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Preface

Concrete is one of the oldest construction materials on Earth, and is the most widely
used because of its excellent properties such as high compressive strength, good
workability, durability, and availability of constituent materials. A contemporary
science on concrete is based on extensive experience obtained from many years of
theoretical studies and practical uses. This reflects a variety of growing require-
ments on performance properties and durability, as well as specific requirements to
constituent materials and technology, which account for a growing necessity to
reduce negative impacts on the environment.

Cement, being a basic concrete constituent, is a complicated system varying in
properties and functions. As a result, the majority of problems associated with
concrete technology can be dealt with through a deeper understanding of the
processes taking place during hydration and hardening of cement and which, in
their turn, cause the formation of the structure and properties of concrete.

Compressive Strength of Concrete contains seven chapters written by researchers and
experts in the field. This book provides the state of the art on current progress in
understanding the processes that result in the production of high-performance and
economically and ecologically efficient concrete.

The book chapters are organized in two sections. The first section mainly focuses on
the structure and strength formation of concrete; the second section looks at the
relationship between strength and durability under environmental impact.

Chapter 1 is dedicated to the influence of the interfacial transition zone on the
formation of strength characteristics of concrete made from alkali-activated
cement.

Chapter 2 describes the influence of the interfacial transition zone on the strength
characteristics of concrete made from ordinary Portland cement.

Chapter 3 deals with the compressive strength of structural lightweight concrete
made using lightweight expanded glass aggregate.

Chapter 4 deals with the application of energy-efficient industrial hybrid cement
concrete with high sulfate resistance and reduced shrinkage.

Chapter 5 describes the compressive behavior of concrete under environmental
effects.

Chapter 6 provides insight into the mechanical behavior of high-performance con-
crete subjected to temperatures up to 1000°C.

Chapter 7 describes the fundamental long-term properties of industrial hybrid
cement concrete.
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Chapter 1

The Influence of Interfacial
Transition Zone on Strength of
Alkali-Activated Concrete

Pavel Krivenko, Oleh Petropavlovskyi,
Oleksandr Kovalchuk and Oleksandr Gelevera

Abstract

A process of structure formation taking place in the interfacial transition zone
(ITZ) “cement stone-aggregate” was studied on a variety of concretes made with
artificial and real aggregates. The study of these processes in the case of artificial
aggregate prepared from a mixture of clay loam and alkali-activated slag cement
showed that not only active SiO, and Na,O but also other substances of both cement
and aggregate are involved in the formation of the ITZ. This results in the formation
of alkaline and alkaline-alkali-earth aluminosilicate hydrates which strengthen the
ITZ and improve strength and durability of the concrete. Thus, the alkali-silica
reaction (ASR) transforms from a destructive one (negative effect) into a construc-
tive one (positive effect). The study on the ITZ in the alkali-activated cement
concretes made with real alkali-susceptible aggregates selected from crushed basalt
rock, glassy waste product from basalt fiber production, crushed perlite rock, and
expanded perlite suggested to make a conclusion on the possibility to prevent the
destructive processes in the ITZ through the addition of the metakaolin additive
into the cement composition in quantities of 5-10% by mass. These conclusions
were supported by the long-term testing of strength of these concretes, by measur-
ing the deformations “shrinkage-expansion” as well as the results of study on
hardness of the ITZ.

Keywords: alkali-activated cement, alkali-aggregate reaction (AAR), alkali-silica
reaction (ASR), alkali-susceptible aggregate, alkaline and alkaline-alkali-earth
aluminosilicate hydrates, basalt rock, interfacial transition zone (ITZ), metakaolin,
perlite rock, Portland cement

1. Introduction

Nowadays, concrete is recognized as one of the basic constructional materials.
However, strict requirements to its performance properties, in particular durability,
are not met in all cases allowing big concerns to occur. With worsening of the
ecological situation and larger volumes of use of off-standard materials as concrete
constituents, durability became a main criterion of concrete quality. One poorly
studied and “hidden” reason explaining low durability of concrete in some cases is
the so-called internal corrosion occurring in a cement paste/aggregate interfacial
transition zone (ITZ) in concrete, where the cement paste with thicknesses of a few
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microns comes into interaction with the aggregate. The ITZ is considered as the
strength-limiting phase in concrete.

The ITZ is formed in the process of redistribution of the substances of the
cement and aggregate and a result of the reaction “alkali-silicic acid.” Depending
upon a composition of the formed hydration products, this reaction can be either a
destructive (negative effect) one or a constructive (positive effect) one [1-5]. It is
believed [6-9] that destructive corrosion of concrete can occur as a result of chem-
ical interaction of alkalis Na,0 + K,O of the cements with amorphous silica present
in particles of aggregates. Not only amorphous silica but also other substances of
aggregate constituents—microcrystalline quartz, micas, clay minerals—can enter
into interaction with alkalis. This changes a phase composition of the hydration
products in the ITZ, resulting in either its weakening or occurrence of critical
deformations of expansion. The problem is that these processes are very slow
and signs of corrosion can appear after months and in most cases after years of
service [9-16].

An alkali can come into concrete in case of cements with the increased
contents of alkaline oxides (Na,O + K;0) (over 0.6%). The higher quantities of
alkalis in concrete can be attributed to the wider use of chemical, mineral, and
organic additives and admixtures containing them. Alkalis can also come from
outside, for example, with seawater, de-icing chemicals, etc. [17, 36-38]. Also, in
recent years more and more widely spread are the alkali-activated cements [18-20],
in which the alkali contents (1.5-5.5% by mass) are much higher than the values
permissible for Portland cements (no more than NaO + K,O = 0.6% by mass).

This can in the future initiate an alkali-silica reaction (ASR) in case of alkali-
susceptible aggregates.

The results of first observations of cases of severe concrete damage as a result of
alkali-aggregate reaction were reported by E.A. Stephenson as long ago as in 1916.
In 1940 Stanton [21] observed the alkali-aggregate in the concrete used for divert-
ing dam in California. In the recent years, this problem attracted attention of
many researchers, which not only studied and continue to study a mechanism of
corrosion process but showed main factors which could affect the alkali-silica
reaction [1, 39-40]. Among these factors are the higher alkali contents of cement,
the higher cement content of concrete, quantity of alkali-susceptible aggregates,
temperature and humidity, permeability of concrete, ingress of alkalis from outside,
mineral composition of aggregates, etc.

All these allowed to develop measures on how to prevent or weaken the alkali-
silica reaction. Among such measures are the use of cements containing additives
with latent hydraulic activity or pozzolanic materials, such as granulated blast-
furnace slag (GBFS), fly ash, microsilica, volcanic glass, and metakaolin. So, Malek
and Roy [22] studied a role of Al,O3 and made a conclusion on its positive role in
transformation of the ASR from a destructive one into a constructive one. As a
result of the so-called “constructive” reaction, the insoluble alkaline and alkaline-
alkali-earth aluminosilicate hydrates, analogs to natural zeolites (CaO)
Na,0-Al,03-nSiO,-mH,0, can be formed in the ITZ. These conclusions were further
supported by numerous researchers [23-30], which provided practical solutions
on struggle with the ASR through addition in the cement composition of Al,O3-
containing additives. However, this oxide is contained in aggregates as well [31-35].
For this reason, the structure formation processes in the ITZ flow with participation
of not only substances of cement components, but of substances of aggregate
constituents as well, which always contain finely dispersed clay particles.

The purpose of this research was to study the influence of the processes flowing
in the interfacial transition zone in the alkali-activated cement concretes made with
different aggregates on their properties.
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2. Materials and testing techniques

In order to study the structure formation processes in the interfacial transition
zone, an artificial (model) granular aggregate was used: the granules were prepared
from the following mix—clay loam, 75% by mass; granulated blast-furnace slag,
25% by mass; and alkaline component (Na,CO3 solution), 15% by mass, without
any firing. The preparation process was as follows: all constituents were mixed, and
granules 10-20 mm in size were formed, which then were allowed to harden for
28 days in normal conditions.

The concrete cube specimens (10 x 10 x 10 cm) from the alkali-activated
cement (granulated blast-furnace slag, 92% by mass, and Na,COj3, 8% by mass) and
these granules to be used as aggregate were prepared and were subjected to steam
curing at t = 90 £ 2°C for 8 h. The ITZ was studied at an age of 28 days.

To study properties of the concrete made using real aggregates, the following
cement compositions were chosen:

¢ Portland cement (OPC) + water
¢ Alkali-activated Portland cement (OPC + soluble silicate)
¢ Alkali-activated slag cement (GBFS + soluble silicate)

¢ Alkali-activated slag cement (GBFS + sodium metasilicate (Na,0-Si0,-5H,0))

Alkali-activated slag cement (GBFS + sodium carbonate Na,CO5)
Used as aggregates were:

* Crushed basalt rock

* Glassy waste product from basalt fiber production

* Crushed perlite rock

* Expanded perlite

Chemical composition of the constituent materials is given in Tables 1-3.
The alkaline activators were added in a form of solution; those were:

» Soluble silicate Ms = 2.9. p = 1.3 g/cm?

* Sodium metasilicate (Na,0-SiO,-5H,0) with p = 1.25 g/ cm?

¢ Sodium carbonate (Na,COj3) with p = 1.18 g/crn3

Specific surface area of the granulated blast-furnace slag was 300-330 m*/kg

and that of the metakaolin, 1800 m2/1<g.
Grain sizes of the aggregates were within ranges of 3-5 mm.

2.1 Test methods

Thin sections were cut directly from the beam specimens of the composition
“cement-aggregate” taken as 1:2 which were used to study the interfacial transition zone.
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Material Mass percentage of oxides X% M, M,

Si0, ALO; CaO MgO Fe,O; SO; Na,0+K,0 LOI

GBFS 39.0 5.9 477  5.56 0.29 1.48 0.1 0.5 100.53 1.19 0.151

OPC 21.82 530 6591 111 4.86 0.99 0.22 0.2 10041 — —

Metakaolin 55.05 3540 3.01 0.92 427 0.28 — 0.07 99.00 — —

Clay loam 9210 3.50 5.29 — 0.87 — — 212 103.88 — —
Table 1.

A chemical composition of the constituent materials.

Resulted density, Silicate Content calculated on dry Mass percentage of
g/cm? modulus matter, g oxides
In1lof In 1 kg of Si0, R,0; Na,O CaO
solution solution
1.40 2.96 539.9 385.6 285 019 937 0.15
Table 2.

Characterization of the soluble silicate.

Oxides Mass percentage of oxides

Basalt Perlite

Basalt rock Glassy waste product from Perlite rock Expanded perlite
basalt fiber production

Si0, 50.200 50.050 72.820 76.730
AL O3 14.000 15.350 12.500 13.160
Fe,03 6.340 6.230 0.650 0.680
FeO 8.670 7.000 0.900 0.950
TiO, 1.620 2.680 0.110 0.110
MnO 0.240 0.300 0.030 0.030
CaO 8.350 9.210 1.070 1.120
MgO 6.600 5.580 0.170 0.180
P,05 0.320 — 0.007 —

K,0 0.710 0.770 4.510 4.740
Na,O 2.270 2.180 2.100 2.210
SO; 0.080 0.150 0.050 0.040
LOI 0.550 — 4.750 —

3, % 99.950 99.500 99.667 99.950

Table 3.

Chemical composition of the aggregates.

The ITZ was studied with the help of a scanning electron microscope.
A hardness and elemental distribution in the ITZ were studied as well.
The metakaolin, taken in quantities 5-15% by mass, was chosen as an additive to

retard the ASR.
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Strength determination was done on beam specimens (4 x 4 x 16 cm) prepared
from the concrete mixture “cement-aggregate” taken as 1:2 by mass, except for the
specimens made using the expanded perlite as aggregate. Since mean densities of
crushed basalt, glassy waste product from basalt fiber production, perlite rock,
and cement were more or less close to each other, that of the expanded perlite was
different—it was by 10 times lower. For this reason, in order to maintain in all
specimens under study an equal volume of cement matrix, the proportions
between the cement and expanded perlite in the concrete were taken as 1:0.2 by
mass. After preparation, the specimens were kept for 2 days in normal condition
and then in a thermostat at temperatures of 20 and 65°C and relative humidity (RH)
of about 100%.

Autogenous deformations were measured using a device with a dial indicator
with a scale 0.01 mm. The basic measurements were taken at an age of 2 days.

A state of the interfacial transition zones, as was earlier mentioned, is deter-
mined, first of all, by the composition and properties of the hydration products as
well as by the interface bond strength due to a mutual penetration of the substances
of various constituents of the concrete mixture [31, 35]. However, because of small
dimensions of the subjects to be studied, the examination of the hydration products
in the interfacial transition zones is difficult. For this reason, a spectral imaging in
X-ray microanalysis was applied.

The presence and distribution of chemical elements that were supposed to pre-
sent in the composition of the hydration products, occurring in the interfacial
transition zone, was determined using this examination technique [41]. The ele-
mental (Na, Al, Si, and Ca) distribution was done using the X-ray images and their
concentrations—by an intensity of the characteristic lines. The concentration
curves of elemental distribution were plotted in accordance with the results of
qualitative analysis. A width of the section under study was 200 pm. The measure-
ment of microhardness was done with the use of a microhardness measuring appa-
ratus with a diamond pyramid.

3. Results and conclusions

3.1 The structure formation process in the ITZ “alkali-activated
cement-alkali-susceptible aggregate”

3.1.1 Concrete mixture “alkali-activated cement-artificial alkali-susceptible aggregate”

The study of the ITZ structure formation in the concrete mixture “artificial
granular aggregate-GBFS-Na,COj solution” taken in the following proportions,
8:1.95:0.5 by mass calculated on Na,CO3 dry matter, showed that the highest values
of microhardness were characteristic of the interfaces between the cement paste
and granules. This can be attributed to strong adhesion of the cementation material
to an activated matter of the clay loam-based loamy granules and formation of the
hydration products which determine high-performance properties of the concrete.
Bond strength in the interfacial transition zones of the steam-cured concrete is
3.8 MPa and after 3 years—4.5 MPa.

The structure of the ITZ in the steam-cured alkali-activated cement concrete at
an age of 28 days was dense. The boundary of the interface in some regions
discontinues, testifying to a mutual penetration of these regions and blurring the
border between the cement stone and aggregate.

The study of the 3-year-old concrete showed that the ITZ in this case is itself a
close interlacement of substances included in the cement paste and the granule and
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Figure 1.
The concentration curves of elemental distribution in the cement paste/granular aggregate interfacial transition
zones in the steam-cured alkali-activated cement concrete: (a) at age of 28 days; (b) at age of 3 years [42].

is characteristic of the presence of the clearly visible (expressed) new phases. The
interface is not visible (absent).

A comparative analysis of the obtained concentration curves of elemental distri-
bution (Figure 1) suggested to conclude that sodium, aluminum, silicon, calcium,
and iron are present over the whole width of the ITZ in the steam-cured alkali-
activated cement concrete. Sodium and silicon were distributed homogeneously
over the interface, iron is contained in small quantities (Figure 1a). The distribution
of Ca and Al is inhomogeneous. So, the content of calcium is reducing in two times
as far as closer to the granule, and that of aluminum—increasing in the same direct.
Evidently, it is attributed to the fact that the hydration products in the cement paste
are represented chiefly by low-basic calcium silicate hydrates and partially by the
hydrogarnets, so far as the alkaline aluminosilicate hydrates are formed in the
granules along with the abovementioned.

On the contrary to the investigated concentration curves of elemental (Ca and
Al) distribution in the ITZ of the 3-year-old alkali-activated cement, concrete is
characteristic of homogeneous uniform elemental (Ca and Al) distribution over the
width of the interface (Figure 1b). The earlier observed aggregations of calcium
near the cement paste and aluminum granules are absent. Calcium is homoge-
neously distributed over the interface, and quantity of aluminum approaching to
the cement paste of the concrete greatly increased. After 3 years of hardening of the
alkali-activated cement concrete, the curves of elemental distribution of all ele-
ments are characterized by high-frequency oscillations of concentrations, which can
be an evidence of the increase of the interface bond strength and compaction the
structure of the interface.

Evidently, change of the state of the ITZ in time can be attributed to physical-
chemical processes occurring in the concrete. Above such phenomena as adsorp-
tion, diffusion, and others, a chemical interaction of the substances contained
in various cements and aggregates took place, leading to formation of the
hydration products of the alkaline, alkali-earth, and mixed alkaline-alkali-earth
aluminosilicate composition—such compounds like aluminosilicates of sodium
and calcium.
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The presence of such interaction is supported by the statistical correlation anal-
ysis of the obtained data [42]. Analysis of the concentration curves suggested to
draw a conclusion on a correlation dependence between the chemical elements in
the interface.

The coefficients of correlation were calculated by methods of pair and multiple
correlation.

A comparative evaluation of the obtained data showed that in early ages of
hardening of the steam-cured alkali-activated slag cement concrete with artificial
granular aggregate in transition zone, the elements Na and Si, Al and Si, Al and Ca,
Na and Al, and Ca and Si are combined; their coefficients of pair correlation are
significant. The closest bound in that case characterizes a coefficient of pair corre-
lation for Si and Ca, which amounts for 0.782 before interface line and 0.689 after
the interface line. This can serve as evidence of the presence of calcium silicates in
the ITZ. However, the values of the coefficients of multiple correlation for Na, S,
and Ca/Ryy, si, ca/ and for Al, Si, and Ca/Ry, s, c./ for all interface exceed 0.6. That
showed that Si and Ca so far as Al and Na could incorporate in such compounds as
alumina silicates of sodium and calcium.

Analysis of individual coefficients of multiple correlation, which characterize a
bond between two elements in that time, a third element present at a constant level,
showed that these coefficients differ in value from the coefficients of pair correla-
tion. This difference is a proof of the interaction of all elements and their
interdependence. So, for example, at constant Si, a local coefficient of correlation
for Na and Al is equal to 0.26 and at constant Ca—0.96, which is caused by great
influence of silicon (Si) on the bond “Na—Al.” Almost similar action is rendered
by sodium on the bond “Al-Si.” This can be seen from comparison of the
corresponding local coefficients of correlation. Moreover, the bond between Al
and Si is strongly affected by Ca/Rasica = 0.114, in its turn closely connected with
bonded Si.

It is worth mentioning that the coefficients of pair correlation for Na and Ca in
the case under study are insignificant. However, this is not witnesses the absence of
the bond between them, since the individual local coefficient of multiple correlation
by alumina is 0.950. Evidently, this bond is considerably affected by aluminum Al,
which is much stronger attained by Na.

An interrelation between all elements under study is observed and after inter-
face line from the side of the granule.

The presence of such bond witnesses the appearance of the cement paste/gran-
ule interface in the alkali-activated cement concrete of chemical compounds of
alkaline, alkali-earth, and mixed alkaline-alkali-earth aluminosilicate composition.

Investigation of specimens of steam-cured alkali-activated cement concrete at
the age of 3 years showed that also in this case the compounds containing uni-
formly/homogeneously interrelated elements, Na, Al, Si, and Ca (all correlation
coefficients before the interface line and after it are significant), are present over
the ITZ. Moreover, the coefficients of pair correlation for Na and Al/{y,, = 0.682—
0.707/, Na and Si/ {na, si = 0.796/, and especially for Na and Ca/{ n,, ¢, = 0.580-
0.620/ at simultaneous increase of common coefficients of multiple correlation
significantly increased. A conclusion was made that the aluminum affects the Na-Ca
bond and calcium the Na-Al bond. This conclusion is supported by a difference of
individual coefficients of correlation between these elements from the coefficients
of pair correlation. All this is an evidence that quantities of the compounds of mixed
alkaline-alkali-earth alkaline aluminosilicate composition increased in the ITZ.

The higher correlation between all elements in time is caused by growth of the
hydration products in the ITZ and, hence, densification and strengthening of the
interface itself.
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The alkali-activated cement concrete with the artificial granular aggregate had a
dense structure and was characteristic of high bond strength of the granules with
the cement paste. A dense structure of the alkali-activated cement concrete under
study, as well as the composition of the hydration products, determine high
physical-mechanical properties of such concrete, which, in their turn, determine
performance properties.

3.1.2 The processes of structure formation in the ITZ “alkali-activated cement-natural
sustainable aggregate”

The structure formation processes in the ITZ of the concretes made using real
aggregates were studied on beam specimens (4 x 4 x 16 cm), which were subjected
to continuous steam curing for 360 days at temperatures of 38 and 65 + 3°C.

Micro photos of the ITZs in different concretes made from various cements and
aggregates are shown in Figures 2-7.

Thin plates for the examination with the help of an electron microscope were cut
directly from the beam specimens (4 x 4 x 16 cm).

As it follows from Figure 2, significant signs of corrosion in the concretes from
traditional (ordinary) Portland cement with crushed basalt rock are seen, the lowest
corrosion being in the case with the metakaolin additive (Figure 2b).

Figure 2.

SEM images of the ITZ concrete— “Portland cement-water-agregate” (a, c, e) without metakaolin additive;
(b, d, f) with metakaolin additive; 1, cement stone; 2, ITZ; 3, aggregate. Curing conditions—90 days of steam
curing at t = 65°C.
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Aggregate — crushed basalt rock
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Figure 3.

SEM images of the ITZ concrete—“Portland cement-soluble silicate-agregate” (a, ¢, e) without metakaolin
additive; (b, d, f) with metakaolin additive; 1, cement paste; 2, ITZ; 3, aggregate. Curing conditions—90 days
of steam curing at t = 65°C.

The signs of corrosion in the concretes from traditional (ordinary) Portland
cement with crushed perlite rock and expanded perlite are, respectively, lower in all
cases than those in the case of the crushed basalt rock (Figure 2e, f). This can be
attributed to the presence in perlite (both expanded and not expanded) of active
Al O with the glassy phase, which amounts to 90-97%, whereas a quantity of a
glassy phase in the crushed basalt rock is only 8-12%. Thus, though a total quantity
of AL,O3 in the crushed basalt rock and perlite is almost close (14.0% and 12.5-
13.2%, respectively) (Table 3), active Al,Oj3 is contained in the perlite in much
higher amounts. Moreover, in compliance with [4, 41], it may be allowed that a part
of the products of corrosion depose in a pore space of the perlite, thus eliminating a
little bit their deleterious action.

The compositions of the alkali-activated Portland cement with high-modulus
soluble silicate as alkaline activator are given in Figure 3. Metakaolin was used as a
modifying additive. Analysis of the micro photos showed that the hydration reac-
tion products are mostly observed in the composition with the crushed basalt rock
without additive (Figure 3a). The additive of metakaolin improves the picture. The
ITZ became sharp and clear (Figure 3b).

In the compositions with the crushed perlite rock and expanded perlite using
alkali-activated Portland cement with soluble silicate some signs of corrosion are
present in the ITZ in the additive-free compositions and are practically absent in the
compositions with the metakaolin additive (Figure 3c—f).
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Alkaline activator — high-modulus soluble silicate

Figure 4.

SEM images of the ITZ concrete—“GBFS-alkaline component-basalt rock” (a, ¢, e) without metakaolin
additive; (b, d, ) with metakaolin additive; 1, cement paste; 2, ITZ; 3, aggregate. Curing conditions—90 days
of steam curing at t = 65°C.

The nature of flow of corrosion processes in the alkali-activated slag composi-
tions with high-modulus soluble silicate is mostly similar to the compositions using
alkali-activated Portland cement (Figure 4a, b).

Reducing of silicate modulus of soluble silicate down to Ms = 1 (sodium
metasilicate) and the use of solution of sodium carbonate (Figure 4a, e) leads to
decreasing of corrosion products in the ITZ in the additive-free compositions
compared to compositions using high-modulus soluble silicate (Figure 4a). The
metakaolin additive influenced positively on slowing of corrosion processes in the
ITZ (Figure 4b, d, f).

The influence of the curing conditions of the specimens on the development of
the corrosion processes is shown in Figures 5 and 6, where results of observation of
compositions using traditional (ordinary) and alkali-activated Portland cement with
crushed basalt rock are given, which cured for 90 days at t = 20, 38, and 65°C and
RH =100%.

It is shown that in this period at t = 20°C, there are practically no any signs of
corrosion in the ITZ “cement stone-aggregate” in both compositions, both with and
without the metakaolin additive, being fixed (Figure 5a, b). ITZ B additive-free
compositions at t = 38°C (Figures 5c, 6¢) are a little bit less expressed and even less
at t = 65°C (Figures 5e, 6e). The presence of the kaolin makes the ITZ more clearly
expressed (Figures 5d, f and 6d, f).

The study on microhardness of the ITZ in the concretes with crushed basalt rock
showed that the metakaolin additive within the alkali-activated cements intensifies
constructive corrosion (Figure 7).
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Figure 5.

SEM images of the ITZ concrete— “Portland cement-water-crushed basalt rock” (a, ¢, e) without metakaolin
additive; (b, d, f) with metakaolin additive; 1, cement paste; 2, ITZ; 3, aggregate. Curing conditions at t = 20,
38, 65°C 90 days after steam curing.

Thus, taking into account micro photos of the cement paste/alkali-susceptible
aggregate ITZ, the following conclusions can be drawn:

e Att=20°C at an age of 90 days, all concrete specimens under study, not
depending upon a cement type and kind of aggregate, showed clear presence of
destructive processes in the ITZ.

* Att = 38°C at an age of 90 days in additive-free compositions, except for those
with perlite, in most cases there are fixed disturbance of sharpness and
integrity of the ITZ. The addition of the metakaolin to the traditional
(ordinary) Portland cement and alkali-activated cements reduces a quantity of
undesirable reaction products in the ITZ.

At the temperature t = 65°C at an age of 90 days, disturbance of the ITZ is much
more clearly expressed than that at t = 38°C, chiefly, in the concretes from cement
without additives. Exceptions are the concretes with perlite, where the products of
corrosion, probably, could distribute in a pore space of the aggregate and, above all,
perlites are represented, chiefly, by a glassy phase with rather high contents of
active alumina, which can bind rather effectively free alkalis, reducing, in this way,
a risk of active silica-aggregate reaction. The metakaolin additive in all cases influ-
ences positively on reducing deposits of the products of corrosion in the ITZ.
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Curing temperature — 20 °C

Figure 6.

Micro photos of the ITZ concrete—“Portland cement + soluble glass-basalt rock” (a, c, e) without metakaolin
additive; (b, d, f) with metakaolin additive; 1, cement paste; 2, ITZ; 3, aggregate. Curing conditions at t = 20,
38, 65°C 90 days after steam curing.

