopy (SEM) with Energy Dispersive Spectroscopy (EDS). SEM is one of 
the widely used techniques for the chemical characterization of ash. The exact chemical 
composition is discussed in Table 2. The elements identified in the flyash samples were 
found to be C, O, Al, Si, K, Ca, and Ti in various compound forms (Al2O3, SiO2, K2O, CaO, 
TiO2, etc.). The quantitative result from point analysis of Class F flyash used in the study is 
shown in Figure 3.

Figure 2. Current flyash scenario generation vs. utilization. Source: ENVIS Centre on Flyash Hosted by CSIR-Central 
Building Research Institute, Roorkee sponsored by Ministry of Environment, Forests & Climate Change, Govt. of India.
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2.2.2. SEM/EDS analysis for present study

The surface morphology characterization has a vital role to play in understanding the physi-
cal and chemical behavior of the material. There detailed knowledge of the physical nature of 
solid surfaces in the fields of material science and surface chemistry is of utmost importance. 
SEM is a technique to study different modes of association of particle for surface irregularities 
detection. SEM is used to investigate the surface morphology of the sample. Figure 4 shows 
SEM images recorded on Class F flyash sample surface at ×2000, ×5000, and ×6000 magnifica-
tions. As, it can be seen, Figure 4a and b clearly indicates the presence of irregular shaped 
particles of variable size, covered with relatively smooth grains of quartz. The micrographs in 
Figure 4c and d also designated dark areas as organic materials, light areas as mineral mat-
ter, and gray as mixture of coal and ash. The solid and porous part indicated the presence of 
mineral matter most likely quartz, partially burnt coal particles were shown by irregular black 
porous parts. Particles size 10 μm at WD 13 mm appeared to be spherical with small bulging 
of siliceous and aluminous glass Figure 4e. EDS of flyash sample suggested the presence 

Table 2. List of Elements with their weight (%) and atomic (%) present in Class F flyash.

Figure 3. Quantitative results from point analysis of Class F flyash.
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of carbon, oxygen, aluminum, silicon, potassium, calcium, and titanium as the primary ele-
ments. Hence, SEM/EDS are one of the important and widely used techniques for physico-
chemical analysis of flyash samples. The identified elements in the flyash samples were found 
to be C, O, Al, Si, K, Ca, and Ti in various compounds (Al2O3, SiO2, K2O, CaO, TiO2, etc.) as 
determined by EDS, as shown in Figure 5.

Figure 4. SEM micrograph of Class F Flyash with different particles size (a) 2 μm at WD 13 mm; (b) 2 μm at WD 14 mm 
(c); 5 μm at WD 13 mm; (d) 5 μm at WD 14 mm; and (e) 10 μm at WD 13 mm.
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2.3. Physical analysis of Class F flyash for present study

Physical analysis is one of the important parameter for selection and consideration of material 
in the civil engineering construction industry. Its geo-technical properties make it a good sub-
stitute of soil and the required percentage provide the general range of physical geo-technical 
properties available in the flyash sample. As determined in the present study, the physical 
properties of Class F flyash are listed in Table 3. The physical properties of common soils 

Figure 5. Identified element of Class F flyash by EDS.

Table 3. Summary of test results for different experiments on Class F Flyash.
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mentioned in [6] for Indian soil are selected for the comparison also provided in Table 3, the 
typical variations of comparative study obtained by Table 3. The sample of locally available 
common soil also tested for comparison with Class F sample. It is found in the study that 
the physical properties of Class F flyash is very close to the relative values of common soils 
though it may differ from one country to another on their geographical conditions. There are 
several factors as to why soils differ with respect to region. The parent material are the source 
of most influential factors, others include climate and terrain of the region as well as the type 
of plant life and vegetation present. As per the study, the focus is on the geo-technical func-
tions of the flyash and its comparison with the common soil which is an important criterion to 
replace any natural material. The strength and durability are two important factors to replace 
any material in construction industry. A material is considered as a building material if it 
requires properties suitable enough to be engineered for construction. A series of experiments 
conducted [9] showed that the addition of flyash improved the soil properties, viz., texture, 
structure, and bulk density. Permeability of clay loam soil increased from 0.54 to 2.14 cm/h 
by 50% addition of flyash, whereas it decreased from 23.80 to 9.67 cm/h in sandy soil by 50% 
flyash addition. Water retaining capacity of sandy soil increased from 0.38 to 0.53 cm/cm at 
50% level. The characterization studies have been performed by researchers to evaluate the 
suitability of flyash for other fields of applications. The nature of Indian flyash is alkaline, 
hence, its use in agricultural soils increase pH of the soil thereby, neutralizing acidic soil [10].

2.4. Published studies on flyash

The production of high performance concrete (HPC) needs to incorporate the supplementary 
cementations materials such as flyash and kaolin in the concrete mix [10]. The fiber combina-
tion in the premix reinforced flyash lime stone dust brick (10FRFALSDB3’) to have highest 
compressive strength (9.155 MPa) with 10% stone dust, and sand combination at 10% cement 
[11]. Ref. [12] carried out several tests on flyash-based brick tiles of Class F type. After experi-
mental investigation, it was proved that the tiles failed on the lower compressive strength 
as compared to the conventional clay roof tiles. The highest compressive strength reached 
6.896 MPa for 15TFASDBT combination. The experimental investigation [13] discloses that 
on increasing the content of Cement (C) at the fixed percentage of Treated Flyash (T.F.A) and 
Radish Stone Dust (R.S.D), the permeability values lowered down. Although the permeability 
(k) dropped with variation of the coarse sand (C.S) with C, k has been found to be in the 
range 10−7 much closer to the value of clay readily available in the market for making bricks 
and roof tiles. Through new sets of experiment conducted by [14], its compressive strength 
increased up to 30.65% as compared to past learning of [12]. The Class C flyash category was 
employed as a raw material for full replacement of clay for making flyash bricks. In that par-
ticular study, the effect of flyash with high replacement of clay mixed with different materials 
were studied at a constant percentage of cement, i.e., 10%. It also revealed that the highest 
compressive strength (79 kg/cm2) was obtained in the case of 25TFASDB which was compared 
to be less than the maximum strength (105 kg/cm2) of standard first class clay brick. Moreover, 
the study was important as it replaced 50% of top soil by flyash. The 25TFASDB bricks can 
be safely used in frame structure buildings as a non-load bearing walls and also in load bear-
ing walls in case of single storey constructions [15]. Ref. [16] suggested that the flyash-scrap 
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tire fiber composite offered a sustainable supplement to traditional insulation. This not only 
increased the competence of traditional insulation, but also helped in significantly reducing 
the environmental issues related to disposal of waste products.

2.5. Flyash utilization in different sectors

Since the last 30 years, flyash is not considered as hazardous waste; and researchers are exten-
sively exploring the area of research related to utilization of flyash in various sectors. The pro-
grams concerned with flyash utilization may be broadly analyzed as extenuating the effects of 
environment and considering disposal issues (low value–high volume utilization) [17]. Below 
are addressed some of the potential areas of flyash utilization.

2.5.1. Development of flyash-based polymer composites as substitute for wood

Recently, flyash-based polymer composites have been developed with jute cloth as reinforce-
ment and flyash as filler. This technology may be used as a substitute for wood which may 
have applications in door shutters, flooring tiles, partition panels, ceiling, wall paneling, etc. 
The technology of flyash-based polymer composite was developed by Regional Research 
Laboratory, Bhopal in collaboration with Building Materials and Technology Promotion 
Council (BMTPC) and TIFAC. A commercial plant is being based near Chennai for the above 
developed technology [18].

2.5.2. Flyash-based cement

According to the specifications of Bureau of Indian Standards, up to 35% flyash is permissible 
in PPC manufacture in India; whereas worldwide other countries permit up to 55% flyash 
utilization in PPC production. In such applications, 25% of cement production is meant for 
OPC and the rest 75% may be for PPC with 30% flyash content [18]. This would utilize around 
25 MT flyash, thereby replacing cement clinker with gross net saving of Rs. 2500 crores [19].

2.5.3. Role of bio-amelioration of flyash on soil

Recent studies recommend the use of flyash with organic compounds like cow manure, paper 
factory sludge, press mud, sewage sludge, farmyard manure, organic compost, and crop resi-
dues for upgrading degraded/marginal soil [20]. The beneficial effects of flyash along with 
soil organic matter are reduction in the availability of heavy metal and sludge pathogens [21]; 
improvement in nutrient concentration of soil and better texture quality, lesser bulk density, 
better porosity and content of mass moisture, and increase in content of fine-grained minerals 
[22]; improvement in biological activity of the soil [23]; reduction in the leaching of major 
nutrients [24]; and favorable for vegetation growth [25]. The utilization of swine manure 
along with flyash improved the accessibility of Ca and Mg in the soil, thereby balancing the 
monovalent and bivalent cations ratio (Na++ K+/Ca2+ Mg2+) that is detrimental to the soil [26]. 
The utilization of “slash” in a mixture of flyash, sewage sludge, and lime (60:30:10) had valu-
able soil ameliorating effect. The incorporation of “slash” in soil demonstrated positive effects 
on soil pH and Ca, Mg, and P content and reduction in the translocation of Ni and Cd [27] 
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cementations materials such as flyash and kaolin in the concrete mix [10]. The fiber combina-
tion in the premix reinforced flyash lime stone dust brick (10FRFALSDB3’) to have highest 
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[11]. Ref. [12] carried out several tests on flyash-based brick tiles of Class F type. After experi-
mental investigation, it was proved that the tiles failed on the lower compressive strength 
as compared to the conventional clay roof tiles. The highest compressive strength reached 
6.896 MPa for 15TFASDBT combination. The experimental investigation [13] discloses that 
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Radish Stone Dust (R.S.D), the permeability values lowered down. Although the permeability 
(k) dropped with variation of the coarse sand (C.S) with C, k has been found to be in the 
range 10−7 much closer to the value of clay readily available in the market for making bricks 
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ticular study, the effect of flyash with high replacement of clay mixed with different materials 
were studied at a constant percentage of cement, i.e., 10%. It also revealed that the highest 
compressive strength (79 kg/cm2) was obtained in the case of 25TFASDB which was compared 
to be less than the maximum strength (105 kg/cm2) of standard first class clay brick. Moreover, 
the study was important as it replaced 50% of top soil by flyash. The 25TFASDB bricks can 
be safely used in frame structure buildings as a non-load bearing walls and also in load bear-
ing walls in case of single storey constructions [15]. Ref. [16] suggested that the flyash-scrap 
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tire fiber composite offered a sustainable supplement to traditional insulation. This not only 
increased the competence of traditional insulation, but also helped in significantly reducing 
the environmental issues related to disposal of waste products.

2.5. Flyash utilization in different sectors

Since the last 30 years, flyash is not considered as hazardous waste; and researchers are exten-
sively exploring the area of research related to utilization of flyash in various sectors. The pro-
grams concerned with flyash utilization may be broadly analyzed as extenuating the effects of 
environment and considering disposal issues (low value–high volume utilization) [17]. Below 
are addressed some of the potential areas of flyash utilization.

2.5.1. Development of flyash-based polymer composites as substitute for wood

Recently, flyash-based polymer composites have been developed with jute cloth as reinforce-
ment and flyash as filler. This technology may be used as a substitute for wood which may 
have applications in door shutters, flooring tiles, partition panels, ceiling, wall paneling, etc. 
The technology of flyash-based polymer composite was developed by Regional Research 
Laboratory, Bhopal in collaboration with Building Materials and Technology Promotion 
Council (BMTPC) and TIFAC. A commercial plant is being based near Chennai for the above 
developed technology [18].

2.5.2. Flyash-based cement

According to the specifications of Bureau of Indian Standards, up to 35% flyash is permissible 
in PPC manufacture in India; whereas worldwide other countries permit up to 55% flyash 
utilization in PPC production. In such applications, 25% of cement production is meant for 
OPC and the rest 75% may be for PPC with 30% flyash content [18]. This would utilize around 
25 MT flyash, thereby replacing cement clinker with gross net saving of Rs. 2500 crores [19].

2.5.3. Role of bio-amelioration of flyash on soil

Recent studies recommend the use of flyash with organic compounds like cow manure, paper 
factory sludge, press mud, sewage sludge, farmyard manure, organic compost, and crop resi-
dues for upgrading degraded/marginal soil [20]. The beneficial effects of flyash along with 
soil organic matter are reduction in the availability of heavy metal and sludge pathogens [21]; 
improvement in nutrient concentration of soil and better texture quality, lesser bulk density, 
better porosity and content of mass moisture, and increase in content of fine-grained minerals 
[22]; improvement in biological activity of the soil [23]; reduction in the leaching of major 
nutrients [24]; and favorable for vegetation growth [25]. The utilization of swine manure 
along with flyash improved the accessibility of Ca and Mg in the soil, thereby balancing the 
monovalent and bivalent cations ratio (Na++ K+/Ca2+ Mg2+) that is detrimental to the soil [26]. 
The utilization of “slash” in a mixture of flyash, sewage sludge, and lime (60:30:10) had valu-
able soil ameliorating effect. The incorporation of “slash” in soil demonstrated positive effects 
on soil pH and Ca, Mg, and P content and reduction in the translocation of Ni and Cd [27] 
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and enhanced growth and yield of corn, potatoes, and beans in pot trials. Therefore, changes 
in flyash may enhance the quality of agricultural sector for crop production [28].

2.5.4. Flyash bricks

According to a study by Central Fuel Research Institute, Dhanbad, India, a technology is pro-
posed for the use of flyash in building bricks [17]. About 40–70% flyash is used in building 
bricks. The current scenario suggests a market with production of 100 billion clay bricks a year. 
In case, on technical acceptance of flyash brick which are environment friendly and economi-
cally viable, it may target at least 2 billion flyash bricks per year. This would consume approxi-
mately 5 million ton of flyash/year, hence generating a saving of around Rs. 200 million per 
year. There are several advantages of flyash bricks over conventional clay bricks. Apart from 
this, unglazed tiles for footpaths can be made from flyash bricks. The Government has to 
provide special incentives for such ecofriendly approach in the near future [25].

2.5.5. Flyash in distemper

The use of flyash in manufacture of distemper has replaced white cement. Several buildings in 
Neyveli, Tamil Nadu have been reported to use flyash distemper in the interior surface with 
satisfactory performance. This would decrease the cost of production of distemper by 50% [17].

2.5.6. Flyash-based ceramics

In order to provide superior resistance to abrasion, National Metallurgical Laboratory, 
Jamshedpur, India has developed ceramics from flyash [17].

2.5.7. Ready-mixed flyash concrete

In developed countries, ready-mix concrete is pretty popular; but in India, it utilizes less than 
5% of total cement consumption. Recently, the application of ready-mixed concrete has grown 
at a rapid rate. Several ingredients and quality parameters are strictly controlled in ready-mix 
concrete, which is quite not possible in concrete production at site and it may accommodate 
higher quantity of flyash [18].

2.5.8. Minefills

Almost one-third of Indian TPPs are near to pit heads. These mines heave sand for backfilling 
from river beds, normally 50–80 km away. The cost includes not only royalty, but also transpor-
tation cost of sand. An estimation suggests that about 15–20 million ton of ash per annum can be 
safely consumed in minefills generating an economy of about Rs. 1500 million per annum [19].

2.5.9. Flyash in road construction

Flyash is used in construction of roads as well. It saves surface soil which is usually used, 
avoiding formation of low lying areas [4]. Flyash is used in road construction for stabilizing 
and constructing sub-base or base; upper layers of pavements; filling purposes, etc. The use of 
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concrete with flyash (10–20% by wt.) is quite cost effective and enhances performance of rigid 
pavement. The mixture of soil with flyash and lime enhances California Bearing Ratio (CBR) 
to (84.6%). As per the reports, National Highway Authority of India (NHAI) is using 60 lakh 
m3 of flyash currently and proposed the consumption of another 67 lakh m3 in future projects.

2.6. Embankment

As an engineering material, the properties of flyash are somewhat unique. For the construc-
tion of embankment, soils are used; but unlikely flyash has a large uniformity coefficient due 
to clay-sized particles. The properties that affect flyash use in embankments include com-
paction characteristics, grain size distribution, shear strength, compressibility, permeability, 
and frost susceptibility. Among all, flyash used in embankments are Class F flyashes [17]. In 
order to develop road infrastructure in the country, conservative approximates about 15–20 
MT of flyash consumption in construction of road and flyover embankments per year in the 
environs of TPPs. It would yield a saving of around Rs. 100 crore per annum [20].

2.6.1. Roller compacted concrete

Flyash may be also consumed in compacted concrete dams. There are many dams in US which 
are reported to be constructed with high flyash contents. The heat of hydration is lowered by the 
use of flyash to allow thicker placements. Data regarding this may be found at the US Bureau of 
Reclamation. This may also be justified by the data reports of Ghatghar Dam Project in India [29].

2.6.2. Asphalt concrete

Asphalt concrete is basically a composite made of an asphalt binder and mineral aggregate. 
Both Class F and Class C flyash are used as a mineral filler to fill the voids and provide contact 
points between larger aggregate particles in asphalt concrete mixes. This application is used in 
conjunction or as a replacement for, other binders (such as Portland cement or hydrated lime) 
[29]. For use in asphalt pavement, the flyash must meet mineral filler specifications outlined in 
ASTM D242. The hydrophobic nature of flyash gives pavements better resistance to stripping. 
Flyash increases the stiffness of the asphalt matrix, thereby improving rutting resistance and 
mix durability [3].

2.6.3. Use of flyash in agriculture

In India, agriculture and waste land have been dumped with flyash. This accidental activity 
of waste management has improved permeability, texture, and fertility of soil; reduced bulk 
density of soil; improved water holding capacity/porosity; optimized pH value; improved 
soil aeration; reduced crust formation, provided micro nutrients like Fe, Zn, Cu, Mo, B, Mn; 
provided macro nutrients like K, P, Ca, Mg, S, etc.; worked as a part substitute of gypsum 
for reclamation of saline alkali soil and lime for reclamation of acidic soils; ash ponds pro-
vided suitable conditions and essential nutrients for plant growth; and helped to improve the 
economic condition of local inhabitants. Apart from this, crops yielded on flyash mixed soil 
are found to be safe for human consumption and to maintain groundwater quality [3]. The 
improvement in crop yield is recorded with flyash doses varying from 20 to 100 ton/hectare. 
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Jamshedpur, India has developed ceramics from flyash [17].

2.5.7. Ready-mixed flyash concrete

In developed countries, ready-mix concrete is pretty popular; but in India, it utilizes less than 
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at a rapid rate. Several ingredients and quality parameters are strictly controlled in ready-mix 
concrete, which is quite not possible in concrete production at site and it may accommodate 
higher quantity of flyash [18].
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Almost one-third of Indian TPPs are near to pit heads. These mines heave sand for backfilling 
from river beds, normally 50–80 km away. The cost includes not only royalty, but also transpor-
tation cost of sand. An estimation suggests that about 15–20 million ton of ash per annum can be 
safely consumed in minefills generating an economy of about Rs. 1500 million per annum [19].

2.5.9. Flyash in road construction

Flyash is used in construction of roads as well. It saves surface soil which is usually used, 
avoiding formation of low lying areas [4]. Flyash is used in road construction for stabilizing 
and constructing sub-base or base; upper layers of pavements; filling purposes, etc. The use of 
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concrete with flyash (10–20% by wt.) is quite cost effective and enhances performance of rigid 
pavement. The mixture of soil with flyash and lime enhances California Bearing Ratio (CBR) 
to (84.6%). As per the reports, National Highway Authority of India (NHAI) is using 60 lakh 
m3 of flyash currently and proposed the consumption of another 67 lakh m3 in future projects.

2.6. Embankment

As an engineering material, the properties of flyash are somewhat unique. For the construc-
tion of embankment, soils are used; but unlikely flyash has a large uniformity coefficient due 
to clay-sized particles. The properties that affect flyash use in embankments include com-
paction characteristics, grain size distribution, shear strength, compressibility, permeability, 
and frost susceptibility. Among all, flyash used in embankments are Class F flyashes [17]. In 
order to develop road infrastructure in the country, conservative approximates about 15–20 
MT of flyash consumption in construction of road and flyover embankments per year in the 
environs of TPPs. It would yield a saving of around Rs. 100 crore per annum [20].

2.6.1. Roller compacted concrete

Flyash may be also consumed in compacted concrete dams. There are many dams in US which 
are reported to be constructed with high flyash contents. The heat of hydration is lowered by the 
use of flyash to allow thicker placements. Data regarding this may be found at the US Bureau of 
Reclamation. This may also be justified by the data reports of Ghatghar Dam Project in India [29].

2.6.2. Asphalt concrete

Asphalt concrete is basically a composite made of an asphalt binder and mineral aggregate. 
Both Class F and Class C flyash are used as a mineral filler to fill the voids and provide contact 
points between larger aggregate particles in asphalt concrete mixes. This application is used in 
conjunction or as a replacement for, other binders (such as Portland cement or hydrated lime) 
[29]. For use in asphalt pavement, the flyash must meet mineral filler specifications outlined in 
ASTM D242. The hydrophobic nature of flyash gives pavements better resistance to stripping. 
Flyash increases the stiffness of the asphalt matrix, thereby improving rutting resistance and 
mix durability [3].

2.6.3. Use of flyash in agriculture

In India, agriculture and waste land have been dumped with flyash. This accidental activity 
of waste management has improved permeability, texture, and fertility of soil; reduced bulk 
density of soil; improved water holding capacity/porosity; optimized pH value; improved 
soil aeration; reduced crust formation, provided micro nutrients like Fe, Zn, Cu, Mo, B, Mn; 
provided macro nutrients like K, P, Ca, Mg, S, etc.; worked as a part substitute of gypsum 
for reclamation of saline alkali soil and lime for reclamation of acidic soils; ash ponds pro-
vided suitable conditions and essential nutrients for plant growth; and helped to improve the 
economic condition of local inhabitants. Apart from this, crops yielded on flyash mixed soil 
are found to be safe for human consumption and to maintain groundwater quality [3]. The 
improvement in crop yield is recorded with flyash doses varying from 20 to 100 ton/hectare. 
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About 20–30% yield has increased out of 150 million hectare of land under cultivation, 10 mil-
lion hectares of land can safely be taken up for application of flyash per year. In order to take 
a moderate flyash dose of 20 m per hectare, it would consume 200 million ton flyash per year. 
The expected uptake is more than the annual availability of flyash; therefore the shortfalls 
may be met from 1500 million ton stock of flyash available in ash ponds. The field treated 
with flyash is expected to give additional yield of 5 million ton foodgrains per annum valuing 
about Rs. 3000 crore income [19].

3. Conclusions

As per Indian scenario, there is a vast difference in the production and utilization of flyash 
which is still considered as waste material. In India, the majority of flyash produced fall in 
Class F category. This chapter shows the chemical and physical analysis of Class F flyash for 
construction industry. Flyash has the capability to hold free lime that leads to lesser bleed 
voids and reduction of permeability to water and sulfate. Furthermore, the experimental data 
suggests that the strength of Class F flyash-based bricks and tiles with cement are far more 
as compared to standard clay and bricks. It also clarifies that physical properties of flyash are 
similar to local soil. With the use of Class F flyash, we may reduce the amount of soil used in 
the production of construction materials like blocks, tiles, roof materials, etc. Apart from this, 
the utilization of flyash as pozzolanic material in concrete mixture may prove to be economi-
cal. The use of additional waste material may provide both durability as well as economical 
means for ecological balance. For Indian condition, it is recommended that the Class F flyash 
may be used as filling material in construction work, i.e., buildings, roads, embankments, 
and low lying areas. Flyash is a lightweight material when compared to local soils, which is 
commonly used as fill material. As flyash is a lightweight material, as compared to commonly 
used fill material (local soils), it causes lesser settlements. India is an agriculture-based coun-
try. The overuse and inappropriate use of soil results in nutrient depletion, erosion, and other 
forms of degradation, hence the soil productivity declines; it also reduces the area available 
for agricultural use. By utilizing flyash as a fill material, an equal volume of top soil, which 
will otherwise be used in filling, can be saved. Recycling of flyash will conserve the natural 
raw materials and reduce the disposal cost. It will also create new revenues and business 
opportunities in civil engineering construction industry while protecting the environment.
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Abstract

Digitization allows to develop unprecedented technological systems based on the use of 
sensors, robotics, and automation. The construction industry is involved in this process of 
integrating new technologies through a platform called Building Information Modeling 
(BIM), which simplifies the management of the increasing complexity of construction pro-
cesses. This methodology aims to create a global interactive system of information sharing 
between the different actors in the construction process. The integration of the processes 
creates economic and environmental opportunities, which can translate into increased 
efficiency of the sector. The information collected can be used throughout the construc-
tion lifecycle, which together with the monitoring of the buildings will support mainte-
nance decisions. The monitoring of reinforced concrete structures with sensors allows the 
identification and quantification of the degradation processes, through the monitoring of 
several characteristic parameters of the reinforced concrete over time, and the determina-
tion of significant changes that indicate the existence of a degradative process in develop-
ment. Obtaining this type of information, and its integration into BIM models, will allow 
intervention at an early stage in order to limit damages and costs associated with the 
maintenance of the structure, contributing to increase in the structure’s useful life.

Keywords: concrete, monitoring, BIM, maintenance, innovative construction

1. Introduction

Industrialization has been a dynamic process that began at the end of the eighteenth cen-
tury through the mechanization of manufacturing processes and which has extended to the 
present day. The initial phase of this process is called the industrial revolution for having 
introduced deep changes in the society at the time. Industrialization involved continuous 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 11

Degradation Monitoring Systems for a BIM
Maintenance Approach

Pedro Romano and Paulo Brito

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.81433

Provisional chapter

DOI: 10.5772/intechopen.81433

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Degradation Monitoring Systems for a BIM 
Maintenance Approach

Pedro Romano and Paulo Brito

Additional information is available at the end of the chapter

Abstract

Digitization allows to develop unprecedented technological systems based on the use of 
sensors, robotics, and automation. The construction industry is involved in this process of 
integrating new technologies through a platform called Building Information Modeling 
(BIM), which simplifies the management of the increasing complexity of construction pro-
cesses. This methodology aims to create a global interactive system of information sharing 
between the different actors in the construction process. The integration of the processes 
creates economic and environmental opportunities, which can translate into increased 
efficiency of the sector. The information collected can be used throughout the construc-
tion lifecycle, which together with the monitoring of the buildings will support mainte-
nance decisions. The monitoring of reinforced concrete structures with sensors allows the 
identification and quantification of the degradation processes, through the monitoring of 
several characteristic parameters of the reinforced concrete over time, and the determina-
tion of significant changes that indicate the existence of a degradative process in develop-
ment. Obtaining this type of information, and its integration into BIM models, will allow 
intervention at an early stage in order to limit damages and costs associated with the 
maintenance of the structure, contributing to increase in the structure’s useful life.

Keywords: concrete, monitoring, BIM, maintenance, innovative construction

1. Introduction

Industrialization has been a dynamic process that began at the end of the eighteenth cen-
tury through the mechanization of manufacturing processes and which has extended to the 
present day. The initial phase of this process is called the industrial revolution for having 
introduced deep changes in the society at the time. Industrialization involved continuous 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



progress, and also disruptive processes such as the electrification of the factory in the early 
twentieth century, called the 2nd industrial revolution, or automation using electronic and 
computer media that began in the 1970s (3rd industrial revolution) [1]. At present, we are 
going through the so-called 4th industrial revolution also known as digitization, which is 
characterized by the use of Cyber Physical Systems (CPS), based on heterogeneous data and 
knowledge integration [2], as shown in Figure 1.

These systems aim to respond rapidly to production requirements, which are subject to fre-
quent changes, and to the improvement of industry performance in terms of efficiency and 
effectiveness [3]. The digitization will allow to create unprecedented technological plat-
forms for consumer products systems, urban infrastructures, and industrial assets, based 
on the use of intelligent sensors, robotics, and automation [4]. The process of evolution that 
the industry was developing and implementing was formalized in Germany in 2013, with  
the presentation of the program called “Industry 4.0,” which involves digital data, digital 
access, automation, and connectivity. Subsequently, other countries presented their own indus-
trial development strategies, the USA with the “Internet Industrial Project,” France with the 
“New French Industrial” strategy, England with the “British Industrial Strategy of 2050”, Japan 
with the “Revitalization Strategy of Manufacturing”, and China with “Made in China 2025” [5].

All these strategies seek to accelerate the integration of new technologies into production 
chains in order to improve their overall operation. The intelligent factory model, according to 
the Industry 4.0 concept, is based on the widespread use of ciber physical system, which allow 
the vertical integration of its various components to implement a flexible yet reconfigurable, 
though intelligent, production system. This type of factory, like any other factory, is equipped 
with physical objects (machines, conveyors, and products), and also with automation and 
information systems to implement flexible and agile production. In the Industry 4.0 concept, 
a factory consists of four levels of resources, which are the physical resources, the industrial 
network, the cloud, and the control and supervisory terminals. The former are equipped with 
intelligent systems that communicate with each other through the industrial network. The 
cloud supports the integrated information system, where the data obtained at the physical 
resources level are collected and processed and interact with the operators through supervi-
sory control terminals [6]. Computational data processing techniques, usually called Big Data, 
allow the processing of large amounts of information, extracting useful results according to a 
specific objective [7].

Like all industries, the construction industry is also involved in this process of integrating 
new technologies and reformulating supply networks [8]. However, the construction sector 

Figure 1. Graduation scheme of the industrial revolution.
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has specific characteristics that, a priori, make it difficult to adapt to these new technologies. 
Among these peculiarities is the fact that the construction process is temporary, unrepeatable 
(both in terms of content and location), phased, and involves a large number of actors with 
different levels of expertise. These variability and fragmentation constitute a challenge for the 
efficient coordination of projects, limit the possibility of learning from experience, make it 
difficult to implement a process of continuous improvement through repetition, and impose 
complex coordination of communication and exchange of information between stakeholders 
[9]. This sector is also characterized by having a very strong and rigid culture, which presents 
little openness to change [10]. A construction work can be analyzed in physical terms by the 
set of steps or processes that take place outside the work site, before starting and during its 
execution, the activities that take place at the construction site during the execution of the 
work, and later during the use phase of the construction.

To join all phases of a construction process, which involves the activities that take place 
before, during, and after construction, which are naturally linked, but which need a support 
that shows the whole process in a clear way, in order to be able to improve effectiveness and 
overall efficiency of the system. Most of the studies on Industry 4.0 consider the BIM meth-
odology as the base technology for the digitization of the construction sector, by allowing 
the simulation and modeling of the constructions, which facilitates the management of the 
increasing complexity of the construction processes. On the other hand, this technology will 
allow in the future the integration of all the information produced from the design phase until 
the end of the life of the construction process [2].

2. Building information modeling (BIM)

The BIM methodology focuses on the creation of a global interactive system of information 
sharing between the different actors in the construction process [11]. This methodology 
allows to develop synergies in the various phases of this process, especially in the construc-
tion phase, and also in the design phase when critical issues need to be decided. Integrating 
the whole process creates important opportunities for reducing economic and environmental 
impacts and may in the future produce significant increases in efficiency in the construction 
industry, which is considered to be one of the least efficient industries [12]. This methodol-
ogy aims to obtain a global view of buildings (and infrastructures), creating an information 
base that can be used throughout its life cycle, but that imposes changes in the way they are 
designed, constructed, and managed.

The BIM methodology is based on the use of a database infrastructure to incorporate the 
information about a construction according to the specific interest of the actors in the process, 
having as support the 3D modeling of the building. It integrates digital descriptions of all 
objects of construction and the interconnections between the different objects, so that those 
interested can consult the information, simulate the behavior, and estimate the activities and 
the processes of construction in a logical study of the life cycle [10]. This methodology leads 
to the development of the projects in a more interactive way among the different specialties, 
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allowing to identify the design incompatibilities in an initial phase. The centralization of 
information optimizes the preparation of the work both in terms of measurements, budget-
ing, and preparation of the planning of the work.

In the work phase, the use of 3D modeling allows visualizing, both 2D and 3D, the works to 
be developed, facilitating their understanding and simplifying their execution. A study pub-
lished by Hosseini et al. shows that interest in research on off-site construction has increased 
in recent years, focusing primarily on operations and management [13]. In this context, it is 
worth highlighting the use of the LEAN methodology as a management tool, as it promotes 
the reduction of waste in the production chain. This methodology focuses on identifying the 
products and services that have value for customers, with the objective of eliminating the 
parts that are not valued, classified as waste. It is a process that involves defining the value 
chain of the product, promoting the continuous flow of the product/service through the value 
chain (reducing production times and removing obstacles), seeking to produce exclusively 
what customers want (reducing stock), and promotes a process of continuous improvement, 
aiming to reduce the time of production cycles and obtain the best relation between quality 
and quantity, always focusing on the interest of the customer [12].

After construction, the information produced is available to the developer, so the process of 
maintenance and monitoring of the buildings is supported on a solid basis, which allows to 
support the decisions of interventions. This information can range from product datasheets 
to equipment manuals to enable service technicians to access specific equipment data for 
their interventions. In order for maintenance processes to be consistent, it is also important to 
monitor buildings in structural and environmental terms in order to collect information over 
time that will support maintenance and eventually end-of-life decisions.

The implementation of information modeling of buildings will contribute to the massive pro-
duction of new data related to buildings, which will necessarily have to be treated as intrinsic 
value for the performance of the sector, will require the use of computational techniques for data 
processing, such as Big Data, which has applications for almost all industrial activities, includ-
ing the construction industry. Currently, large volumes of heterogeneous data are already being 
worked on in the industry, which tend to increase exponentially as new systems are introduced, 
including sensor networks for data capture, which tend to increase user convenience [7].

3. Maintenance management tools

The maintenance of a building should be done using tools that allow the definition and imple-
mentation of clear guidelines to be able to develop the necessary maintenance actions. This 
activity can occur in three distinct but complementary forms, called preventive, corrective, 
and predictive maintenance, depending on its operationalization of a set of elements, namely:

• preventive maintenance action plans;

• issuance of work orders;

• recording of occurrences and failures;
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• recording of actions taken for use in fault diagnosis;

• description of how the failures were identified;

• recording of possible causes (predictive capacity);

• resources made available and used;

• collection of relevant information (support for future events).

Preventive maintenance occurs in a planned manner, systematically with defined time inter-
vals, or conditionally, depending on certain predefined conditions. The planning of interven-
tions is supported in the prior knowledge of the durability characteristics of the materials and 
the specificities of the existing equipment in the building. It is sought to avoid the appearance 
of problems and, in this way, to limit the consequences that result from the normal deteriora-
tion of the materials. Preventive maintenance reduces operating costs, increases the life of 
buildings, and ensures user safety.

Corrective maintenance is the reaction to a certain occurrence, which may be urgent or not, 
whose purpose is to restore normal building use. This type of maintenance may involve high 
costs, both in terms of the materials and labor required to be mobilized, and costs associated 
with the discontinuity of the current use of the building.

The third type of maintenance is the predictive maintenance and results from the analysis of 
the information collected through the monitoring of the building and the inspections carried 
out. Predictive maintenance allows us to anticipate the need for maintenance services for a 
particular component of the building, contributing to:

• reduce corrective maintenance work;

• prevent the multiplication of damages;

• limit the impact of interventions on the use of equipment;

• extend the use of the different building components;

• mitigate the impact of inspections;

• increase the time of use of the building without constraints;

• raise the degree of confidence in the performance of the building.

For the development of models of predictive maintenance in buildings, it is necessary to use 
systems of measurement of relevant indicators, in a more or less continuous way in time. 
Through the use of the BIM methodology, it is possible to integrate these indicators in a single 
information system on the state of construction over time and, simultaneously, to have access 
to the basic information, as well as the characteristics of the materials used in the construction. 
This way, we can articulate the collected information with the pre-existing information in the 
3D model of the building. In this way, it is possible to make a quick and efficient analysis of 
the state of the building [14]. Tools that link maintenance management to BIM models are 
in development. With this link, it is intended to facilitate the integration of data collected 
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for maintenance management in BIM models, in order to automize, through algorithms, the 
production of maintenance service orders [15].

In the specific case of the maintenance of reinforced concrete structures, several indicators are 
used to measure their performance and can be used to measure the conservation status and 
determine the need to carry out predictive maintenance interventions.

These indicators aim to identify and quantify the degradation processes to which the reinforced 
concrete is subjected, measuring its variation over time, in order to determine at an early stage 
significant changes that indicate the existence of a degradative process in development. The 
obtaining of this type of information allows to intervene at an early stage in order to limit dam-
ages and costs associated with the maintenance of the structure, contributing to increase the use-
ful life of the structure and give relevant information to increase the durability of new structures.

In general, the test methods are classified as destructive and non-destructive. The first type 
of methods can be used in laboratory tests, but they can hardly be used systematically in 
operating structures. The non-destructive, or less intrusive, test methods are more interesting 
because they allow to follow the evolution of the phenomena of degradation of the structures.