XRD patterns of the specimens, modeling the cement stone/alkali-susceptible
aggregate ITZ, are shown in Figures 8-11.

Thus, in Figure 8 the diffraction characteristic of composition on the basis of
basalt and Portland cement (ordinary and alkali-activated) after their hardening in
the conditions of continuous steam curing for 360 days is represented.

Corresponding to the XRD analysis data, a phase composition of the hydrated
dispersions based on ordinary Portland cement and basalt (Figure 8, curve 2),
modeling the ITZ, is represented, chiefly, by the following hydrate new formations:
high-basic calcium silicate hydrates of the C¢S;H (d = 0.335-0.284-0.246-0.237-
0.225-0.180 nm), C,SH (d = 0.284-0.270-0.246-0.190-0.180 nm) types, and low-
basic phases of the C3S,H; (d = 0.56-0.284-0.184 nm) type. The presence of
Ca(OH), (d = 0.487-0.311-0.261-0.193-0.180 nm) and CaCO;3 (d = 0.303-0.229-
0.21-0.193-0.188 nm) also was fixed. Also there are set weak lines of the C,AH,

(d =7.17-0.376-0.266-0.258—0.246 nm) type. It is well-known that via the presence
of chemically active silica and alkalis, in this case Ca(OH), which is present in the
pores of the hardened concrete, a deleterious reaction “alkali-silicic acid” takes
place actively with formation of alkaline metal silicate gel in the aggregate/cement
stone ITZ. XRD analysis is not fixing X-ray amorphous phase of calcium silicate gel,
which may be forming in the ITZ and weakening it, but taking into elemental
distribution in the ITZ and extremely high expansion deformations of composite
materials with basalt (up to 2.15 mm/m), such possibility exists and mostly is
confirmed by the higher contents of Ca and Si in the ITZ.
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Figure 7.
Hardness of the ITZ “cement stone-basalt” (a) cement stone + water; (b) cement stone + soluble silicate;
(¢) GBES + soluble silicate. Curing conditions—60 days of continuous steam curing at t = 65°C.

Use in the composition with basalt of the alkali-activated Portland cement
leads to the changes in diffraction picture of the ITZ model (Figure 8, curve 3).
Thus, hydration depth of Portland cement is rising, resulting in reducing
intensiveness of the diffraction lines. Transformation of phase formation
processes took place in the direct of formation of low-basic silicate hydrates
of calcium CSH(I) (d = 0.283-0.270-0.247-0.179 nm) type and tobermorite
(d = 0.560-0.307-0.299-0.283-0.227-0.208-0.183 nm). The reflexes of Ca(OH),
are totally absent.

In the ITZ silica, content reduces rapidly; at the same time, the quantity of
aluminum and sodium is rising. Thus it is possible to make a conclusion about
synthesis in the ITZ of sodium and mixed sodium-calcium alumina silicates,
confirming by the results of X-ray diffractogram analysis (Figure 9, curve 2). Thus,
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30 25 20 15 10 6

Figure 8.
XRD patterns of the ITZ of model systems: (1) “Portland cement-basalt”; (2) “Portland cement-basalt-water”;
(3) “Portland cement-basalt-soluble silicate.” Curing conditions—360 days att = 65 + 3°C and RH = 100%.
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Figure 9.

XRD patterns of the ITZ of model systems: (1) “Portland cement-metakaolin-basalt”; (2) “Portland cement-
metakaolin-basalt-water”; (3) “Portland cement-metakaolin-basalt-soluble silicate.” Curing conditions—
360daysatt =65+ 3°Cand RH = 100%.

at curve 3 appears lines of the Na,0-Al,05-4Si0,-2H,0 (d = 0.56-0.343-0.293—
0.252-0.174 nm) and 2Na,0-2Ca0-5A1,03-10Si0,-10H,0 (d = 0.654-0.467-0.353-
0.283-0.270 nm) phases.

Introducing of the metakaolin additive to ordinary Portland cement mixes with
water significantly not changing diffraction picture (Figure 9, curve 3). However,
as it seems from Figure 9, in the ITZ significantly reducing content of Ca, and also
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Figure 10.
XRD patterns of the ITZ of model systems: (1) “Portland cement-perlite”; (2) “Portland cement-perlite-water”;
(3) “Portland cement-perlite-soluble silicate.” Curing conditions—360 days at t = 65 + 3°C and RH = 100%.
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Figure 11.

XRD patterns of the ITZ of model systems: (1) “Portland cement-metakaolin-perlite”; (2) “Portland cement-
water-metakaolin-perlite”; (3) “Portland cement-soluble silicate + metakaolin-perlite.” Curing conditions—
360 daysatt = 65 &+ 3°C and RH = 100%.

hydroxide ions, significantly reduces risk of corrosion processes in the ITZ in
destructive form. This correlates well with the data in [9], corresponding to which
the presence of active alumina in the Portland cement stone significantly reduces
alkali concentration in the pore space of Portland cement stone.

The last consideration is absolutely confirmed in the case of replacement of ordinary
Portland cement by alkali-activated Portland cement with the metakaolin additive. Thus,
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Figure 12.

XRD patterns of the ITZ of model systems: (1) “GBFS-basalt”; (2) “GBFS-soluble silicate-basalt”; (3) “GBFS-
metakaolin-basalt”; (4) “GBFS-soluble silicate-metakaolin-basalt.” Curing conditions—360 days at
t=65+3°Cand RH = 100%.

according to Figure 9, curve 2, hydration of Portland cement deepens, forming fine-
grained crystalline structure. The zeolite-like new formations—Na,0-Al,05-45i0,-2H,0
(d = 0.561-0.343-0.293-0.251-0.174 nm), Na,0-Al,05-3Si0,-2H,0 (d = 6.53-5.87-4.36-
2.86-2.19 nm) and 2Na,0-2Ca0-5A1,05-10Si0,-10H,0 (d = 0.654-0.467-0.353-0.285-
0.269 nm)—are synthesizing in the ITZ, which is proven by increasing of Aland Na and
reducing of Ca content in the ITZ.

Use of alkali-activated slag cement is characterized by the more active synthesis
in the alkali-susceptible aggregate/cement stone ITZ of the low-basic hydrate new
formations as silicate, so as alumina silicate composition (Figure 12). This process
becomes greatly active exactly in the presence of metakaolin additive. Thus, in the
model system of the ITZ “alkali-activated slag cement stone-basalt aggregate,” there
are fixed zeolite-like new formations of the Na,0-Al,05-4Si0,-2H,0 (d = 0.56-
0.343-0.293-0.252-0.174 nm) and Na,0-Al,03-3Si0,-2H,0 (d = 0.653-0.587-
0.436-0.286-0.219 nm) types as well as low-basic silicate hydrates CSH(I)

(d = 0.530-0.304-0.28-0.181 nm) and xonotlite 6Ca0-65i0,-H,0 (d = 0.425-0.389-
0.368-0.330-0.307-0.284-0.270-0.204-0.195 nm). That is confirmed by analysis
of the elemental distribution in the ITZ of the taken composition (Figure 12). Thus,
in the presence of metakaolin additive, reflexes of the mentioned above new for-
mations became sharper. Moreover, there is fixed new formation
2Na,0-2Ca0-3A1,03-10Si0,-12H,0 type (d = 0.715-0.495-0.412-0.314-0.266 nm),
which is also classified as zeolites (Figure 12, curve 4).

Metakaolin additive reduces Ca content not only in the ITZ but also in cement
stone, showing possibility of synthesis of the aluminosilicate hydrates of mixed
sodium-calcium composition not only in the ITZ but in the cement matrix as well.
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It is known that there exist no absolutely inert aggregates. All aggregates more or
less react to the cement stone. But in some cases in the ITZ, destructive processes
took place, with “negative effect of corrosion,” meaning with gradual destruction,
and in other cases—structure formation processes with the “positive effect of
corrosion,” meaning without destruction and moreover with improvement state
of the ITZ.

In the alkali-activated cement concretes, especially cements containing the
metakaolin additive, at the surface of the aggregates appears a dense film of new
formation mostly represented by alumina silicate hydrate composition, which pre-
vents further admission of new portions of alkalis to the aggregate. Thus a way, due
to the partial corrosion of aggregate at the initial stages, on its surface it is forming
protective dense and impermeable capsule.

On the contrary to alkali-activated cement concretes, in ordinary Portland
cement concretes, gel-like new formations in the ITZ act as semipermeable films.
That means that alkalis are able to easy penetrate through new formations to
aggregate grain and new products of corrosion are accumulating under that film,
increasing osmotic pressure and leading to the degradation of ITZ and destruction
of concrete in general.

Thus, in the result of provided studies, the effectiveness of introduction into the
alkali-activated cement compositions with alkali-susceptible aggregates of active
alumina represented by metakaolin was proven, which makes it possible to bond
extra alkalis effectively and regulate structure formation processes in the cement
stone/alkali-susceptible aggregate ITZ, using partial surface corrosion of the aggre-
gate for synthesis in the interface of the zeolite-like hydrate phases.

3.2 Physical-mechanical properties of concretes
3.2.1 Concrete mixture “Portland cement + water”

The results of determination of compressive and bending strengths of the
concrete specimens made using the Portland cement as well as their autogenous
deformations are given in Table 4.

Taking into account data from the Table 4, depending upon curing conditions
of compositions and using as a criteria corrosion in the ITZ and the admissible
values of expansion of the specimens not exceeding 1 mm/m (0.1%) [42] with
simultaneous consideration of their strength characteristics, the following conclu-
sions can be drawn.

3.2.1.1 Curing conditions: t = 20 °C, RH = 100%

Curing of Portland cement specimens at t = 20°C more or less considerable
corrosion in all control ages (28-180 days) for all composition is not fixed, not
depending upon composition of the specimens. Strength (compressive and bend-
ing) characteristics of the specimens in these curing conditions at the given ages
tended to increase.

Reducing of shrinkage in the concretes made with basalt aggregates at an age of
90 and 180 days compared to that in 28-day age is set as insignificant, which
witnesses the beginning of a reverse process, meaning free development of corro-
sion processes in the ITZ of the concretes made using aggregates.

The metakaolin additive considerably decreased autogenous deformations of
shrinkage of the Portland cement containing specimens compared to additive-free
compositions, losing at the same time strength of the specimens compared to
additive-free compositions.
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L/S' Additive Temperature,°C  Strength compressive/ Shrinkage (expansion)
bending, MPa, age, days deformations, mm/m, age, days2

28 920 180 28 90 180

“Portland cement + water + crushed basalt rock”

36 — 20 701 760 777 050 044  —0.40
71 9.3 111
65 759 728 709  +0.15 +0.69 +1.08
9.4 9.2 9.0
38 Metakaolin 20 642 752 766  —0.41  —030  —0.23
6.8 6.7
65 69.0 563 520  +0.10 +0.52 +0.74
7 6.9 6.7

“Portland cement + water + chopped waste of basalt fiber production”

45 — 20 39.8 408 459  —046  —041  —030
102 122 111

65 527 503 484 4011 +0.55 +0.99
119 7.8 7.9

48  Metakaolin 20 454 508 522 —038  —034  —020
9.8 121 116

65 464 400 388  +0.13 +0.48 +0.59
8.9 7.9 7.2

“Portland cement + water + crushed perlite rock”

51 — 20 682  76.0 — 051 0.6 —
7.0 9.0
65 73.8 72.8 — +0.11 +0.23 —
9.3 9.0
53  Metakaolin 20 66.4 731 — —0.48 —0.49 —
6.8 6.9
65 53.0 54.3 — +0.07 +0.18 —
71 6.9
“Portland cement + water + expanded perlite”
37 — 20 31.0 34.1 — —0.65 —-0.70 —
1.4 2.0
65 364 372 — —041  —035 —
2.5 1.9
38  Metakaolin 20 29.2 35.0 — —0.53 —0.59 —
2.0 23
65 361 377 — -029  -027 —
2.4 23

*L/S, liquid-to-cement ratio.
2A minus sign (—), shrinkage; plus sign (+), expansion of the specimens in relation to a basic measurement.

Table 4.
Strength characteristics and autogenous deformations of the concretes using cement system “OPC + water” vs.
curing conditions and concrete mixture design.

3.2.1.2 Curing conditions: t = 65°C, RH = 100%

The most considerable changes, so as it was expected, were found in the struc-
ture of the ITZ of the specimens made using Portland cement curing at t = 65°C. So,
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L/S' Additive Temperature°C  Strength compressive/ Shrinkage (expansion)
bending, MPa, age, days deformations, mm/m, age,
days®
28 90 180 28 90 180

“Portland cement + soluble silicate + crushed basalt rock”

354 — 20 598 760 1282  —0.63  —055  —0.51
5.1 48 6.4

65 1155 1281 1320  +0.18 +0.70 +0.81
7.0 65 6.4

354 Metakaolin 20 921 1060 1177  —0.61  —049  —0.36
5.0 53 63

65 111 1269  130.0  +0.09 +0.45  +0.48
7.1 7.7 7.3

“Portland cement + soluble silicate + chopped off-size basalt fibers”

454 — 20 440 696 8.9  -047  -041  —0.38
8.9 8.7 10.9

65 939 935 887 +0.12 +0.63 +0.72
103 1L 9.1

454  Metakaolin 20 624 733 880  —058  —0.60  —0.57
5.8 6.9 9.3

65 909 1038  109.8  +0.10  +0.44  +0.46
12 120 11.8

“Portland cement + high-modulus soluble silicate + crushed perlite rock”

51 — 20 752 793 — -1.10 -115 —
6.1 5.9

65 88.0 910 — +0.16 +0.18 —
6.8 7.4

52 Metakaolin 20 737 761 — —0.64  —0.67 —
62 6.2

65 889  93.0 — —0.04  +0.10 —
71 7.3

“Portland cement + high-modulus soluble silicate + expanded perlite”

36 — 20 39.9 423 — -1.22 -1.26 —
2.0 2.3

65 444 455 — -0.68  —0.66 —
2.7 2.5

37  Metakaolin 20 37.7 43.5 — -0.79 —0.83 —
21 2.2

65 44.2 47.0 — —0.38 —0.34 —
2.7 2.8

1Lss, liquid-to-cement ratio.
2A minus sign (—), shrinkage; plus sign (+), expansion.

Table 5.
Strength characteristics and autogenous deformations of the concretes using cement system “OPC + soluble glass”
vs. curing conditions and concrete mixture design.

at an age of 180 days in the concrete specimens with crushed basalt rock without
admixture, extremely high (dangerous) values of expansion—1.08-1.17 mm/m—
were found, reflexing in some drop of strength characteristics, both compressive
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and bending, of the specimens compared to those concretes of 28-day age at
t = 65°C. The addition of the metakaolin additive allowed to reduce the expansion
values at an age of 180 days to the safer level—0.74 mm/m.

L/S' Additive Temperature,°C  Strength compressive/ Shrinkage (expansion)
bending, MPa, age, days deformations, mm/m, age,
days®
28 90 180 28 920 180

“GBFS + high-modulus soluble silicate + crushed basalt stone”

0.36 — 20 61.7 78.0 108.0 -1.21 -1.01 —0.78
6.1 6.0 7.2

65 103.3 116.0 120.1 +0.58 +0.88 +0.91
8.0 7.4 7.0

0.36 Metakaolin 20 813 95.0 103.7 -1.19 —0.85 -0.73
6.2 6.3 6.6

65 100.3 115.0 119.8 +0.44 +0.46 +0.47
8.8 8.2 9.0

“GBFS + high-modulus soluble silicate + glassy waste product of basalt fibers production”

0.45 — 20 92.0 94.9 95.0 —0.83 —0.86 -0.82
10.7 10.9 1.1

65 102.0 100.3 97.2 +0.63 +0.86 +0.87
12.0 9.0 8.9

0.45 Metakaolin 20 78.0 88.7 99.8 —0.66 —0.63 —0.65

121 11.9 12.

65 108.0 111.0 115.2 +0.41 +0.44 +0.45
10.8 11.3 11.2

“GBFS + high-modulus soluble silicate + crushed perlite rock”

0.50 — 20 81.0 85.0 — -1.17 -1.20 —
5.9 5.8

65 94.8 97.0 — +0.12 +0.15 —
6.9 7.3

0.51 Metakaolin 20 79.8 82.0 — —-0.71 -0.73 —
6.0 6.1

65 952 989 — ~013  +0.09 —
7. 7.2

“GBFS + high-modulus soluble silicate + expanded perlite”

035 — 20 37.0 402 — -133 140 —
17 22

65 24 433 — -075  —0.67 —
25 2.4

0.36 Metakaolin 20 35.4 403 — —-0.87  —0.89 —
2 2.3

65 41 4.8 — 037  —034 —
1 2.5

1ss, liquid-to-cement ratio.
2A minus sign (—), shrinkage; plus sign (+), expansion.

Table 6.
Strength characteristics and autogenous deformations of the concretes using cement system “GGBS + soluble
glass” vs. curing conditions and concrete mixture design.
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3.2.2 Concrete mixture “Povtland cement + soluble silicate”

The results of determination of compressive and bending strengths of the con-
crete specimens made using the alkali-activated Portland cement as well as their
autogenous deformations are given in Table 5. The characteristics are varied
depending on composition and curing conditions.

3.2.3 Concrete mixture “GBFS + soluble silicate”

The results of determination of compressive and bending strengths of the con-
crete specimens made using the alkali-activated slag cement with high-modulus
soluble silicate, sodium metasilicate, and sodium carbonate as alkaline activators as
well as their autogenous deformations are given in Table 6. The characteristics are
varied depending on composition and curing conditions.

The development of shrinkage/expansion deformations of the concrete
containing “GBFS + soluble silicate” as cement and crushed basalt rock as aggregate
suggested to conclude that at almost complete similarity of regularities, they differ
from that made using the alkali-activated Portland cement only in absolute values
of characteristics—those are in some cases a little bit higher. A value of maximal
expansion of the concrete containing “GBFS + soluble silicate” as cement and
crushed basalt rock as aggregate within the ranges of experiment was 0.45-

0.91 mm/m (Table 6) and those in the case of the alkali-activated Portland cement
—0.46-0.81 mm/m (Table 5).

A character of strength gain of all compositions for all temperature regimes is

stable and without any drops (Table 6).

4. Conclusions

The processes of structure formation in the ITZ “alkali-activated cement-
artificial aggregate” are studied. It is set that the interface between them practically
disappears, which indicates about penetration of the elements and blurring the
border between the cement stone and the aggregate.

It is established that the positive result of the processes of such interaction of the
substances of cement elements and aggregate is the formation of alkaline and
alkaline-alkali-earth alumina silicate hydrates—analogs of natural zeolites,
transforming a destructive process of concrete corrosion into the constructive.

Comparative studies of the processes of the structure formation of the ITZ in the
alkali-activated cement concretes with different alkali-susceptible aggregates con-
firmed that AL, O3 plays a determining role in these constructive processes.

It is shown that the addition of the metakaolin additive as an Al;03-containing
additive provides inhibition of alkaline corrosion processes, which is confirmed by
long-term testing of strength characteristics and deformation (shrinkage/expan-
sion) of concretes using different alkali-activated cements and alkali-susceptible
natural aggregates.
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Chapter 2

Concrete Microstructure
Characterization and Performance

Cristian Druta

Abstract

Microstructural characteristics such as the interfacial transition zone (ITZ) and
cracking patterns from compressive strength testing are main features that
characterize concrete behavior. Certain materials such as blast furnace slag or fly
ash introduced in the concrete mix aid in improving its strength and durability.
Others such as nanosilica particles may affect only the microstructure of the paste
without making any significant improvement in the strength of the ITZ or paste-
aggregate bond. Additionally, in situ investigation of the microstructures of fresh
cement paste can greatly enhance knowledge of the development properties of
concrete at an early age (e.g., setting and hydration), which can be helpful for
improvement of the quality of concrete. Common technologies such as Scanning
Electron Microscope (SEM) are currently employed in petrographic analysis of
cementitious materials and concrete microstructure.

Keywords: microstructure, damage, interface, compressive strength,
transition zone

1. Introduction

Although the technology of producing concrete is relatively simple the micro-
structure of the resultant product is highly complex. Concrete microstructure is
defined as the microscopical detailing of the concrete components from its macro-
structure. To better understand the mechanisms that intrinsically control durability
of Portland cement concrete (PCC) it is necessary to define and understand those
factors affecting concrete microstructure. Typically, the microstructure is a conse-
quence of both the concrete formulation and the processes taking place during
mixing, placing and curing. Past studies have already established that deterioration
originates in the concrete at the micro- or sub-microscopic level, i.e., in its
microstructure [1, 2].

Several current studies on concrete failure indicated that an often major cause of
variability of the properties and performance of the hardened concrete was the
inadequate dispersion of cement paste in the fresh concrete [3]. In this way, harm-
ful impurities that permeate or diffuse throughout the hardened concrete may
initiate its deterioration due to a variation in the ability of the concrete to restrict
their transport. Moreover, the cement particles tend to irregularly coagulate and
cluster in the mix leading to uneven regions of dense and high porosity hardened
paste because of poor dispersion and inhomogeneity during mixing and placing.
This holds true even for high density microstructures resulting when using of low
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water/cement (w/c) ratios. The development of a dense homogeneous microstruc-
ture is also affected by the pattern packing of the cement particles and aggregate.
Thus, the microstructure developed during the mixing, setting and hardening pro-
cess will directly affect the resulting properties and performance of concrete.
Microstructural development is also controlled by a combination of uniform dis-
persion of cement particles, mineral admixtures and aggregates along with cement
hydration. Moreover, developments occurring at a micro- or sub-microscopic level
in the concrete matrix influence aspects such as early or retarded setting, drying
shrinkage, permeability, frost damage, excessive bleeding, and/or inadequate
strength. Understanding the concrete behavior at these small scale levels is the
initial and most important step toward achieving the means to control its micro-
structure and influence on performance [3].

Additionally, the examination of concrete microstructure either in transmitted
or reflected energy is a valuable tool in the study of concrete microstructure. These
methods can be used in inspecting various concrete specimens to determine poten-
tial defects or material characteristics. For example, water/cement ratios can be
determined by comparing paste porosity with a series of carefully prepared refer-
ence samples. In this chapter, the physical interface between aggregate and cement
paste and the aggregate fracture were studied. The Scanning Electron Microscope
(SEM) capable of acquiring micro-scale level images was used to quantify the ITZ
cracking for normal and self-consolidating concrete. The X-ray Computed Tomog-
raphy (CT) system was employed to visualize the coarse aggregate distribution in
the concrete specimens and their fracture pattern. SEM is a device that creates
highly magnified 2-D images of structures to analyze their various components
interactions and potential flaws using accelerated electrons. The X-ray CT tech-
nique uses high energy beams which penetrate samples of different thicknesses then
stacks up the acquired images to reconstruct a 3-D model of the scanned sample for
structural analysis.

2. Research methodology

The first part of this section addresses the development of microstructure and its
control of performance with a focus on the normal (NC) and self-consolidating
concrete (SCC). The second part details the damage caused by steel projectiles of
different sizes impacting large concrete specimens at various speeds.

2.1 Concrete microstructure characterization and performance comparison

This research study had four objectives: (1) To investigate the bonding between
coarse aggregates and cement paste; (2) To evaluate fresh SCC test methods -
slump flow and U-tube; (3) To compare NC and SCC splitting tensile strength and
compressive strength; and (4) To visualize the distribution of coarse aggregate in
NC and SCC concrete specimens. The SEM imaging was employed to investigate the
bonding between the cement paste and coarse aggregate of the two types of con-
crete by studying their interfacial transition zone (ITZ). The ITZ, which is mostly
comprised of calcium hydroxide, is a narrow and fuzzy cement paste area sur-
rounding the aggregate particles. Being a very porous region due to a high water
content, the ITZ tends to increase with the aggregate size. Moreover, due to its
weaker structure compared to the bulk paste in the concrete this transition zone
directly affects the concrete properties, especially its strength and stiffness. The
aggregate distribution throughout the specimens and the fracture patterns of the
NC and SCC specimens tested for compressive strength were visualized using the
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X-ray tomography imaging system. The standard compressive strength test method
depicts typical fracture patterns indicative of the mix strength or existing problems
with the testing equipment.

Additional information on materials and admixtures used for preparing the
specimens can be found in Druta et al. [4]. Table 1 presents the mix proportions for
casting the SCC specimens. The type I Portland cement was replaced by blast
furnace slag (25%), fly ash (15%), and silica fume (5%). Similar mix proportions
and equal amount batches were prepared for casting cylindrical NC samples and
conduct slump tests without incorporating any mineral admixtures.

Ww/C Water Cement Fine Agg. Coarse Agg. HRWR VMA
ratio (kg) (kg) (kg) (kg) (ml) (ml)
0.3 3 5.5 16.3 211 340 0
0.4 4 5.5 16.3 21.1 100 15
0.45 4.5 5.5 16.3 21.1 80 25
0.5 5 5.5 16.3 211 50 50
0.6 6 5.5 16.3 211 20 100
Table 1.

Self-consolidating concrete mix design.

Splitting tensile and compressive strength tests were performed on both types of
concrete, whereas U-box and slump flow tests were conducted to evaluate the
filling ability and the self-compactability of the SCC, respectively [5, 6]. The slump
flow test, currently used for fresh SCC, is a good indicator of concrete consistency
and ability to self-consolidate [6, 7]. For SCC, instead of measuring the drop in
height of the fresh concrete the average of two perpendicular diameters (R1 and R2)
of the spread concrete is determined. A good self-consolidation is achieved for a
spread of 600 mm or larger, up to 800 mm, within a time period of 60 s [4].
Figure 1 illustrates the filling ability apparatus that comprises an approximately
700 mm tall tube with a round bottom divided into two equal sections by a middle
wall incorporating a sliding gate. Once the left section is filled with concrete the
sliding gate is lifted allowing the fresh concrete to flow freely in the right section
through a specially designed grate provided with closely spaced rebars. The height
levels of the concrete in both sections are measured, then followed by a height
difference calculation. An adequate SCC filling and compactability is achieved if a
difference of 30 mm or less between H1 and H2 is recorded.
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Figure 1.
U-box schematic for testing SCC.
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2.2 Evaluating the bond between coarse aggregate and cement paste

The SCC was extensively researched in the past decades to find ways to enhance
its performance [8, 9]. The general focus of those efforts was the improvement of
the interface properties between paste and aggregates. That improvement has led to
the manufacturing and use of higher strength and enhanced durability concretes
[10, 11]. The physical interface between aggregate and cement paste and the aggre-
gate fracture patterns were investigated in the second phase of this study. First, the
ITZ cracking behavior for the two types of concrete was quantified using the SEM
capable of acquiring micro-scale level images. Secondly, a visualization of the coarse
aggregate distribution in the specimens and their fracture pattern were performed
by employing the X-ray Computed Tomography (CT) system [2]. In addition, a
comparison of the number of air voids in the NC and SCC was conducted on six
rectangular samples with the dimensions of 70 x 70 x 12 mm. The samples were cut
from concrete cylinders at 0.3, 0.45, and 0.6 water-cement ratios and analyzed
under a digital stereo-zoom microscope.