The first sensors for the monitoring of reinforced concrete appeared in the 1990s, among which 
can be distinguished the sensors consisting of two electrodes, one of black steel (anode) and 
the other of a noble metal (cathode), embedded in the concrete that confers protection against 
corrosion of the anode and through which the passage of electric current could be measured, 
as shown in Figure 2. These sensors are based on the principle that at an early stage, while the 
concrete presents a high pH, the passage of electric current is negligible or zero and, at a later 
stage, either by the effect of the carbonation front or the penetration of chlorides, the pH of 
the low concrete creates conditions for the corrosion of the anode and, simultaneously, for the 
passage of electric current between the electrodes, which will increase with the unwinding of 
the process of corrosion of the steel [16].

In the last decades, several techniques have been proposed and applied in the monitoring 
of reinforced concrete, and their integration in maintenance management systems has high 
potential. These monitoring techniques can be classified into five main categories, namely 
electrochemical methods, elastic wave methods, electromagnetic methods, optical detection, 
and infrared thermography.

Figure 2. Sensor consisting of an anode in black steel and a cathode in noble metal.
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Electrochemical monitoring techniques include open circuit potential (OCP), concrete resistiv-
ity [17], linear polarization resistance (LPR) [18], galvanostatic pulse method (GPM), galvanic 
cell, electrochemical impedance spectroscopy (EIS) [19], localized electrochemical impedance 
spectroscopy (LEIS), electrochemical noise (EN), bar electrical resistance (BER), and surface 
potential survey [20].

The elastic wave methods include ultrasonic pulse velocity (UPV), acoustic emission (AE), 
and echo ultrasonic pulse (UPE). Among the electromagnetic (EM) methods, the most impor-
tant are the ground penetration radar (GPR), surface penetration radar, X-ray radiography, 
computed tomography, and magnetic field disturbance.

In the field of optical detection are framed Bragg fiber optic networks (FBG). The last of the 
categories among the monitoring methods previously listed is infrared thermograph (IRT), 
which allows to identify defects in concrete structures, such as cracking or delamination.

4. Monitoring techniques

The monitoring of a reinforced concrete structure can be carried out by means of the acquisi-
tion of data with different periodicities. Embedded systems allow regular readings to be col-
lected continuously over time. Non-embedded systems, which involve the intervention of an 
operator, tend to be used to collect punctual readings over the life of the structure. Embedded 
systems have the added advantage of being able to monitor both the visible areas and the 
difficult-to-access areas of the structures.

4.1. Electrochemical techniques

In the following sections, the main electrochemical techniques used in the monitoring of 
reinforced concrete are analyzed. The techniques presented allow more or less continuous 
reading of the respective variables.

4.1.1. Measurement of electrochemical potential

All materials tend to interact with the surrounding environment. In the case of steel embed-
ded in concrete, this interaction occurs between the steel and the concrete surrounding it and 

Figure 3. Measurement of electrochemical potential.
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can be measured through the electrical potential of the reinforcement. The potential measure-
ment allows estimating the corrosion state of the steel.

Potential measurement can be done through voltmeter, with high impedance, connecting the 
positive pole to the armature and the negative pole to a reference electrode. In embedded 
systems, the reference electrode is inserted in the concrete and is on the concrete surface in the 
case of portable systems, see Figure 3. In the first system, the connection to the reinforcement 
is made before concrete insertion, it being necessary that the steel is exposed to make the con-
nection in the portable systems [21].

Measured potential less than −500 mV indicates that there is a high risk of the steel being cor-
roded, the risk of corrosion being low when the potential is higher than −200 mV, according 
to Table 1 [22].

4.1.2. Measurement of ionic resistivity of concrete

The ionic resistivity of the concrete has been used to determine the level of ionic contamination 
of the concrete, namely chloride ions, and the advance of the carbonation front. The ionic resis-
tivity of a porous concrete depends, first, on the mobility and concentration of “free” ion, cur-
rent carriers, in the solution that fills the porosity. Ionic mobility is an intrinsic characteristic of 
a chemical species varying only with temperature. That is, small ions, such as hydrogen, exhibit 
high mobility that increases with temperature. However, the “free” ionic concentration depends 
on the moisture content within the pores, the degree of contamination by external agents, and 
the solubility equilibrium of the different salts which may in the aqueous liquid fill the pores.

The resistivity of the concrete can be measured by using electrodes inserted into the concrete or 
placed on its surface. There are two main techniques, the two-electrode technique and the four-
electrode technique. Both techniques have as presupposition the creation of an alternating or 
continuous electric field between electrodes. In the technique of the two electrodes embedded 
in concrete, the resistivity can be measured at various depths by creating an alternating electric 
field between the electrodes, usually in stainless steel, at the same depth, creating a current and 
measuring the potential difference. In the technique of the four electrodes placed on the surface 
of the concrete, the most common measurement process involves the creation of an electric field 
of alternating current between external electrodes and measurement of the potential between 
the inner electrodes [23], as shown in Figure 4. The following formula shows the relationship 
between the resistance measured by the electrodes and the resistivity of the concrete:

  ρ = 2aR  (1)

with “a” being the distance between electrodes.

It is generally accepted that a concrete with a resistivity higher than 20 Ω cm is associated 
with a very low risk of corrosion of the reinforcement, and for that with a value smaller than 
5 Ω cm, the risk of corrosion is very high, as shown in Table 2. There are, however, signifi-
cant variations between the resistivity of concrete exposed to different environments, but the 
significant reduction of resistivity is an important indication of the risk of corrosion of the 
reinforcement [24].
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4.1.3. Linear polarization resistance

The polarization resistance (Rpol) can be defined as the slope of the polarization curve that 
results from the ratio of difference between the electric potential and the corrosion potential 
of the rebar, E−Ecorr, and the intensity of the polarization current, IE, so:

   R  pol   =  lim  E→ E  corr  
     
E −  E  corr   ______  I  E      (2)

The polarization resistance is related to the corrosion rate, icorr (the density of the corrosion 
current that circulates between the anodic and cathodic zones during the corrosion process) 
through [25]:

   R  pol   =   
 β  a    β  c   ______________________  2, 3 A  i  corr   ( β  a   +  β  c  ) 

    (3)

Figure 4. Technique of the four electrodes.

Table 1. Corrosion potential [22].
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where A is the area of the rebar being inspected, and βa and βc are the Tafel parameters for 
the anode and cathodic processes, respectively. The coefficient βa βc/2, 3/(βa + βc) ranges from 
26 mV for active-phase corrosion reinforcement to 52 mV for passive reinforcement for corro-
sion [26, 27]. Figure 5 shows a linear polarization resistance measurement sensor.

Rpol determination is made by varying the armature potential between −10 and +10 mV of the 
corrosion potential and recording the intensity of the electric current flowing between the 
reinforcement and the auxiliary electrode placed on the surface of the concrete. In addition to 
the auxiliary electrode, which imposes the desired potential on the rebar, it is necessary to use 
a potentiostat, which allows a constant and precise potential to be imposed on a robust and 
stable reference electrode, also placed on the surface of the concrete, in relation to which the 
armature potentials, the working electrode, will be measured. As can be seen from Eq. (3), the 
application of this method implies a thorough knowledge of the area of the armature section 
from which the polarization resistance is being determined [28]. Table 3 shows the relation-
ship between the corrosion current and the state of the steel.

The application of this technique can be done with a traditional three-electrode scheme (refer-
ence, work, and auxiliary), used in most systems, or with two equal electrodes.

4.1.4. Galvanic pulse

The measurement of the galvanic pulse is a technique that goes back to the beginning of 
the studies of corrosion of the metals and was also used in the first studies related to the 

Figure 5. MoniCorr system for linear polarization resistance measurement.

Table 2. Ionic resistivity of concrete.

Sustainable Construction and Building Materials212

concrete-steel interaction. The galvanic pulse method is based on the application of a transient 
bias current in a given period of time to the reinforcement inserted in the concrete. In general, 
a current between 10 and 100 μA with a duration of 10 s is applied [29]. In this way, the arma-
ture is polarized in the anodic direction and the potential of corrosion is compared, with the 
alteration of the electrochemical potential being compared with a reference electrode, which 
can be in stainless steel or titanium [30]. An example of a sensor for measuring the galvanic 
pulse is shown in Figure 6.

4.1.5. Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance spectroscopy (EIS) is a non-destructive technique that allows 
to quantify the corrosion of the reinforcement inserted in the concrete. The impedance, Z, 
results from the relation between the voltage and the current intensity, for alternating cur-
rent [31]. This technique is based on the assumption that an electric circuit can represent the 
behavior of the steel inserted in the concrete. Its application is based on the application to 
the rebar of a set of small alternating sinusoidal potential signals between 5 and 10 mV, the 
system response being measured in a current for a frequency range normally between 0.1 
and 20,000 Hz. Impedance has one actual (Z′) and one imaginary (Z″) component; the actual 
impedance component represents the resistive part of the system, while the imaginary com-
ponent represents the capacitive part [24]. The representation of the direction and magnitude 
of the vector impedance for each frequency results in the so-called Nyquist diagram, Figure 7.

In the steel-concrete system, the most commonly used equivalent circuit is that which is also 
shown in Figure 7. The first RC network is intended to simulate the film or layer of iron oxide 
which forms on the surface of the steel when it is in contact with the concrete, and the second 
network, the behavior of the double layer. The same figure also represents the response of 

Table 3. Corrosion rate.

Figure 6. Galvanic sensor composed of steel and stainless steel [30].
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this circuit in the Nyquist diagram. In the Nyquist diagram obtained, the extrapolation of 
the diameter of the semicircle from the right to the Z‘ axis allows the transfer value to be 
obtained at the load resistance which is equivalent to the polarization resistance used in the 
Stern-Geary equation and used in monitoring [32].

This technique allows to provide complementary information about the corrosive process 
of the reinforcement, as well as the dielectric characteristics of the concrete and the layer 
of oxide that forms on the reinforcements inserted therein. This technique also allows the 
measurement of the instantaneous corrosion rate (Rp) and the type of mechanism of the phe-
nomenon—activation, concentration, or diffusion.

4.1.6. Electrochemical noise

Electrochemical noise measurement is a monitoring technique that can provide information 
on the mechanisms and corrosion rates of the reinforcement inserted in the concrete. This 
technique is based on the analysis of the variation of potential or current of low intensity, of 
the order of the microvolts, and allows to detect small variations of corrosion of the reinforce-
ments [24].

The equipment used in this process is a micro voltmeter or a micro ammeter and a frequency 
analyzer that transforms the electrochemical noise as a function of the time in frequency 
through the Fourier transform, with the results presented graphically in the form of ampli-
tude versus frequency [27].

4.1.7. Ag/AgCl electrode produced by immersion in sodium hypochlorite acid

For the detection of the presence of chloride ions in the concrete, Ming et al. [33] propose 
the use of a selective electrode of chloride ions produced by immersion of silver wire in 
sodium hypochlorite solution. This Ag/AgCl electrode is produced from silver wires with 

Figure 7. Equivalent circuit for the concrete-steel system and representation in the Nyquist diagram.
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a diameter of 0.5 mm, connected with copper wires, the joint being sealed with epoxy resin, 
leaving an exposed area of   7.85 mm2, which corresponds to a length of 5 mm. The silver wire 
is pre-treated, which included immersion in nitric acid (HNO3) for about 10 min, followed 
by immersion in anhydrous ethanol with vibration for 5 min. The finishing is obtained by 
immersing the yarn in an acid solution of sodium hypochlorite, resulting in a very dense 
coating of AgCl on its surface. The Ag/AgCl electrode is embedded in the concrete, its poten-
tial being measured in relation to a reference electrode, which in this case is SCE (saturated 
calomel electrode).

According to the authors, the Ag/AgCl electrode presents good reversibility, especially in 
solutions containing chloride ion. It should be noted that the temperature at which the elec-
trode works is important because it influences the potential results. This electrode presents as 
advantages a low manufacturing cost, reduced dimensions, good performance, and robust-
ness. Figure 8 shows the schematic used to test this sensor.

4.2. Elastic wave methods

Measurement of waves in concrete structures can be done with external systems, such as 
ultrasonic pulse velocity or pulse tomography.

4.2.1. Ultrasonic pulse velocity test

The ultrasonic test is one of the oldest non-destructive methods to determine the state of the 
concrete, allowing information on its mechanical characteristics, homogeneity, and the exis-
tence of voids or cracks. This test is based on the measurement of the time elapsed between 
the emission of an ultrasonic pulse and its reception, known as the distance between the 
transmitter and the receiver, that is, it determines the propagation velocity of the ultrasonic 
pulse between two points [34, 35]. To perform this test, an ultrasonic device consisting of a 
transmission transducer and a receiving transducer is used. The transmission transducer pro-
duces a voltage pulse that propagates through the concrete, the signal being received by the 
receiving transducer. The device measures the time between the sending of the signal and its 

Figure 8. Ag/AgCl electrode embedded in the center of a specimen.
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reception, determining the propagation speed of the wave. A small part of the emitted energy 
is reflected back to the surface. Wave velocity is reduced in areas where there are disconti-
nuities. Table 4 shows the classification of concrete as a function of ultrasonic propagation 
according to Whitehurst [36].

4.2.2. Ultrasonic pulse tomography

Ultrasonic tomography is a non-destructive inspection technique that allows mapping the 
interior of the structures and can provide reliable information about discontinuities or dam-
age within the structures. This technique is based on the principle of reconstruction of the 
image with the evaluation of a series of projections of measurements made from different 
angles, that is, the real image of the object under study is estimated. The fidelity of this method 
depends on the process of acquisition and pre-processing of the data through mathematical 
methods of reconstruction. The generation of tomographic images can be categorized in tech-
niques of filtered rear projection and iterative reconstruction [38].

The techniques of iterative reconstruction are based on the resolution of systems of algebraic 
equations generated from measurements, whose solution is a velocity map. By relating these 
data to the elastic characteristics of the materials, it is possible to detect discontinuities and 
damages in the elements being studied.

The authors [38] report that changes in compressive strength of concrete lead to different 
propagation velocities, with the velocity reducing with increasing resistance. In parallel, 
they concluded that the relatively uniform distribution of ultrasound velocities observed 
indicates that the tomographic technique for assessing the uniformity of concrete structures 
is adequate, and the analysis of the homogeneity of the concrete by ultrasonic tomography 
is more efficient than the simple analysis of velocity values of the waves. Figure 9 shows a 
thermogram obtained by this technique.

4.3. Optical detection

Optical detection involves the installation of systems based on optical fiber, whose installa-
tion is generally carried out inside the structures, but can also be installed outdoors. In terms 
of reading, these systems allow continuous data collection.

Table 4. Classification of concrete quality based on the pulse velocity [36, 37].
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4.3.1. Fiber Bragg grating

Fiber Bragg grating (FBG) grid sensors can be used to monitor temperature, voltage, displace-
ment, pressure, and, indirectly, corrosion. This type of sensor reflects at a given wavelength 
and transmits into another, producing a periodic variation of the refractive index of the fiber 
core by ultraviolet laser irradiation. The sensor itself, the Bragg grid, is a small segment of the 
core of the optical fiber exposed to ultraviolet light, which when actuated produces changes 
in the reflected wavelength. The reflected light corresponds to a specific wavelength, the light 
of the remaining wavelengths being transmitted through the Bragg grid [39].

Any deformation, whether by change in temperature, pressure, or vibration, applied in this 
grid alters the wavelength of the laser and changes in the magnitude of the reflections. These 
changes allow accurate measurements to be made, which can occur for long or extremely 
short periods of time, so that the quantification of the action on the sensor can be determined 
by the relation between the physical properties and the reflected wavelength of the FBG sen-
sor [40]. Figure 10 shows the operating scheme of an FBG sensor according to Kim et al. [41].

The unprotected FBG sensors are very fragile, so they need to be wrapped in a protective cap. 
The design of the capsule must be designed to allow the sensor to function and at the same 
time be protected. The shape and material of the capsules of the FBG sensors vary depending 
on the type of measurement desired and the installation site [42].

The FBG sensors have a set of characteristics that makes their use very appealing, among them 
being the insensitivity to the electromagnetic fields, the small size, and the weight, which 
make them suitable to be incorporated or fixed to any structure. Its connection to the exterior 
is effected by the optical fiber itself, which serves as a signal propagation channel for the 
control system. In addition, these sensors have excellent resolution and range, are immune to 
adverse weather conditions, and are resistant to water and corrosion [43].

Figure 9. Thermogram obtained on the transducer at 250 kHz.

Figure 10. Operating principle of an FBG sensor [41].
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FBG temperature sensors work on the basis of changing wavelengths in response to tempera-
ture changes. These sensors are protected by a small steel housing. The configuration of this 
transducer allows to keep one of its ends free, allowing the stainless steel rod to expand as a 
function of temperature variation, allowing the operation of the FBG sensor [44].

The voltage sensors work on the basis of the change in wavelength that results from the 
applied voltage, which produces elongation of the grid. These sensors are connected directly 
to the surface of the structure to be monitored, so as to have a deformation coupled with the 
deformation of the structure.

The displacement sensors estimate the deformation of the structure as a function of its defor-
mation. These sensors allow you to measure the elongation, or shortening between the two 
points where it is anchored [44].

During the process of corrosion of the reinforcement, the volume of the rust produced is 
about four to six times greater than the volume of the original steel. With the reinforcement 
confined by concrete, this increase of volume introduces internal tensile stresses in the sur-
rounding concrete, leading, when this tension exceeds the tensile strength of the concrete, to 
its cracking [45, 46]. Almubaied et al. studied the behavior of the FBG sensors installed on the 
face of the armature and concluded that the sensors have a good sensitivity to the progression 
of the corrosion process [47].

4.4. Infrared thermography

Infrared thermography is a monitoring and diagnostic technique that allows detecting super-
ficial and internal anomalies such as voids, delamination, and cracks. This technique is based 
on the measurement of the surface heat transfer of a body, which occurs by radiation and 
conduction, by detecting the infrared radiation located in the region of the electromagnetic 
spectrum between the visible light and the microwaves.

Radiation is the mechanism by which a surface emits energy per unit area, which can be 
determined by Stefan-Boltzmann’s law. Any object with an absolute nonzero temperature 
(−273.15°C or 0 K) radiates energy in the infrared region [48]. The factors that determine the 
level of the infrared radiation emitted by a material are the temperature of this material and 
its emissivity. The emissivity, which varies between 0 and 1, is a property of the material 
defined by the relation between the capacity of its surface to emit energy by radiation and the 
energy radiated by a black body whose emissivity is unitary (e = 1) due to the fact that possess 
null transmissivity and reflectivity. The emissivity of the concrete varies between 0.88 and 
0.94 depending on surface roughness and moisture content.

The infrared camera produces a visual image from the conversion of the thermal radiation 
pattern of the surface under study [49]. This technology does not measure the temperature 
of the object under study, but identifies the different levels of radiation emission. The image 
obtained is influenced by the existence of other materials on the concrete surface, such as 
stains, water, or paints, which have different emissivities. The state of weather influences the 
results—if on the one hand the sunlight can increase the temperature of the surface, on the 
other the wind can decrease its temperature, such as rain. All these factors can contribute to 
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highlight the temperature differences in the surface under study, allowing a better identifica-
tion of the anomalies [50].

Thermography can be performed using the external heat source or natural heat source. In the 
first case, it is necessary to create an artificial thermal stimulus. In the second case, which is the 
approach suggested by the standard ASTM D 4788 [51], natural heat sources are used, with 
measurements being taken during the day and at night, to obtain images of thermal flows into 
the interior of the concrete and reverse heat flows, respectively, as shown in Figure 11.

Standard ASTM D 4788 [51] defines the criteria to be applied in determining the delamination 
of trays of reinforced concrete bridges through the use of infrared thermography. A number 
of authors have explored the use of this technology, namely Clark et al., who were able to 
identify delaminations in bridge trays with diameters less than 20 cm [50], and Cannard et al., 
who have been able to identify defects with areas of about 4 cm2 [52]. More recently, Caldeira 
et al. used this technology to identify adhesion damages between concrete and reinforcing 
strips in glass fiber-reinforced polymers (GFRPs) [53]. In this study, several external heat 
sources were used, namely incandescent lamps, high-pressure sodium lamp, and convection 
heater, and concluded that the type of heating influences the quality of the thermographic 
evaluation and the uniformity of the heat flow in the samples.

With the proliferation of drone technology, the use of unmanned aerial vehicles to obtain 
thermographic images has arisen. Omar et al. have studied this technology and have iden-
tified as an immediate advantage its ability to allow the circulation of vehicles during the 
tests, which is extremely interesting in areas of heavy traffic and for allowing inspections to 
be carried out more frequently, according to the needs. This technology will also allow the 
expansion of the number of inspected structures, due to the time saved and the associated cost 
reduction. This type of technology is an important tool for the management of maintenance 
processes, since it allows assessing the conditions of the bridges at various stages of their use-
ful life, contributing to the collection of supplementary information, which will allow to base 
the decision making regarding operation maintenance. Although most of the studies focus on 
the evaluation of the reinforced concrete bridges, this technology can also be used in the other 
components of the bridge [48].

4.5. Radio frequency identification systems

Radio frequency identification systems, other than sensors, can be very interesting support 
elements for a multifunctional maintenance system. These systems, usually referred to as 
RFID (radio frequency identification), consist of a reader connected to an antenna, which 

Figure 11. Effects of an interior anomaly on surface heat flux.

Degradation Monitoring Systems for a BIM Maintenance Approach
http://dx.doi.org/10.5772/intechopen.81433

219



FBG temperature sensors work on the basis of changing wavelengths in response to tempera-
ture changes. These sensors are protected by a small steel housing. The configuration of this 
transducer allows to keep one of its ends free, allowing the stainless steel rod to expand as a 
function of temperature variation, allowing the operation of the FBG sensor [44].

The voltage sensors work on the basis of the change in wavelength that results from the 
applied voltage, which produces elongation of the grid. These sensors are connected directly 
to the surface of the structure to be monitored, so as to have a deformation coupled with the 
deformation of the structure.

The displacement sensors estimate the deformation of the structure as a function of its defor-
mation. These sensors allow you to measure the elongation, or shortening between the two 
points where it is anchored [44].

During the process of corrosion of the reinforcement, the volume of the rust produced is 
about four to six times greater than the volume of the original steel. With the reinforcement 
confined by concrete, this increase of volume introduces internal tensile stresses in the sur-
rounding concrete, leading, when this tension exceeds the tensile strength of the concrete, to 
its cracking [45, 46]. Almubaied et al. studied the behavior of the FBG sensors installed on the 
face of the armature and concluded that the sensors have a good sensitivity to the progression 
of the corrosion process [47].

4.4. Infrared thermography

Infrared thermography is a monitoring and diagnostic technique that allows detecting super-
ficial and internal anomalies such as voids, delamination, and cracks. This technique is based 
on the measurement of the surface heat transfer of a body, which occurs by radiation and 
conduction, by detecting the infrared radiation located in the region of the electromagnetic 
spectrum between the visible light and the microwaves.

Radiation is the mechanism by which a surface emits energy per unit area, which can be 
determined by Stefan-Boltzmann’s law. Any object with an absolute nonzero temperature 
(−273.15°C or 0 K) radiates energy in the infrared region [48]. The factors that determine the 
level of the infrared radiation emitted by a material are the temperature of this material and 
its emissivity. The emissivity, which varies between 0 and 1, is a property of the material 
defined by the relation between the capacity of its surface to emit energy by radiation and the 
energy radiated by a black body whose emissivity is unitary (e = 1) due to the fact that possess 
null transmissivity and reflectivity. The emissivity of the concrete varies between 0.88 and 
0.94 depending on surface roughness and moisture content.

The infrared camera produces a visual image from the conversion of the thermal radiation 
pattern of the surface under study [49]. This technology does not measure the temperature 
of the object under study, but identifies the different levels of radiation emission. The image 
obtained is influenced by the existence of other materials on the concrete surface, such as 
stains, water, or paints, which have different emissivities. The state of weather influences the 
results—if on the one hand the sunlight can increase the temperature of the surface, on the 
other the wind can decrease its temperature, such as rain. All these factors can contribute to 

Sustainable Construction and Building Materials218

highlight the temperature differences in the surface under study, allowing a better identifica-
tion of the anomalies [50].

Thermography can be performed using the external heat source or natural heat source. In the 
first case, it is necessary to create an artificial thermal stimulus. In the second case, which is the 
approach suggested by the standard ASTM D 4788 [51], natural heat sources are used, with 
measurements being taken during the day and at night, to obtain images of thermal flows into 
the interior of the concrete and reverse heat flows, respectively, as shown in Figure 11.

Standard ASTM D 4788 [51] defines the criteria to be applied in determining the delamination 
of trays of reinforced concrete bridges through the use of infrared thermography. A number 
of authors have explored the use of this technology, namely Clark et al., who were able to 
identify delaminations in bridge trays with diameters less than 20 cm [50], and Cannard et al., 
who have been able to identify defects with areas of about 4 cm2 [52]. More recently, Caldeira 
et al. used this technology to identify adhesion damages between concrete and reinforcing 
strips in glass fiber-reinforced polymers (GFRPs) [53]. In this study, several external heat 
sources were used, namely incandescent lamps, high-pressure sodium lamp, and convection 
heater, and concluded that the type of heating influences the quality of the thermographic 
evaluation and the uniformity of the heat flow in the samples.

With the proliferation of drone technology, the use of unmanned aerial vehicles to obtain 
thermographic images has arisen. Omar et al. have studied this technology and have iden-
tified as an immediate advantage its ability to allow the circulation of vehicles during the 
tests, which is extremely interesting in areas of heavy traffic and for allowing inspections to 
be carried out more frequently, according to the needs. This technology will also allow the 
expansion of the number of inspected structures, due to the time saved and the associated cost 
reduction. This type of technology is an important tool for the management of maintenance 
processes, since it allows assessing the conditions of the bridges at various stages of their use-
ful life, contributing to the collection of supplementary information, which will allow to base 
the decision making regarding operation maintenance. Although most of the studies focus on 
the evaluation of the reinforced concrete bridges, this technology can also be used in the other 
components of the bridge [48].

4.5. Radio frequency identification systems

Radio frequency identification systems, other than sensors, can be very interesting support 
elements for a multifunctional maintenance system. These systems, usually referred to as 
RFID (radio frequency identification), consist of a reader connected to an antenna, which 

Figure 11. Effects of an interior anomaly on surface heat flux.

Degradation Monitoring Systems for a BIM Maintenance Approach
http://dx.doi.org/10.5772/intechopen.81433

219



allows detection and reading of labels with stored information. These tags are composed of 
an integrated circuit and a small encapsulated antenna [54]. A computer, connected to the 
reader, manages the system through a suitable application [55].

The antennas can identify the labels at different distances according to the intended purpose, 
with systems that allow reading at small distances, a few centimeters, to systems that allow 
reading at greater distances, up to about 100 m. In order to choose the type of labels to adopt, 
its capacity of storing data and the position in which it will be placed on site is relevant. The 
frequency of operation of the devices depends on several parameters, namely the need to 
modify the contents of the labels, protection of the privacy of the data, the materials used, or 
the portability of the reader [54].

After construction, RFID systems can also be used to make the work of maintenance teams 
more efficient, through their installation in the various equipment that will be the object of 
maintenance throughout the life of the construction, allowing to monitor their condition or 
performance. According to Cheng et al., these devices may also be incorporated during con-
struction into materials or structural elements, storing information. This would allow trans-
ferring data from the design phase to the maintenance phase, leading to the building itself 
providing data, increasing the efficiency of the maintenance system [56].

4.6. Analysis of monitoring techniques

For the implementation of the monitoring of a structure, it is possible to use sensors embed-
ded in the concrete, with the readings being taken with certain periodicity, or by the use of 
equipment that allows obtaining punctual readings through the contact with the surface of 
the concrete, of singular use. For some of the techniques there are two possibilities, such as 
the measurement of resistivity either by sensors embedded in the concrete or by the method 
of the four external electrodes. Table 5 presents the type of use for each of the techniques.

The monitoring techniques presented have been tested, in recent years, in the laboratory, 
and also in real structures. Most of the studies focus on the importance of using two or more 
techniques simultaneously, in order to guarantee a high level of reliability in the analysis of 
the results. This type of system has been installed in numerous real structures, some of which 
we mention:

• Madeira Airport and the D. Henrique bridge, whose installed systems allow to measure the 
galvanic current intensity, resistivity, temperature, and corrosion potential [57];

• Alto Ceira Dam, where the deformation of the concrete, the movement of the joints, and the 
temperature are monitored using fiber optic sensors [44];

• Bridge, infrared camera monitoring installed on drones [48].

From the standpoint of maintenance, embedded systems have the advantage of providing 
information on the behavior of a particular variable over time. These systems can be installed 
in areas difficult to access after completion of construction, such as foundations or buried 
walls. Monitoring with embedded systems should not inhibit the use of external equipment 
as the sensors do not allow coverage of the entire surface of the structure. Thus, along with 
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the use of sensors, regular inspections should be carried out to detect any undetectable deg-
radations with the installed systems, and spot inspections resulting from the information col-
lected during monitoring. The integration of information into a 3D model, which incorporates 
construction information, facilitates the detailed analysis of detected degradations. The use of 
information identification and storage tags (RFID) embedded in structural elements facilitates 
access to data during inspections and increases their effectiveness.

5. Conclusions

Digitization and automation will drive the construction industry to a new level of efficiency, 
eliminating non-fundamental factors. In the area of building maintenance, the BIM methodol-
ogy will be the hinged element of this development process, through which it will be possible 
to progressively integrate new work tools. This integration will have a very large impact on 
plant management costs, which correspond to more than 65% of the building’s operating costs.

The implementation of maintenance management systems, using reinforced concrete moni-
toring sensors, integrated in the BIM process, involves the use of 3D models, monitoring 
systems, and their interconnection interface. Of these three components, the development 
of the interface involves relatively low costs when compared to the costs of the BIM model 
developments and the installation of the monitoring system. This process will have a strong 
impact in reducing the time spent searching for information for the implementation of main-
tenance tasks.

Table 5. Monitoring techniques.
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plant management costs, which correspond to more than 65% of the building’s operating costs.
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systems, and their interconnection interface. Of these three components, the development 
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From the point of view of the suitability of the systems for their integration into BIM, the 
monitoring of corrosion potential, ionic resistivity of the concrete, and polarization resistance 
can be distinguished by the experience of use and reliability of use. These electrochemical 
techniques along with the fiber optic solutions give assurances of operation to the systems.

For maintenance, the existence of these new information management models will facilitate 
the introduction of automated monitoring systems, encouraging the use of sensors, as a result 
of increasing the capacity to accommodate and organize the collected information. As a result, 
it will be possible to acquire and manage a greater volume of information, in a continuous 
way in time and without human intervention. This automation process is of interest to the 
entire building management system, since it allows managing the environmental variables 
(temperature, humidity, air renewal, etc.) of the different spaces, controlling the operation of 
the various installed equipment or measuring and analyzing relative indicators on the conser-
vation status of structural or non-structural elements.

The structural monitoring systems presented can be integrated as maintenance management 
tools into 3D models. Its incorporation in the BIM methodology has the additional advantage 
of allowing, in a more intuitive way, the interpretation of results using the spatial location of 
each of the sensors. The results of the monitoring of construction in operation demonstrate 
the interest of the data obtained for the maintenance processes and emphasize the necessity of 
the conjugation of the reading of two or more parameters, in order to guarantee a high index 
of reliability of the system.

Future owners will want integrated, structured, and easily accessible information for their 
buildings. This intent will only be gain with the use of information and systems platforms.
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From the point of view of the suitability of the systems for their integration into BIM, the 
monitoring of corrosion potential, ionic resistivity of the concrete, and polarization resistance 
can be distinguished by the experience of use and reliability of use. These electrochemical 
techniques along with the fiber optic solutions give assurances of operation to the systems.

For maintenance, the existence of these new information management models will facilitate 
the introduction of automated monitoring systems, encouraging the use of sensors, as a result 
of increasing the capacity to accommodate and organize the collected information. As a result, 
it will be possible to acquire and manage a greater volume of information, in a continuous 
way in time and without human intervention. This automation process is of interest to the 
entire building management system, since it allows managing the environmental variables 
(temperature, humidity, air renewal, etc.) of the different spaces, controlling the operation of 
the various installed equipment or measuring and analyzing relative indicators on the conser-
vation status of structural or non-structural elements.

The structural monitoring systems presented can be integrated as maintenance management 
tools into 3D models. Its incorporation in the BIM methodology has the additional advantage 
of allowing, in a more intuitive way, the interpretation of results using the spatial location of 
each of the sensors. The results of the monitoring of construction in operation demonstrate 
the interest of the data obtained for the maintenance processes and emphasize the necessity of 
the conjugation of the reading of two or more parameters, in order to guarantee a high index 
of reliability of the system.

Future owners will want integrated, structured, and easily accessible information for their 
buildings. This intent will only be gain with the use of information and systems platforms.
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Abstract

The composite performance of modified asphalt and composite-modified asphalt mixture 
(CMAM) is divided into inherent performance and improved performance. The inherent 
performance refers to the original performance of the virgin asphalt and asphalt mixture. 
The improved performance refers to the performance obtained by modifying the virgin 
asphalt. In the study, the modified asphalt and asphalt mixture were tested through a 
series of experiments. The antiaging durability of the modified asphalt is explored based 
on the inherent performance and improved performance at high and low temperatures. 
The antiaging durability of the modified asphalt mixture is explored based on the inher-
ent performance and improved performance at the mechanical performance. Meanwhile, 
based on inherent and improved performances, this chapter uses three kinds of CMAM 
(4% SBS/3% SBR, 4% SBS/15% rubber, and 4% SBR/15% rubber) as research objects to test 
the change rule of mechanical properties. This chapter outlines CMAM design, mechani-
cal property tests, and comparative durability analysis.

Keywords: composite-modified asphalt mixture, inherent and improved performances, 
durability, test, comparative analysis

1. Introduction

With the extensive use of asphalt pavement, improving the performance of asphalt is very impor-
tant for driving safety and driving comfort. The properties of asphalt are divided into many 
types. The service life of asphalt pavement is decided on the durability of asphalt and asphalt 
mixture. Study on durability of asphalt and asphalt mixture is very important in the day [1–4].
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Zhang et al. [5] investigated the change in molecular weight during the aging process of asphalt 
and found some new functional groups that were produced inside the asphalt; they also found 
that the change in molecular structure will lead to changes in the morphology and performance of 
the asphalt. Chen’s paper concluded that temperature has a great influence on the aging of asphalt. 
When the temperature was above 100°C, a dehydrogenated chemical reaction of the asphalt was 
produced. When the temperature was below 100°C, an oxidation reaction of the asphalt was 
produced, as well as some oxygenated compounds. The chemical reaction produced by asphalt 
aging has an important influence on the performance of the asphalt [6]. According to Zhu et al., 
as the aging time is increased, the residual needle penetration and residual ductility are decreased 
and the softening point is increased. This means that the high-temperature performance of the 
asphalt is increased and the low-temperature performance is decreased after aging [7]. Zhang 
et al. [8] indicated that the variation of the performance of the asphalt during the aging progress 
is mainly due to the change of its interior components. When asphalt is aging, the content of its 
lighter components is decreased, such as oil and gelatin, and the content of the heavier compo-
nents is increased, such as asphaltene. This results in a harder asphalt, which is easily broken at 
low temperatures. Meanwhile, the aging of the asphalt threatens the safety of the road surface. 
In the aging process, the low-temperature performance and water stability of the asphalt mixture 
are decreased. The asphalt pavement creates the risk of road fractures and the formation of a loose 
mixture of asphalt in cold and wet areas [9–11]. Therefore, it is of great significance to improve the 
service life and performance of asphalt pavement via improving the aging durability of asphalt.

This chapter will discuss the formation mechanism and durability of two properties of modi-
fied asphalt, and further analyze the technical characteristics of different modifiers. On the 
basis of this research, a new modified asphalt material based on composite modifiers is pro-
posed to optimize the road performance of modified asphalt. And in this work, SBS, SBR, and 
rubber powder modifiers were selected as composite modifiers. 4% SBS/3% SBR, 4% SBS/15% 
rubber, and 4% SBR/15% rubber were used for testing. Based on the inherent and improved 
performance of each mixture, a comparative analysis was carried out to study the changing 
mechanical performance of CMAM. Findings offer theoretical and practical value for research 
on asphalt mixture durability [12–20].

2. Test materials and methodology

2.1. Test materials

2.1.1. Asphalt

Virgin asphalt 90# was selected in this test; asphalt indices are displayed in Table 1.