To determine the characteristics of the interfaces between aggregates and paste
for both SCC and NC, small samples of 25.5 mm diameter and 4 mm thick were
obtained from untested cylinders of both types of concretes at three different

(b)

Figure 2.
Photomicrographs of (a) normal concrete and (b) self-consolidating concrete physical interfaces (w/c = 0.40).
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water-cement ratios of 0.3, 0.4, and 0.6 after 60 days of curing. The SEM was used
to capture pictures of each w/c ratio sample at different ITZ locations. Smaller crack
widths within their physical interface were observed from the acquired SEM pho-
tomicrographs for SCC samples compared the NC samples as showed in Figure 2.
This finding indicated that a better aggregate-paste bonding was achieved in the
transition zone for SCC compared to NC.

The use of silica fume led to a lower porosity and less growth of calcium
hydroxide in the ITZ resulting in an increase in tensile and compressive strength of
the SCC when compared to NC. Typically, silica fume has a “filler effect” in the
concrete structure that reduces internal bleeding in the fresh concrete while
enhancing the aggregate-paste bond strength [12]. It also renders its structure more
homogeneous due to a reduction of the large pores in the ITZ. The split tensile
strength tests revealed a larger number of broken aggregate particles in SCC than in
NC when the fractured surfaces of the concrete samples were inspected. Further-
more, the strength of the ITZ was also enhanced by the addition of silica fume, as
some of the aggregate fracture occurred at the physical interface instead within the
transition zone.

Table 2 shows the specimens’ cracks widths from the images acquired at each
water/cement ratio. The SEM image analysis indicated that a tendency for the
cracks to shrink existed for lower w/cm ratios. However, a certain relationship
between the interface crack widths and the water-cement ratios for either type of
concrete was not found. Establishing a quantitative relationship between the crack
width and strength, if any, has to be further investigated.

w/c ratio NC width range (um) SCC width range (um)

0.3 0.62-1.75 0.01-0.75

0.4 0.63-5.63 0.01-1.12

0.6 1.23-3.38 0.01-0.61
Table 2.

Interfaces crack widths for normal and self-consolidating concretes.
2.3 Analysis of fracture patterns

The X-ray computed tomography (CT) was employed to examine the internal
structure and fracture patterns of the concrete specimens tested in compression [4].
Using the CT radiographic inspection technique objects are reconstructed from
their cross sectional images. Over the years, nondestructive evaluations using CT
imaging of the microstructure of concrete [13], soil [14, 15], rock [16], and asphalt
concrete [17, 18] have been largely used. Compression tested specimens have
exhibited similar fracture patterns, i.e., cone at one end and vertical columns, as
types 2 and 3 patterns described in the ASTM C 39 test method. Figure 3 shows
tomographic images of the 3D reconstructed SCC and NC specimens acquired from
the top, middle and bottom. Images reveal concrete structural damage and fracture
patterns along with the aggregate fracture throughout the tested specimens. The
SCC specimens did not exhibit any segregation.

Several sectional images of 100 x 200 mm tensile split cylindrical specimens
were visually inspected to identify fractured aggregate. The analysis showed that
the percentage of fractured aggregate for SCC was about 15-25% (9-15 out of 60)
while for NC was around 10% (4-6 out of 60) after determining that each section
facet contained around 60 coarse aggregate particles. The number of broken aggre-
gate particles from three tested specimens was averaged to calculate the fracture
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Figure 3.
Tomographic images of SCC (top row) and NC (bottom row) specimens after being tested in compression (from
left to right: top, middle, and bottom of specimen,).

percentages. The greater number of fractured aggregate in the SCC specimens was
another indication of a better bonding between aggregate and cement paste.

2.4 Evaluation of air void content

The air entrainment was reduced in the SCC mix with the addition of finely
divided mineral admixtures, such as fly ash and silica fume. Samples with the
dimensions of 80 x 80 x 12 mm were acquired from both types of concretes
at w/cm ratios of 0.30, 0.45, and 0.60 to study their air-entrained properties. Air
voids larger than 200 microns only were considered for the analysis. The measure-
ments showed that SCC samples exhibited half the amount of air voids compared to
NC. Visual analyses of the “air voids” sizes and shapes revealed that SCC had
smaller and more round-shaped voids than NC which presented slightly larger and
irregular shaped voids (by 15-20%) (Figure 4).

Figure 4.
Distribution of air voids (white spots) in: (a) NC and (b) SCC.

Moreover, while the air voids in the SCC appeared more clustered in certain
areas of the cut specimen, the voids in NC were relatively well dispersed in the
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specimens. These data indicate that the lower air void content also contributed to an
increase in strength of the SCC as cracks initiate more easily in the cement paste
with higher air voids. Some of these air voids represent “flaws” in the cement paste
at the aggregate-paste boundary possibly forming microcracks or “bond cracks” in
the ITZ which ultimately lead to the failure of the concrete due to the propagation
of microcracks under localized tensile stresses.

2.5 Conclusions

This research verified that SCC achieved self-compactability and adequate flow
under its own weight, without external vibration or compaction based on the mix
proportion parameters and the materials used. The study also showed that splitting
tensile and compressive strengths in SCC were higher than those of normal vibrated
concrete due to the addition of chemical and mineral admixtures. Compressive
strength had an average increase of over 60%, whereas the splitting tensile strength
showed a 30% increase. The ratio between the splitting and compressive strength was
similar to values found in the literature. Also, a better bonding between aggregate and
cement paste was achieved in SCC due to the use of chemical and mineral admix-
tures, as the material has shown smaller aggregate-matrix interface microcracks than
normal concrete. This characteristic affected both the splitting tensile and compres-
sive strengths. Another indicator of the stronger aggregate-paste bonding was the
greater percentage of the fractured aggregate in SCC (20-25%) compared to the 10%
for normal concrete. Moreover, when compared to NC, the number of air voids in
SCC was lower and they appeared relatively smaller and more rounded. These factors
have contributed as well to the increase in strength of the SCC.

3. Concrete microstructure damage by projectile impact

Penetration of projectiles into concrete target was investigated in this research
by using both experimental and simulation methods. The over-all objectives of the
project included: (a) Building up an experimental facility to conduct the penetration
test; (b) Developing of a rational constitutive model to incorporate distributed
damage effects; (c) Enhancing of the model implementation by combining the
Finite Element Method (FEM) and the Discrete Element Method (DEM) so that
post-fracture behavior can be simulated; and (d) Developing of methods to back-
calculate model constants from comparing experimental with simulation results.

Figure 5.
Gas operated facility for testing concrete samples.
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The equipment assembled for testing concrete specimens of different sizes and
strengths is showed in Figure 5. It contains a gas tank that can be filled at various
pressures, a launch tube, a gas expansion tank, and specimen housing chamber.

A three-dimensional penetration model was constructed using ABAQUS as
shown in Figure 6. The concrete target was tentatively modeled as 40 x 40 x
100 cm blocks and penetrated by high speed projectiles made of rigid materials. No
deformation is assumed for the projectile when penetrating the target. The concrete
is assumed to be an elasto-plastic material with damage property. 8-node linear
brick elements are used for the FEM mesh. An unbounded boundary domain is
defined by using 8-node linear infinite elements, which are connected with concrete
specimen at the periphery (Figure 6).

Figure 6.
FEM modeling of concrete target impacted by projectile.

The microstructure of concrete specimen is considered by assigning different
material properties to the three components of the mixture, aggregate, mortar
(hydration products plus fine aggregate particles) and air void. These
components are discriminated by utilizing image analysis techniques shown in
Figure 7(a) and (b). Pixel intensity value determines what component each pixel
belongs to. When meshing the domain to be modeled, the properties of the material
between two scanned images are assumed to be the same as the front image.

3.1 Concrete damage

A reduction in the elastic stiffness of concrete is the result of damage typically
associated with the failure mechanisms of the concrete (cracking and crushing).
According to the scalar-damage theory, the isotropic stiffness degradation is char-
acterized by a single degradation variable, 4. Based on continuum damage mechan-
ics notions, the effective stress is defined as Eq. (1).

=Dy’ : (e — spl) (1)

The Cauchy stress is related to the effective stress through the scalar degradation
relation per Eq. (2).

o=(1-d) )

The stress-strain relations are governed by scalar damaged elasticity given in
Eq. (3), where Do is the elastic stiffness of the undamaged material; D* = (1 — d)
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Figure 7.

3D microstructure of concrete specimen (a) and the image-based reconstruction (b).

D, is the elastic stiffness due to damage; and d is the scalar stiffness variable due to
degradation. A d value of zero indicates undamaged material while one shows a
fully damaged material.

6= (1-d)Do": (e — &) (3)

The constitutive behavior of concrete was illustrated using the concrete dam-
aged plasticity model. The model describes the inelastic behavior of concrete based
on the concepts of isotropic damaged elasticity in combination with isotropic tensile
and compressive plasticity. Moreover, the scalar damaged elasticity combined with
the non-associated multi-hardening plasticity describe the irreversible damage that
occurs during the fracturing process. The main ingredients of the model are sum-
marized below.

3.2 Strain rate decomposition

Additive strain rate decomposition is assumed for the rate-independent model
according to Eq. (4).

¢ = ¢ (elastic) + &' (elastic) (4)

For any given cross-section of the material, the ratio of the effective load-
carrying area (i.e., the total area minus the damaged area) to the overall section area
is represented by the (1 — d) factor. Thus, the effective stress is equivalent to the
Cauchy stress, o, if there is no damage, 4 = 0. When damage occurs, however, the
effective stress is larger than the Cauchy stress because the external loads are
supported by the effective stress area. Therefore, the plasticity problem can be
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conveniently formulated using the effective stress component. The development of
the degradation variable is governed by a set of hardening variables, &' (plastic
strains), and the effective stress, d = d(z, &").

3.3 Hardening variables

Two hardening variables, £’ and &%, defined as equivalent plastic strains in
tension and compression, respectively, can be used to independently characterized
a material damaged states in tension and compression. Generally, increasing values
of the hardening variables may lead to microcracking and crushing in concrete.
These variables also control the degradation of the elastic stiffness and the progres-
sion of the yield surface, as well as affecting the dissipated fracture energy required
to generate microcracks.

Also, a yield function, F(7, & 1y, that represents a surface in effective stress
space, will determines the states of failure or damage. For the inviscid plastic-
damage model, it is represented by Eq. (5).

F(z,#') <0 5)

4. DEM modeling

Penetration test is also modeled using the Discrete Element Method (DEM).
DEM was first introduced by Cundall [19] in the early 1970s. It was originally
applied on rocks, then extended to granular material, which triggered much wider
uses in different kinds of material like fluid, soil, and composites. DEM has not
received much attention in penetration simulation before 1990. Before 1990,
Heuze’s overview [20, 21] indicated that only 3 computer programs based their
theory on DEM. However, DEM has its intrinsic advantages, especially related to
penetration simulation, when compared to other numerical simulation methods,
such as FEM-based on continuum meshing. DEM allows transitioning from contin-
uum to discontinuum to be easily simulated, while handling fracturing and large
deformation conveniently.

The geometry of a projectile is one of the key factors affecting the penetration
process. A number of studies have addressed the shape effects including those on flat
nose [22-24], ogive [25], and spherical ball [26]. Zhu and Zhang [27] compared the
effects on penetration using projectiles of ogive and flat nose shape. While most
researchers consider projectiles as rigid, others investigated the effects due to a
deformable projectile. As for the impact velocity, Nishida [26] studied the penetration
at a low velocity of 16 m/s while most others focused on velocities larger than 100 m/s.

DEM is also used in the theoretical formulation of PFC3D (a particle modeling
software) known as particle-flow model. Particles of arbitrary shapes that displace
independent of each other and occupy a finite amount of space constitute the basic
element of the model. The model uses a finite normal stiffness to represent the
contact stiffness, while the interaction between the particles, which are assumed
rigid, is defined using a soft contact approach. Force-Displacement Law and Motion
Law are the two primary rules to define the mechanical computation. The former
law is used to calculate the contact force and momentum between two entities
based on their relative displacement. It should be noted that the momentum part
could only be modeled in the parallel bond model for contacts. The second law, also
referred as Newton’s second law, governs how force and momentum determine the
particle translational and rotational motion.
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4.1 Projectile model

In order to build the required cone shape mono-size balls are decreased in size from
tail to tip. To keep a compact status inside the projectile the overlap of balls and large
stiffness were purposely assigned. The balls forming the projectile were clumped into
one object using the PFC3Dclump function. The created object does not allow any
relative movements for the balls constituting the projectile. The friction between pro-
jectile and the target varies with their relative velocity and is defined by Eq. (6), where
the static friction was determined by using the idealized infinite velocity Chen [28].

f :finf + (fstat _finf)ey*vd (6)

where fi,¢ is the friction with idealized infinite velocity and f.. is the static friction.

Figure 8 illustrates a projectile model used to simulate penetration velocity
versus depth relationship established by Forrestal et al. and their corresponding
microscopic scale parameters. A model of a projectile created in PFC3D is showed in
Figure 9. Most experiments use the cylindrical projectile shape which allows the
convenient monitoring of symmetric damage. However, cubic specimens are used
in simulations due to their simple geometry. By using large dimensions, the corner
or boundary effects can be minimized. Although a semi-infinite target can be used
in the classic penetration theory, a DEM simulation only accepts finite size targets,
with its specific dimension needing to be determined to eliminate the size effect.
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Figure 8.
Geometry of projectile used in test (Forrestal et al., 1994).

For both projectile and target, there are several major parameters contributing to
the entire penetration process significantly. The major variables for projectile are mass
(m), diameter (dia), nose shape, and impact velocity (vel). The former three are set
in the projectile geometric and mechanical property file, while the last variable is
input in the main code for penetration simulation. Key variables for target are macro
Young’s modulus (E), Poisson’s ratio (v), compressive strength (c.), and tensile
strength (o,). They together represent the mechanical characteristics of the material.

PFC3D provides an optimized calibration sequence for some major control vari-
ables to minimize the iterations for parallel bond.

1.Matching the material’s Young’s modulus by varying E. and E..
2.Matching the Poisson’s ratio by varying k,/k, and ky/ks.

3.Varying the mean normal and shear strength, 6. and 7., as well as their
standard deviation, to obtain the strength envelope for both compression and
tension.

4.Properties, such as post-peak behavior or crack-initiation stress, can also be
obtained by adjusting related variables, such as friction coefficient to match
with those from the real samples; for conciseness purpose however, they are
not presented in this paper.

39



Compressive Strength of Concrete

Figure 9.
Projectile model cveated in DEM.

4.2 Normal and shear strength calibration for parallel bond

Normal strength and shear strength (5. and 7..) for parallel bond are the two
major micro-parameters contributing to the material’s compressive strength. Three
typical calibration tests were carried out: varying normal strength, varying shear
strength, and varying both with a constant relative ratio. The relationship between
compressive strength and microstrength is shown in the Figure 10.
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Figure 10.

Relation between macro-compressive strength and micro-strength.
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As illustrated in Figure 10, the macro compressive strength depends on both
normal and shear strength of the contact balls, while normal strength contributes a
little more. An important feature for this case is that it is the smaller one of these
two micro-parameters controls the upper limit of the macro-strength, i.e. the com-
pressive strength cannot increase when either one of the micro strengths stay at a
constant level.

For Young’s modulus and Poisson’s ratio, neither the normal nor the shear
strength of particles has much contribution in the normal range. However, when
both these two micro strengths decrease to very small values, the Young’s modulus
and Poisson’s ratio have a little more influence.

The empirical discoveries found in the above calibration test can be used to form
concrete target with the required mechanical property, although the calibration
still needs to be conducted step by step. This is because different micro-variable
changes may result in similar macro-property, and the changing magnitudes prob-
ably vary widely as other parameters vary.

5. Experimental results

Two types of concrete targets were made for penetration testing, i.e., the frusta
of either a pyramid or a cone (Figure 11). The pyramid and cone shapes were
intended to save materials in the rear end of the samples. The larger-area side was
subjected to the projectile penetration. The frustum of pyramid had dimensions of
12" x 12" in the larger-end side and 13" in depth, while the cylinders were 6” and 11"
in diameter and 11” in height. Both types of concrete targets were cast in 5000 psi
and 8000 psi uniaxial compressive strengths. For verification purposes of the gas
operated facility the first two shots were on two 2500 psi concrete cylinders (6” x 12").
Limestone aggregate (#67) was used for the 5000 psi samples while (#78) was used
for the 8000 psi samples.

Figure 11.
Types of concrete targets used for penetration testing.

Projectiles of three different diameters (12, 20, and 30 mm) were used for
penetration into the concrete targets and were launched using the same pressures
(1200 psi) to assess their speeds, penetration depths, and target damage.

Figure 12 shows an example of the projectile after impacting the concrete
targets, the damaged concrete targets and location of projectiles after the impact.
Some target specimens were shattered by the projectile and the penetration of the
projectile were not observed. This was primarily due to the size of concrete speci-
men relative to that of the projectile. However, as projectile size decreases (or
concrete specimen size increases), the phenomena of projectile penetrating through
concrete target become more likely to occur.
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Figure 12.
8000 psi cylinder impacted by 30 mm diameter and 218 g projectile at v = 360 m/s.

5.1 Comparison between FEM simulation results and laboratory test results
without considering the microstructure of the target

It is worth mentioning that both the mass and diameter of the projectiles influ-
ence the penetration depths. However, the major factor to determine the penetra-
tion depth is the velocity of the projectile. For example, in tests 7 and 8, the two
projectiles have similar masses and diameters, but the projectile with higher velocity
(405 m/s) has a penetration depth of 51 mm which is almost twice the depth of the
one with lower velocity (360.5 m/s). This fact is also revealed by the simulation
results, pertaining to the same tests, in which the projectile having a higher velocity
has a 106 mm penetration depth, while the one with lower velocity has a 51 mm
penetration depth. The major reason for the inconsistency between the simulation
results and the test results is that the material properties including microstructure
were not varied for different materials (Table 3).

Test # Target type Test penetration depth (mm)  Simulated penetration depth (mm)

1 Cyl (11”7 x 117) 80 84

2 Cyl (11" x 11) 96 83

6 Cyl (11 x 117) 87 150

7 Cyl (6” x 12") 27 18

8 Cyl (6” x 12") 51 106
Table 3.

Penetration depth comparison between test data and simulation (Zhou et al., 2009).

5.2 Comparison between simulation results and laboratory test results with
microstructure incorporated for the concrete target

As previously mentioned, the 6” x 12” concrete cylinders were X-ray CT
scanned and cross-section images showing their internal structure were obtained
for each specimen. An image analysis code has been developed to reconstruct the
internal structure of the target specimen using the x-ray CT slices. Thus, different
constituents of concrete are identified respectively, based on the gray levels of a
cross-section image. In addition to the reconstruction of the internal structure, the
program also maps each pixel of the image onto the mesh of the digital model as
shown in Figure 13. For each of the two 6” x 12”concrete specimens, 100 slices
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Figure 13.
Internal structure veconstruction of the concrete specimen.

(cross-section images) were stacked together and processed to generate their
respective digital specimen. Elements pertaining to different components of the
mixture (i.e., aggregates and cement paste) were assigned different material
properties in the simulation. The aggregates were treated as elastic material with
high elastic stiffness, whereas the cement paste was treated as an elasto-plastic
material with low elastic stiffness and shear damage factor to control the damage
of the material.

5.3 Effect of projectile mass on the simulated penetration

The effect of the projectile mass on the penetration was assessed by considering
three different masses in the simulation - 0.2, 0.4, and 0.6 kg, respectively. Other
properties of the projectiles were kept the same. The simulation data are presented
in Figure 14. From the figure it can be noticed that the projectile penetration depth
increases as its mass increases (a) whereas the penetration speed decreases at
smaller rates for larger mass projectiles (b).
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Figure 14.

Penetration depth and speed veduction of projectiles with different masses. (a) projectile penetration depth increases
as its mass increases whereas (b) the penetration speed decreases at smaller vates for larger mass projectiles.

5.4 Visualization of DEM simulation

After creating the target and projectile models, it is convenient to assign differ-
ent striking velocities to the projectile and perform penetration simulation. Through
PFC3D coding, the entire penetration process can be simulated at selected time
steps (Figure 15).

Figure 15.
Visualization of the penetration process using DEM (Zhou et al., 2009).
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In the figure above, the concrete slab perforation process at selected time steps
was initiated at a striking velocity of 500 m/s. Different steps correspond to differ-
ent times, which can be obtained from the simulation history record. As shown,
widespread cracking, progressive gross failure, and fragmentation during
penetration can be visualized.

6. Conclusions

Penetration of projectile into concrete target was investigated in this research by
using both experimental methods and numerical simulations. A lab test system
which is able to launch steel projectile into cement concrete targets was successfully
built. Projectile package driven by propellant gas enables a steel projectile to pene-
trate into cement concrete targets at different speeds. Finite Element Method
(FEM) was utilized to simulate the penetration process of projectile into a concrete
target. A projectile is considered as rigid material with no deformation during the
penetration process. Cement concrete targets can be modeled using a concrete
damaged plasticity model. Several major effects are estimated by FEM simulation
including diameter, mass and initial speed of the projectile. Additionally, numerical
simulation using Discrete Element Method (DEM) was employed to simulate the
penetration process of projectile into cement concrete target. A calibration method
was developed to obtain microscopic parameters from macroscopic parameters of
concrete. Penetration process can be modeled using the time history of the depth,
initial velocity and deceleration of the projectile then compare results with empiri-
cal predictions results of previously conducted simulations.
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Chapter 3

Compressive Strength of
Lightweight Concrete

Saman Hedjazi

Abstract

This chapter has been prepared with the hope that its readers will become
interested in lightweight concrete (LWC). Therefore, after a brief background of
lightweight concrete, different types of LWC will be introduced and then LWC
made of lightweight aggregates (LWA) will be specifically discussed. Compressive
strength and density of LWC are the main points of interest in this chapter. In
addition to conventional compression test, a nondestructive test (NDT) method
will be used to assess the compressive strength of a variety of lightweight concrete
mixes. A case study has been designed and conducted including an experimental
program on the LWC made of expanded glass aggregate. The experimental program
includes about 150 specimens, incorporating different unit weight for the entire
specimens. In the end, it can be observed that the properties of LWC depend on the
properties of the used LWA, and therefore for each specific type of lightweight
aggregate, a brand new equation will be required for prediction of concrete com-
pressive strength. The author hopes that the present chapter and the discussed case
study on LWC would attract the attention of researchers to the importance of LWC
in the future of construction industry.

Keywords: lightweight aggregate, lightweight concrete, nondestructive testing,
compressive strength, expanded glass aggregate

1. Introduction

Concrete is a mixture made of aggregates, water, cement, and different addi-
tives. The “lightweight” term can be added to different types of concrete which are
all common in one specification, and that is “lower density” than normal weight
concrete (NWC). This reduction in density is achievable by different methods such
as using lightweight aggregate (LWA) in concrete, foamed concrete (FC), and
autoclaved aerated concrete (AAC) or by any other techniques that reduce the final
specific weight of the product, and thus the achieved weight is less than what we
have in NWC mixtures. Whereas NWC weighs from 2240 to 2450 kg/m?, light-
weight concrete weighs ~300-2000 kg/m?, but the practical range of density for
lightweight concrete is 500-1850 kg/m>. Before talking about the background of
LWC, we prefer to explain a little more about the different types of LWC and their
mechanical properties.
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1.1 Lightweight aggregate concrete (LWAC)

There are a variety of lightweight aggregates that can be used in the production
of LWAG, such as natural materials, like volcanic pumice, and the thermal-treated
natural raw materials like expanded glass, clay, shale, etc. LECA is an example of
expanded clay and Poraver is an example of expanded glass aggregates. There are
also other types, which are aggregates made of industrial by-products such as fly
ash, like Lytag. The final properties of the LWC will depend on the type and
mechanical properties of LWA used in the concrete mixture.

1.2 Foamed concrete (FC)

With incorporation of considerable amount of entrained air (20% to 50%) in
concrete, foamed concrete is produced which is a workable, low-density, pumpable,
self-levelling, and self-compacting LWC. Foamed concrete is used more as a
nonstructural concrete for filling voids in infrastructures, a good thermal insulation,
and filler for space in buildings with less increase in the dead load.

1.3 Autoclaved aerated concrete (AAC)

AAC, or also named as autoclaved gas concrete, to which a foaming agent is
added, was first produced in 1923 in Sweden and is one of the oldest types of LWC.
AAC construction systems were then popular all around the world because of its
ease of use.

1.4 Structural and nonstructural lightweight concrete

Lightweight aggregate concretes (LWAC) can be used for structural applica-
tions, according to the American Concrete Institute (ACI). To be considered as
structural lightweight concrete (SLWC), the minimum 28-day compressive
strength and maximum density are 17 MPa and 1840 kg/m®, respectively. The
practical range for the density of SLWC is between 1400 and 1840 kg/m?>. LWC
made of a material with lower densities and higher air voids in the cement paste are
considered as nonstructural lightweight concrete (NSLWC) and will most likely be
used for its insulation and lower weight properties. LWC with compressive strength
less than 17 MPa is also considered as NSLWC. There are several benefits with using
LWAC such as improved thermal specifications, better fire resistance, and dead
load reduction which results in lower cost of labor, transportation, formworks, etc.,
especially in precast concrete construction industry. With the reduction of the
concrete density, the properties of the concrete change fundamentally. For two
specimens of concrete with the same compressive strength, but one made of LWC
and the other one made of NWG, the tensile strength, ultimate strains, and shear
strengths are all lower in LWC than NWC, while the amount of creep and shrinkage
is higher for LWC. LWC are also less stiff than the equivalent NWC. However,
there are benefits in using LWC such as reduction in dead load that results in slight
reduction in the depth of a beam or slab. It is also observed that the elastic modulus
of LWC is lower than the equivalent strength of NWC, but when considering the
deflection of a slab or beam, this is counteracted by the reduction in dead load.