2.1.2. Modifiers

Overall, SBS, SBR, TPS, Sasobit and rubber modifiers were tested (Figure 1). Corresponding 
indices are shown in Tables 2–6.
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2.1.3. Aggregates

The CMAM (AC-13) included the above aggregate gradations. Optimum asphalt content 
was determined to be 5.6% using the Marshall design method. Asphalt mixture AC-13 was 
selected, with the aggregate gradation shown in Table 7.

Asphalt Penetration (25°C/0.1 mm) PI Ductility (cm) Softening point (°C) Viscosity (135°C/Pa s)

5°C 15°C

90# 93 −0.77 9 165 44.5 0.328

Table 1. Technical indexes of virgin asphalt.

Figure 1. Modifier types. (a) SBS, (b) SBR, (c) rubber (80 mesh); (d) TPS; (e) Sasobit.

Tensile strength (MPa) Elongation at break (%) Hardness (A) Styrene/butadiene Density (kg/cm3)

33 800 76 31/69 0.94

Table 2. Technical indices of SBS modifier (LG501).

Moisture 
quality fraction 
(%)

Molecular 
weight (×104)

Tensile 
strength 
(MPa)

Elongation at 
break (%)

Ethylene 
propylene mass 
fraction (%)

Dry 
rubber 
(%)

Grains 
(mesh)

≤2 20–30 31 320 22.5–24.5 ≥75 <40

Table 3. Technical indices of SBR modifier (1502).

Physical index Chemical index

Relative density 
(kg/cm3)

Moisture 
(%)

Metal 
(%)

Fiber 
(%)

Ash 
(%)

Acetone 
extract (%)

Carbon 
black (%)

Rubber hydrocarbon 
(%)

289 0.27 0.02 0 10 10.02 32.86 51

Table 4. Technical indices of rubber.
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2.2. Test methodology

2.2.1. Modified asphalt test methodology

The 4% SBS asphalt, 4% TPS asphalt, 16% rubber asphalt, and 2% Sasobit asphalt were 
selected as the research objects to carry out aging tests (aging times were 0, 5, 20 h). Then, 
the durability comparison of the asphalt was carried out based on inherent durability and 
inherent performance.

The antiaged durability of the modified asphalt based on inherent and improved performances 
is compared and analyzed. The penetration index was used to evaluate the performance at 
high temperature of the asphalt and the ductility index was used to evaluate the performance 
at low temperature. The change curves of modified asphalt with different aging times are 
linear regressions, and it is also used to evaluate the inherent and improved performances of 
the modified asphalt.

2.2.2. CMAM test methodology

The performance of composite-modified asphalt mixture was tested and analyzed based on 
inherent and improved performances. A comparative study was tested through the aging 
durability, plastic deformation durability, and fatigue durability.

1. In terms of aging durability, taking dynamic stability, bending strain, TSR as indica-
tors to explore the change rule of inherent, improved, and composite performances of 

Freezing point 
(°C)

Penetration 
(0.1 mm)

Viscosity (135°C/
cp)

Density (25°C/(g/
cm3))

Melting point 
(°C)

25°C 65°C

Prescribed value ≤99 ≤1 ≤10 10~14 — 98~110

Measured value 98 <0.7 7 12 0.94 100

Table 6. Technical indexes of modifier Sasobit.

Particle size (mm) Density (g/cm3) Water absorption rate (%)

Technical indicators ≤5 0.7~1.0 <1

Table 5. Technical indexes of modifier TPS.

Mixture type Percentage of passing through sieve (mm)/%

26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

AC-13 100 95 76.5 53 37 26.5 19 13.5 10 6

Table 7. Aggregate gradations.
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different composite-modified asphalt mixtures in aging process by controlling the aging 
time (0, 5, 20 hours).

2. In terms of plastic deformation durability, taking plastic deformation of asphalt mixture 
as an indicator to do a comparative analysis on the change rule of inherent, improved, and 
composite performances of different composite-modified asphalt mixtures by controlling 
repeated load times.

3. In terms of fatigue durability, taking fatigue life of different asphalt mixtures as indicators 
to do a comparative analysis on the change rule of inherent, improved, and composite 
performances of different composite-modified asphalt mixtures.

3. Comparative analysis on inherent and improved performances  
of asphalt

3.1. Comparative analysis of the penetration and PI base on inherent  
and improved performances

The penetration and PI of the SBS asphalt (90#), TPS asphalt (90#), rubber asphalt (90#), and 
Sasobit asphalt (90#) based on different performance and aging times are shown in Figures 2–5.

Figure 2. Relationship between penetration, PI, and aging times of 4% SBS asphalt (90#) with different performances: (a) 
penetration/25°C; (b) penetration/15°C; (c) penetration/5°C; (d) penetration index.
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Figure 2. Relationship between penetration, PI, and aging times of 4% SBS asphalt (90#) with different performances: (a) 
penetration/25°C; (b) penetration/15°C; (c) penetration/5°C; (d) penetration index.
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The following conclusions can be drawn by comparing the data in Figures 2–5.

1. In regard to the penetration data (25, 15, and 5°C), the results show that the penetration 
change rate of the SBS asphalt (90#), TPS asphalt (90#), rubber asphalt (90#), and Sasobit 
asphalt (90#) based on improved performance (performance at high temperatures) at 
different temperatures is smaller than that of inherent performance. But the smaller the 
penetration change rate is, the better the performance at high temperatures. If penetra-
tion drops too rapidly during the aging process, this indicates a poor antiaging durabil-
ity of penetration. So the inherent performance of the SBS asphalt (90#), TPS asphalt 
(90#), rubber asphalt (90#), and Sasobit asphalt (90#) was better than that of improved 
performance.

2. In regard to the change rate of the PI regression equation, the results show that the penetra-
tion change rate of the SBS asphalt (90#), TPS asphalt (90#), and Sasobit asphalt (90#) based 
on improved performance at the value of PI is smaller than that of inherent performance. 
The rubber asphalt (90#) based on improved performance at the value of PI is bigger than 
that of inherent performance. The smaller the value of PI change rate is, the better the 
temperature sensitivity of asphalt. So the SBS asphalt (90#), TPS asphalt (90#), and Sasobit 
asphalt (90#) based on improved performance at the temperature sensitivity is smaller than 
that of inherent performance. The rubber asphalt (90#) based on improved performance at 

Figure 3. Penetration and PI of TPS asphalt (90#) based on different performances and aging times: (a) penetration/25°C; 
(b) penetration/15°C; (c) penetration/5°C; (d) penetration index.
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the temperature sensitivity is bigger than that of inherent performance. The results show 
that the SBS asphalt (90#), TPS asphalt (90#), and Sasobit asphalt (90#) at the temperature 
sensitivity of improved performance is weak and the antiaging durability of performance 
at high temperature is better.

3.2. Comparative analysis of the ductility based on inherent  
and improved performances

The ductility of SBS asphalt (90#) based on different performance and aging times is shown 
in Figure 6.

The following conclusions can be obtained by comparing the data in Figures 6–9.

1. In terms of the ductility (5°C, 15°C) data, the results show that the ductility change rate of 
the SBS asphalt (90#) and TPS asphalt (90#) at 5°C ductility based on inherent performance 
is smaller than that of the improved performance. The ductility change rate of the rubber 
asphalt (90#) and Sasobit asphalt (90#) at 5°C ductility based on improved performance is 
bigger than that of the inherent performance. The larger the ductility at 5°C, the better the 
performance at low temperatures. So the results show that the antiaging durability of the 

Figure 4. Penetration and PI of rubber asphalt (90#) based on different performance and aging times: (a) penetration/25°C; 
(b) penetration/15°C; (c) penetration/5°C; (d) penetration index.
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SBS asphalt (90#) and TPS asphalt (90#) at 5°C ductility based on inherent performance 
(performance at low temperatures) is better than that of the improved performance. The 
antiaging durability of the rubber asphalt (90#) and Sasobit asphalt (90#) at 5°C ductility 
based on improved performance (performance at low temperatures) is better than that of 
the inherent performance.

Figure 5. Penetration and PI of Sasobit asphalt (90#) based on different performances and aging times: (a) penetration/25°C; 
(b) penetration/15°C; (c) penetration/5°C; (d) penetration index.

Figure 6. Relationship between ductility and aging times of 4% SBS asphalt (90#) with different performances: (a) 
ductility 5°C and (b) ductility 15°C.
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Figure 7. Ductility of TPS asphalt (90#) based on different performance and aging times: (a) ductility 5°C and (b) ductility 15°C.

Figure 8. Ductility of rubber asphalt (90#) based on different performance and aging times: (a) ductility 5°C and (b) 
ductility 15°C.

Figure 9. Ductility of Sasobit asphalt (90#) based on different performances and aging times: (a) ductility 5°C and (b) 
ductility 15°C.
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(b) penetration/15°C; (c) penetration/5°C; (d) penetration index.

Figure 6. Relationship between ductility and aging times of 4% SBS asphalt (90#) with different performances: (a) 
ductility 5°C and (b) ductility 15°C.
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Figure 7. Ductility of TPS asphalt (90#) based on different performance and aging times: (a) ductility 5°C and (b) ductility 15°C.

Figure 8. Ductility of rubber asphalt (90#) based on different performance and aging times: (a) ductility 5°C and (b) 
ductility 15°C.

Figure 9. Ductility of Sasobit asphalt (90#) based on different performances and aging times: (a) ductility 5°C and (b) 
ductility 15°C.
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2. According to the ductility of 15°C, the results show that the ductility change rate of the SBS 
asphalt (90#), TPS asphalt (90#), rubber asphalt (90#), and Sasobit asphalt (90#) at 15°C duc-
tility based on improved performance is smaller than that of the inherent performance. The 
ductility of 15°C is replaced as the elasticity of asphalt. The larger the ductility at 15°C is, the 
better the performance at the elasticity of asphalt is. So according to the elasticity of asphalt, 
the SBS asphalt (90#), TPS asphalt (90#), rubber asphalt (90#), and Sasobit asphalt (90#) at the 
elasticity based on improved performance is smaller than that of the inherent performance.

3.3. Comparative analysis of the softening point and viscosity based on inherent 
and improved performances

The test results are shown in Figures 10–13.

1. In regard to the comparison of the data, the results show that the softening point change rate 
of the SBS asphalt (90#), TPS asphalt (90#), rubber asphalt (90#), and Sasobit asphalt (90#) 
at 5°C ductility based on improved performance is smaller than that of the inherent perfor-
mance. The larger the softening point, the better the performance at high temperatures. So the 
high temperatures of the SBS asphalt (90#), TPS asphalt (90#), rubber asphalt (90#), and Sasobit 
asphalt (90#) based on improved performance are better than that of the inherent performance.

2. According to the 135°C viscosity of asphalt, the results show that the viscosity (135°C) change 
rate of the TPS asphalt (90#) and Sasobit asphalt (90#) at 135°C viscosity based on improved 
performance is smaller than that of the inherent performance. The SBS asphalt (90#) and 
rubber asphalt (90#) based on inherent performance is bigger than that of the improved per-
formance. The results of the 135°C viscosity replace that the hardness of asphalt. The larger 
the 135°C viscosity is, the better the performance of resistance to load is. So the performance 
of resistance to load of the TPS asphalt (90#) and Sasobit asphalt (90#) based on improved 
performance is better than that of the inherent performance. The SBS asphalt (90#) and rubber 
asphalt (90#) based on inherent performance is better than that of the improved performance.

Figure 10. Softening point and viscosity of SBS asphalt (90#) based on different performances and aging times: (a) 
softening point and (b) viscosity.
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Figure 11. Softening point and viscosity of TPS asphalt (90#) based on different performances and aging times: (a) 
softening point and (b) viscosity.

Figure 12. Softening point and viscosity of rubber asphalt (90#) based on different performance and aging times: (a) 
softening point and (b) viscosity.

Figure 13. Softening point and viscosity of Sasobit asphalt (90#) based on different performance and aging times: (a) 
softening point and (b) viscosity.
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4. Comparative analysis on inherent and improved performances of HMA

4.1. Comparative analysis of aging durability

4.1.1. Comparative analysis of durability of 4% SBS/3% SBR asphalt mixture

Test results of the aging durability of the 4% SBS/15% SBR asphalt under different loading 
times are shown in Figure 14.

1. In regard to high-temperature stability and low-temperature stability, the change rate of 
improved performance under different aging times was better than that of inherent per-
formance. Thus, the aging durability of the 4% SBS/3% SBR asphalt mixture on inherent 
performance was greater than that of improved performance.

2. In regard to water stability, the change rate of the inherent performance with different 
aging times was better than the improved performance. As such, the aging durability of 
the mixture based on improved performance was better than the inherent performance.

4.1.2. Comparative analysis of durability of 4% SBS/15% rubber asphalt mixture

Test results of the aging durability of the 4% SBS/15% rubber asphalt under different loading 
times are shown in Figure 15.

1. Regarding to high-temperature stability, in terms of change rate of the 4% SBS/15% rubber 
asphalt mixture, the 4%SBS/15% rubber asphalt mixture of inherent performance was less 
than that of improved performance. Thus, the aging durability of the inherent performance 
of the mixture was better than the improved performance.

2. Regarding to low temperature and the water stability change rate, the change rate of 
inherent performance became better than that of improved performance with differ-
ent aging times. Therefore, in terms of the aging durability of the 4% SBS/15% rubber 
asphalt mixture, the improved performance of the mixture was better than that of inherent 
performance.

4.1.3. Comparative analysis of durability of 4% SBR/15% rubber asphalt mixture

Test results of the aging durability of the 4% SBR/15% rubber asphalt mixture at different 
aging times are given in Figure 16.

1. Regarding to high- and low-temperature stability, in terms of change rate of the 4% 
SBR/15% rubber asphalt mixture, the change rate of inherent performance was less than 
improved performance as aging time prolonged. The inherent performance of the mixture 
was better than that of improved performance.

2. Regarding to water stability, in terms of change rate of the 4% SBR/15% rubber asphalt 
mixture, the rate change of inherent performance was greater than that of improved per-
formance with different aging times. The aging durability of the improved performance of 
the 4% SBR/15% rubber asphalt mixture was better than the inherent performance.
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4.2. Comparative analysis of plastic deformation durability

The test results are shown in Figures 17–19. With the different time, in terms of the plas-
tic deformation durability, the change rate of 4% SBS/3% SBR, 4% SBS/15% rubber, and 4% 
SBR/15% rubber of the inherent performance was greater than that of improved performance, 
implying that the improved performance of the mixture was better than the inherent perfor-
mance in terms of plastic deformation durability Tables 8–12.

Figure 14. Relationship between mechanical properties of 4% SBS/3% SBR asphalt mixture and aging time: (a) dynamic 
stability; (b) bending strain; (c) TSR.

Figure 15. Relationship between mechanical properties of 4% SBS/15% rubber asphalt mixture and aging time: (a) 
dynamic stability; (b) bending strain; (c) TSR.

Figure 16. Relationship between mechanical properties of 4% SBR/15% rubber asphalt mixture and aging time: (a) 
dynamic stability; (b) bending strain; (c) TSR.
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4.2. Comparative analysis of plastic deformation durability

The test results are shown in Figures 17–19. With the different time, in terms of the plas-
tic deformation durability, the change rate of 4% SBS/3% SBR, 4% SBS/15% rubber, and 4% 
SBR/15% rubber of the inherent performance was greater than that of improved performance, 
implying that the improved performance of the mixture was better than the inherent perfor-
mance in terms of plastic deformation durability Tables 8–12.
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Figure 19. Test results of plastic deformation durability of 4% SBR/15% rubber asphalt mixture.

Figure 17. Test results of plastic deformation durability of 4% SBS/3% SBR asphalt mixture.

Figure 18. Test results of plastic deformation durability of 4% SBS/15% rubber asphalt mixture.

Sustainable Construction and Building Materials242

Asphalt 
types

Penetration at 5°C Penetration at 15°C Penetration at 25°C PI

SBS asphalt 
(90#)

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

TPS 
asphalt 
(90#)

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

Rubber 
asphalt 
(90#)

Inherent performance is 
better than improving 
performance

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

Inherent performance is 
better than improving 
performance

Sasobit 
asphalt 
(90#)

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

Table 8. Comparison of penetration and PI based on inherent and improved performances.

Asphalt types Ductility 5°C Ductility 15°C

SBS asphalt (90#) Inherent performance is better than improving 
performance

Improving performance is better than inherent 
performance

TPS asphalt (90#) Inherent performance is better than improving 
performance

Improving performance is better than inherent 
performance

Rubber asphalt 
(90#)

Improving performance is better than inherent 
performance

Improving performance is better than inherent 
performance

Sasobit asphalt 
(90#)

Improving performance is better than inherent 
performance

Improving performance is better than inherent 
performance

Table 9. Comparison of ductility (5°C, 15°C) based on inherent and improved performances.

Asphalt types Softening point Viscosity

SBS asphalt (90#) Improving performance is better than inherent 
performance

Inherent performance is better than improving 
performance

TPS asphalt (90#) Improving performance is better than inherent 
performance

Improving performance is better than inherent 
performance

Rubber asphalt 
(90#)

Improving performance is better than inherent 
performance

Inherent performance is better than improving 
performance

Sasobit asphalt 
(90#)

Improving performance is better than inherent 
performance

Improving performance is better than inherent 
performance

Table 10. Comparison of softening point and viscosity based on inherent and improved performances.
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Figure 19. Test results of plastic deformation durability of 4% SBR/15% rubber asphalt mixture.

Figure 17. Test results of plastic deformation durability of 4% SBS/3% SBR asphalt mixture.

Figure 18. Test results of plastic deformation durability of 4% SBS/15% rubber asphalt mixture.
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4.3. Comparative analysis of fatigue durability

The test results are shown in Figures 20–22. The smaller the k-value is, the better the performance 
of fatigue durability is. The test results show that the k-value of 4% SBS/3% SBR, 4% SBS/15% 
rubber, and 4% SBR/15% rubber based on the inherent performance of the mixture exceeded 
that of improved performance. Therefore, in regard to fatigue life, the inherent performance of 

Asphalt types Dynamic stability Bending strain

4% SBS/3% SBR asphalt 
mixture

Plastic deformation durability Fatigue durability

4% SBS/15% rubber 
asphalt mixture

Improving performance is better than 
inherent performance

Improving performance is better than 
inherent performance

4% SBR/15% rubber 
asphalt mixture

Improving performance is better than 
inherent performance

Improving performance is better than 
inherent performance

Table 12. Comparison of dynamic stability and bending strain based on inherent and improved performance.