In the present chapter after the discussion about the lightweight concrete and
its properties, we will study about the compressive strength of LWC and the
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methods for evaluation and prediction of compressive strength of LWC. Further a
case study of LWC made of LWA will be conducted and presented for a better
understanding of the properties of LWC. In the end the conclusion of the chapter
will be drawn.

2. Background of lightweight concrete

Concrete is a relatively heavy building material; therefore many experiments
have been conducted throughout the twentieth century to decrease its weight
without impairing other properties. During the 1920s and 1930s, many different
types of lightweight concrete were developed, e.g., Durisol, Siporex, Argex, and
Ytong. Probably the most famous and first type of autoclaved gas concrete was
Ytong. It was invented by the Swedish architect, Johan Axel Eriksson, assistant
professor at the Royal Institute of Technology in Stockholm. In the early 1920s,
Eriksson experimented with different samples of gas concrete and put the
mixtures in an autoclave to speed up the curing process. In November 1929, the
industrial production of Ytong blocks began. The name combines the y of
Yxhult, the town where the first Swedish factory was located, and the end of
betong, the Swedish word for concrete. The material was very popular in Sweden
from 1935 onward, with a true breakthrough immediately after World War II,
when it became one of the most important building materials in the country.
Also, the manufacturing process was exported to other countries such as
Norway, Germany, the UK, Spain, Poland, Israel, Canada, Belgium, and even
Japan. The autoclaved gas concrete Siporex was developed in Sweden in 1935.
The LWAC, Argex, was first produced in Denmark in 1939 under the interna-
tional brand name Leca. Starting with an annual production in Copenhagen of
20,000 m?, the total production throughout Europe had increased by 1972 to
nearly 6 million m> per year (adopted from postwar building materials “postwa
rbuildingmaterials.be”).

The later type of LWC which is called LWAC is one of the most popular one
among them and from that time until today has been the subject of many research
works around the word. Even today there are many ongoing extensive research
programs on SLWC and NSLWC made of LWA. In the present chapter, we focus on
LWAC, and for the case study, we will discuss a part of the ongoing research of the
author on LWAC [1]. Categorized examples of the research works conducted
recently have been discussed below:

2.1 LWC including recycled lightweight aggregate

In 2013, a research was conducted on producing concrete containing recycled
aggregates obtained from crushed structural and nonstructural lightweight concrete
[2]. The mechanical properties of this concrete were investigated. Concrete com-
positions made of recycled lightweight concrete aggregates (RLCA) were measured
for their compressive strength, modulus of elasticity, tensile strength, and abrasion
resistance. The influence of the properties of the aggregates on concrete properties
were discussed including concrete density, compressive strength, structural effi-
ciency, splitting tensile strength, modulus of elasticity, and abrasion resistance.
This research proved that it is possible to produce structural recycled lightweight
concrete from crushed, structural, and nonstructural LWC with densities below
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2000 kg/m>. Improvements in mechanical properties can be seen when the LWA
is replaced with RLCA. The study concluded that recycled lightweight aggregate is
a potential alternative to conventional LWC.

2.2 LWC including expanded clay aggregates

In 2015, other researchers studied the properties of LWC consisting of cinder
and light expanded clay aggregates (LECA) [3]. By replacing coarse aggregate with
blended lightweight aggregates such as cinder and LECA, there was a reduction in
weight and, respectively, a decrease in compressive strength, but they were able to
use cinder and LECA as a replacement for normal coarse aggregate to reduce the
cost, while the compressive strengths were close to the strengths of NWC. The
average compressive strength for samples that included the abovementioned LWA
was 39.2 N/mm?, while the average compressive strength for NWC was
43.4 N/mm®. The density of the LWC varied from 1800 to 1950 kg/mm? and the
density for the NWC was 2637 kg/m®>. The slump from the fresh concrete mix and
the average compressive and tensile strength of the hardened concrete were
analyzed in the research.

2.3 LWC including foam glass aggregates

Similar research presented on waste materials showcased that waste materials
can be reused as construction materials, in 2016 [4]. Foam glass and high-impact
polystyrene (HIPS) are materials they collected through the processing of waste
materials. The glass foam is found from a glass cutlet, and the polystyrene is
collected from butadiene modified rubber. They investigated the compressive and
flexural strength, water absorption, and bulk density of the proposed concrete
mixtures. LWC with foamed glass aggregates was affected by the amount of aggre-
gate. Larger amounts of aggregate cause a decrease in compressive and bending
strength and an increase in absorption. The addition of HIPS improved the com-
pressive strength; however, it did not have a significant influence on water absorp-
tion. In 2017, Kurpinska and Ferenc studied on the physical properties of
lightweight cement composites consisting of granulated ash aggregate (GAA) and
granulated expanded glass aggregate (GEGA) [5]. This study showcased the signif-
icant impact of grain type and size on the physical properties of lightweight con-
crete. After the mechanical properties of 15 different mixtures were calculated and
measured, they utilized a finite element modeling program to study the possibility
of applying this type of LWC in structural elements, extenders, and insulation
material.

2.4 LWC including expanded glass aggregates

In 2017, the material properties and effects of crushed and expanded waste glass
aggregates on LWC properties were evaluated [6]. In this study, an image-based
approach is used to extract the characterization of the materials. Pore measurement
and pore structures of each material type were evaluated using a microscope, 3D,
and X-ray micro-computed tomography. Thermal conductivity for the material was
measured. There results showed that crushed and expanded waste glass aggregates
are supported as alternatives for lightweight aggregates. LWC with a density less
than 2000 kg/m?, including crushed waste aggregate, have shown to have a
compressive strength over 38 MPa. This was considered as effective lightweight
concrete, and it satisfied the desired mechanical properties.
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2.5 LWC including expanded glass aggregates and expanded clay aggregates

An experimental investigation on the compressive strength and durability of
LWC with fine expanded glass (FEG) and expanded clay aggregates (ECA) using
different micro-fillers including ground quartz sand and silica fume was conducted
in 2018 [7]. Based on their research, ECA is one of the most popular aggregates for
SLWC, and using this aggregate is important for sustainable development in the
construction industry. The relationships between compressive strength and density
of concrete mixtures with different proportions of LWA were explored. The effects
of fine LWA on density and compressive strength of LWAC were also analyzed.
They could reach to compressive strengths of 39.5-101 MPa for the mixtures
containing EGA and 43.8-109 MPa for mixtures containing ECA. The density of the
mixtures containing EGA and ECA are 1458-2278 and 1588-2302 kg/m®, respec-
tively. Different compressive strength-density relationships were obtained for LWC
containing EGA and LWC containing ECA even though the compositions had the
same amount of cement, water to cement ratio, micro filler, and total volume of
LWA. While understanding the basic mechanical properties (density and compres-
sive strength) of concrete containing LWA such as ECA and EGA was the main goal
of this study, it was concluded that the application of expanded glass aggregate
(EGA) in concrete is still in its early stages.

As in the present book, compressive strength of concrete is the main subject of
discussion; later in this chapter, we will discuss a case study on compressive
strength of a specific type of LWC containing EGA implementing a NDT method in
addition to the conventional compression test. Therefore in the next section, we will
briefly talk about the usage of NDT in the evaluation of compressive strength and
properties of concrete.

3. Nondestructive testing methods

Nondestructive testing (NDT) methods are widely used in the investigation of
the mechanical properties and integrity of concrete structures. As seen in Table 1,
provided by AASHTO [8], the following techniques are used for detecting defects in

The capability of defect detection

Method based  Cracking Scaling Corrosion Wear and Chemical Voids in
on abrasion attack grout
Strength N N P P N
Sonic F N Gb N N N
Ultrasonic G N F N P N
Magnetic N N N N N
Electrical N N G N N N
Nuclear N N N N N
Thermography N Gb Gce N N N
Radar N Gb Gce N N N
Radiography F N F N N F

G = good; F = fair; P = poor; N = not suitable; Gb = beneath bituminous surfacing; Gc = detects delamination.

Table 1.
Capability of investigating techniques for detecting defects in concrete structuves in field use [8].
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concrete structures for field use. In the present study, ultrasonic pulse velocity
(UPV) method is used to evaluate the properties of LWC. Ultrasonic techniques
measure the velocity of a pulse, generated from a piezoelectric transducer in con-
crete, and this measurement assesses the mechanical properties of a concrete. Based
on research and correlations, the pulse velocity relates items such as compressive
strength or corrosion [1]. As seen in Table 1, UPV detects corrosion in reinforce-
ment; however, it is not studied in this report.

3.1 Ultrasonic pulse velocity (UPV)

AASHTO states that the accurate measurement of the concrete’s strength
depends on several factors and is best determined experimentally [8]. In the present
work in addition to the conventional compression test, UPV is utilized to explore
the properties of concrete. In general UPV tests are used to distinguish the material
and integrity of concrete sample being tested. This technique enhances quality
control and detection of defects. In the field, UPV verifies concrete uniformity,
detects internal imperfections and finds the imperfections’ depth, estimates the
deformation moduli and compressive strength, and monitors characteristic varia-
tions in concrete throughout time [9]. From observations, certain factors influence
UPV. The theory for elasticity for homogeneous and isotropic materials states that
the pulse velocity of compressional waves (P-waves) is indirectly proportional to
the square root of the dynamic modulus of elasticity, Ed, and inversely proportional
to the square root of its density, p [10]. The aggregate type used in a mixture has a
significant influence on the elastic modulus; therefore for our current LWA, a
significant change in the pulse velocity is expected. To differentiate results, corre-
lations need to be analytically determined. As an example an expression for the
modulus of elasticity of concrete and its relation between the compressive strength
(fc), the oven-dried density, and the Ec itself is suggested by EN 1992-1-1, Eurocode
2 [11]. This relationship suggests that UPV and fc are not unique and are affected by
factors such as the type and size of aggregate, physical properties of the cement
paste, curing conditions, mixture composition, concrete age, voids/cracks and
moisture content [12]. Factors influencing the UPV method are presented in
Table 2 [13]. Constituents of the concrete and its moisture content, age, and voids/
cracks impact UPV significantly. Previous works have shown that a correlation
between the compressive strength in concrete and the ultrasonic pulse velocity
must be determined for each particular concrete mix [13, 14]. Finding a general

Constituents of concrete Aggregate Size Average influence
Type High influence
Cement Percentage Moderate influence

Type of cement

Moderate influence

Other constituents

Fly ash content

Average influence

Water/cement ratio

High influence

Humidity degree/moisture content

Average influence

Other factors

Reinforcements

Moderate influence

Age of concrete

Moderate influence

Voids, crack

High influence

Table 2.
Influencing factors for UPV method.
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correlation between fc and UPV will be an enhancement for inspection and assess-
ment of structures made of LWC.

Therefore based on the previous studies, it is recommended that for each type of
LWA used in LWC, the researchers conduct an experimental program to drive a
brand new relation between UPV and compressive strength of concrete, which is
not the focus of the present chapter. Hence in the present chapter, we have
presented some of the most recent proposed equations, relating UPV to compres-
sive strength of LWC, and presented some of the available equations relating UPV
to compressive strength of LWC and NWC for those interested to compare the
configurations of the equations and to initial their research for the specific types of
LWA of interest.

3.2 Utilizing UPV to find the compressive strength

During the last decades, many researchers presented different methods for the
evaluation of compressive strength for LWA concrete versus UPV. The LWA in
those studies consists of different types of natural or man-made LWA such as
recycled lightweight concrete aggregates (RLCA), light expanded clay aggregate
(LECA), high-impact polystyrene (HIPs), granulated ash aggregate (GAA), granu-
lated expanded glass aggregate (GEGA), foam expanded glass aggregate (FEG),
expanded clay aggregate (ECA), and expanded glass aggregate (EGA). In the liter-
ature several factors that influence the relation between compressive strength and
UPV were examined. Most important analyzed factors included the cement type
and content, amount of water, type of admixtures, initial wetting conditions, type
and volume of aggregate, and the partial replacement of normal weight coarse and
fine aggregates by LWA. As a result, simplified expression was proposed to estimate
the compressive strength of different types of LWAC and its composition. The
dependence of UPV and the modulus of elasticity were also explored in many of
works [13]. They presented the expression below for a wide range of SLWC with
compressive strength varying from 20 to 80 MPa. UPV and density are measured in
meters per second and kg/m”. From the regression analysis, Kupv can be a constant
equal to 54.6, 54.3, 0.86, etc. and is a correlation coefficient. Values of UPV and
strength measurements were performed on cubed concrete specimen in their study:

UPV  \}
fe= (Kupv *p0-5) (1)

where fc is the compressive strength of concrete (MPa), UPV is the ultrasonic
pulse velocity (m/s), KUPV is a constant representing the correlation coefficient,
and p is the dry density of specimen (kg/m?). In the research presented elsewhere
[9], equations for LWC containing fibers were proposed to estimate the concrete
compressive strength from respective UPV values. The equations presented below
are the compressive strength of concrete at days 7 and 28, respectively:

f. = 1.269 exp.(0.841v) (7 days) (2)
f. = 0.888 exp.(0.88v) (28 days) (3)

where f, is the compressive strength of concrete (MPa) and v is the pulse
velocity (m/s). Other types of equations were presented in 2015 [10], which con-
tributed the coarse aggregate content as a ruling factor in the relationships
presented. In the developed equations, the fc was represented for a compressive
cube strength measured in MPa. The variable, v, is UPV and it was measured in
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No. Proposed equations Author, year
1 fc = 1.2 x 1075 x UPVI7447 Kheder, 1999
2 fc = 36.75 x UPV-129.077 Qasrawri, 2000
3 fc =21.5 x UPV 62 AlJ, 1983
4 fc = 0.6401 x UPVZ5%5* Ali-benyahia, 2017
5 fc = 0.0316 exp (1.3* UPV) Atici, 2011
6 fc = 0.5208 x UVP? Khan, 2012
7 fc = 50.163 x UPV-178.2 Kim, 2012
8 fc = 0.0136 x UPV-21.34 Najim, 2017
9 fc = 38.05 x UPV?-316.76 x UPV + 681.62 Rashid, 2017
10 fc = 0.854 exp (1.28882 x UPV) Trtniket et al., 2009
Table 3.

Proposed equations for finding the compressive strength of concrete using UPV [15].

kilometers per second. The expressions are presented below for different coarse
aggregate (CA) contents:
For CA (coarse aggregate content) = 1000 kg/m?

f. = 8.88 exp.(0.42v) (4)
For CA = 1200 kg/m?

f. =0.06 exp.(1.6v) (5)
For CA = 1300 kg/m’

f. =1.03 exp.(0.87v) (6)
For CA = 1400 kg/m?

fo =1.39 exp.(0.78v) @

Table 3 showcases some of the different equations generated by researchers
in the last decades to predict compressive strength of concrete, fc, in terms of
UPV [15].

4. Experimental program

In this section an experimental program was developed and conducted by the
author and his graduate student to investigate the compressive strength of LWAC
containing a specific type of expanded glass aggregate (EGA), to better showcase
the properties of LWAC [1].
4.1 Lightweight and normal weight aggregates

4.1.1 NWA

Tables 4 and 5 consist of the sieve analyses for the normal weight gravel and
coarse sand, respectively, which were measured according to ASTM C136-01 [16].
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The NWA'’s absorption capacity, specific gravity, and moisture content are evalu-
ated according to ASTM C 127-01 [17] and ASTM C 566 [18]. Table 6 includes
aggregate properties such as specific gravity, absorption capacity, moisture content,
and fineness modulus (FM). In Figures 1 and 2, the individual aggregates are
shown. The maximum normal weight aggregate size was 9.53 mm (3/8").

Sieve analysis Sample size (SS): 2.27 kg
Sieve size Weight retained (kg.) % retained % coarser % finer
19 mm 0 0 0 0
13 mm 0 0 0 0
9 mm 0.047 2.073 2.073 97.93
No. 4 1.6 70.49 72.56 27.4
No. 8 0.5 21.622 94.18 5.82
No. 10 0.021 0.92 95.1 4.9
Passing 0.112 4.9023 99.99 0.001
Sum of SS 227

Table 4.

Sieve analysis for normal weight gravel mix.

Sieve analysis Sample size (SS): 1000 g
Sieve no. Weight retained (g) % retained % finer
8 5 0.5 99.5
10 49.5 5.45 94.55
16 283 33.75 66.25
20 286.5 62.4 37.6
30 364.5 98.85 1.15
40 11 99.95 0.05
pan 0.5 100 0
Sum of SS 1000

Table 5.

Sieve analysis for normal weight coarse sand.

Property Normal weight aggregates Lightweight aggregates
Gravel mix Coarse sand Poraver Poraver Poraver
(GM) (CS) (0.25-0.5 mm) (1-2 mm) (2-4 mm)
Specific gravity 2.4 2.75 0.55 0.36 0.32
(ton/m?)
Absorption 23 1.87 19 9 9
capacity (%)
Moisture content 4.5 6.4 0.5 0.5 0.5
(%)
Fineness modulus 3.64 2.9 1.92 3.81 4.7
Table 6.

LWA and NWA properties.
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Figure 1.
NWA, from left to right, normal weight gravel mix, and coarse sand.

Figure 2.
LWA, from left to right, Poraver 0.25-0.5, 1-2, and 2—4 mm.

4.1.2 LWA

The LWA used in this study is Poraver, [19] which is an expanded glass granule.
The material is pressure resistant, durable and dimensionally stable, 100% mineral,
spherical in shape, ecological, and not hazardous to health. According to the Poraver
technical data sheet, the aggregate is lightweight according to ASTM C330, C331,
and C332 and DIN EN 13055-1. Mineral casting and polymer concrete, plaster and
dry mortar, lightweight panels, automotive, 3D printing, and other additional prac-
tices are practical applications of this material. The aggregate sizes and properties of
the LWA are presented in Table 6. The Poraver technical data sheet provided the
absorption capacity and moisture content on delivery and specific gravity for the
LWA [19].

4.2 Mix proportion

The experimental work includes various concrete mixes consisting of light-
weight EGA, and these concrete mixes were created with partial or total replace-
ment of NWA with LWA. The ACI 211.2-98 guide for LWC was followed for mix
designing [20]. In this study, the control of the cement content is intended to
properly understand the compressive strength for different concrete mixes without
being influenced by the cementitious material effects. Many combinations of
aggregates were tested and the optimum aggregate sizes to increase the compressive
strength were selected. The mix proportions of the LWAC mixes are found in
Table 7. The cement type used was Ordinary Portland cement CEM I 42.5 N. In the
presented tables, Poraver size 0.25-0.5 is referred to as LWA (fine), while the LWA
sizes, 1-2 and 2-4 mm, are considered as LWA (coarse).
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Mix w/c Cement  Water GM CS LWA LWA LWA
fabel (&) (&) (&) (&) (0.25-0.5mm) (1-2mm) (2-4 mm)
(g (g) (g

1 0.29 685 199 304 2545 — — 154
2 1.88 576 1084 658 1275 — — 2631
3 0.31 576 177 3284 508 — — 767
4 0.47 576 272 2631 1021 — 658 254
5 0.47 576 272 658 1021 254 658 —
6 0.7 576 404 1973 767 508 329 —
7 0.7 576 404 658 1021 254 658 —
8 0.47 576 272 3284 1021 181 — —
9 0.47 576 272 3284 767 167 — —
10 0.47 576 272 3284 508 253 — —
11 0.47 576 272 3284 254 340 — —
12 0.47 576 272 3284 340 421 — —

Table 7.

Mix proportions.

Figure 3.

Ultrasonic pulse velocity instrument.
4.3 Test methods

ASTM C 192 was used as the guide for making and curing concrete test speci-
mens in the laboratory [21]. The specimens were demolded after 24 hours and
submerged underwater until a day before testing. UPV (Figure 3) and the axial
compression machine (ACM) in Figure 4 were used to determine the compressive
strength of concrete at days 7 and 28.

4.4 Results and discussion

In general it was observed that with increase in the amount of LWA in the
concrete mixture, the compressive strength and UPV of LWC decrease, which was
expected. In Figure 5, the relationship between UPV and fc (measured with ACM),
at the age of 7 and 28 days for the LWC is presented. It can be observed that the
results are scattered and more tests and specimens and concrete mixtures will be
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Figure 4.
Compression test machine.
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Figure 5.
UPV versus fc for LWC tested at days 7 and 28.

required to be able to establish a solid relationship between UPV and compressive
strength for this type of LWAC. The best empirical relation obtained from curve
fitting analyses for this study can be written as below:

f. = 0.8 exp (0.335v) (8)
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UPV versus RR for LWC.

where f, is the compressive strength of concrete (MPa) and v is the pulse
velocity (km/s).

To be able to investigate the effect of the LWA content in the mix proportions,
we have selected the mixes with constant w/c ratio of 0.47 and gradually replaced
the NWA with LWA (Table 8). Figure 6 depicts the relation between fc and
replacement ratio (RR) or LWA content for these individual mix proportions. From
this figure, it can be observed that for the LWC in this study, as the LWA content
increases, fc decreases. Figure 7 shows the relation between UPV and RR or LWA
content for these individual mix proportions. From this figure, it can be observed
that for the LWC in this study, as the LWA content increases, UPV decreases as
expected.

Mixes RR w/c Cement (g) Water (g) GM (g) CS(g) LWA, coarse (g) LWA, fine (g)

12a 0 0.47 576 272 3284 1275 — 0

12b 20 0.47 576 272 3284 1021 — 254

12¢ 40 0.47 576 272 3284 767 — 508

12d 60 0.47 576 272 3284 508 — 767

12e 80 047 576 272 3284 254 — 1021

12f 100 0.47 576 272 3284 0 — 1275
Table 8.

Comparison between different LWA contents.
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The relationship between UPV, fc (compressive strength), and dry density for
the mix proportions in Table 8 is presented in Figures 8 and 9. It can be observed
that for the LWC in this study, as the dry density increases, UPV and fc also
increase, but the results are scattered when working with LWC. To be able to
compare these results from those of NWC, mixes of NWC with similar composi-
tions but without any LWA were produced, and results were presented in
Figures 10 and 11. It is observed that the result for the relationship between UPV, fc
and, dry density for LWC is more scattered than similar test result for NWC.

fe (MPa)

| 500 1 &0 | T | KK} 1941 PN
Dry Densily (kg/m3)

Figure 8.
fe versus dry density for LWC.
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Figure 9.
UPV versus dry density for LWC.

Figure 10.
fe versus dry density for NWCUPYV versus dry density for NWC.
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Figure 11.
UPV versus dry density for NWC.

5. Conclusions

There are different types of LWC available in the industry that depending on the
method which is used for production of each type, the properties of the LWC can be
completely different. Lightweight aggregate concrete (LWAC), foamed concrete
(FC), and autoclaved aerated concrete (AAC) are among the most common types.
On the other hand, structural and nonstructural lightweight concrete can be pro-
duced for different purposes. Lightweight aggregate concrete, such as the one
discussed in this study, are being used nowadays in the advancement of concrete
technology, but it is proven that each type of LWA needs to be tested before being
used in structures and even for nonstructural purposes. Compressive strength of
LWC is an important characteristic of LWC that can be measured or predicted with
few methods such as NDT methods. Ultrasonic pulse velocity was utilized to assess
the compressive strength, fc, of the LWC containing EGA in the present study. In
this chapter it was observed that LWA can replace NWA to achieve smaller bulk
densities and UPV can be used as a method for evaluation of compressive strength
of LWC. Based on the case study conducted in the present chapter, it was show-
cased that as the dry density of the LWC decreased, UPV and fc decreased, respec-
tively. Comparisons of actual fc values obtained from CTM proved UPV can be
related to fc, and the results showed similar characteristics to previous works, while
the previous work’s equations cannot be used for the aggregates used in this study.
The results of the present study are limited to the mix design and materials that
were used in this work, and it should be noted that these results cannot be extended
to other types, sizes, etc. of aggregates and different mix designs.
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Chapter 4

Investigation of the Quasi-Static
and Dynamic Confined
Strength of Concretes by Means
of Quasi-Oedometric
Compression Tests

Pascal Forquin

Abstract

For the two last decades, the quasi-oedometric compression testing method has
been widely employed to characterize the quasi-static and dynamic confined
response of concrete and rock-like materials. It consists of compressing a cylindrical
specimen tightly enclosed in a thick confinement vessel for determining the hydro-
static and deviatoric behaviors of these materials under pressure ranging from few
tens to a thousand of MPa. Large capacity hydraulic press can be used for quasi-
static loading whereas large-diameter Split-Hopkinson Pressure Bar can be
employed to characterize the dynamic response of the tested samples. This chapter
describes the principle of this testing technique, the processing method, validation
tools provided in the literature and some key-results obtained regarding the influ-
ence of concrete composition, particles reinforcement, free water content and the
loading-rates on the hydrostatic and deviatoric behaviors of concretes.

Keywords: concrete, high pressure, metallic vessel, mechanical testing,
quasi-oedometric compression test

1. Introduction

In many applications, geomaterials or other rock-like materials (concretes,
mortars, rocks, granular materials, ice, etc.) are subjected to an intense loading
characterized by high levels of pressure and high or very high rates of loading [1].
For instance, we can mention the vulnerability of concrete structures subjected to
hard impact [2] in which the shear resistance and compaction law (irreversible
diminution of the volume) of concrete under high pressure is known to condition
the penetration of the projectile into thick targets [3-7]. One may also mention the
issue of rock blasting in open quarries for the production of aggregates and sand
where controlling the block size distribution is an important objective [8], the use of
percussive drilling tools in civil engineering that induce high stresses beneath the
indenter [9-11] or the dynamic compaction of soils. In all these applications, the
geomaterial is subjected to very high confinement pressures ranging from few tens
to several hundreds of MPa. A good grasp of the behavior of geomaterials under
confined compression is essential to any understanding and modeling of their
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performances in order to improve the efficiency of the protective solutions or the
industrial applications of concern.

Triaxial tests have been developed for half a century to characterize the
mechanical behavior of concretes [12] and rocks [13] under high confinement
levels. It consists in applying a purely hydrostatic pressure on a cylindrical specimen
by means of a fluid followed by an additional axial compression. In this case, the
stress tensor is defined with the two components (6ugial> Caxial):

Oradial 0 0
o= 0 Oradial 0 s (1)
0 0 Ouxial (TUJT)

where (E), m, FZ)) corresponds to the frame attached to the cylindrical sam-

ple. The deviatoric stress is defined as the axial stress (in absolute value) on with-
drawal of the lateral pressure exerted by the confinement fluid:

Cdeviatoric = |Caxial — Oradialls (2)
and the hydrostatic pressure is defined by averaging the three principle stresses:

—Ouxial T 20yadial
P hydrostatic = f (3)

The deviatoric strength is usually taken as the maximum deviatoric stress reached
during the test and a series of triaxial tests performed at different lateral pressure pro-
vides several end-points that makes possible to deduce the limit state curves of the tested
sample under static loading [14] or dynamic loading [15]. During the last decade, triaxial
tests have been conducted in the 3SR laboratory with a high-capacity triaxial press (the
GIGA press) able to generate a maximum confining pressure of 0.85 GPa and an axial
stress of 2.3 GPa applied to cylindrical concrete specimen 7 cm in diameter and 14 cm
long. As observed with quasi-oedometric compression tests [16, 17], the triaxial experi-
ments conducted with dried, partially-saturated and fully-saturated ordinary concrete
samples revealed that, under high confinement, the presence of free water in the sample
affects the volumetric stiffness and reduces a lot the strength capacity [18, 19]. The role
of water to cement ratio [20], cement matrix porosity [21], coarse aggregate size [22] and
shape [23] in concrete samples under high triaxial compression loading was also explored
with the same triaxial test apparatus. However, triaxial tests present some limitations
which make them costly and difficult to perform specially under dynamic loading
conditions. Indeed, they demand a very high pressure chamber (100-1000 MPa)
coupled to a rigid load frame and they require impermeability between the confining
fluid and the specimen that is not easy to carry out, in particular under high loading-rates.
Figure 1 provides several limit state curves obtained from triaxial tests conducted with
ordinary concrete (Common concrete), high strength concrete (CRE140) and with
several types of ultra-high strength (reactive powder) concretes (BPR200, BPR300, BPR
600) [24]. These experimental results illustrate the sharp increase of concrete strength as
a function of the applied hydrostatic pressure. The levels of axial stress and radial stress
needed to reach any points in Figure 1 can be easily deduced considering the following
equations (cf. red solid arrows and blue dotted arrows):

2
|0axial| =P hydrostatic + gadeviatorica (4)

1
|0mdial | =P hydyostatic — §O'deviutoric- (5)

68



Investigation of the Quasi-Static and Dynamic Confined Strength of Concretes by Means...
DOI: http://dx.doi.org/10.5772 /intechopen.89660

T— — ePR200
— ienssss BPR 300 -
& 14001- - = —BPR &0 .
£ 1200 CRE 140
c Comman oy . e
+, 1000 CONCraln , , o o 8 i .
= st s
% 800 3 -
800
oo . 3."2&_‘
o 200 . .
= - e
g ob—vuh— & a
0 100 /200 2300 400 500 GO0 TOO 800 900 1200 1600
Pressure (MPa ,
Traalal (MPa) Taxial

Figure 1.

Limit state curves obtained from triaxial tests performed on ordinary concrete (Common concrete), high
strength concrete (CRE140) and ultra-high strength concretes (BPR200, BPR300, BPR 600) [24] and
corvesponding levels of axial and radial stresses to be reached during the test.

Thus, it can be remarked that the last point of the “Common concrete” curve
requires relatively close levels of radial stress and axial stress (respectively, about
700 and 1000 MPa) due to the small mean stress difference at this end of the test,
the last point of BPR600 requires much smaller level of radial stress (about
400 MPa) and much higher level of axial stress (more than 1800 MPa). In conclu-
sion, it appears that the level of axial and radial stresses to be applied during a
triaxial or quasi-oedometric tests may need to be adapted as function of the level of
the desired hydrostatic pressure and as function of the expected level of strength of
the tested material.

The quasi-oedometric compression (QOC) testing method provides a very
attractive alternative to triaxial tests. It is based on the use of a cylindrical sample, a
confinement cell that is usually designed as a simple metallic ring, two compression
plugs and an interface product that should be used to fill the gap between the
sample and the inner surface of the cell. Once the sample is inserted in the confine-
ment cell and the compression plugs are put in contact with the top and bottom
surfaces of the sample, an axial compression is applied. The specimen tends to
expand under the effect of its radial expansion and exerts a lateral pressure against
the confinement cell. In the course of the test, a rise of both axial and radial stresses
is observed in the specimen, which gives a possible reading of the mean stress
difference as a function of the level of applied pressure (the so-called deviatoric
behavior) and of the diminution of the sample volume with the level of hydrostatic
pressure (the so-called compaction law).

A strong limitation must be underlined at that point: since the test is driven only
by the axial strain, it provides a single loading path (i.e. the “quasi-oedometric
loading path”) corresponding to an almost “1D” uniaxial-strain loading path.
However, it cannot be concluded whether the variation of the strength is provoked
mainly by the variation of the axial strain independently of the pressure level or by
the change of hydrostatic pressure independently of the level of axial strain neither
whether the mechanical response might be changed by subjecting the sample to a
different loading path.

The QOC testing technique has been continuously developed for concretes
during the last three decades. Among the proposed experimental devices, one may
cite the technique developed by Bazant et al. [25] (Figure 2(a)) where a cylindrical
concrete specimen is placed in a hole and compressed. However, the lateral pressure
exerted between the sample and the inner surface of the hole could not be measured
during the test. Burlion [26] devised an instrumented vessel of 53 mm as interior
diameter and 140 mm as exterior diameter, which was considered stressed in its
elastic domain (Figure 2(b)). An interface product was used between the vessel
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Figure 2.
Quasi-oedometric compression testing devices applied to concrete. (a) Technique method developed by Bazant
etal. [25]. (b) Instrumented vessel used in [27], (c) smaller confining cells used under quasi-static and

dynamic loading conditions [28].

and the specimen to fill the gap between the sample and the vessel, which allows for
correcting any possible defects of cylindricality of the sample. The interface product
was an epoxy bi-component resin, Chrysor® C6120, commonly used for structural
applications, and once polymerized, eliminates any internal play. The radial stress
in the specimen was deduced from the measurements provided by strain-gauges
attached to the outer surface of the vessel [27] based on the well-known analytical
solution of an elastic tube subjected to a uniform pressure applied against its whole
inner surface. So, the ‘barrel’ deformation of the vessel was not taken into account
in this analysis. Smaller confining cells, 30 or 50 mm as inner diameter and 50 or
70 mm as outer diameter, were used in [28] to test a micro-concrete under
quasi-static and dynamic loadings (Figure 2(c)). A maximum axial strain up to
—30% was reached before unloading. Later, a new processing method was proposed
in [29] and applied to these experimental data to evaluate the level of radial stress in
the specimen from the hoop strain measured on the outer surface of the confining
cell, taking into account the sample shortening. Both deviatoric and hydrostatic
responses of this microconcrete were obtained from the processed data, which
showed a quite limited influence of the rate of loading on the strength, even at a
strain-rate of 400 s [30].

The testing procedure and data processing method were substantially improved
in several works and applied to successively investigate the influence of particles
size and shape [31, 32] and of the porosity [6] on the confined behavior of
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particle-reinforced cement composites, but also to analyze the role plaid by
free-water on the quasi-static and dynamic confined responses of microconcrete
[16, 30], ordinary concrete [33] and high-performance concrete [34] and to study
the effect of coarse aggregates strength on the static and dynamic behavior of
concrete under high confinement [35].

In this chapter, the principle of QOC tests, the data processing technique and
some validation tools are presented. Next, some main obtained results are gathered.
Finally, all this data allows highlighting the main microstructural parameters
influencing the mechanical behavior of concretes under quasi-static or dynamic
quasi-oedometric compression loadings.

2. Principle and data processing of QOC tests
2.1 Mounting procedure

The introduction of the sample into the confining ring constitutes a very delicate
stage. Indeed, to be sure that the entire gap between the sample and the inner
surface of the ring is filled, it is necessary to cover the inner volume of the ring prior
to inserting the sample. In addition, the sample needs to be carefully introduced
without any contact with the confining cell under pain to block the sample into the
ring by bow buttress. For this purpose, a special procedure was developed, as
detailed in [16], to align the ring, the sample and the two plugs. First, the concrete
sample is scotch tape to the upper plug. A special device (Figure 3) is used to
introduce the concrete specimen within the ring previously partially filled by the
bi-components epoxy resin named “Chrysor® C6120”. During this stage, this resin
is slowly extruded out and the internal gap between the specimen and the ring is
totally fulfilled by the Chrysor®, which hardens in less than 24 hours. Next, the
lower and upper frames are disassembled and the assembly is ready for testing.

4

P S ——— Glue

cemmsssfeccccccacaa= Upper steel plug

P I Thin tape
.................... Concrete specimen

............. Steel ring

weveweee-- Chrysor” product
________________ Tightness

__________________ Lower steel plug
e e e e Lower frame

Figure 3.
Schematic of the device to set the sample, the ving and the steel plugs [16].
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2.2 Description of experimental configurations

The list of concrete grades, maximum aggregate size, types of experimental
set-up (hydraulic press or SHPB device), dimensions of samples and confining cells
used in several works are gathered in Table 1. It can be remarked that the sample
diameter is usually about five times larger than the maximum aggregate size.

The length to diameter ratio of concrete sample is between 1 and 2. In addition,
the length of the confining cell slightly exceeds the sample length in order to keep
the sample inside the cell in particular when a dynamic loading is applied (SHPB
device). The outer diameter is chosen as a compromise between a sufficient
stiffness of the vessel (diameter large enough) and a good sensibility of strain
measurements on the external surface of the vessel (small enough diameter).

For this purpose, the outer diameter to inner diameter ratio varies from 1.4 [28]
to 2.8 [26] with a predominance of value around 2 [6, 30-35].

Two examples of device used for quasi-static and dynamic testing are
represented in Figure 4. The set-up represented in Figure 4(a) was used in
[6, 31, 32] to investigate the quasi-static confined behavior of particle-reinforced
cement composites. The loading capacity of the press, 1 MN, provides a maximum
axial stress about 1400 MPa in the concrete sample, with a sample diameter of
30 mm. The compression plugs are fixed to the lower and upper compression plates.
The extensometer that was used to measure the change of sample height is attached
to two flasks directly screwed into the compression plugs. Four strain gauges are
glued on the outer surface of the confining cell.

An experimental SHPB set-up, also called Koslky’s apparatus, can be used to
perform dynamic QOC tests. The SHPB experimental technique, widely used today,
was pioneered by Kolsky [36]. It consists in a striker, an input bar and an output bar
(Figure 4(b)). In [16, 30, 34], the striker, the input bar and the output bar are
80 mm in diameter, their length is, respectively, 2.2, 6, and 4 m, and the elastic limit
of these elements, made of high-strength steel, is 12200 MPa. When the striker hits
the free end of the input bar, a compressive incident wave is generated in the input
bar. Once the incident wave (g;(t)) reaches the specimen, a transmitted pulse (&(t))
develops in the output bar whereas a reflected pulse (¢,(¢)) propagates in the
opposite direction in the input bar. These three basic waves (cf. Figure 4(c)),
recorded by strain gauges glued on the input and the output bars, are used to

References  Concretes’ (Maximum aggregates Set-ups  Sample diameter x  Cell outer diameter x
size in mm) length length
[26, 27] Mortar (2), concrete (16) Press D50 x 100 D140 x 106
[28, 30] MB50 (5) Press, D30 x 40 D50 x 50
SHPB D50 x 40 D70 x 50
[6, 31, 32] M1, M1M, M1Sph, M2, M2S, M2M, Press D30 x 40 D55 x 46
M2Sph (6)
[16] MB50 (5) Press, D29 x 40 D60 x 45
SHPB
[34] R30A7 (8), HSC (8) SHPB, D40 x 50 D80 x 60
Press
[35] R30A7, LC (10) SHPB, D40 x 50 D80 x 60

Press

"MBS50: microconcrete, M1: mortar without silica fume, (MIM, M1Sph): particle-reinforced mortar without silica fume, M2: mortar
with silica fume, (M2S, M2M, M2Sph): particle-reinforced mortar with silica fume, R30A7: siliceous aggregate ordinary concrete,
HSC: siliceous aggregate high-strength concrete, LC: limestone aggregate ordinary concrete.

Table 1.
List of concretes, experimental set-ups, dimensions of sample and confining cell considered in several works.
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Figure 4.
Experimental set-up employed for quasi-static and dynamic QOC tests. (a) Hydraulic press used in [6, 31, 32].
(b) Sketch of SHPB system used in [16, 30, 33]. (c) Example of experimental data obtained in [30].

calculate the input and output forces and the input and output velocities at the
specimen faces according to the following equations (without taking into account
the wave dispersion phenomena that cannot be neglected with large-diameter
Hopkinson bars) [36]:

{m@:m&m@+mm (6)

Fout(t) = AbEb (gt(t))
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{ Vin(t) = —cp(&i(t) — &.(2)) @)

Vour(t) = —cp(&:(r))

where A, is the area of the input and output bars, E;, corresponds to their
Young’s modulus and ¢}, is the speed of a 1D wave propagating in these bars
(c» = VEp/py), considering p,, as the density of the bars. Finally, the mean axial
stress and nominal axial strain in the sample can be deduced:

O axial (t) = Fin (t)z_;faut (t) (8)
! Vout - Vin
Eaxial (t) = JO W

where /g is the sample length. In addition, the elastic limit of the plugs must be
significantly higher than the maximum axial stress reached during the dynamic
tests so the elastic shortening of the plugs can easily be subtracted from the total
measured shortening.

du 9)

2.3 Data processing of QOC tests

A processing technique was proposed in [29] to measure the radial stress in the
sample taking into account the barreling deformation of the confining ring and the
shortening of the concrete sample during the test. Before this approach was pro-
posed, the closed-form solution of an elastic ring subjected to a uniform internal
pressure along its whole length was usually considered but this method can lead to a
strongly erroneous estimation of the radial stress in the tested sample. Later, several
improvements of the processing methodology have been proposed as listed hereaf-
ter. The main advances to process the data of QOC tests are summarized in Table 2.

First, the relation between the radial stress in the specimen and the hoop strain
measured thanks to the strain gauge glued on the outer surface of the confining cell
must be deduced. The methodology used in [31] is explained in Figure 5. The consti-
tutive behavior of the confining ring was first identified by means of quasi-static
tensile tests performed with small samples extracted from a sacrificed ring. Next, this
constitutive behavior was introduced in a numerical simulation involving only the
confining vessel. Last, two calculations were conducted with the Abaqus/Standard FE
code considering an internal pressure which is continuously increased up to 400 MPa,
and which is applied to the inner surface of the ring along heights of 40 mm in a first

References Advances in the processing methodology

[26, 28] Radial stress estimated based on the close-form solution of an elastic ring subjected to a uniform internal
pressure

[29] Radial stress calculated considering the barreling deformation of the cell and the sample shortening

[31] Radial stress calculated as in [29] and taking into the non-homogeneous and elastoplastic behavior of the

cell
Validation with tests applied to aluminum alloy samples

[30-32] Estimation of the error due to friction and to the interface product by applying the processing
methodology to the data of numerical simulations of QOC tests

[30, 32] Proposition of two methods to estimate the internal friction based on strain measurements on the outer
surface of the cell

[16] Improvement of the data processing method taking into account the internal friction and the sample/cell
symmetry defect based on strain measurements on the outer surface of the cell

Table 2.
Main advances proposed to process the data of QOC tests.
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Mf;;todology to determine the function 6,ugia(h—s0mm) = f 40(€00) [31]. (a) Extraction of small samples from a
confining cell. (b) Tensile tests and identification of the elastoplastic behavior for each sample. (c) Numerical
simulation of the vessel subjected to an internal pressure of 360 MPa on 40 mm (upper part: Hoop strain
contours, lower part: Radial stress contours), (d) identification of the relation between the radial stress and the
outer hoop strain.

calculation and 34 mm in a second calculation, these heights corresponding to the
initial and final lengths of the concrete sample. From these calculations the relations:

2=0,ext) z=0,ext)
Oyadial (hs=40mm) f 40 ( ) and Ovadial(hs=34mm) f 34( ) were deduced,

so, assuming a uniform radial stress in the sample, the radial stress was computed
knowing the current height of the sample (%) according to the following linear
interpolation:

Emdial(t) = <hj_(0 34 >f40( 0 Oext)) + (hgi 40 >f34( 0 O’Eﬂ)) (10)

In a similar way, the (small) radial strain in the sample was deduced based on

0,ext z=18,ext
2=0,ext) 8( exi ))

the data of hoop strains placed at two locations on the cell (6‘ s €gy

_ 2 — Eaxial 0 (z=0,ext) (1 + Eaxia])2 18 (2=18,ext)
Eradial () = 3 1= Zaxial | 14— | | @000 T3 %ofm (11
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where af) and @38 are coefficients identified from the same calculations.
Finally, the deviatoric stress and the hydrostatic pressure were deduced based on
Egs. (2) and (3). The volumetric strain was also calculated in the following way:

Evolumetric (t) = (1 + Emciotl) (1 + Emdml)z -1 (12)

so the hydrostatic behavior of the concrete (relation between the hydrostatic
pressure and the volumetric strain) was obtained. The whole procedure that was
used in [6, 30-32] is summarized on the sketch of Figure 6.

The use of a confining cell that deforms plastically during a QOC test offers the
advantage of providing higher levels of measured strains on the outer surface of the
ring than with a cell that remains elastic. However, it presents several main draw-
backs. First, each confining cell cannot be used more often than once due to the
inelastic deformation after plasticization. Second, the relation between the radial
stress in the sample and the outer hoop strain does not account for any influence of
the loading rate. Therefore, if the constitutive material of the cell is strain-rate
sensitive (such as steel) the relation identified under static loading is no longer valid
to process the experimental data of a dynamic QOC test. Therefore, a confining cell
made of brass or aluminium having a much smaller strain-rate sensitivity, can be
considered [37]. Third, the plasticization of confining cell limits the maximum level
of internal pressure to be applied to it. Last, the effect of friction and sample/ring
dissymmetry are more difficult to calibrate in the data processing. It is the reason
why, in the subsequent works, confining cell made of high strength steel
(6, > 1800 MPa), which behavior remains elastic during the tests, were used
[16, 34, 35]. In that case, the relation between the radial stress and the outer hoop
strain (for a constant height of internal pressure) is linear. In the work developed in
[16], a method was proposed to estimate the defect of symmetry (8,) represented in
Figure 7(a). It is based on the difference of hoop strains e9o® = 8 and g, 7 = O
measured near the top and bottom surfaces of the cell:

) _ )
6. = Palh) x| g |, (13)

£go T g

where P, (k) is a polynomial function of degree 1 valid for the considered cell.
Based on a series of numerical simulations performed with different values of 2 and §,

exiensometer
) hoop hoop
deformation of strain gauge strain gauge load cell
compression cylinder atz=0 atz=18
v L J v
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Figure 6.
Procedure applied to process the data of the QOC test [31].
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Figure 7.

(a) Definition of the defect of symmetry considered in [16]. (b) Numerical simulation of an elastic cell loaded
by an internal pressure of 1GPa on 40 mm (upper part: Mises stress, lower part: Hoop strain contours).

(¢) Radial stress to outer hoop strain ratio as function of the height of applied pressure and the defect of symmetry.

(cf. Figure 7(b)), the plot of Figure 7(c) was obtained. Finally, the ratio of radial
stress to outer hoop strain can be expressed in the following way:
(int)

il P (1) + Q, () x (52)° (14)

(2=0, ext
00

where P,(h) and Q. (k) are polynomial functions of degree 2 whose coefficients
need to be identified for the considered cell. In addition, it was demonstrated in
[30] that friction and the sample-cell interface was affecting the ratio of outer axial
strain to the outer hoop strain at the cell middle point (z = 0), which provides a
possible way to estimate the friction coefficient in case of a confining cell that
remains elastic during the QOC test.

A validation work was developed to evaluate the accuracy and sensitivity of
these processing methods to be considered for inelastic or elastic confining cells.
Next, it was applied to the experimental data of QOC tests conducted with different
types of concretes, mortars and high-strength concrete. The main results are
summarized in the next two sections.
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3. Validation of the data processing methodology

Several works have been developed to evaluate the validity and accuracy of the
results obtained by applying this processing method to QOC tests. In the paper
[30, 32], a series of numerical simulations of quasi-oedometric tests was conducted
considering different behaviors of concrete. The Abaqus/Explicit FE code was
selected to benefit from a user subroutine ‘Vumat’ in which the Krieg, Swenson and
Taylor model is implemented [38, 39]. In this model, the hydrostatic behavior is
described by a compaction law represented as a piece-wise linear function defined
by several points (&), p:) (Table 1). On the other hand, the model includes a
limitation of the equivalent stress o,, (von Mises criterion) according to the follow-
ing elliptic equation that depends on the hydrostatic pressure (P)

(Ueq)limit =\/ao + a1P + a,P* (15)

The parameters used in KST model in (Forquin et al. [32]) are gathered in Table 3.
Next, the processing methodology described in Figure 6 was applied to the numerical
data in the same way as experimental data would be processed. Figure 8 presents the
results for seven numerical simulations of a quasi-oedometric compression test. The
left side of Figure 8 corresponds to the deviatoric behavior and the right-hand column
to the hydrostatic behavior. The data processing described in Figure 6 was applied to
the numerical calculations in which a friction was introduced at both plug/sample and
cell/sample interfaces with a friction coefficient set to 0.1 or 0.2. Based on these
numerical simulations, two methods were proposed to estimate the level of friction
encountered during the QOC experiments: the first method relies on the ratio of two
hoop strains measured at different locations on the outer surface of the cell. In the
second method, the ratio of axial strain to hoop strain in the symmetry plane of the
cell is considered. Finally it was concluded that a friction coefficient lower than 0.1
should be expected in the experiments conducted in [32]. In addition, an elastic
deformation of the Chrysor® resin was simulated in two simulations with the param-
eters provided in Table 3. Finally, it was concluded that the maximum error made
due to the lack of consideration of friction at plug/sample or cell/sample interfaces or
Chrysor® resin in the play between the ring and the sample should not exceed about
4% regarding the deviatoric behaviour and about 12% regarding the hydrostatic
behavior, whether the friction at the vessel/specimen interface remained below 0.1.

Another validation strategy was developed in [31] by conducting QOC experi-
ments with cylindrical samples made of aluminum alloy (2017 T4), a reference
material which elastoplastic behavior was well-characterized with a uniaxial tensile
test. The deviatoric behavior and hydrostatic behavior obtained by data processing
of one QOC test are compared with the expected responses in Figure 9. Again, the
error made on the estimation of each deviatoric and hydrostatic response can be

Concrete (Krieg, Swenson and Taylor model)

Elastic parameters E,v 46 GPa, 0.2

Compaction curve (3 points) &,®, p® (-1 —0.0003, 7.67 MPa
&, P —0.042, 200 MPa
&, PP (5 —0.15, 580 MPa

Coefficient of elliptical equation ag, ag, dz 625 MPa?, 270 MPa, 0.505

Chrysor® resin [31]

Elastic parameters E,v 2.2 GPa, 0.28

Table 3.
Parameters used for concrete and Chrysor® vesin in the calculation.
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Processing of data from a numerical simulation of a quasi-oedometric compression test conducted with M2S small
particle-reinforced movtar (cf. Table 4). (f,: Friction at plug/sample interface, f,: Friction at cell/sample interface,
with Chrysor: A gap of thickness 0.3 mm is filled with a solid which behavior corvesponds to a polymeric resin) [32].
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Quasi-oedometric compression tests applied to an aluminum alloy sample. (a) Deviatoric behavior and

(b) hydrostatic behavior [31].

estimated. One the one hand, whereas the deviatoric strength is slightly
underestimated in the range of weak strain it is well predicted above 5% of equiva-
lent strain. On the other hand, the hydrostatic response shows that a gap seems to
be eliminated between the compression plate and the specimen at the beginning of
the test. Furthermore, the linear bulk modulus of the aluminum alloy is well cap-
tured. Finally, both validation techniques provide an estimation of error that can be
made up to a certain level of pressure when applying the data processing
methodology to QOC experimental data.

4. Experimental results obtained with different types of concrete
4.1 Composition of concretes tested under QOC tests
QOC experiments have been conducted and applied to different kinds of

concretes, mortars, particle-reinforced mortars, microconcrete and high-strength
concrete with the sample dimensions mentioned in Table 1. Their composition, the
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Compositions M1  MIM MiSph | M2 M2S M2M  M2Sph
Sand (quartz) (kg/m®) 1366 965.9 1332 9415
Silica fume SF (kg/m?) — — 55.5 39.2
Cement (kg/m3) 569 402.5 555 392.3
Water (kg/m?) 260 183.5 253 178.9
Admixture (kg/m3) 4.7 3.4 4.6 33
Alumina particles (kg/m?) 0 1084.4 0 1084.4
Shape of particles — Angular  Spherical — Angular Spherical
Size of particles (mm) — 3-6 4 — 1-3 3-6 4
Water/(cement + SF) 0.46 0.41

Table 4.

Composition of mortars and particle-reinforced mortars with and without silica fume used in [6, 31, 32, 40].

Compositions MB50 R30A7 LC HSC
Aggregates (kg/m?) — 1008 891 1008
Sand (kg/m?) 1783 838 838 795.4
Cement (kg/m?) 400 263 263 420

Water (kg/m?) 200 169 169 140

Silica fume SF (kg/m3) — — 46.7
Admixture (kg/m?) 12 — = 47

Water/(cement + SF) 0.5 0.64 0.64 0.30
Max grain size (mm) 5 8 10 8

Table 5.
Composition of microconcrete (MB50), siliceous aggregate ovdinary concrete (R30A7) and limestone aggregate
ordinary concrete (LC), siliceous aggregate high strength concrete (HSC) used in [16, 30, 34, 35].
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Quasi-oedometric compression tests applied to a mortar M2 reinforced or not with aggregates (M2M) [6].
(a) Deviatoric behavior. (b) Hydrostatic behavior.
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water to cement (plus silica fume) ratio and the maximum aggregate size of the
different tested materials are gathered in Tables 4 and 5. The most important
results obtained from QOC tests are reported in the next subsections.