Asphalt types Dynamic stability Bending strain TSR

4% SBS/3% SBR 
asphalt mixture

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

4% SBS/15% rubber 
asphalt mixture

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

4% SBR/15% rubber 
asphalt mixture

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

Improving performance 
is better than inherent 
performance

Table 11. Comparison of penetration rate based on inherent and improved performance.

Figure 20. Test results of fatigue durability of 4% SBS/3% SBR asphalt mixture.
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4% SBS/3% SBR, 4% SBS/15% rubber, and 4% SBR/15% rubber was better than the improved 
performance. According to the n-value, the inherent performance of the mixture exceeded 
the improved performance. The fatigue sensitivity based on the inherent performance of the 
asphalt mixture was larger than that of improved performance. In regard to the greater the 
fatigue sensitivity, the worse the fatigue durability. The fatigue durability of the 4% SBS/3% SBR 
asphalt mixture on improved performance was hence better than the inherent performance.

5. Conclusions

1. Through comparative analysis of the antiaged durability of different modified asphalts 
based on inherent and improved performances, the conclusion can be obtained: for SBS- 
and TPS-modified asphalt, taking penetration (performance at high temperature) and 

Figure 21. Test results of fatigue durability of 4% SBS/15% rubber asphalt mixture.

Figure 22. Test results of fatigue durability of 4% SBS/15% rubber asphalt mixture.
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4% SBS/3% SBR, 4% SBS/15% rubber, and 4% SBR/15% rubber was better than the improved 
performance. According to the n-value, the inherent performance of the mixture exceeded 
the improved performance. The fatigue sensitivity based on the inherent performance of the 
asphalt mixture was larger than that of improved performance. In regard to the greater the 
fatigue sensitivity, the worse the fatigue durability. The fatigue durability of the 4% SBS/3% SBR 
asphalt mixture on improved performance was hence better than the inherent performance.

5. Conclusions

1. Through comparative analysis of the antiaged durability of different modified asphalts 
based on inherent and improved performances, the conclusion can be obtained: for SBS- 
and TPS-modified asphalt, taking penetration (performance at high temperature) and 
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Figure 22. Test results of fatigue durability of 4% SBS/15% rubber asphalt mixture.
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5°C ductility (performance at low temperature) as indexes, the antiaged durability of the 
penetration based on inherent performance is less than that of the improved performance. 
The antiaged durability of 5°C ductility based on inherent performance is better than that 
of improved performance. The analysis result of rubber asphalt is contrary to this, which 
shows the particularity of rubber-modified asphalt.

2. The comparative test results for the durability of composite-modified asphalt based on 
inherent and improved performances reveal the following: In regard to aging progress, 
the high and low stabilities of the 4% SBS/3% SBR asphalt mixture and 4% SBR/15% rubber 
mixture based on inherent performance were better than that of improved performance. 
Water stability based on improved performance was better than inherent performance. The 
high-temperature stability of the 4% SBS/15% rubber asphalt mixture based on improved 
performance was better than that of inherent performance. Low-temperature and water 
stability based on improved performance were also better than that of inherent perfor-
mance. Plastic deformation and fatigue durability based on improved performance of 
these three asphalt mixtures were better than that of inherent performance.

3. The test results of the improved performance durability of CMAMs reveal that the 4% 
SBS/15% rubber composite modifier was more stable in improving aging durability at high 
and low temperatures than the other two modifiers. The 4% SBS/3% SBR modifier was 
more stable in improving water stability. The 4% SBS/15% rubber composite modifier was 
more stable in improving plastic deformation durability and fatigue durability and should 
be adopted when selecting composite modifiers with better stability.
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Abstract

This chapter focuses on bitumen specifically. This chapter consists of several parts that 
can be mentioned, including the history of the appearance of bitumen and the types of 
constituent elements, as well as its mechanical properties and chemical structure and its 
thermal sensitivity. In all parts, the effects of bitumen on asphalt are discussed. In the 
following sections, the bitumen modification mechanism, polymer modifiers, and their 
behavior on the bitumen resistance to asphalt failures are also discussed. This chapter 
is very suitable for students and researchers interested in improving polymerization 
asphalt and bitumen and will help them to carry out research and concepts.
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1. Introduction

Traffic loading and environmental factors are one of the most important destructive causes 
in asphalt pavement. Traffic loading leads to breakdowns such as rutting and fatigue cracks, 
and environmental factors such as temperature are the main cause of the refrigerant cracks. 
Traffic loading can cause tensile, compression, shear stresses, or a combination of them in dif-
ferent pavement points, depending on factors such as load size, contact surface, temperature, 
hardness, and pavement thickness.

Typically, the repetition of these stresses and strains leads to damage the pavement. Fatigue 
cracks are, in fact, fine cracks, which increase with the continuity of loading in the pave-
ment system and ultimately expand into fatigue cracks. The accumulation of these cracks 
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eventually disrupts the pavement. Therefore, the ability to predict the behavior of pavement 
against the phenomenon of fatigue is important. Since the fatigue phenomenon occurs more 
in the bitumen phase of the asphalt mixture [1], identifying the structure of the bitumen in the 
asphalt is very important to develop durability and life span.

1.1. History of bitumen and its reformation

The Sumerians, the Assyrians, and many earlier civilizations have used bitumen widely. The 
beginning of the modern bitumen industry can be attributed to 1712 when bituminous stones 
were discovered in France. At that time, the bitumen was simply distributed as the clod on 
the surface of the local roads, and under load traffic, they were rub and consolidated. This 
technique was quite successful, and shortly afterward, improvements were made in the form 
of powdering and warming the material before using. Then they, slamming and flattening 
the asphalt, tightened and consolidated the asphalt, known as compressed rock asphalt, and 
used on the streets of Europe. Such streets than earthy roads were more durable, healthier, 
and interesting. Their only drawback was that they were loose, volatile, and slippery during 
heavy traffic [2].

The first bitumen reformation dates back to 1843. In the 1930s, experimental bitumen refine-
ment project experiments were carried out in Europe, and in the 1950s, the use of Neoprene 
Latex, as bitumen modifier in North America, was begun [3]. In 1963, the first experimental 
modified bitumen roads in France were made in order to understand the behavior of modi-
fied bitumen with various types of natural and synthetic rubbers [4].

In the late 1970s, Europe was better than the United States in the process of refining bitumen. 
One of its reasons was the requirement for European contractors to provide a guarantee for 
the durability and shelf life of the pavement, which would have reduced the costs of the lifes-
pan of the road, even at the expense of increasing initial costs. The relatively high initial cost 
in performing refurbished asphalt had limited its consumption in the United States. In the 
mid-1980s, European technology introduced new polymers that increased the consumption 
of polymeric bitumen in the United States [3].

1.2. Bitumen sources

The bitumen used in the road construction industry is divided into two general categories:

1. Bitumen (mineral pitch)

2. Bitumen produced from distillation of crude oil (petroleum pitch)

1.2.1. Bitumen (natural pitch)

When volatile crude oil components is vaporized in the depths of the earth, over time and 
under factors such as high temperature and pressure, the black substance remains in place, 
which is called natural bitumen. This type of pitches is not usually pure and is a mixture of 
bitumen and mineral materials.
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1.2.2. Petroleum pitch

Oil pitch is obtained from the refinery of crude oil in distillation towers. In fact, what remains 
at the bottom of the distillation tower above 380°C is pure oil pitch. Bitumen with different 
stiffness degrees for different road applications can be obtained by setting the temperature 
and pressure inside the distillation towers [5].

1.3. Chemical bitumen building

Bitumen is a very complex chemical compound, composed of various hydrocarbons types, 
which are in colloidal form.

The chemical structure of bitumen is not fully known, and the chemical composition of the 
bitumen and its structure is heavily dependent on the initial crude oil from which it is derived 
and the processes applied for its production. Chemical compositions and crude oil structure are 
also very diverse. In this regard, considering the type of predominant hydrocarbons in crude 
oil, it can be divided into three groups of paraffins, asphaltenes, and naphthenes (Table 1).

As mentioned, the chemical structure of the pitches differs according to the location and 
source of the crude oil. The operation and production process in the refinery (such as aera-
tion) also influence the chemical structure of bitumen.

Generally, the components constituting pitch include carbon, hydrogen, sulfur, oxygen, 
nitrogen, and some metallic elements found in very small percentage. The percentage of each 
element is given in Table 2.

Hydrocarbons Paraffinic crude oil Naftens crude oil Asphaltenes crude oil

Paraffins 40 12 5

Naftens 48 75 15

Aromatics 10 10 20

Asphaltenes 2 3 60

Table 1. Chemical structure of different types of crude oil.

Elements Percent

Carbon 82–88

Hydrogen 18–11

Sulfur 0–6

Oxygen 0–5/1

Nitrogen 0–1

Table 2. Bituminous ingredients.
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1.3.1. Components of bitumen

Bitumen consists of various hydrocarbon compounds, which according to the method of sepa-
ration its compounds can be divided into different chemical groups. Bituminous components 
can be divided into two distinct chemical groups of asphaltenes and maltenes (petrolenes). 
Maltenes are also classified into groups of aromatic compounds, polar aromatics (resins), 
and saturated aromatics (paraffins). These four groups are not always consistent, and there is 
some interference between them.

To investigate the chemical properties of bitumen, it must first be separated from each other. 
There are several methods for separating and identifying the quantitative and qualitative 
chemical bitumen composition. For this purpose, separation using the chromatographic 
 column is the most common method. Since bitumen components have different degrees of 
solubility; this separation can be done using appropriate solvents with different abilities associ-
ated with chromatographic column. Each group has different physical and chemical prop erties 
and has independent and separate effects in relation to the physical and chemical properties of  
bitumen, which resulted from the total influences of these components, according to their 
quantitative ratios.

1.3.1.1. Asphaltenes

Asphaltenes are a brittle solid substance in black to brown; in addition to carbon and hydrogen, 
they contain nitrogen, sulfur, and oxygen and usually have very polar compounds that con-
tain highly aromatic complex components with high molecular weight. Asphaltenes comprise 
5–25% the composition of bitumen, and in terms of building, a combination of compressed 
aromatic rings with aliphatic lateral chains and the number of aromatic rings is 6–20 and even 
sometimes more of this.

Asphaltene rate in bitumen has many effects on rheological properties of bitumen. The higher 
the bitumen asphalt, the more the stiffness of the bitumen, and subsequently the degree of 
penetration would be less. In addition, it will result in a greater softening point and more 
penetration of bitumen.

1.3.1.2. Polar aromatics (resins)

These compounds are usually composed of carbon and hydrogen, which also contain a small 
amount of oxygen, nitrogen, and sulfur. The compounds are solid and semisolid and in dark 
brown color. They are anticoagulants for asphaltene, and the ratio of the resin to the asphaltenes 
may be as high as that from the sol1 or gel2 mode. The resins in bitumen have a molecular 
weight of 500–50,000. The adhesive properties of bitumen result from its resins.

1 Mode (sol): in this case, the particles are dispersed uniformly and homogeneously in solution. The pitches obtained 
from the refinery are usually of this category.
2 Mode (gel): in this case, colloidal pitch particles create a regular sponge-like network that propagates throughout the 
system. In this case, the system is semisolid, and this is where the material constituting the maltene in terms of chemical 
compositions has the most properties of oil or paraffin hydrocarbons.
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1.3.1.3. Oil aromatics

The aromatic oils are the least molecular weight ring compounds that contain aromatic or 
petroleum lateral chains and are an excellent anticoagulant for asphaltenes. The group, which 
consists of 40–60% bitumen, is a viscous liquid in dark brown color with an average molecular 
weight between 300 and 2000. The aromatics have polar carbon chains.

1.3.1.4. Saturated materials (paraffins)

Saturated compounds are composed of straight and branched chain aliphatic hydrocarbons 
with alkyl naphthenes and some aromatic alkyls. These compounds are often nonpolar and 
colorless viscose oils. The average molecular weight of these is similar to that of aromatics. 
The components of the saturated compositions include saturated waxy and non-wax3 materi-
als. Saturated compositions comprise 5–20% bitumen.

1.4. Mechanical and physical bitumen properties

These two properties of bitumen are not only important during the fabrication, distribution, 
and density of asphalt mixtures, but these properties are also very important during servic-
ing. Considering the mechanical and physical properties of bitumen along with its chemical 
properties can be one of the factors for achieving durable asphalt pavement.

1.4.1. Bitumen behavior

Bitumen from the behavior viewpoint is a viscoelastic substance that in the environment 
heat and under the specified load neither the behavior of an elastic material nor the behavior 
of a viscous material but is a combination of these two states, which is viscoelastic. The pure 
bitumen behavior depends on, due to its viscoelastic nature, the temperature and loading 
time. In other words, the temperature and time of loading have a combined effect on bitu-
men behavior.

In high-temperature conditions or long loading times, bitumen behaves as a viscous material 
(such as moving trucks on the asphalt at low speed or at a stop). Under these conditions, asphalt 
mix materials tolerate the load. At low temperatures or in fast loading mode (such as fast traffic 
motion), pure bitumen behaves like an elastic solid. In the elastic behavior resulted from the 
loading, the deformation is achieved, and the made change is brought back to its original state 
by loading. Of course, if it is more than a power or compressive resistance, it is possible to break 
the elastic material. Even the pure bitumen has a low elastic behavior at a low temperature, but 
when it is overloaded, it would be brittle and fragile, leading to the cracking. Therefore, in cold 
weather at low temperature, a cracking in the in asphalt pavements may occur.

In ambient conditions, between very low cold temperatures and very high warm tempera-
tures, i.e., the average temperature of bitumen, it has the behavior of viscous fluids and the 

3 Wax: part of the paraffins is crystalline. The method for determining the amount of bitumen wax is given in DIN 52015.
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1.3.1.3. Oil aromatics
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heat and under the specified load neither the behavior of an elastic material nor the behavior 
of a viscous material but is a combination of these two states, which is viscoelastic. The pure 
bitumen behavior depends on, due to its viscoelastic nature, the temperature and loading 
time. In other words, the temperature and time of loading have a combined effect on bitu-
men behavior.

In high-temperature conditions or long loading times, bitumen behaves as a viscous material 
(such as moving trucks on the asphalt at low speed or at a stop). Under these conditions, asphalt 
mix materials tolerate the load. At low temperatures or in fast loading mode (such as fast traffic 
motion), pure bitumen behaves like an elastic solid. In the elastic behavior resulted from the 
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3 Wax: part of the paraffins is crystalline. The method for determining the amount of bitumen wax is given in DIN 52015.
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behavior of plastic solids simultaneously. Bitumen, in this case, has either viscous behavior or 
elastic behavior, depending on the temperature and loading time.

In environmental conditions, between high cold temperatures and high heat temperatures, 
i.e., the average temperature of bitumen, the behavior of viscous fluids, and the behavior of 
plastic solids are simultaneously obtained. In this case, bitumen has both viscous and elastic 
behaviors depending on the temperature and loading time.

1.4.1.1. Newtonian behavior of bitumen

When there is a linear relationship between shear stress applied to fluids and velocity gra-
dient or shearing strain rate, they are called Newtonian fluids. Road bitumen often shows 
Newtonian behavior at high temperatures. Figure 1 shows stress ratio with strain rat that is a 
feature of Newtonian materials.

Another condition required for a Newtonian material is that it does not show any elastic 
behavior. For that bitumen show elastic behavior at low temperatures; they cannot be classi-
fied as Newtonian materials, although they display Newtonian flow behavior (n = 1) [6].

1.4.1.2. Pseudo-plastic behavior and Bingham plastic

A type of behavior which results in shear thinning of fluid (decrease of viscosity with increase 
of stress or reduce of strength with increase of shear stress) is called pseudo-plastic. Fluid which 
shows solid behavior under stresses less than yield stress and shows fluid behavior under stresses 
more than yield stress; Bingham fluid and this behavior are said Bingham plastic that in this case 
(1 = n). Bitumen, which in the low temperatures and the low shear stresses (low shear velocities) 
have been tested, generally displays pseudo-plastic behavior or Bingham plastic behavior.

Figure 2 shows that the shear velocity in high stresses is increased faster that leads to reduce 
of viscosity. When (n < 1), the bitumen is sensitive to stress and acts as a pseudo-plastic mate-
rial. Blown bitumen as roof coverings has a pseudo-plastic behavior. At low temperatures, 
often the material displays one special yield point, which is seen in Bingham plastic behavior 

Figure 1. Newtonian behavior [6].
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in Figure 3. All bitumen at very low temperatures display the behavior of a friable elastic 
solid with flow potential or very low creep. Usually bitumen is considered as glass solids at 
temperatures below the glass transition temperature (Tg)27 [7].

1.4.2. Bitumen temperature susceptibility

Temperature susceptibility which may be defined as how changes made in consistency or 
stiffness of bitumen (viscosity or degree of penetration) at different temperatures is one of the 
 effective parameters in the behavior of bitumen that for a variety of bitumen is classified in one 

Figure 2. Pseudo-plastic behavior [7].

Figure 3. Bingham plastic behavior [7].
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group (classification based on viscosity or classification based on degree of penetration) may 
vary. For example, the classification based on the degree of penetration, some bitumen that have 
the same degree of penetration at temperature of 25°C may not be the same degree of penetra-
tion at the other temperature. Also in terms of classification based on viscosity, several asphalts 
may have the same viscosity at the temperature of 60°C, but their viscosity or stiffness is not the 
same at higher or lower temperatures; therefore, their behavior at times of diffusion, density, 
and service will be different. This can affect the durability and stability of asphalt mixtures. The 
greater the changes of stiffness or consistency with changes of temperature, the higher tem-
perature susceptibility in bitumen, and the lower the change, lower temperature susceptibility 
in bitumen. Bitumen with temperature susceptibility will have better performance in asphalt 
mixtures.

1.4.3. Bitumen hardening

Bitumen hardening is a phenomenon that may occur under various conditions and factors 
in the short or long terms. The reason for this is the rapid or gradual changes in the shape 
and chemical compounds of bitumen due to various factors. Different processes can interfere 
with the chemical changes of bitumen, among which can be indicated to sublimation of light 
materials and escape of bitumen, oxidation, polymerization, carbonization, the absorption of 
bitumen oils by aggregates, the chemical reaction between bitumen and mineral components 
of aggregates, and so on.