4.2 Influence of alumina particles used as mortars reinforcement

The benefits of alumina particles as reinforcement in two mortars were investi-
gated in [6, 31, 32] by means of quasi-oedometric compression tests performed
considering seven microstructures containing or lacking angular or spherical alumina
particles. The tests showed a highly beneficial effect of the presence of particles with
respect to both the deviatoric strength and the compaction law in both mortars (with
and without silica fume) as illustrated in Figure 10, while more conventional tests
(3-point bending and simple compression) did not show a such beneficial effect [40]
(especially for the matrix without silica fume), proof that the strength of concretes
not under confinement is not indicative of the behavior of the same materials under
confined loadings. It was also found that the deviatoric strength was more favored by
angular particles than by spherical ones and by the addition of silica fume in the
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Figure 11.

Quasi-oedometric compression tests applied to MB5o0 microconcrete [16]. (a) Deviatoric behavior and

(b) hydrostatic behavior in four dynamic tests performed on dried or wet specimens. (c) Deviatoric behavior
and (d) hydvostatic behavior in quasi-static and dynamic tests performed on wet specimens (V8.5 and V11
corvesponding to the striking velocities equal to 8.5 m/s and 11 m/s vespectively).
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cement paste. In addition, a correlation was noted between the large porosities of
millimeter class and the compaction of the concretes under high level of pressure.
Finally, it was demonstrated that the experimental data provided by QOC experi-
ments could be used to simulate numerically impact tests involving high levels of
confining pressure in front of the projectile head [41].

4.3 Influence of free water and strain-rate on the confined behavior of
microconcrete

Quasi-static and dynamic QOC tests were performed on dry and water-saturated
microconcretes in [16]. The dynamic tests exhibited an important dissimilarity
between dry and saturated specimens concerning both deviatoric and hydrostatic
behaviors. First, dried microconcretes exhibited a continuous compaction whereas
saturated specimens showed a non-linear (hardening) hydrostatic behavior
(Figure 11(b)). Moreover, a strong and continuous increase of the strength with
pressure was noted with dry samples whereas water-saturated specimens exhibited
an almost-perfect saturation of the strength (Figure 11(a)). The quasi-static results
allowed highlighting the reason of this dissimilarity (Figure 11(c, d)). On the one
hand, dried specimens behave similarly in dynamic tests and no strain rate effect is
observed. On the other hand, the behavior of saturated specimens gradually tends to
that of dried specimens when the loading rate is decreased, and an expulsion of water
during slow quasi-static tests was observed. Finally, it was concluded that, water-
pressure inside saturated microconcrete plays a major role on their fast-quasi-static or
dynamic confined behavior by reducing drastically their shear strength.

4.4 Influence of free water and strain-rate on the confined strength of ordinary
concrete and high-strength concrete

The experimental results of quasi-static and dynamic QOC tests performed on
dried and saturated ordinary concrete (OC, in this case, R30A7 concrete) and
high-strength concrete (HSC) were compared in [34]. The main results obtained
regarding their quasi-static and dynamic deviatoric responses are reported in
Figure 12. First, under dry conditions, both OC and HSC concretes exhibit similar
strength with a slightly higher strength of HSC at low pressure but with a more
reduced increase of strength with pressure as compared to OC (Figure 12(a, b)).
In addition, it can be noted that the dynamic strength of dried OC and HSC is
significantly higher than their quasi-static strength whatever the considered level of
pressure. Finally, the influence of strain-rate on the confined strength of dried
concretes cannot be neglected.

On the other hand, under saturated conditions, both concretes exhibit
completely different strength. In quasi-static conditions, a saturation of strength
around 70 MPa was observed with OC, whereas the strength of HSC goes up to
270 MPa. In dynamic loading conditions, higher strengths are observed with both
concretes compared with their quasi-static strengths and the influence of strain-rate
cannot be neglected (Figure 12(c, d)). As in quasi-static loading, the dynamic
confined strength of saturated HSC is much higher than that of saturated OC. Now,
if dried and saturated concretes are compared, it can be concluded that the confined
strength of dried samples is higher than that of saturated samples for both con-
cretes. As concluded with microconcrete, it is supposed that interstitial water-
pressure inside saturated concretes reduces their confined strength. In addition, this
effect is even more pronounced in OC compared with HSC due to the higher level of
porosity (11.8%) in OC as compared to HSC (8.8%), which explains the much lower
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Figure 12.

Quasi-oedometric compression tests applied to ordinary concrete (R30A7) and high-strength concrete in dry
and saturated conditions [34]. (a) Quasi-static deviatoric behavior of dry OC and HSC concretes. (b)
Dynamic deviatoric behavior of dry OC and HSC concretes. (¢) Quasi-static deviatoric behavior of saturated
OC and HSC concretes. (d) Dynamic deviatoric behavior of saturated OC and HSC concretes.

strength of OC in saturated condition whereas both concretes present similar
strengths in dry condition.

5. Conclusion

The quasi-oedometric compression testing technique constitutes one of the
most convenient and efficient testing methods to characterize the quasi-static
and dynamic confined behavior of concrete and rock-like materials. However,
precautionary measures need to be considered in the mounting procedure, to
fill the gap between ring and the confining cell, and in the data processing to take
into account for the barreling deformation of the cell, the shortening of the
sample and, when necessary, for the plastic behavior of the cell, the possible
effects of friction at each interface and the axial dissymmetry between the sam-
ple and the confining cell. Thus, it is possible to determine the hydrostatic and
deviatoric behaviors of these materials under pressure ranging from few tens to a
thousand of MPa in quasi-static loading conditions with large capacity hydraulic
press or at high strain-rates with a Split-Hopkinson Pressure Bar apparatus. The
main obtained results illustrate the beneficial effect of the presence of strong
particles added in mortars, a strong influence of free water content on both
hydrostatic and deviatoric behaviors of concretes especially in the case of
microconcrete and ordinary concrete. Finally, it is concluded that concrete com-
position and water content have a strong influence on the concrete behavior
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under high confinement and the strain-rate cannot be neglected whatever the
concrete types and the water-saturation conditions.
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Chapter 5

Compressive Behavior of Concrete
under Environmental Effects

Alireza Farzampour

Abstract

Concrete strength is fairly sensitive to environmental effects. Extreme weather
conditions and changes in humidity rates significantly affect the concrete compres-
sive strength development. Concrete as one of the substantial material used in
residential buildings and infrastructures is subjected to a massive strength change
under extreme weather conditions. For understanding, the different concrete’s
behavioral aspects, various commercial cement types under different temperatures,
and humidity rates are investigated in this chapter. The experiments are aimed to
investigate the concrete strength development over time when the material is cast
at lower to mild temperatures and different humidity index rates. Results show
that reducing the curing temperature more than 15° could result in 20% reduction
in total compressive strength, while decreasing humidity rates by 50% leads to
less than 10% drop in ultimate strength. To understand the strength developing
process, maturity tests are conducted. It is shown that concrete is not able to reach
to the expected ultimate strength if the temperature is significantly low regardless
of curing time. The effect of temperature change during the curing process is more
tangible on strength development compared to cement type and humidity rate
values.

Keywords: compressive strength, environmental effects, maturity, durability

1. Introduction

There is significant need for evaluating the concrete behavior on-site without
implementing experimental tools. Concrete if properly placed in extreme weather
conditions is able to develop desired ultimate strength [1]. Temperature changes
could cause cracks or sapling, distress, and aggregate expansion which leads to
concrete strength deterioration. Many different procedures are recommended
in codes to reduce the negative effects of low or high ambient temperature [1, 2].
High temperature, above 100°C, could lead to color changes in aggregates leading
to abrupt loss of compressive strength. While, lower temperature, less than zero,
usually ends up in cracking and low resistance against freeze-thaw effects [3-5]. A
common practice to reduce the undesirable crack propagation in concrete mixtures
under thermal effects is to use fibers due to having persistency in behavior under
various environmental conditions [6].

The behavior of the concrete under high temperature values could be affected
with several factors. The temperature rate, aggregate type, and stability of the
mixture are among the most important factors to be considered under high tem-
perature condition. It is noted that the abrupt temperature rise can cause thermal
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shock, spalling, cracking, and aggregate expansion leading to high distress within
the concrete [2, 3]. Therefore, the strength of concrete is reduced by any significant
temperature increase. The strength degradation rate is depended on the initial
compressive concrete strength [7]. Concrete in general provides one of the best fire
resistance properties due to chemically combined material with thermal conductiv-
ity, and high heat capacity which leads to self-protection against extreme tempera-
ture conditions (e.g., fire).

On the other hand, the low temperature curing condition is a highly common
issue affecting the strength development of the concrete. Pouring and curing con-
crete in extreme weather conditions require special attention to the code instruc-
tions for obtaining desirable performance in structures [1, 2]. The cold weather
condition is defined previously as a period of time in which for more than three
consecutive days, either average daily air temperature is less than 5°C or the air
temperature is not greater than 10°C for more than one-half of any 24-h period. The
cold condition limits the concrete capability to develop strength by causing signifi-
cant decrease in hydration process. Another issue with cold ambient temperature is
expansion of the water in concrete, especially in high water-cement ratio mixtures,
leading to spalling and overall strength degradation [1, 7, 8]. It is well documented
that if the concrete in plastic stage freezes, about 50% of the strength is expected to
be reduced and durability loss is inevitable [2].

The durability of the concrete against freeze-thaw cycles is previously inves-
tigated as a major factor indicating the ability for resistance against weathering
actions [9-11]. For durability improvements, the concrete mixture’s water-to-
cement ratio plays an important role which should be carefully considered [12, 13].
ACI guide [1] proposes procedures prior and after pouring concrete under harsh
weather conditions to avoid any strength loss (Figure 1). It is generally recom-
mended that to use lower water-to-cement design ratio, type-three cement and
nonchloride admixtures for the best performance under cold weather conditions.

There are different factors which are indirectly affected by any change in
environmental conditions. The setting time issue with cold weather would be twice
by each 10°C, which causes the concrete to be exposed and vulnerable to ambient
damages. Therefore, effectively protect the concrete from the harsh ambient condi-
tions is necessary until it gains minimum strength of 3.5 MPa [1, 2, 14].
Additionally, under harsh environmental conditions, the inner parts of concrete
would experience a different hydration process rather than the outer areas. The
inner parts commonly have higher temperature due to hydration of the cement
with water, while outer layers experience less temperature values. This phenom-
enon, especially under cold outside temperature, results in significant thermal

Figure 1.
(a) Concrete in cold weather. (b) Cold weather curing.
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Figure 2.
Influence of the curing temperature on water absorption of the mixture.

cracks causing lower compressive strength values, generating microcracks and
adversely affecting the interfacial zone (ASTM C 1074-04). Furthermore, at
freezing temperatures, a reduction of 29% in stiffness after 28 days is expected
since the vulnerability against cracks is reduced due to increase in water absorption
of the hardened concrete [15]. Figure 2 shows the water absorption coefficient is
increased for three different concrete types under cold weather compared to mild
weather conditions. These phenomena negatively change the compressive strength
and vulnerability against crack propagation showing that water-cement ratio is
one most important factors in strength development of the concrete [15, 16]. In
addition, the concrete freezing at initial stages of strength development negatively
reduces the capability of the cement matrix to maintain the mixture integrity
against freeze-thaw cycles [16, 17].

In what follows, the ambient temperature and humidity index effects on vari-
ous concrete types are investigated. The compressive strength development under
temperature changes is discussed in detail. The overview of the harsh weather
concreting is established in detail by elaborating on compressive strength, maturity
index, and freeze-thaw experiments. The out of this chapter is to understand the
behavior of the concrete under various ambient conditions as the most commonly
used material for construction and residential buildings.

2. Material properties used for compressive strength investigation

To elaborately indicate compressive behavior of the concrete, the results for
three different temperatures of 5, 10, and 25°C as well as two humidity rate index
values are represented. Four cement types with low and high water-cement ratio
are taken into account to understand the compressive behavior of the concrete in
various environmental effects. The commercially available grout types of BASF,
Dayton, Five Star, and Quickrete are prepared and cured with water-cement
ratios of 0.12, 0.12, 0.18, and 0.18, respectively. The values of consistency, an
indicator of the mobility or fluidity of the mortar, were checked to be in con-
formity with the limits set in ASTM standards. Table 1 shows a detailed plan of
testing plan with the number of samples. The mentioned mortar compositions
are selected based on the applicability of them for harsh environmental condition
in North USA.
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Temperature Relative Temperature Relative Numberofcubes Numberof Number of
during thefirst ~ humidity after7days humidity  (2x2x2in.) cylinders  rectangular
7 days (°C) during the first (°C) after (maturity) cubes
7 days (%) 7 days (Freeze-thaw)
(%)

23 100 23 100 15 2 2

2 50 50 15 2 2

10 15 2 2

> 15 2 2

Table 1.

Testing plane for evaluating the effect of temperature and humidity index.

All the samples were prepared in molds accordingly and consolidated with tamp-
ing rods. Roding is done for each layer uniformly on the cross-sectional area with
rounded end. The number of strokes varies depending on the type of molds used,
which is based on ASTM standards [14]. The samples are subsequently covered
with burlaps to effectively initiate the hydration process for 24 h. Subsequently, the
samples are demolded after being cured for 24 h, and the compressive strength is
monitored for 1, 3, 7, 14, and 28 days curing time based on the ASTM recommended
procedure [14-16]. It is noted that the mixing procedure is based on the ASTM
manuals [14-16] for simulating the actual behavior of the concrete under cold,
mild, and moderate temperature conditions.

It is noted that samples are remained in temperatures shown in Table 1 for a
week and then moved to room temperature area with the same humidity afterward.
In general, for each grout type at each time interval, three cubic and two cylinders
as well as two large rectangular samples for freeze-thaw durability index test are
made for compressive strength development investigations.

3. Investigation of cement matrix compressive strength development
under various temperature conditions

Different concrete types are made and cured for compressive strength test. For
each grout, 15 ASTM verified cubes are cured based on the material plan sum-
marized in Table 1. The compressive behavior is evaluated with compressive test
machine shown in Figure 3 at each time interval of 1, 3, 7, 14, and 28. For each
time interval, the average of three compressive values is selected for accuracy of
the results. It is noted that the rate of the compressive loading based on the ASTM
manuals [14-16] should be consistent for all the specimens, since the loading rate
has a significant effect on the ultimate compressive strength. Figure 3 shows the
compressive test machine and cube samples for use in compressive test experiment.

The general behavior of the concrete under different environmental conditions
is summarized in Figure 4. Based on the results, it is concluded that the concrete
would develop desirable compressive strength at room temperature (23°C) and
100% humidity rate. The hydration process in which the cement matrix develops
bonds between aggregates is highest before 14 days of curing. It is concluded that
the temperature before 14 days of curing is highly important factor in general
strength development compared to other factors (e.g., humidity index rate).

The strength behavior is highly affected by the temperature of curing as com-
pared to humidity rate index value. The temperature of curing plays an undeniable
role specifically at early stages of curing process. The temperature reduction of
15° generally ends up in more than 20% drop in ultimate strength regardless of the
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a)

Figure 3.
(a) Compressive test machinery. (b) Cube concrete samples.
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Figure 4.

The effect of temperature and humidity on various cement types. (a) BASFE. (b) Five star. (c) Quickrete.

(d) Dayton.

cement types. While, decreasing 50% of humidity rate leads to about 10% drop in
ultimate strength values. Therefore, to reach to the specific ultimate compressive
strength, the temperature should be controlled and monitored at different stages
of curing. In addition, more than 75% of the total strength compressive strength
development, for all the specimens, is occurred within the first 14 days of curing.
The least compressive strength is associated with lower temperature and drier
condition, while the most strength development is related to milder temperature

and higher humidity condition.

4. Investigation of curing process and strength development of concrete

with maturity method

In-place concrete strength evaluation is an important step in achieving the reliable
performance of structures and construction scheduling [18, 19]. The level of maturity
is in need of evaluation for deciding the forms’ striping time, posttesting, protection
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removal, and progressing with further construction plan. The minimum level of the
strength required for concrete is required at different stages before further progress,
which imposes careful monitoring of the strength evaluation through curing time.
However, concrete under harsh environmental conditions normally experiences
unexpected issues that decline the strength development. Significant expenses might
be occurred if the concrete curing process is delayed under environmental effects to
be assured that the concrete has reached the specified minimum strength.

Maturity in general is estimated by tracking the changes in strength development for
fresh concrete under various temperatures over time intervals. As the cement hydrates,
the strength increases; however, the amount of hydrated cement depends on many fac-
tors, specifically curing temperature. From the strength-maturity index curves of corre-
sponding samples, the strength on-site could be predicted at any moment after concrete
placement, which shows how far the hydration is processed. Usually, the concrete
reaches the expected strength under warm weather condition, if the temperature is not
abruptly increased. However, in cold temperature situation, the fluctuation in tempera-
ture during days and nights might stop the cement hydration process. For understand-
ing, the reasonable evaluation of the strength of the placed concrete, maturity-meters
shown in Figure 5 are implemented at different stages of curing process.

The concrete strength is directly related to the curing time, humidity index, and
temperature fluctuation. The maturity investigation is a method with which the early
age concrete strength is monitored and the results subsequently could be implemented
for in-site concrete placement [15, 17]. The main assumption with maturity concept
is that the concrete is able to attain the same strength if the mixture reaches the same
value of maturity index [18]. Another assumption with maturity evaluation is that the
combination of temperature and time leads to the same strength for the considered
concrete mixture. Therefore, strength development is a function of time and tempera-
ture. This function could be nonlinear or linear with respect to time and temperature.
The instrument shown in Figure 5 indicates how mature the concrete mix is which
is represented as a number ultimately. The information is subsequently used for
establishing maturity curves which are unique for any concrete mixture and related to
compressive strength [19-21]. The schematic maturity curve is shown in Figure 6. The
maturity curves are based on the time-temperature factor (TTF) which is compatible
with the assumption that the maturity is a function of time and temperature.

In general, there are many common methods in obtaining the maturity level
of the concrete. The general idea is based on the time-temperature factor which
considers the proportional relation between combined temperature-time and
compressive strength. The important issue related to this commonly used method
shown in Eq. (1) is that the strength development in significantly higher or lower

Figure 5.
The maturity-meter device used for concrete strength evaluation.
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The schematic maturity-meter curve showing the concrete maturity.

temperatures is not accurate; hence, the careful interpretation of the results in
extreme temperature is inevitable.

M = Z;‘,(T ~T,) At (1)

where M is the maturity index in °C h, T is the average temperature in °C over
time interval of At per hours, and Ty is the datum temperature usually taken as 0°C
at which the hydration is stopped and concrete does not gain any strength. M index
is usually referred to as the maturity index related to TTF factor [2]. To understand
the assumption in this method, Figure 7 is shown in which the area of temperature
over time for a specific mixture under cold condition is My, and under correspond-
ing mild temperature condition is M,. If M; and M,, which represents the maturity
index of a mixture, are equal, then the compressive concrete strength is expected to
be the same. It is highly important that this assumption is only useful if the concrete
does not experience any harsh environmental condition (e.g., excessive cold or hot
temperature) during initial stages of the curing process.

To further investigate the effect of harsh environmental conditions on maturity
and strength development of the concrete, the cylinder-shaped specimens are used
for maturity evaluation of the four different concrete mixtures. Different tem-
peratures and rates of humidity are considered for all the mixtures. Figure 8 shows
the maturity evaluation for all the concrete mixtures in which the compressive
strength of the specimens are extracted at different time intervals. It is noted that
the effect of significant humidity change, even though not considered in maturity
concept formulation, is clearly observed. It is shown that environmental effects
such as very dry conditions could tangibly change the strength development of the
concrete; however, the change might not be as much as temperature variations. The
lower water-cement ratio leads to significant gain in early stages of curing or lower
TTF values, since all the cement materials actively participate in chemical hydra-
tion reactions. As the TTF increases or curing progresses, the rate of strength gain
decreases until the concrete reaches the ultimate strength conditions.

Figure 8 shows the combined effect of temperature and time on compressive
strength by using the maturity index. It is noted that temperature drop significantly
affect the hydration process, which leads to less ultimate strength over the same
period of the time. It is noted that if the harsh environmental condition such as
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Figure?7.
The schematic representation of the maturity index assumption.

freezing temperature occurs, the hydration is stopped and the concrete would not
be able to reach the ultimate expected strength even the sufficient amount of curing
time is provided. In another words, the concrete would not develop the expected
ultimate strength regardless of the curing time interval. This phenomena is impor-
tant since the maturity formulation typically shows that by increasing the curing
time, the effect of lower temperature could be compensated, which only is valid
under specific environmental conditions (e.g., temperature over zero and suf-
ficient humidity). From Figure 8, it is concluded that for all the cylinder samples,
as the temperatures decrease significantly during the curing process, the bounding
between cementious materials is not fully generated leading to lower ultimate
strength even in large period of curing.
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Figure 8.

Maturity evaluation of different cementious materials. (a) Temperature 23°C and RH 100%. (b) Temperature
23°C and RH 50%. (c) Temperature 10°C and RH 50%. (d) Temperature 5°C and RH 50%.

The strength of a given mixture placed and cured with the prescribed proce-
dures is estimated from the temperature and time combinations. This method
assumes that the only contributing factors to the strength development are time and
temperature, while from the results of humidity rate study, it is shown that a drop
of 50% in humidity index values would lead to average of 10% drop in compressive
strength regardless of cement type.

In general, there are limitations of the maturity method implementation in
estimating the concrete strength.

First, the implementation of this method is under the assumption that the
placed concrete at the site has similar conditions to the concrete made in the labora-
tory. Any changes in batching accuracy, air content, and used materials could lead
to different maturity curves and strength estimations.

Second, the areas that the maturity is evaluated within a specimen should not
be only allocated to specific point. The hydration process within a large piece of
concrete shows distinctive behavior aspects in outer and inner parts.

Third, the maturity method should be revised and carefully interpreted under
extreme environmental conditions, which leads to incorrect estimation at early
curing ages.

Fourth, the size of the concrete piece usually is larger than the samples, which
means that the hydration process produces more heat and higher temperatures
inside. This large temperature difference might affect the compressive strength
development, which is not considered in laboratory samples.

5. Durability of the concrete under cyclic environmental conditions

The durability of cement mix is defined as the ability for resistance against
weathering action, abrasion, and chemical reactions, or generally the processes that
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deteriorate and affect the strength and stiffness. The durable concrete maintains
the original quality and serviceability under environmental effects. Concrete is
assumed durable if

1. Under extreme environmental effects (e.g., cycles of freeze-thaw), the deterio-
ration is limited and controlled.

2.Minimum impurities such as chlorides, slit, and sulfates are existed.

3.The aggregates are clean and well graded; therefore, the concrete is less
permeable.

4.The cement matrix is well structured and dense which appropriately bonds all
the components together.

The durability of the concrete is highly depended on the cement content,
water-cement ratio, curing process, cover, sufficient compaction, and appropriate
mix design. In general, the outer causes of durability loss are: extreme weather-
ing condition, abrupt temperature change, high humidity, chemical attacks, and
ettringite formation. The inner causes are volume changes due to thermal properties
of the aggregates and high water content, chemical reactions of ingredients, and
steel reinforcement corrosion.

For durability assessment of the concrete, ASTM C666 [17] provides an equation
which is shown in Eq. (2). If up to 300 cycles, significant cracks are not existed,
then the concrete maintains its durability under environmental changes.

DF = PN/M (2)

where DF is the durability factor of the specimen and P is relative dynamic
modulus of elasticity. M is the specified number of cycles at which the exposure is
terminated. N is the minimum of the cycles’ number at which P reaches the speci-
fied minimum value for discontinuing the test, and the specified number of cycles
at which the exposure is to be terminated. The general prepared specimens for
durability investigation are shown in Figure 9.

For further investigations, the behavior of the concrete samples is monitored
for cycles of freeze-thaw. For each type of cement, two specimens are made to
sufficiently validate the results of the test. ASTM 666 procedures [17] to build and

Figure 9.
Durability investigation of the concrete, and freeze-thaw test.
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test the specimens are considered, and the durability index is evaluated accordingly.
Figure 10 shows some of the specimens after significant number of freeze-thaw
cycles. From this experiment, it is shown that the durability of the concrete is highly
dependent on the cement matrix, water-cement ratio, exposure to harmful chemi-
cals, extreme weathering, and concrete mix design.

The durability factor is obtained for each cement type at 30 each cycles, and the
results are summarized in Figure 11. It is concluded that cement type and water-
cement ratio has significant effect on the resistance and durability of the concrete.
The high water-cement ratio would lead to higher permeability, which will be filled
with water in the next cycles.

The water volume is expanded upon freezing and it is transformed to ice,
which eventually causes microcrack propagation in concrete samples. Microcracks

Figure 10.
Significant number of freeze-thaw cycles.
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Durability of the cement under freeze-thaw cycles. (a) BASF after 300 cycles. (b) Five star after 300 cycles.
(c) Quickrete after 34 cycles. (d) Dayton after 300 cycles.
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adversely change the concrete resistance against further freeze-thaw cycles leading
to major cracks and abrupt loss of strength. It is recommended that lower water-
cement ratio mix designs to be used under freeze-thaw possibility to limit the
durability loss and maintain compressive strength.

6. Conclusion

The environmental conditions play an important role in compressive strength
of concrete. Generally, the temperature during the curing time and humidity rate
index value are among the most effective factors for achieving reliable concrete
structure. It is shown that temperature if drops below the freezing condition,
not only slows down the hydration process, but also reduces the durability of the
concrete significantly. In general, for appropriately cured concrete, a temperature
drop of 15° leads to 20%, and a 50% drop in humidity rate index ends up in 10%
reduction in overall compressive strength, if the environmental conditions are not
extreme. The concrete cured in significantly low temperature is not able to reach
the same expected strength, whereas the higher cured temperature concrete could
reach, regardless of the curing time. Therefore, it is recommend to pay close atten-
tion to curing procedures under extreme weather conditions. In addition, lower
water-cement ratios have better performance under freeze-thaw cycles; however, in
higher temperature condition, excessive heat is produced which could cause dam-
ages to other particles.
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Chapter 6

Mechanical Behavior of

High-Performance Concrete under
Thermal Effect

Zine El Abidine Rahmouni and Nadia Tebbal

Abstract

Several studies on the behavior of concrete at high temperatures are the subject
of recent concerns, following the latest fires in various European tunnels. In these
extreme conditions, significant degradations of concrete structures can be observed
(peeling, cracking, breaking of the structure). A priori prediction of concrete
behavior during this type of stress is therefore essential and is not possible without
a good understanding of the different mechanisms of concrete damage at high
temperatures. These mechanisms are often considered as the main causes of crack-
ing and peeling of concrete subjected to high temperatures. Therefore, a fire can
strongly modify the behavior of concrete and jeopardize the stability of concrete.
In case of fires, it is necessary to know the instantaneous and residual behavior of
concrete subjected to temperatures up to 1000°C. In this work we present a study
of the mechanical performance of high-temperature high-performance concrete
(HPC) exposed to four maximum temperatures, 200, 400, 600, and 900°C. The
results obtained show that the mechanical strength at 28 days increases with the
degree of temperature compared with that measured at 20°C. On the contrary, a
clear decrease is observed between 600 and 900°C.

Keywords: HPC, high temperatures, mechanical strength, porosity,
mineral additions

1. Introduction

High-performance concrete (HPC) is a concrete mixture, which possesses high
durability and high strength when compared to conventional concrete [1]. This con-
crete contains one or more of the cementitious materials such as fly ash, silica fume,
or ground granulated blast-furnace slag (GGBFS) and usually a super plasticizer. High
strength of concrete is achieved by reducing porosity, inhomogeneity, and micro-
cracks in the hydrated cement paste and the transition zone. Consequently, there isa
reduction of the thickness of the interfacial transition zone in high-strength concrete.
The densification of the interfacial transition zone allows for efficient load transfer
between the cement mortar and the coarse aggregate, contributing to the strength of
the concrete. For very high-strength concrete where the matrix is extremely dense, a
weak aggregate may become the weak link in concrete strength [2].

The importance in the behavior of concrete at a high temperature mainly results
from the many cases of fires taking place in buildings, high-rise buildings, tunnels,
and drilling platform structures [3]. During a fire, the temperature may reach up to
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1100°C in buildings and even up to 1350°C in tunnels, leading to severe damage in

a concrete structure. When concrete is heated under conditions of fire, the increase
in temperature in the deeper layers of the material is progressive, but because

this process is slow, significant temperature gradients are produced between the
concrete member’s surface and core inducing additional damage to the element.
Fundamental issues related to the impact of high temperature on concrete involve
identification of the complex changes that take place in concrete while heated. This
concerns both the physical and chemical changes taking place in the cement matrix,
as well as the phenomena involved in mass movement (gases and liquids) [4].

The analysis is complicated due to the fact that cement concrete is a composite
consisting of two substantially different constituents: cement paste and aggregates.
The effects of the various changes taking place in heated concrete are the alterations
of its physical, thermal, and mechanical properties [5].

Many research have demonstrated that changes in the strength of concrete asa
function of temperature are related to, inter alia, concrete composition, the type of
aggregate used, the water/cement ratio, the presence of pozzolana additives, etc.
Important factors are also the rate of heating and the time of concrete exposure to
high temperature.

2. References
2.1 Effect of curing temperature on cement hydration

Portland cement hydration is affected by many variables, including chemical
composition, the water/cement ratio, the presence of mineral additions, and fine-
ness. Yet another variable, however, is regarded to play a key role, bearing on early
hydration kinetics and the properties of the hardened cement paste: that variable is
temperature [6].

Parry-Jones et al. studied hydration in cement pastes cured for up to 31 days
at temperatures ranging from 20 to 80°C. These authors calculated the degree of
hydration with 29Si MAS NMR. For pastes hydrated from 20 to 55°C, strength and
degree of hydration were linearly correlated, but for a given degree of hydration,
the pastes hydrated at 80°C had perceptibly lower strength than the pastes cured
at lower temperatures [7]. Curing temperature affects both the inner and outer
calcium silicate hydrate (C-S-H) gel structure. Regourd and Gautier reported that
the outer C-S-H formed at 80°C was much more fibrous, exhibiting morphology
reminiscent of pastes hydrated with calcium chloride accelerators [8].

Kjellsen et al. reported thicker inner C-S-H rims than pastes hydrated at low
temperatures. Such brightness is associated with several developments: an increase
in the average atomic number, a decrease in the water content or both, or high-
sulfate concentration in C-S-H gels formed at high temperatures [9, 10].

Temperature affects the interaction between additions and cement compounds.
Alite hydration was found to rise sharply from a very early age in the presence
of slag and volcanic ash but much less abruptly when fly ash was added. Belite
hydration was delayed in the presence of fly ash at 40 and 60°C but was somewhat
enhanced at lower temperatures [11-13].

Escalante et al. noted that for all blended cement pastes, an increase in curing
temperature led to greater porosity, with the most prominent differences appearing
between 10 and 60°C. The same authors confirmed that in fly ash-based pozzolanic
cement pastes, Ca(OH)2 was almost absent in pastes cured at 60°C, whereas at
10°C, clusters of Ca(OH), were visible in the microstructure [12].
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2.2 Effects of high temperature on the residual performance of concretes

The increase in temperature results in water evaporation, C-S-H gel dehydra-
tion, calcium hydroxide and calcium aluminate decomposition, etc. Along with the
increase in temperature, changes in the aggregate take place. Due to those changes,
concrete strength and modulus of elasticity gradually decrease, and when the
temperature exceeds ca. 300°C, the decline in strength becomes more rapid. When
a500°C threshold is passed, the compressive strength of concrete usually drops by
50-60%, and the concrete is considered fully damaged [14].

Many researches showed a heating of cement paste results in drying. Water
gradually evaporates from the material. The order in which water is removed from
heated concrete depends on the energy that binds the water and the solid. Thus,
free water evaporates first, followed by capillary water and finally by physically
bound water. The process of removing water that is chemically bound with cement
hydrates is the last to be initiated. The mechanical properties of cement paste are
strongly affected by chemical bonds and cohesion forces between sheets of calcium
silicate hydrate (C-S-H) gel. It is assumed that approximately 50% of cement paste
strength comes from cohesion forces (important C-S-H gel sheet area); therefore,
the evaporation of water between C-S-H gel sheets strongly affects the mechanical
properties of the cement paste [15, 16].

According to the work of Verbeck et al. [17], in the process of simultane-
ously exposing the material to high pressures and temperature, it may activate
the changes in the microstructure of hydrates and often increases cement paste
strength. The nature of the phase changes will depend upon the mineralogical com-
position of the cement, its C/S ratio (mol of lime per mol of silica; CaO/Si0,), the
amount of fine particles (quartz or silica fume), and the temperature and pressure
levels that have been reached. Heating the cement paste with a C/S ratio around 1.5
to temperature above 100°C produces several forms of calcium silicates, in general
highly porous and weak. When the C/S ratio is close to 1.0 and the temperature is
above 150°C, a 1.5-1.0 to bemorite gel can form. At temperature between 180 and
200°C, other silicates such as xonotlite and hillebrandite may be formed [17].

During heating, ettringite decomposes first, even before the temperature reaches
100°C. C-S-H gel dehydration is progressive and takes place from the very beginning
of material heating. In this state the structure of the cement paste is partially damaged
due to dehydration at a temperature of 105°C, which is standard for the drying of
materials. As soon as cement paste is heated to temperature of 500-550°C, the port-
landite content rapidly decreases, as it decomposes according to the following reaction:

Ca(OH); » CaO + H,0

At 550°C, the peak corresponding to the decomposition of the free limestone
Ca(OH),CaO [18].

Hager noticed that the CaO created in this reaction makes the elements made of
the portland cement practically redundant after cooling. The dehydration process of
the C-S-H gel reduces its volume, which in turn increases the porosity of the cement
matrix. Moreover, during heating, the cement paste experiences a slight expansion
up to temperature of approximately 200°C although the intense shrinkage begins
once this temperature is exceeded. This significantly contributes to the porosity
evolution of the cement paste. Due to heating total pore volume increases, as does
the average pore size [15].

Reinforced concrete structures exposed to the environment require durable
concretes to provide long-lasting performance with minimal maintenance. Low
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permeability is an important characteristic of durable concretes and may be obtained
by lowering the water/cementitious material ratio (W/C) and using pozzolans (fly
ash and silica fume) or slag as a portion of the cementitious material [15, 18].

2.3 Effect of temperature on durability of slag concrete, fly ash concrete, and
silica fume concrete

During the production of cement, a significant quantity of CO; is released into
the atmosphere. It is estimated that the production of each ton of portland cement
releases approximately 1 ton of CO, gas. The world production of clinker accounts
for about 7% of the total CO, emissions. The use of these additions as cement
replacement decreases the amount of clinker required, resulting in a limiting
gas emissions of CO, and dust in the atmosphere. The cement replacement does
not only reduce the production costs but also address some environmental issues
providing the enhanced concrete performances (better workability, lower hydration
heat, and good durability) [19].

High-performance concrete (HPC) has been used more widely in recent years
due to the increasing demand for durable concrete, thus to extend service life and
reduce maintenance fee of concrete structures. HPC is known as a concrete which
has a compressive strength over 60 MPa [20]. The pozzolana addition influences
positively the compressive strength that could be easily increased up to 150 MPa.
Pozzolanic materials are very important in the production of HPC. Further, HPC
may contain materials such as silica fume, fly ash, ground granulated blast-furnace
slag, natural pozzolana, chemical admixtures, and other materials, individually or
in various combinations.

In slag cements, clinker is the principal activator of the binder. However, the first
produced hydrates will be those of the clinker; C-S-H and Ca(OH), uniformly cover
the grains with the slag and the clinker; there after the lime excess activates the
hydration of the slag with a texture of C-S-H similar to that of cements; it results
in calcium silicate hydrates and hydrated tetra-calcium aluminates. Other research
undertaken on the subject reported that the more fine the slag is, the better is its
performance [21].

Tebbal’s research indicated that the compressive strength is higher, when the
cement is replaced by 5% silica fumes mainly, the combined mixture of 5% of silica
fume and 10% of slag, at a maximum value of 170 MPa [22].

During the hydration reaction between portland cement and water, a cementi-
tious gel and lime are formed. Pozzolanic materials react with this lime in the
presence of moisture to form additional cementitious gel. Slags also submit to this
pozzolanic reaction. This reaction leads to a reduction in the permeability of the
concrete and an increase in its strength [23].

Traditionally, slag, silica fume, and fly ash were used in concrete individually.
Nowadays, due to the improved access to these materials, concrete producers can
combine two or more of such materials to optimize concrete properties at fresh state
(workability) and hardened state (strength and durability); a reduction in the rate
of penetration of chloride ion concrete reduced the potential of chloride-induced
corrosion [20].

Ravindrarajah et al. stated that concrete consists of discrete and intercon-
nected pores of a variety of sizes and shapes and their distribution depends on the
binder material type. The refinement of pore size as well as grain size of concrete is
attained by the use of fly ash, slag, and silica fume due to its fineness, pozzolanic,
and cementitious property. Free water in the gel causes capillary cavities, and com-
bined water in hardened cement paste improves the hydration process. Combined
water can be dehydrated at 1000°C only due to its stability [24].
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According to Bingol et al., there are no significant losses in the compressive
strength of lightweight aggregate concrete observed between 150 and 300°C. The
initial strength loss is important for all mix groups at 750°C. The heating duration
does not affect the strength loss significantly, but high temperature is a significant
parameter of strength loss. Stephen S. Szoke stated the degradation of pavement
color resembles the degradation of cement paste properties [25].

The effect of thermal cycles on the compressive strength of high-volume fly
ash concrete has been studied by Srinivasa Rao et al. They are confirmed that the
structural elements when exposed to solar radiation, the thermal gradients in the
elements are influenced by the degree of humidity. In that way the elements of
structures undergo one thermal cycle per day and also are exposed to peak value of
heating period and cooling period [26].

Noumowé mentioned that thermal gradients were very significant and generat-
ing high compressive stresses at the specimen surface during the heating tests at
210 and 310°C. This thermal loading causes stresses which are accompanied by the
degradations of cement paste due to abrupt changes in volume further leading to a
damage of the concrete. Contrasting conditions observed while cooling the tem-
perature in the center of specimen are more in the surface. This condition causes
compressive stresses at the center and tensile stresses on the surface. Compressive
strength is decreased with the increase in temperature. However, losses were very
less between 20 and 110°C. There was an appreciable reduction in the strength
above 210°C, and loss in compressive strength was 8% [27].

Falade concluded that the compressive strength of concrete is reduced with increase
in water/cement ratio and increase in temperature but increased with increase in cur-
ing period. The bond between the concrete within matrix decreases as the temperature
increases. The loss in strength of specimens is in between 24 and 40% at a maximum
temperature of 800°C/h., which is influenced by the mix proportion and curing age.
Lightweight concrete consists of periwinkle shells which are the only appropriate
material for structures that will be exposed to temperature lower than 300°C [28].

Siddique et al. concluded that concrete with GGBFS can be used in construc-
tions exposed to elevated temperatures. The degradation of mechanical properties
of concrete is less between 27 and 100°C. The values of compressive strength, split
tensile strength, and modulus of elasticity are reduced lower than 40% after expos-
ing to a temperature more than 350°C. The loss in mass is not very important at
temperatures between 200 and 350°C. GGBFS may contribute to some extent to the
residual compressive strength of concrete at elevated temperatures. Similar findings
were observed by Siddique and Kaur [29].

Pathan et al. stated that in practice, at a temperature of 250°C, calcium hydrox-
ide starts to dehydrate generating more amount of water vapor. Further, significant
reduction in their compressive strength was observed at temperatures in the range
of 300 and 600°C [30].

Seshagiri Rao et al. stated that a considerable change in physical structure and chem-
ical composition appears when concrete is exposed to high temperature. Above 100°C,
dehydration of water in C-S-H gel is important. This is added to thermal expansion of
aggregates which causes the increase in internal stresses at 300°C, and further micro-
cracks are developed. Ca(OH),, the product of hydration of cement paste, separates into
CaO and H20 at 400-600°C subsequently; shrinkage of concrete occurs [31].

Chowdhury stated that at high temperatures, the loss in compressive strength
and tensile strength was observed for all three concrete mixes of 100, 80, and
40 MPa. The loss in strength for 80 MPa mix was about 44% when exposed to
400°C for 12 h. At 60°C, the loss in tensile strength for 80 MPa mix was about 18%
for 72 h of exposure. A nonlinear relationship was observed between weight loss
and maximum temperature, but loss was least in the case of the highest strength
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mix for every temperature and duration of high temperature exposure. An easy way
to comply with the conference paper formatting requirements is to use this docu-
ment as a template and simply type your text into it [32].

According to Santosh Kumar et al. [33], the materials like pozzalonas may be
natural and artificial like industrial wastes or by-products which require less energy
to make fine particles. These materials exhibit cementitious properties and combine
with calcium hydroxide producing cementitious material [34].

Gowri et al. presents the results of experimental studies conducted on perfor-
mance of High Volumes of Slag Concrete (HVSC) exposed to elevated temperatures
up to 600°C. In HVSC, 50% of cement is replaced with Ground Granulated Blast
Furnace Slag (GGBS). In this experimental studies, HVSC of 100 mm cubes are cast
and tested for various water/binder ratios ranging from 0.55 to 0.27. The specimens
are exposed to elevated temperatures of 200°C, 400°C and 600°C for 4, 8, 12 hours.
Result of compressive strengths and weights of cubes after expose to high tempera-
ture are estimated. Percentage loss in compressive strengths and weights are also
evaluated. The results illustrate that the loss in compressive strength and weights are
more for higher temperatures for longer duration for higher water/binder ratios [35].

According to Jawed et al., percentage loss of compressive strength is higher with
an increase amount of fly ash in concrete samples, i.e., for 20% fly ash concrete.
This is due to high impermeability and moisture gained in longer curing period
resulting in high pore pressure but low initial strength gain [36].

In 2004, Yiizer et al. carried out a study on the effects of fire, and extinguishing
on the properties of concrete, mortars with and without silica fume were exposed to
different temperatures, such as 100, 200, 300, 600, 900, and 1200°C and cooled slowly
in the air and fast in water in two groups. Flexural and compressive strength tests were
performed on the samples which were cooled up to room temperature, and changes in
compressive strength in color were determined by Munsell color system. High tem-
perature has caused damages to decrease in mechanical strengths at 600°C. Researchers
observed that the changes in color hue component and the compressive strength have
similarities. Test results show that residual color changes in mortar can give an idea about
the effect of high temperatures on mechanical properties of mortar during a fire [37].

Ahmad’s research includes an experimental investigation to study the effect of
high temperatures on the mechanical properties of concrete containing admixtures.
A comparative study was conducted on concrete mixes, reference mix without an
additive, and that with an admixture. Concrete was exposed to three levels of high
temperatures (200, 400, 600°C), for duration of 1 h, without any imposed load
during the heating. Super plasticizer, plasticizer, retarder, water-reducing admix-
ture, an accelerator, and an air entraining admixture, five types of admixtures, were
used. Mechanical properties of concrete were studied at different high tempera-
tures, including compressive strength, splitting tensile strength, modulus of elastic-
ity, and ultimate strain. Test results showed a reduction in the studied properties by
different rates for different additives, and for each temperature, the decrease was
very limited at a temperature up to 200°C but was clear at 400-600°C [38].

3. Tebbal et al’s research on the effect of temperature on
high-performance concrete

This study examines the effect of the additions of silica fume and super plasticizer
on the mechanical performance of high-performance concretes at high temperatures.
The tested concretes are formulated with 5% silica fume and two dosages of super
plasticizers in the ratio of (2%, 2.5%) the weight of cement after having been exposed
to four maximum temperatures, 200, 400, 600, and 900°C, without any imposed
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load during the heating. The results obtained show that the mechanical resistance
at 28 days increases with the degree of temperature compared to that measured at
20°C. On the contrary, a clear decrease is observed between 600 and 900°C. However,
material composition seems to have great influence on the mechanical strength.

In the present study, three factors were studied at high temperatures:

* The influence of super plasticizer on the mechanical strength
* The additions of silica fume on the behavior of HPC

* The internal structure, X-ray diffraction (XRD) patterns and gravimetric and
differential thermal analyses (ATG and ATD) of concrete subjected at high
temperature

3.1 Materials and methods

The portland cement-type CEM II/A 42.5 from Hammam Dalda local factory
was used in this experimental study. The used cement type has an absolute density,
consistency, and fineness values of 3.1 g/cm?, 28%, and 4000 cm?/g, respectively.
The chemical composition of the cement is shown in Table 1.

The silica fume is obtained from GRANITEX in Algeria region. It results from
melting the silicon and ferrosilicon. The reduction of high-purity quartz to silicon
at temperatures up to 2000°C produces SiO, vapors, which oxidize and condense in
the low-temperature zone to tiny particles consisting of noncrystalline silica [39].
The physical properties and particle size by laser granulometer (Mastersizer 2000)
of silica fume are shown in Table 1 and Figure 1.

The natural fine aggregates used were dune sand with particles ranging from
0.08 to 5 mm in size, with a fineness modulus, Mf, of 2.44. This natural sand was

Cement (%) Silica fume (%)
Sio, 20.7 >85
ALO; 04.75 —
Fe,0, 03.75 —
CaO 62.92 —
MgO 01.90 —
SO, 1.98 <25
CL — <0.2
Mineralogical composition of cement
Item content CsS C,S GA C,AF
59 14 6 10
Physical properties of silica fume
Particle size Density Specific surface Moisture by storing
at105°C
<0.1 microns <05 >15m’/g <1%
Characteristics of the chemical admixture
Super plasticizer Form Color PH Density Chlorine Dry
content extract
Medaplast SP40 Liquid Brown 82 1.2+0.01 <1g/l 40%

Table 1.
The chemical and physical properties of cement and silica fume [18].
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Figure 1.
Particle size distributions of silica fume [18].

taken from the region of Bou Sdada (250 km east of Algiers). The sieve analysis is
performed according to the European standard NF EN 933-1. The mineralogical
composition determined by X-ray diffraction shows that the siliceous sand is more
than 95% of quartz and calcite traces.

The coarse fraction of aggregate is gravel (G1) of size 3/8 mm and gravel (G2) of
size 8/15 mm. The adjuvant used is a super plasticizer which is highly water reduc-
ing (Medaplast SP40). It is a solution of pH = 8.2 and a density of 1.22, with 40% of
solids. Its normal use scale is fixed by the manufacturer’s recommendation which
is between 0.6 and 2.5% of the cement weight. The tap water used all through the
study from mixing was taken from the laboratory of civil engineering.

3.2 Mixture design

Fresh concrete mixes were prepared in a modified laboratory mixer; the mixing
procedure is explained in Table 2. The concrete specimens were preserved in their
molds in a wet place at a temperature of 20°C and 95% relative humidity (RH)
during 24 h. After demolding, they were immersed in water at 20°C until the age
of testing. The physical and mechanical characteristics of the concretes with and
without the addition of silica fume have been compared. The silica fume is added at
a dosage of 5% cement weight and the super plasticizer at 2 and 2.5%, respectively.
The final compositions of high-performance concrete (HPC), after optimization,
are reported in Table 3 [19, 22].

The following acronyms will be used henceforth:

CR;5: Concrete without silica fume and 2.5% (by weight of cement) of the
chemical admixture.

HPC,s: Concrete dosed at 5% of silica fume and 2.5% of the chemical admixture.

HPC,: Concrete dosed at 5% of silica fume and 2% of the chemical admixture.

Time,s Mixing procedure
60 Mixing of aggregates, silica fume, cement
30 Addition 100% of water and a third of the volume of super plasticizer
180 Mixing
30 Addition of the remaining super plasticizer
60 Mixing
Table 2.
Mixing procedure [18].
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Mix (kg/m3) Cement Sand Gravel (3/8,8/15) Water Additions

Silica fume (%)  Super plasticizer (%)

CRys 400 662 1090 220 — 25

HPC, 5 444 645 1042 119 5 25

HPGC, 444 662 1042 122 5 2
Table 3.

Compositions of concrete with and without silica fume [18].

After 28 days, specimens with dimensions (100 mm x 100 mm x 100 mm?) are
dried in an oven (at 100 °C), until stabilization of their mass. All specimens are
subjected to high temperatures, 200, 400, 600, and 900°C, according to the time-
temperature schedule of ASTM E 119-00 [39]. After cooling, they were subjected
to compression tests.

The slump values were obtained for all three mixtures according to the NF EN
12390-4 and EN 12390-5 [40, 41]. The axial compressive strength was tested at
28 days according to NF EN 12390-4 [40] for the concrete at 20°C that was not
subjected to high temperatures.

The protocol of porosity accessible to water conforms the recommendations
of AFREM group [42]. The open porosity allows us to appreciate the evolution of
hydration and structuration of hydrated products; this is a key for identification of
the most sustainable concrete [43]. The test pieces for testing of water porosity are
dried in an oven at a temperature of 100°C to constant weight and then returned to
room temperature in a desiccator.

The porosity test is carried out on test pieces of dimensions 10 x 10 x 10 cm?, by
applying the following steps:

* Dryinan oven at 105°C the sample for at least 24 h until obtaining a constant
mass. This mass is denoted as “A.”

* Immerse the sample in water for 24 h.

* Heat to boil for 5 h, and then weigh the sample in air (i.e., the weight is denoted
as “C”) .

* Then hydrostatic weigh (the weight is denoted as “D”).

The porosity was calculated by the formula:

P (%) = &4 « 100 1)

Phase compositions of these concretes were investigated on the fine powders
using X-ray diffraction method. The powder samples of concrete heat-treated
aggregates at 20, 600, and 900°C were collected after abrasion. X-ray diffraction
analysis was performed on an X-ray diffractometer (X’Pert) coupled to a computer
system. The essential purpose of this analysis is to identify the different phases of
crystal present in a sample.

Gravimetric and differential thermal analyses (ATG and ATD) make it possible
to quantify portlandite; these techniques are used to characterize degradations.
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3.3 Results and discussion
3.3.1 High-temperature effects on surface properties of concrete

As seen in Figure 2, some color changes happen on the surface of concrete
samples due to high temperature effects. As a result of these color changes the
range of temperature values can be certainly appraised. It can be seen that cracking,
rupture, and color changes happened much more in the concrete samples exposed
to 900°C than the ones with 400 and 600°C.

3.3.2 Loss of concrete’s mass related to temperature

Figure 3 shows the evolution of mass loss during the heating cycle of the studied
specimens. Before 100°C, the mass’s exchange is very low. The mass loss in this tem-
perature range corresponds mainly to the water’s escape from concrete’s pore, because
the water chemically bound to the silicates becomes free. The chemical bonds in the
C-S-H break, and the gel buildup water is released and can be evacuated.

Between 100 and 600°C, a strong mass loss for all concrete specimens was tested.
Each concrete lost from 3 to 12% of its original mass. Most of the water in each
concrete specimen evaporated during heating between 100 and 400°C. The increase
is almost linear up to a temperature of 600°C. This is due to the evaporation of water
and the progressive dehydration of C-S-H gel. Several authors, Noumowé et al., con-
firm that beyond 600°C, there is no more water in the concrete specimen [43, 44].

3.3.3 Result of the crushing of concrete after cooling

The compressive strength of all concrete mixtures at ambient temperature and
after heating at 200, 400, 600, and 900°C is illustrated in Figure 4.

Figure 2.
Concrete samples exposed to high temperature [18].
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g

== HPCE

M\\ sy HPC25

Compressive strength [Mpa)
B & & B

[=]

400
Temperature (Mpa)

§ ]

Figure 4.
Compressive strength after cooling relative the initial strength [18].

This figure clearly shows that the compressive strength of all concrete mixtures
decreases at elevated temperature. According to the results obtained from the
present investigation, the strength of concrete HPC, after heated at 200, 600, and
900°C decreases by 3, 11, and 78% of its unheated strength, respectively.

The concrete HPC, 5 exhibited the greatest loss in strength, about 4, 15.38, and
100% of its unheated strength when heated at 200, 600, and 900°C, respectively.
We observe a stress peak at 400°C indicating a maximum value of the compres-
sive strength of the concretes. The decomposition temperature of Ca(OH), varies
between 400 and 600°C. If static temperature conditions are maintained, Ca(OH),
will decompose at 400°C. This temperature seems to be the critical temperature for
a portland cement concrete [45].