All abovementioned processes are dependent on environmental conditions, temperature, and 
thickness of bitumen lining on aggregates in asphalt mixtures. Bitumen hardening in asphalt 
occurs in two stages: one is short term and fast, and the other is long term and gradual. The 
hardening stage occurs in the short term with high speed and intensity over a short period 
during heating bitumen and mixing it with rocky materials at high temperatures. The second 
stage of hardening of the bitumen is gradually and slowly made during service. The results of 
the physical hardening of the bitumen reduce the degree of penetration, increase the softening 
point, reduce the plasticity, increase viscosity, decrease adhesion property, and increase the 
bitumen fragility property. The main factor in the hardening of bitumen is the changes, which 
occur in the chemical components of bitumen during heating the bitumen, mixing it with stone 
materials and at the time of service due to the abovementioned factors. In Figures 2–4, the rate of 
change in each of the chemical components of bitumen has been shown in each of the different 
stages of the pavement life. As it is seen in the figure, the amount of asphalt gradually increases, 
while the amount of resin and aromatic compounds decreases; as a result, at these stages, the 
aging index (the ratio of the viscosity of bitumen available to the initial bitumen) increases. 
The aging index in these shapes is the ratio of viscosity of bitumen extracted from samples to 
the initial bitumen at 25°C. Investigations show that the most changes in the bitumen viscosity 
occur during mixing and diffusing the mixture, and after that, the bitumen viscosity changes 
are insignificant in the period of the service. Regarding the chemical compositions of bitumen, 
asphalt is increased while mixing and density as shown in Figure 4, and this process continues 
in the period of the service. Resin and aromatics are decreased in the course of time. The tested 
samples have been gotten with a thickness of 3 mm more than the samples taken from the 
pavement.
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1.4.4. Bitumen aging

The gradual changes in the physical and chemical properties of oil bitumen have been accepted 
as a principle. Researchers believe in this field that the most important factor of these changes 
is the phenomenon of aging hardening that causes the appearance of various types of dam-
ages in the asphalt. Various and different processes interfere with the gradual changes or the 
bitumen hardening such as oxidation, photochemical reactions, sublimation of bitumen light 
weight and volatile materials, polymerization, carbonization, absorption of oils in bitumen 
by aggregates, chemical reactions between bituminous components and mineral compounds 
of rocky materials, and microbiological transformations. All of the processes mentioned are 
dependent in time, ambient temperature, heat, thickness, and membrane around aggregates. 
For example, the rate of oxidation, which is the most important factor of the hardening of the 
materials, which it doubles with an increase 10 at 100°C. Physical hardening is another factor 
of aging or usual hardening in bitumen. Physical hardening occurs when bitumen is at ambi-
ent temperature and is usually attributed to the rearrangement of bitumen molecules and slow 
crystallinity of waxes. Of course, physical hardening is reversible, and the initial viscosity of 
bitumen is obtained by heating. Figure 5 shows the dependence of viscosity in temperature 

Figure 4. The changes of bitumen components during mixing, diffusing, compacting, and serving.
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for two samples of bitumen. These two figures also show that all bitumen are not hardened 
equally or their physical and chemical properties do not change with the same rate.

High and long-term studies have been done on bitumen used in making the road in order 
to determine the chemical compositions of bitumen changed over time; the results of this 
research were definition of the aging index of bitumen:

 Aging index ═ ηᵣ/ηₒ (1)

The aging index is calculated according to the ratio of the viscosity of bitumen recycled (ηᵣ) to 
the viscosity of main bitumen (ηₒ) at a temperature of 25°C.

1.5. Bitumen modification

As mentioned before, there is a complex relation between bitumen chemical structure, bitu-
minous colloid structure, and its physical and rheological properties. Any material which 
changes the chemical structure of bitumen consequently changes the properties of bitumen, 
and as a result, it can be a modifier [4].

Ideally, modified bitumen has more adhesion than pure bitumen and lower thermal sensitiv-
ity in the range of service temperatures and sufficient viscosity at execution temperature. In 
addition, its sensitivity to the time of loading is low, and its strength to plastic deformation, 
fatigue, and cryogenic cracks is high. Eventually, its properties after aging are good for execu-
tion and service [4].

Figure 5. Dependence of viscosity in temperature for two bitumen samples.
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1.5.1. Bitumen modification by polymer

By adding polymers, the chain of small molecules is repeated, and as a result, the pavement 
performance improves. Polymer-modified bitumen increases strength against rutting and 
fatigue and cryogenic cracks and reduces damask and thermal sensitivity. So polymer-mod-
ified bitumen are used successfully in places with high stress such as intersections, airports, 
truck weighing areas, and race routes. The positive properties of polymeric bitumen include 
increase of elastic recovery, viscosity, softening point, adhesion, and flexibility [3].

Polymers used to accommodate bitumen are usually in three forms: thermoplastic elastomers, 
plastomers, and reactive polymers [8, 9]. Thermoplastic elastomers usually have more elas-
ticity against pavement at low temperature, while reactive polymers and plastomers cause 
the hardening and strength to be increased against permanent deformations. It should be 
considered that reactive polymers react with bitumen due to the presence of operating groups 
and show greater compatibility than the other two polymers [8–11].

Experience shows that only a few polymers have desirable compatibility with bitumen. 
Industrial polymers used to modify bitumen are usually divided into two general categories:

• One of the most common types of plastomers is copolymer ethylene vinyl acetate (EVA) 
in which its category is determined according to the percentage of vinyl acetate and its 
molecular weight (determined in terms of the melting temperature) [4].

• One of the most common types of thermoplastic elastomers is copolymer styrene-block 
styrene-butadiene (SBS). These polymers are classified according to percentage of styrene, 
molecular weight, and structure (linear and radial) [4].

Types of elastomers and plastomers common in modifying bitumen are shown in Table 3 [12].

The result of the mixing of bitumen with a polymer of thermoplastic elastomers at high tem-
perature can be in three types:

Thermoplastic elastomers Styrene butadiene diblock (SB)

Styrene butadiene triblock/radial (SBS)

Styrene isoprene (SIS)

Styrene ethylbutylene styrene (SEBS)

Styrene butadiene rubber latex (SBR)

Polychloroprene latex

Plastomers Ethylene vinyl acetate (EVA)

Ethylene propylene diene monomer (EPDM)

Polyisobutylene

Polyethylene (low density and high density)

Table 3. Types of thermoplastic elastomers and common plastomers in rendering bitumen [12].
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• Heterogeneous mixture: in this type of mixture which is most likely, polymers and bitu-
men are incompatible and cause the separation of mixed components. This bitumen mix-
ture does not have any proper properties for pavement application [4].

• Homogeneous mixture: this mixture is completely homogeneous to the molecular level 
in which bitumen and polymer are completely compatible. The oil in the bitumen com-
pletely resolves the polymer and eliminates any interaction at inter-micromolecular level. 
In such a situation, the bitumen is completely stable, and its properties change than the 
base bitumen quite low, in which the viscosity is increased. As a result, such a situation is 
not desirable [4].

• Micro-heterogeneous mixture: this mixture contains two distinct parts, which are simply 
locked and clamp together. Such a level of compatibility is desirable and improves the 
properties of bitumen. In this status, the polymer particles that are compatible absorb the 
oil-based phase of the bitumen, and they swell to create a polymer phase distinct from 
residual bitumen components (consisting of heavier components of bitumen such as oil, 
resin, and asphaltene) [4].

1.5.2. The mechanism of bituminous modification with a polymer

As described below, three general statuses can be defined for the mixing of bitumen and 
polymer:

• The first status—low polymer content (less than 4%). In this situation, the bitumen is the 
base phase, and the polymer phase is dispersed in it. In this status, in order to maintain 
the stability during the storage, the polymer should absorb a significant amount of light 
materials and volatile asphalt; thus in comparison to its initial volume, it swells five to ten 
times. When the polymer absorbs the bitumen oil, the asphaltene percentage in bitumen 
increases, so the adhesion and the elasticity of bitumen increase. At a high service tempera-
ture (about 60°C), the polymer phase hardness modulus is higher than the bitumen matrix 
modulus, which enhances the mechanical performance of bitumen at that temperature. At 
low temperatures, the polymer hardness modulus is less than bitumen, which results in a 
reduction in the brittleness of modified bitumen. Therefore, it can be concluded that the 
polymer dispersed in bitumen (discontinuous phase) improves the properties of bitumen 
at high and low temperatures. In this status, the properties of the base bitumen signifi-
cantly affect the modified bitumen properties [4].

• The second status—the polymer content is about 5%: in this status, two-phase, continu-
ous, and interconnected microstructures are created. Controlling such a system is often 
difficult, and there is a problem of instability in it. In this method, the micromorphology 
and the properties of bitumen are usually dependent on the bitumen temperature his-
tory. In this status, as the percentage of polymer increases, the softening point increases 
significantly [4].

• The third status—high polymer content (more than 7% if suitable bitumen and polymer are 
selected): in this status, the polymer is the dominant phase and forms a continuous matrix 
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in the system. In fact, this system is no longer bitumen, but it is a polymer plasticized with 
bitumen oil in which a heavy phase of bitumen is dispersed. The properties of such a ther-
moplastic adhesive material are essentially different from those of bitumen, and in fact, it 
has the polymer properties. In this status, the softening point, which in the previous states 
increased with the increase of the polymer content, is fixed and may experience a minor 
change with the increase of polymer content [4].

The microstructure of the polymeric bitumen is very important, and as described above, there 
is a close relationship between polymer bitumen microstructure and its physical properties. 
Studies have shown that in the same percentage of bitumen and base bitumen with the same 
grade but different sources, polymer bitumen can have a very different microstructure and 
properties, especially at low temperatures [4].

1.5.3. Polymer bitumen stability

Sustainability is one of the most important issues in polymer-modified bitumen. As this type 
of bitumen has two separate phases, it will be studied under Stokes’ law. In other words, 
the speed of dispersion of particles (polymer particles in a bitumen matrix or bitumen in 
a polymer matrix) increases with the increase of the particle size, with an increase of the 
difference between the density of the two phases, and with the decrease of the viscosity of 
the continuous phase [4]. In order to increase the stability of polymer-modified bitumen, it is 
necessary to control the particle size by controlling the production process. Furthermore, by 
controlling the chemical structure of the base bitumen and the polymer-modified bitumen, 
it is possible to move toward the equilibrium of the density of the two phases. For example, 
the stability of EVA-modified bitumen is highly dependent on the percentage of asphaltene 
in the base bitumen. This process is shown in Figure 6. In this figure, by “sustainability” 
parameter, the amount of delamination is meant. When this parameter is zero, it means no 
delamination occurred [4].

Figure 6. The effect of asphaltene content in the base bitumen on the stability of EVA polymer-modified bitumen [4].
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resin, and asphaltene) [4].

1.5.2. The mechanism of bituminous modification with a polymer

As described below, three general statuses can be defined for the mixing of bitumen and 
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• The first status—low polymer content (less than 4%). In this situation, the bitumen is the 
base phase, and the polymer phase is dispersed in it. In this status, in order to maintain 
the stability during the storage, the polymer should absorb a significant amount of light 
materials and volatile asphalt; thus in comparison to its initial volume, it swells five to ten 
times. When the polymer absorbs the bitumen oil, the asphaltene percentage in bitumen 
increases, so the adhesion and the elasticity of bitumen increase. At a high service tempera-
ture (about 60°C), the polymer phase hardness modulus is higher than the bitumen matrix 
modulus, which enhances the mechanical performance of bitumen at that temperature. At 
low temperatures, the polymer hardness modulus is less than bitumen, which results in a 
reduction in the brittleness of modified bitumen. Therefore, it can be concluded that the 
polymer dispersed in bitumen (discontinuous phase) improves the properties of bitumen 
at high and low temperatures. In this status, the properties of the base bitumen signifi-
cantly affect the modified bitumen properties [4].

• The second status—the polymer content is about 5%: in this status, two-phase, continu-
ous, and interconnected microstructures are created. Controlling such a system is often 
difficult, and there is a problem of instability in it. In this method, the micromorphology 
and the properties of bitumen are usually dependent on the bitumen temperature his-
tory. In this status, as the percentage of polymer increases, the softening point increases 
significantly [4].

• The third status—high polymer content (more than 7% if suitable bitumen and polymer are 
selected): in this status, the polymer is the dominant phase and forms a continuous matrix 
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in the system. In fact, this system is no longer bitumen, but it is a polymer plasticized with 
bitumen oil in which a heavy phase of bitumen is dispersed. The properties of such a ther-
moplastic adhesive material are essentially different from those of bitumen, and in fact, it 
has the polymer properties. In this status, the softening point, which in the previous states 
increased with the increase of the polymer content, is fixed and may experience a minor 
change with the increase of polymer content [4].

The microstructure of the polymeric bitumen is very important, and as described above, there 
is a close relationship between polymer bitumen microstructure and its physical properties. 
Studies have shown that in the same percentage of bitumen and base bitumen with the same 
grade but different sources, polymer bitumen can have a very different microstructure and 
properties, especially at low temperatures [4].

1.5.3. Polymer bitumen stability

Sustainability is one of the most important issues in polymer-modified bitumen. As this type 
of bitumen has two separate phases, it will be studied under Stokes’ law. In other words, 
the speed of dispersion of particles (polymer particles in a bitumen matrix or bitumen in 
a polymer matrix) increases with the increase of the particle size, with an increase of the 
difference between the density of the two phases, and with the decrease of the viscosity of 
the continuous phase [4]. In order to increase the stability of polymer-modified bitumen, it is 
necessary to control the particle size by controlling the production process. Furthermore, by 
controlling the chemical structure of the base bitumen and the polymer-modified bitumen, 
it is possible to move toward the equilibrium of the density of the two phases. For example, 
the stability of EVA-modified bitumen is highly dependent on the percentage of asphaltene 
in the base bitumen. This process is shown in Figure 6. In this figure, by “sustainability” 
parameter, the amount of delamination is meant. When this parameter is zero, it means no 
delamination occurred [4].

Figure 6. The effect of asphaltene content in the base bitumen on the stability of EVA polymer-modified bitumen [4].
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1.5.4. Temperature history

A study in the LCPC laboratories in France showed that the formation of the continuous 
polymer phase in polymer-modified bitumen improves the properties of polymer bitumen, 
such as plasticity at low temperature. On the other hand, in polymer- modified bitumen, the 
plasticity of the continuous polymer phase is increased with the increase of the cooling rate in 
the laboratory. The polymer-modified bitumen, which was cooled at the same rate as the real 
conditions of the runtime (about 30°C/h), had a different structure. In this status, the bitumen 
had the continuous phase, and the polymer had a discontinuous and dispersed phase. This 
experiment showed that in the case of rapid cooling of the polymer-modified bitumen, the 
physical properties of polymer-modified bitumen decrease significantly so that the softening 
point dropped to 30°C [4].

1.6. Common polymers in bitumen modification

As shown in Tables 2 and 3, the different types of polymers are used in bitumen modification, 
each of which is different in terms of modification mechanism and properties. In this section, 
some of the most common polymers that are used in the modification of bitumen properties 
have been reviewed.

1.6.1. Styrene butadiene rubber (SBR)

SBR is a type of copolymer, in which styrene and butadiene monomers are irregularly bonded 
in a polymeric chain, based on their initial percentages. This copolymer has good strength due 
to the presence of thermoplastic styrene monomers between the layers of butadiene rubber 
monomers, which is why it is used extensively in the tire industry. Unfortunately, this rubber 
inflated in bitumen to a limited extent is not compatible with bitumen, so it cannot signifi-
cantly improve the properties of bitumen [13–15].

1.6.2. Styrene butadiene styrene (SBS)

SBS is a block copolymer that increases the bitumen elasticity. This polymer is one of the most 
suitable bituminous modifying polymers in terms of improving the properties of bitumen, 
but it has some economic and technical limitations. However, after the rubber powder, SBS is 
the most widely used modifier in pavement [3]. The morphology of the SBS and bitumen mix 
may vary depending on the source of the base bitumen and the polymer. In one of the bitu-
men statuses, the phase is continuous, and the SBS particles are dispersed in bitumen. In the 
other statuses, the bitumen cells exist in the polymer as a continuous phase. In the third status 
(high polymer content), bitumen and polymer continuous phases interlock. In this status, a 
critical network is created between bitumen and polymer that increases the complex shear 
modulus of the mixture (G*) and thus increases the resistance to the rutting [3].

In super PIO experiments on bitumen containing 1–3% SBS, this modifier improved the 
high-temperature performance grade, but the intermediate-temperature performance 
grade remained relatively constant relative to the base bitumen. Performance tests at low 
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temperatures by Bending Beam Rheometer (BBR) showed that this amount of SBS reduced 
the hardness range temperature, but due to a decrease in the creep rate (m-value), resulting 
in an increase in the creep rate temperature, the low temperature performance grade in these 
types of bitumen got worse [16]. Other research have shown that using a higher percentage 
SBS, it is possible to improve the low- and intermediate-temperature performance grades [17]. 
According to the definition of the BBR test, the hardness range temperature is a temperature at 
which the stiffness (bitumen hardness modulus) reaches 300 MPa and the temperature is the 
creep rate temperature range is a temperature at which the value of M-Value is less than 0.3.

The studies showed that in bitumen containing 5% of SBS, the property-controlling factor is 
the molecular weight of the polystyrene and polybutadiene blocks. On the other hand, for 
viscosity at 180°C, the molecular weight of polybutadiene is more effective than polystyrene. 
It was also observed in high-SBS-containing bitumen that the oil content of the bitumen has 
a determining effect on the degree of penetration and plasticity point of polymer-modified 
bitumen [4].

Mohammad et al. when studying samples taken from SBS-modified 8-year-old bitumen pave-
ments in Louisiana observed hardening resulted from oxidation. The hardness of the samples 
at low and high temperatures was more than it was expected. By performing the test, they 
found that the effect of extraction and reduction of bitumen on the quality of bitumen contain-
ing SBS was very insignificant. The experiments showed that in asphalt recycling operation, 
increasing the percentage of reduced bitumen containing SBS increased rutting resistance, 
while it reduces fatigue-cracking resistance [18]. This behavior can be due to the increased 
hardness and brittleness of the aging bitumen containing SBS. Other findings from this study 
were the differences between the effect of natural aging and the effect of Pressure Aging 
Vessel (PAV) test on SBS-containing bitumen. Differential scanning calorimetry (DSC) analy-
sis of bitumen showed that the aging process of bitumen tested with PAV reduces the number 
of paraffinic crystalline structures in bitumen, while natural aging in a sample extracted from 
the road increases the paraffinic crystalline structures of the bitumen, thereby in comparison 
with PAV tested bitumen, its hardness and brittleness increase [18].

1.6.3. Ethylene vinyl acetate (EVA)

Figure 7 shows that by increasing the percentage EVA, the degree of penetration decreases, 
and the softening point increases. This effect is more evident in EVA-containing less vinyl 
acetate (VA) [4]. In another study by Madela et al., it was found that in bitumen with a low 
percentage of EVA (bitumen matrix is dominant), the chemical structure of bitumen plays a 
determining role in the physical properties of polymer-modified bitumen. At high percent-
ages of EVA (polymer matrix is dominant), it significantly reduces the effect of bitumen 
chemical structure [4].

1.6.4. Modification of bitumen with rubber powder (CRM)

The US Federal Highway Administration (FHWA) analyzed the life-cycle cost of the pave-
ment, including rubber powder and other modifiers and showed that the use of rubber 
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experiment showed that in the case of rapid cooling of the polymer-modified bitumen, the 
physical properties of polymer-modified bitumen decrease significantly so that the softening 
point dropped to 30°C [4].

1.6. Common polymers in bitumen modification

As shown in Tables 2 and 3, the different types of polymers are used in bitumen modification, 
each of which is different in terms of modification mechanism and properties. In this section, 
some of the most common polymers that are used in the modification of bitumen properties 
have been reviewed.

1.6.1. Styrene butadiene rubber (SBR)

SBR is a type of copolymer, in which styrene and butadiene monomers are irregularly bonded 
in a polymeric chain, based on their initial percentages. This copolymer has good strength due 
to the presence of thermoplastic styrene monomers between the layers of butadiene rubber 
monomers, which is why it is used extensively in the tire industry. Unfortunately, this rubber 
inflated in bitumen to a limited extent is not compatible with bitumen, so it cannot signifi-
cantly improve the properties of bitumen [13–15].

1.6.2. Styrene butadiene styrene (SBS)

SBS is a block copolymer that increases the bitumen elasticity. This polymer is one of the most 
suitable bituminous modifying polymers in terms of improving the properties of bitumen, 
but it has some economic and technical limitations. However, after the rubber powder, SBS is 
the most widely used modifier in pavement [3]. The morphology of the SBS and bitumen mix 
may vary depending on the source of the base bitumen and the polymer. In one of the bitu-
men statuses, the phase is continuous, and the SBS particles are dispersed in bitumen. In the 
other statuses, the bitumen cells exist in the polymer as a continuous phase. In the third status 
(high polymer content), bitumen and polymer continuous phases interlock. In this status, a 
critical network is created between bitumen and polymer that increases the complex shear 
modulus of the mixture (G*) and thus increases the resistance to the rutting [3].

In super PIO experiments on bitumen containing 1–3% SBS, this modifier improved the 
high-temperature performance grade, but the intermediate-temperature performance 
grade remained relatively constant relative to the base bitumen. Performance tests at low 
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temperatures by Bending Beam Rheometer (BBR) showed that this amount of SBS reduced 
the hardness range temperature, but due to a decrease in the creep rate (m-value), resulting 
in an increase in the creep rate temperature, the low temperature performance grade in these 
types of bitumen got worse [16]. Other research have shown that using a higher percentage 
SBS, it is possible to improve the low- and intermediate-temperature performance grades [17]. 
According to the definition of the BBR test, the hardness range temperature is a temperature at 
which the stiffness (bitumen hardness modulus) reaches 300 MPa and the temperature is the 
creep rate temperature range is a temperature at which the value of M-Value is less than 0.3.

The studies showed that in bitumen containing 5% of SBS, the property-controlling factor is 
the molecular weight of the polystyrene and polybutadiene blocks. On the other hand, for 
viscosity at 180°C, the molecular weight of polybutadiene is more effective than polystyrene. 
It was also observed in high-SBS-containing bitumen that the oil content of the bitumen has 
a determining effect on the degree of penetration and plasticity point of polymer-modified 
bitumen [4].

Mohammad et al. when studying samples taken from SBS-modified 8-year-old bitumen pave-
ments in Louisiana observed hardening resulted from oxidation. The hardness of the samples 
at low and high temperatures was more than it was expected. By performing the test, they 
found that the effect of extraction and reduction of bitumen on the quality of bitumen contain-
ing SBS was very insignificant. The experiments showed that in asphalt recycling operation, 
increasing the percentage of reduced bitumen containing SBS increased rutting resistance, 
while it reduces fatigue-cracking resistance [18]. This behavior can be due to the increased 
hardness and brittleness of the aging bitumen containing SBS. Other findings from this study 
were the differences between the effect of natural aging and the effect of Pressure Aging 
Vessel (PAV) test on SBS-containing bitumen. Differential scanning calorimetry (DSC) analy-
sis of bitumen showed that the aging process of bitumen tested with PAV reduces the number 
of paraffinic crystalline structures in bitumen, while natural aging in a sample extracted from 
the road increases the paraffinic crystalline structures of the bitumen, thereby in comparison 
with PAV tested bitumen, its hardness and brittleness increase [18].

1.6.3. Ethylene vinyl acetate (EVA)

Figure 7 shows that by increasing the percentage EVA, the degree of penetration decreases, 
and the softening point increases. This effect is more evident in EVA-containing less vinyl 
acetate (VA) [4]. In another study by Madela et al., it was found that in bitumen with a low 
percentage of EVA (bitumen matrix is dominant), the chemical structure of bitumen plays a 
determining role in the physical properties of polymer-modified bitumen. At high percent-
ages of EVA (polymer matrix is dominant), it significantly reduces the effect of bitumen 
chemical structure [4].

1.6.4. Modification of bitumen with rubber powder (CRM)

The US Federal Highway Administration (FHWA) analyzed the life-cycle cost of the pave-
ment, including rubber powder and other modifiers and showed that the use of rubber 
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powder to modify bitumen is economical. In 1991, a US law was approved requiring the 
government from 1994 to use rubber powder (5%) in roads constructed with the support 
from the state budget. This amount should be increased to 20% by 1997. Of course, this law 
was later changed. Typically, rubber is made from the recycled tires. This reduces the space 
needed to burrow worn tires [3].

Modifying bitumen with natural rubber increases the resistance of asphalt mixture to rutting 
and improves its flexibility. On the other hand, it tends to be delaminated. Due to the higher 
molecular weight of rubber powder, this material is less compatible than bitumen. Another 
common problem with the use of natural rubber is the need for a higher temperature and a 
longer time to mix and disperse rubber in bitumen [3].

Although much research has been done about the nature of the reaction of rubber and bitumen 
particles, the exact mechanism of this operation is still unknown. According to the opinions of 
many researchers, after mixing melt pure bitumen with rubber powder, rubber powder’s poly-
mer chains absorb aromatic compounds of pure bitumen. Powdered rubber particles become 
soft and swollen that lead to an increase in the viscosity of the rubber-bitumen blend [19].

This swelling occurs because of the physical and chemical reaction of bitumen and particulates 
of rubber powder that the volume of powdered rubber particles rises two to three times the 
initial value. If the temperature or mixing time is high enough, the particles of the rubber are 
degraded and dispersed in the bitumen, and the polymeric chains are broken, which reduces the 
viscosity of the mixture. The swelling of powdered rubber particles and the particle breakdown 
of powdered rubber are two factors affecting the properties of rubber-bitumen mixtures [20].

Adding rubber powder to bitumen can increase one to three performance grades (PGs) above 
the operating temperature and reduce one to two performance grades to lower temperatures 
which is the lower temperature for the operating temperature of bitumen. Therefore, the operat-
ing temperature range of bitumen rises from both sides [21]. Other researchers also observed the 
same trend at high operating temperatures but did not see a change in the performance grade 
with the increase for rubber [22–24]. The lower limit in all cases was controlled by the value of 

Figure 7. The effect of percentage changes of EVA in bitumen and vinyl acetate, on the degree of penetration and 
softening point of polymer-modified bitumen [18].
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the creep rate (m-value) which is obtained from the Bending Beam Rheometer (BBR) test. The 
increase in the upper limit was due to an increase in the value of the parameter G*/Sinδ from the 
dynamic shear rheometer test (DSR) [22, 24]. Overall, according to the results of various studies, 
it can be concluded that the rubber powder improves the performance grade but in the low 
performance, the amount of improvement is highly dependent on the bitumen, and the results 
are different depending on the bitumen used.

DSR testing has shown that G* is highly dependent on temperature, type of bitumen, and the 
percentage of rubber powdered. The effect of the rubber powder is more than other factors, 
while the particle size of the rubber does not affect it. In δ changes (phase angle), the aging 
index plays an important role than other factors. Factors such as temperature, loading fre-
quency in the test, type of bitumen, and the percentage of plastic powder are also effective [25].

Researchers have found that adding rubber powder reduces hardness at low temperatures. 
Gopal showed that this event happens for the different sizes and percentages of the rubber 
powder, and for each compound, the size and the optimal percentage should be determined 
[22, 26]. The experiments, which were conducted by Bahia et al., showed that the effect of add-
ing rubber powder is less effective in reducing the hardness at low temperatures in soft bitu-
men [23]. Due to the low rubber hardness at low temperatures (0–20°C), compared to bitumen 
hardness, its composition with bitumen reduces the hardness of the rubber bitumen [21].

1.6.5. Bitumen modification using polyphosphoric acid (PPA)

One of the modifiers of bitumen is the polyphosphoric acid, which is added to it indepen-
dently or as a substitute for other modifiers in bitumen like SBS. Polyphosphoric acid acts like 
deflocculant of the bitumen phases, the charge of polar groups, using neutralization of the 
load of polar groups. This can be done by neutralizing the bases with acid or esterification [27].

One of the important issues that should be considered in the use of acids as the modifier of 
bitumen is reversibility of bitumen modification. The presence of lime, limestone, or anti-
stripping agents can neutralize the acid added to bitumen. On the other hand, most of the 
acids, including PPA, are soluble in water and may be washed out by rain over time [28].

1.6.6. Bitumen modification using basalt fiber

Basalt fiber is a kind of fiber that is made of basalt stones, melting at a temperature of about 
1500°C and converting into continuous fibers. Researchers have paid more attention to this 
fiber because of the following reasons:

• Its good performance in strength

• Its suitability for a wide range of temperature variations

• Its durability

In recent decades, basalt fibers have been used in the asphalt concrete as a highly efficient addi-
tive. Compared to two other common additions, for the arming of asphalt, namely, polyester 
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the creep rate (m-value) which is obtained from the Bending Beam Rheometer (BBR) test. The 
increase in the upper limit was due to an increase in the value of the parameter G*/Sinδ from the 
dynamic shear rheometer test (DSR) [22, 24]. Overall, according to the results of various studies, 
it can be concluded that the rubber powder improves the performance grade but in the low 
performance, the amount of improvement is highly dependent on the bitumen, and the results 
are different depending on the bitumen used.

DSR testing has shown that G* is highly dependent on temperature, type of bitumen, and the 
percentage of rubber powdered. The effect of the rubber powder is more than other factors, 
while the particle size of the rubber does not affect it. In δ changes (phase angle), the aging 
index plays an important role than other factors. Factors such as temperature, loading fre-
quency in the test, type of bitumen, and the percentage of plastic powder are also effective [25].

Researchers have found that adding rubber powder reduces hardness at low temperatures. 
Gopal showed that this event happens for the different sizes and percentages of the rubber 
powder, and for each compound, the size and the optimal percentage should be determined 
[22, 26]. The experiments, which were conducted by Bahia et al., showed that the effect of add-
ing rubber powder is less effective in reducing the hardness at low temperatures in soft bitu-
men [23]. Due to the low rubber hardness at low temperatures (0–20°C), compared to bitumen 
hardness, its composition with bitumen reduces the hardness of the rubber bitumen [21].

1.6.5. Bitumen modification using polyphosphoric acid (PPA)

One of the modifiers of bitumen is the polyphosphoric acid, which is added to it indepen-
dently or as a substitute for other modifiers in bitumen like SBS. Polyphosphoric acid acts like 
deflocculant of the bitumen phases, the charge of polar groups, using neutralization of the 
load of polar groups. This can be done by neutralizing the bases with acid or esterification [27].

One of the important issues that should be considered in the use of acids as the modifier of 
bitumen is reversibility of bitumen modification. The presence of lime, limestone, or anti-
stripping agents can neutralize the acid added to bitumen. On the other hand, most of the 
acids, including PPA, are soluble in water and may be washed out by rain over time [28].

1.6.6. Bitumen modification using basalt fiber

Basalt fiber is a kind of fiber that is made of basalt stones, melting at a temperature of about 
1500°C and converting into continuous fibers. Researchers have paid more attention to this 
fiber because of the following reasons:

• Its good performance in strength

• Its suitability for a wide range of temperature variations
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In recent decades, basalt fibers have been used in the asphalt concrete as a highly efficient addi-
tive. Compared to two other common additions, for the arming of asphalt, namely, polyester 
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fibers and lignin fibers, basalt fibers have a higher tensile strength and elastic modulus and a 
lower elongation rate [29]. Its resistance to high temperature and good chemical stability of 
the basalt fiber makes it an excellent additive for asphalt concrete [30].

Different researchers have carried out various experiments to evaluate the applicability of 
basalt fiber as a reinforcing material for structural concrete, and they have compared the effi-
ciency of basalt fiber and glass fibers. Using the accelerated weathering test, they found that 
basalt fiber provides better resistance in comparison to glass fibers [31]. Basalt fibers (especially 
those used with Scoria) will not be dangerous to the environment, and basalt is not usable as a 
building material. This material is not new but can be used initially in construction with regard 
to mechanical and chemical properties. The base cost of basalt fibers depends on the quality 
and chemical compounds, and this fiber has various types and different chemical properties 
[33]. However basalt fiber has properties like high Marshall stability, stability against water, 
and stability against rutting; fewer studies have been conducted to analyze the application 
of basalt fibers [34–36]. Bitumen modification using basalt fiber has the potential to perform 
better at low and high temperatures and to increase fatigue life and reduce permanent changes 
[36, 37]. The use of fibers has a great influence on viscosity and mixed properties [38]. Zhao 
et al. added fiber basalt (with a diameter of 16 mm) to asphalt mix and using the Marshall Test 
and hardness with different percentages of fibers; they showed that adding 3% weight per-
cent of basalt fibers improves it at lower temperatures [39]. The addition of basalt fiber to the 
asphalt mixture increases its dynamic modulus [40]. In order to increase the resistivity of the 
asphalt, Xiao et al. conducted different experiments, and they concluded that the basalt fibers 
with different lengths and values of resistance improve the crack resistance in asphalt [41].

Synthetic basalt increases the shear modulus, and the viscosity of the bitumen, as a result, 
increases its stiffness and decreases the difference in the phase angle. These factors have been 
improved in the bitumen foam synthesized with the basalt, more than bitumen modification 
using synthetic basalt.

In terms of molecular weight, the lower molecular weight of isocyanate used in the synthesis 
of basalt is the more effective synthetic basalt that is on increasing the shear modulus and 
reducing the phase difference angle.

Synthetic basalt is well adapted due to its chemical reaction with bitumen polar groups and 
the formation of new bonds in bitumen and stability in bitumen storage, which is achieved 
without any problem. The temperature of mixing the synthetic basalt and bitumen is 90°C, 
which is more favorable environmentally.

2. Conclusion

Bitumen is one of the main components of the asphalt mixture, which plays a major role in 
creating adhesion between the aggregates in relation to environmental factors such as tem-
perature and traffic loading in the asphalt mixture.

Because the vast majority of asphalt failures are due to the weakness of the rheological and 
chemical properties and the thermal sensitivities of the bitumen in asphalt, over time, with 
the development in the materials science of road building. Moreover, the use of polymer 
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modifiers could potentially improve the bitumen in the asphalt, which has led to improve the 
durability of asphalt against breakdowns due to rutting, permanent deformations in the high 
temperature, and the increasing fatigue life.
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fibers and lignin fibers, basalt fibers have a higher tensile strength and elastic modulus and a 
lower elongation rate [29]. Its resistance to high temperature and good chemical stability of 
the basalt fiber makes it an excellent additive for asphalt concrete [30].

Different researchers have carried out various experiments to evaluate the applicability of 
basalt fiber as a reinforcing material for structural concrete, and they have compared the effi-
ciency of basalt fiber and glass fibers. Using the accelerated weathering test, they found that 
basalt fiber provides better resistance in comparison to glass fibers [31]. Basalt fibers (especially 
those used with Scoria) will not be dangerous to the environment, and basalt is not usable as a 
building material. This material is not new but can be used initially in construction with regard 
to mechanical and chemical properties. The base cost of basalt fibers depends on the quality 
and chemical compounds, and this fiber has various types and different chemical properties 
[33]. However basalt fiber has properties like high Marshall stability, stability against water, 
and stability against rutting; fewer studies have been conducted to analyze the application 
of basalt fibers [34–36]. Bitumen modification using basalt fiber has the potential to perform 
better at low and high temperatures and to increase fatigue life and reduce permanent changes 
[36, 37]. The use of fibers has a great influence on viscosity and mixed properties [38]. Zhao 
et al. added fiber basalt (with a diameter of 16 mm) to asphalt mix and using the Marshall Test 
and hardness with different percentages of fibers; they showed that adding 3% weight per-
cent of basalt fibers improves it at lower temperatures [39]. The addition of basalt fiber to the 
asphalt mixture increases its dynamic modulus [40]. In order to increase the resistivity of the 
asphalt, Xiao et al. conducted different experiments, and they concluded that the basalt fibers 
with different lengths and values of resistance improve the crack resistance in asphalt [41].

Synthetic basalt increases the shear modulus, and the viscosity of the bitumen, as a result, 
increases its stiffness and decreases the difference in the phase angle. These factors have been 
improved in the bitumen foam synthesized with the basalt, more than bitumen modification 
using synthetic basalt.

In terms of molecular weight, the lower molecular weight of isocyanate used in the synthesis 
of basalt is the more effective synthetic basalt that is on increasing the shear modulus and 
reducing the phase difference angle.

Synthetic basalt is well adapted due to its chemical reaction with bitumen polar groups and 
the formation of new bonds in bitumen and stability in bitumen storage, which is achieved 
without any problem. The temperature of mixing the synthetic basalt and bitumen is 90°C, 
which is more favorable environmentally.

2. Conclusion

Bitumen is one of the main components of the asphalt mixture, which plays a major role in 
creating adhesion between the aggregates in relation to environmental factors such as tem-
perature and traffic loading in the asphalt mixture.

Because the vast majority of asphalt failures are due to the weakness of the rheological and 
chemical properties and the thermal sensitivities of the bitumen in asphalt, over time, with 
the development in the materials science of road building. Moreover, the use of polymer 
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modifiers could potentially improve the bitumen in the asphalt, which has led to improve the 
durability of asphalt against breakdowns due to rutting, permanent deformations in the high 
temperature, and the increasing fatigue life.
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