Kalifa et al’s work has shown the role of water on the performance of HPC tem-
perature. Pressure values observed in HPC of 100-4 MPa were only 3 cm deep from
the heated side to the vicinity of 250°C [46]. This further explains the prestressing
force caused by the water trough described by Burlion et al. [47].

After the evaporation of physically and chemically bound water, a pressure
is built up which leads to an extensive inner cracking. This inner cracking is the
main reason for the reduction in strength of all concrete mixtures. Apart from it,
the cement paste contracts, and aggregate expands due to loss of water at higher
temperature which leads to loss of the bond between paste and aggregates.

3.3.3.1 Influence of super plasticizer on the mechanical strength
At 900°C, we notice a low resistance for concrete with 2% adjuvant and a burst-
ing of the concrete to those dosed of 2.5% super plasticizer (Figure 4). This can be

explained by:
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* The concretes with superplasticizer have high resistance. The role of the super
plasticizer in the distribution of cement particles in improving the compact-
ness of concrete is highlighted. The concrete mixes containing superplasticizer
are affected by high temperatures especially at 600°C and above compared to
those with less super plasticizer dosage.

* The decrease of resistance estimated at 78% for HPC with 2% super plasticizer
exposed to a temperature of 900°C, on the other hand, is zero for ordinary
concrete. During these processes, some cracks occur, and concrete is crumbled
and becomes a porous material [48]. Aggregate’s effect on concrete at high
temperatures is related to their mineral structures. This process results in
volume increase and damage [18, 19].

3.3.3.2 Influence of silica fume on the mechanical strength

In this part of the study, we want to highlight the influence of silica fume on the
mechanical behavior of HPC. After the passage in the oven, the concrete specimens
were cooled for 24 h in the laboratory, at a temperature of 20 + 5°C before submit-
ting to compressive strength test. The specimens of HPC exposed at high tempera-
ture are schematized as shown in Figure 5.

As expected, the replacement of cement by 5% of silica fume increased the
compressive strength approximately 30% at 28 days. This is due to the reaction of
the silica fume with calcium hydroxide formed during the hydration of cement that
caused the formation of calcium silicate hydrate (C-S-H) as well as filler role of very
fine particles of silica fume. In general, it can be concluded that concretes containing
silica fume had significantly higher strength than that of CR concretes at room tem-
perature. After exposure to 200°C, significant reductions occurred in the compressive
strength of concretes without SF. Results showed the strength recovery of 18% for
the concretes HPC, 5 after heating to 400°C when compared to 200°C. The compres-
sive strength gains at 400°C are attributed to the increase in the forces between gel
particles (van der Waals forces) due to the removal of water content [48].

In the range of 400-600°C, severe strength losses occurred in two concretes, HPC, 5
and CR; 5. During exposure to high temperatures, cement paste contracts, whereas
aggregates expand. Thus, the transition zone and bonding between aggregates and
paste are weakened. After heating to 600°C, the compressive strengths of CR were
lower than those of the concretes HPC, 5. This is attributed to the presence and amount
of silica fume in concretes that produced very denser transition zone between aggre-
gates and paste due to its ultrafine particles as filler and its pozzolanic reactions.

Comprasslye strangth {Mpak

0 200 40 GO0 BT 1000
Temperatiipe (“C}

Figures.
Compressive strength of (HPC, ;) and (CR,) with temperatures [18].
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At 600°C, the quick losses in compressive strength for HPC, 5 concretes are
attributed to the dense microstructure in this type of concretes, which caused the
buildup of higher internal pressure due to the water vapor transition of the inter-
layer water. As a result, this process as well as chemical decomposition of hydration
products causes severe deteriorations and strength loses in concrete after subjecting
to high temperatures. It seems that the dosage of silica fume has no significant effect
on the relative residual compressive strength at 200°C. However, between 200 and
400°C, the amount of 5% of silica fume has significant effects on the residual com-
pressive strength. The greatest relative residual strength losses of concrete HPC, 5
and without silica fume were observed at 600°C, which were 24 and 2%.

Beyond 600°C, the concrete may lose the majority of these properties, i.e., there
are properties that can cancel out, and one can say that the concrete has become
weak.

When temperature increases beyond 400°C, the concrete strength decreases
more rapidly due to the degradation of calcium silicate hydrate (C-S-H). The second
phase of the C-S-H decomposes in the temperature range from 600 to 800°C
forming B-C2S [16]. At a temperature of 900°C, the C-S-H breaks down com-
pletely. Therefore, the critical temperature for concrete ranges from approximately
400-900°C. In this range concrete loses most of its strength.

3.3.3.3 Porosity

The results of the porosity for the HPC after various heat treatments ranging
from 20 to 900°C are shown in Figure 6.

* For all high-performance concretes, a monotonic and fairly regular increase in
porosity with temperature is observed.

* For CR;;, the porosity values are higher than that of the HPC for all the
temperatures.

Between 20 and 200°C, the porosity increases very little. The HPC shows a
decrease of 0.26%. Kalifa explains that the decrease in the porosity of HPC is

associated with the densification due to the complementary hydration of HSC.

OHPC25 m=mCR2.5

Porosity (% )
o

o

=

20 200 400 600 S00
Température (°C)

Figure 6.
Porosity as a function of temperature [18].
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Between 200 and 400°C, the porosity increases by 4.5% for the HPC. This
growth is associated with the discharge of water, whether present in the water
network or chemically bonded. Kalifa explains that the decrease in porosity of CR
between 200 and 300°C compared to HPC is associated with densification due to
complementary hydration and carbonation of portlandite under internal autoclav-
ing conditions, that is to say, under a pressure higher than atmospheric pressure. On
the other hand, this densification is not observable in the HPC which contains very
little portlandite, thanks to the presence of silica fume.

At 600°C, the porosity value has substantially increased by 6.1% compared with
that of 20°C. For the concrete CR, 5 and is almost 6.33% for the HPC. The evaluation
of the porosity at 900°C is practically impossible as the test tubes that have under-
gone severe damage and have disintegrated.

Concerning the porosity of cement paste at high temperature, Piasta has shown
that the porosity increases in a parabolic manner according to the temperature
[49]. This increase, also noted in other works by Bazant et al., is accompanied by
an increase in the average pore size and total pore volume. This is due in part to the
internal fracture of the C-S-H gel structure during the dehydration process [49].

3.4 Internal structure, ATG, and ATD of concrete

Dehydration of the cement paste, thermal expansion and cracking, crystal
processing, and mineral decomposition of aggregates are important reasons for the
deterioration of concrete at high temperature.

Internal structure XRD patterns, ATG, and ATD of concrete subjected at high
temperature are shown in Figures 7 and 8.

The analysis by X-ray diffraction is carried out in the physics laboratory of the
University of Msila by an X-ray diffractometer (X’Pert) coupled to a computer
system. The essential purpose of this analysis is to identify the different crystalline
phases present in a sample.

The analysis of the spectrum in Figure 7 is used to report the following findings:

The diffractogram of a heated concrete (20°C) reveals the presence of portland-
ite, calcite, or a-quartz.

To a more severe heat treatment (400 and 600°C), all the peaks relative to the
portlandite disappear (dehydroxylation between 400 and 600°C). This transforma-
tion was observed on ATD and ATG. Also, it does not detect the allotropic transfor-
mations of a-quartz in B-quartz between the diffractograms of 400 and 600°C since
it is about a reversible transformation.

At higher temperatures (900°C), crystalline transformation of aggregates
occurs, e.g., a- to f-quartz transformation in siliceous aggregates. Decarbonation of
carbonates plays a prominent part if the concrete contains limestone aggregates.

Figure 7C shows that the peak intensity at the position that 2¢ is 55°C increases.
Therefore, it can be concluded that a new production was formed.

The results of the ATG and ATD powder of HPC at 20, 600, and 900°C are
shown in Figure 8. A test sample of 200 mg of the concrete was analyzed according
to linear heating from ambient temperature to 1400°C, with a speed of 10°C/min.

Six endothermic peaks were observed: 110-130, 180, 400, 450-550, 573, and
800°C. These thermal flux peaks are essentially related to the phase exchange
temperatures of the different hydrates of the cement paste.

At a double peak of 110 and 130°C, the free water starts evaporating rapidly.

In the temperature range from 80 to 150°C, dehydration of ettringite takes place
followed by the decomposition of gypsum between 150 and 170°C [50].

In contrast, a small endothermic peak is observed at a temperature of 180°C; this

peak indicates the dehydration of the calcium monocarboaluminate hydrate [51].
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Figure 7.
XRD patterns of powder of HPC at (A) 20°C, (B) 600°C, and (C) 900°C (notes: C, calcite; Q, quartz; and
By, brucite) [18].

Between 200 and 300°C, a so-called water plug develops in concrete pores, and
there are slight variations in flux to the continuous dehydration of C-S-H [51].

At 400°C, a small peak was observed which we could not identify clearly
the phase. A similar transformation was observed by Sha et al., on cement
pastes [52].

These authors attribute this change of crystalline state or dehydration of a solid
solution of Fe,O;. But other sources [53] attribute this peak to the decomposition of
brucite [Mg(OH),].

Between 450 and 550°C, the peak corresponds to the decomposition of the free
limestone Ca(OH), CaO [54].

At 573°C, the allotropic transformation of the quartz-a and quartz-f is accom-
panied by a phenomenon of expansion (cracking of the siliceous aggregates) [54].
Between 600 and 700°C, C-S-H decomposes and transforms into a new form of
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Figure 8.
ATG and ATD powder of concrete HPC at (a) 20°C, (b) 600°C, and (c) 900°C [18].

hydrates less rich in water and donation without it being formed of anhydrous
compounds. These are mainly di-calcium silicates (f-C2S) and B-wollastonite
(B-CS) [53].

The last peak coincides with the temperature of 800°C. It is well defined that in
the temperature range from 700-900°C, the limestone decomposes, so this peak
indicates the decomposition of calcium carbonates (CaCOs3), also known as “cal-
cite,” by releasing lime accompanied by a release of CO, [5] according to the highly
endothermic reaction which is as follows:

CaCO; CaO + COs,.

A quasi-linear decrease is observed up to 800°C, and the concrete exhibits a
severe decrease in the density above 800°C. This decrease in density is related to two
phenomena, i.e., complete dehydration and anhydrous formation, which take place
only at temperatures in the region of 900°C.
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4, Conclusions

From the study, one can conclude that, when using HPC specimen, the speed of
temperature rising influences the drop in strength between 400 and 600°C.

* The critical temperature, which causes maximum attenuation of different
properties (compressive strength, mass loss), is between 400 and 600°C.

* Beyond 600°C the concrete may lose the majority of these properties, i.e., there
are properties that can cancel out; one can say that the concrete has become

weak.

* The concretes with super plasticizer are affected by high temperatures espe-
cially at 600°C and above compared with less super plasticizer dosage.

» For a more resistant concrete, the addition of silica fume leads to lower resis-
tance (24%) in the temperature range tested, between 400 and 600°C.

* The HPC specimens containing silica fume have high compressive stress
compared to HPC specimen without silica fume (CR).

* Color changes were observed on concrete under the effect of high temperature.
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Concrete
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Abstract

Hybrid cement (H-Cement/HC) takes advantages of the material properties of
cement and alkali-activated cement with the resulting benefit on utility properties
so that hybrid cement can replace in large quantities ordinary Portland cement (PC)
as follows: H-Cement is used by the same way as traditional cements; H-Cement is
suitable for use in ready-mixed concrete up to C30/37 strength class; H-Cement has
shrinkage-reducing and alkali-aggregate-mitigating property; H-Cement shows the
same sulphate resistance with sulphate-resistant Portland cement with C;A = 0;
H-Cement is a suitable binder for use in concrete containing the swelling steel slag
aggregate as a full replacement of natural aggregate. This low-energy, low-cost
and environmentally friendly hybrid cement belongs to the group of advanced
cements, in which parameters predetermine it to overcome PC serviceability in
certain applications. The objective of this chapter is to characterize fundamental
properties and some durability aspects of H-Cement in concrete.

Keywords: hybrid cement, concrete, utility properties, durability

1. Introduction

Global annual production of cement accounts for about 5% of the total anthro-
pogenic CO, emission [1]. About 4.2 GJ energy is required to produce 1 metric ton
PC, resulting approximately in 0.8-1.0 metric ton of CO; release into the atmo-
sphere [2]. A second problem besides CO, emissions is connected with the negative
ecological and health impact of red and brown mud ponds in the manufacture of
aluminium-containing high-alkaline waste water rich in NaOH. Landfilling of this
hazardous waste raises other problems due to the high concentrations of heavy
metals and the variety in chemical composition depending to a large extent on the
season and weather conditions. The main task of the current research is the devel-
opment of less energy-intensive but more ecological cements. One solution is the
production of innovative cement binders like alkali-activated cements, geopolymers
and hybrid alkaline cements with Portland clinker addition [3, 4]. The hybrid
alkaline cements have various compositions of alkali-activated aluminosilicates with
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low Portland clinker content [5]. In spite of the low clinker content, the hybrid
binders can obtain useful early-age mechanical strengths [6]. Hybrid cements take
advantage of the material properties of a cement and ordinary geopolymer with the
resulting benefit on the acquired properties, so that hybrid cement can replace in
large quantities energy-intensive PC [7]. The novel hybrid cement H-Cement is
produced on the base of industrial by-products and wastes according to the patent
application [8]. The content of clinker is always under 30 wt%. A typical feature for
H-Cement binding phase formation is the combined effect of hydraulic properties
of Portland clinker, pozzolanic properties of fly ashes, latent hydraulic properties of
granulated blast furnace slag (GBFS) and geopolymeric properties coming from the
alkaline inorganic polycondensing reactions of aluminosilicate materials. Such inor-
ganic material is activated by addition of alkaline waste water separated from the
caustic red mud ponds and Na,SO, obtained from alkaline waste water neutraliza-
tion by H,SO,. In the presence of these alkaline agents, the pH value of cement
mixture is increased. This results in fly ash (FA) and GBFS dissolution leading to
final geopolymerization effect. At the same time, Ca(OH), addition coming from
Portland clinker hydration promotes the binding reactions of fly ash and GBFS.
H-Cement is characterized by lower early strength and hydration heat but higher
long-term strengths. H-Cement possesses high chemical resistance against aggres-
sive action of sulphate, magnesium, chloride and acidic waters [9]. When autoclav-
ing at an elevated temperature and pressure, H-Cement provided volume stability
and strength increase in concrete with steel slag replacing a natural aggregate as
opposed to PC concrete with steel slag which was disintegrated after the test [10].

The production of H-Cement does not require additional heat treatment. It is
cured in the same way as traditional cements and owns the certificate of conformity
[11] issued on the base of SK Technical Assessment [12]. H-Cement is a sustainable
cement which, due to its material composition, does not meet the categorization of
cements according to STN EN 197-1 [13].

This article shows that one possible solution for innovative binders with
improved durability and decreased energy requirements is the production of hybrid
cement. It is demonstrated that:

* H-Cement is suitable for production of ready-mixed concrete strength classes
up to C30/37.

* Shrinkage-reducing and alkali-silica reaction (ASR)-mitigating character of H-
Cement is especially relevant because it prevents propagation of shrinkage or
expansive cracking during the service life of the concrete.

* H-Cement is specified after 5-year impact of 5% wt. sodium sulphate solution
by the same sulphate resistance with the sulphate-resistant CEM I 42.5 R-SR O
with C;A = 0.

* H-Cement is suitable for making concrete with mostly landfilled steel slag
when replacing a natural aggregate.

2. Experimental procedure

2.1 Materials and methods

The novel H-Cement and CEM 1/42.5 R as a reference were tested. Both are
produced by the cement plant Povazska cementaren, a. s., Ladce in Slovakia;
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H-Cement is according to internal standard. The cement was used in combination
with river aggregates of 0/4, 4/8 and 8/16 mm fraction from Jelka (Slovakia). For
the tests with steel slag, the river aggregate was completely replaced by the slag of
the same fraction. All river aggregate properties met the requirements of STN EN
12620+A1 [14]. The compatibility of H-Cement was verified with seven types of
plasticizers [15]. The concrete without admixture was examined as a reference. The
shrinkage-reducing ability was confirmed on the concrete made from H-Cement,
PC and selected blended systems [15]. The H-Cement suitability for mitigating
alkali-silica reaction was verified on the cement mortars by the procedure reported
in STN 721179 [16] (the related ASTM Standards: C289-03 for Chemical method;
ASTM C1293-08b for length change of concrete). Resistance to sulphate and higher
temperature/pressure attack was verified by own methodologies [10, 17].

2.2 Casting

Specimens of ready-mixed concrete were made according to STN EN 12390-2
[18]. Fresh concrete was compacted on a vibration table (40 Hz) for 60 s and casted
into 150 mm cubes or 100 x 100 x 400 mm prisms. Casting of the specimens for
verification of specific properties of H-Cement is reported separately for each
experiment, either shrinkage-reducing or ASR-mitigating property, sulphate
resistance and volume stability of steel slag concrete.

2.3 Curing

The moulds were stored at more than 95% relative humidity of air (abbreviated
as RH) at (20 £ 1)°C for the first 24 h, and then the concrete specimens were cured
according to the test. A method of treating the specimens for special properties
verification is given separately for each test.

2.4 Testing procedures for cement

Both cements were tested for chemical composition by STN EN 196-2 [19]; the
Bogue mineral composition was also determined. Standard consistency, initial and
final setting, and soundness were verified by STN EN 196-3+A1 [20] and hydration
heat by STN EN 196-8 [21]. After 2-, 28- or 90-day cure, flexural and compressive
strengths of the mortars with cement-to-sand ratio 1:3 by weight were obtained
according to STN EN 196-1 [22]. H-Cement is sensitive to excess of water; the PC
and H-Cement mortars therefore differ in water-to-cement ratios.

2.5 Testing procedure for fresh and hardened concrete

The consistency of fresh concrete was estimated by slump by STN EN 12350-2,
volume density by STN EN 12350-6 and air content in the fresh mixture by STN EN
12350-7 [23-25]. Concrete specimens were tested for cube compressive strengths
[26], compressive strengths of the edges of prisms of standard size [27] and
dynamic elasticity modulus [28].
2.6 Partially accelerated test of sulphate resistance

2.6.1 Materials

Cement CEM I 42.5 R (PC) produced by Povazskd cementdren, a. s., Ladce
cement plant (PCLA) and C;A-free sulphate-resistant CEM I 42.5 R-SR O (SRC)
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produced by Lafarge Zementwerke GmbH, Mannersdorf (Austria) according to
STN EN 197-1, both as reference, were chosen for the investigation. H-Cement was
tested as the verified sample.

2.6.2 Specimens, casting and curing

Mortars with cement-to-sand ratio of 1:3 by weight adjusted on the constant
consistency of 140 + 1 mm were prepared as prismatic specimens of size
40x 40x 160 mm. All specimens were kept for 5-year exposure in 5% wt. sodium
sulphate (Na,SO,) solution and water as reference medium after 28-day water
curing (BC) at (20 + 1)°C. The tests of chemical resistance were conducted by own
methodology of “partially accelerated test” based on keeping the mortars in
strongly over-concentrated aggressive solution for a sufficient long time. The
aggressive storage was specified by the following way: each 1 cm” of the exposed
area of prism must be in permanent contact with at least of 10 cm> of 5% wr.
Na,SO, [33802.8 mg aggressive SO4>~ per 1 litre solution]. The sulphate solution
and reference water were refreshed every 30 days within 90 days of testing, every
45 days between 90 and 365 days and every 60 days up to 5 years of exposure,
respectively.

2.6.3 Items of investigation

Consistency, density and fresh air content of the mortars were determined
according to relevant STN EN Standards. The mortars were continuously tested for
length changes, dynamic modules of elasticity (DME) and periodically flexural and
compressive strength. After destructive tests the microstructure and pore structure
were identified by X-ray diffraction (XRD), thermogravimetry-differential thermal
analysis (TG-DTA), mercury intrusion porosimetry (MIP) and scanning electron
microscopy (SEM) techniques. The ground material was sieved through a
0.063 mm mesh to receive the powder suitable for testing. For the X-ray diffrac-
tion, the Philips diffractometer was used in a 20 range of 5-65°. CuKa radiation and
Ni filter were applied. Thermal analysis was performed on the Netzsch apparatus
STA 449 F3 Jupiter in air at heating rate 10°C/min. Basic parameters of the pore
structure were identified by MIP using the high-pressure porosimeter
Quantachrome PoreMaster 60 GT using small mortar fragments for testing. The
JEOL 7500F was used to study microstructure by scanning electron microscopy.
Chemical composition, with special emphasis on the bound SO; content, was esti-
mated by STN EN 196-2 [19].

2.7 Concrete based on H-Cement and steel slag

Two types of binders (PC and H-Cement as HC) were chosen to prepare con-
crete based on steel slag. The Sika® ViscoCrete®-225 powder superplasticizer was
used to improve the consistency of the fresh concrete mixture. It provides water
reduction, excellent fluidity and cohesion, together with a self-compacting effect.
Tap water from the water supply system was used as the mixing water.

Two mixes designated as HC concrete and PC concrete were used within the
scope of the experimental research.

* HC concrete contained 0/8 mm steel slag fraction as filler, 380 kg of H-
Cement, 241 kg of water, Sika superplasticizer in the amount of 0.5% of the
cement weight and a retardant additive (Retardal 540) in the amount of 0.4%
of the cement weight.
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* PC concrete contained 0/8 mm steel slag fraction as filler, 380 kg of CEM I 42,5
N, 241 kg of water and Sika superplasticizer in the amount of 0.5% of the
cement weight. No retardant admixture was used.

The production of the specimens used to test the properties of fresh and hard-
ened concrete based on steel slag was carried out in two stages. The first stage
involved the production of the specimens for testing cube strength after 3, 7, 14, 21,
28 and 90 days of age. The second stage involved the production of the specimens
for the comparison of cube and prism strengths after 28 days of curing.

The following properties of hardened concrete were tested: cube and prism
concrete strengths. The durability of the concrete based on steel slag was tested in
the conditions of a higher temperature and pressure. Determination of the volume
changes of the concrete was carried out in a 540-1 laboratory autoclave at the
maximum saturated steam pressure of 1.2 MPa and a maximum temperature of 189°
C. Cubes of 150 mm were used as the test specimens. The temperatures and pres-
sures in the testing laboratory autoclave were set by this way to determine the
volume changes of the concrete based on the steel slag as aggregate [10].

3. Experimental results and discussion
3.1 Basic characterization of H-Cement

Chemical composition of main constituents of H-Cement (HC) and Portland
cement (PC) clinker are listed in Tables 1 and 2. Table 3 confirms that H-Cement
shows different chemical and mineral compositions compared to PC. Both hydrated
cements differ in typical characteristic values as stated in Table 4. The results
suggest that hybrid cement can be used prospectively in concrete for the same
purposes as the blended cements of lower-strength classes, e.g., CEM III-V, proba-
bly CEM II/B-S according to STN EN 197-1, preferably in massive constructions due
to low hydration heat and aggressively exposed media because of low Portland
clinker (and therefore C3A) content.

H-Cement consists essentially in a blend of materials containing 20-30% wt.
Portland clinker and 70-80% alkaline cement, in turn a combination of fly ash,
granulated blast furnace slag and alkaline sulphates.

% wt. CaO SiO, AL O3 Fe,03 MgO SO; K,0 Na,O L.O.I

FA 3.36 51.42 26.93 7.27 2.10 0.87 3.28 0.17 1.84

GBFS 39.24 40.13 7.19 0.27 10.04 1.50 0.52 0.31 1.10

Abbreviations: FA, fly ash; GBFS, granulated blast furnace slag; LOI, loss on ignition.

Table 1.
Chemical composition of fly ash (FA) and blast furnace slag (GBFS).

% wt. CaO SiO, AlL,O3 Fe,03 MgO SO; K,0 Na,O P,05
Clinker 64.4 20.80 4.80 3.08 1.45 0.47 1.05 0.28 0.49
CsS C,S C3A C,4AF Free CaO Arcanite Periclase
65.1 10.60 8.40 9.72 1.40 0.82 0.58
Table 2.

Chemical and mineralogical composition of Portland clinker.
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% wt. Ca0  Si0, ALO; Fe,0; MgO Na,0 Na,0 SO;  TiO,
HC 3073 4857 2013 6.81 213 251 322 467 114
CsS CsS C:A C4AF Q ARC  ANH PER
3366 1175 1154 664 2834 130 118 0.50
PC Ca0 Si0,  ALO;  Fe,0; MgO K0 SO;  P,0s  CI
64.09 2154  4.07 2.64 1.24 1.05 337 034 0.07
CsS CsS C:A C.AF  ARC G BAS  PER Ce
6163 7.8 7.86 8.72 1.39 42 3.57 051 334

Abbreviations: Q, quartz; ARC, arcanite; ANH, anhydrite; PER, periclase; G, gypsum; BAS, bassanite; Cc, calcite.

Table 3.
Chemical and mineralogical composition of HC and PC.

Technical parameters Unit HC PC

Initial setting time Minute 200 £20 190 £ 20

Final setting time Minute 300 + 40 250 £ 30

Standard consistency % 32+£20 291418

2-day compressive strength MPa 175+ 3.0 33.7+2.0w/c=0.5
wic=0.4"

28-day compressive strength MPa 36.5+ 4.0 592+ 1.6w/c=0.5
w/c=0.4

90-day compressive strength MPa 41.5+3.0 63.1+19w/c=05
w/c=0.4

2-day flexural strength MPa 35+0.5 6.4+04w/c=05
w/c = 0.4

28-day flexural strength MPa 44+04 89+ 0.4w/c=05
w/c=0.4

90-day flexural strength MPa 9.0+0.3 9.3+ 03w/c=0.5
w/c=0.4

Le Chatelier (soundness) mm 0.5 0.01

Content of Cr"" ppm 1.0 1.23

Content of C3A % wt. 20+0.5 75+0.8

Hydration heat Jig 185 359

"Too plastic consistency at w/c = 0.5.

Table 4.
Comparison of characteristic values of H-cement and reference PC.

3.2 Ready-mixed concrete

The cube compressive strengths of ready-mixed concretes of C8/10 to C30/37
strength class for reaching a slump of 100-150 mm (slump class S3 according to
[23]) without the use of plasticizers are listed in Table 5. The consistency and cube
compressive strength of ready-mixed concretes prepared with different plasticizers
with slump values >220mm [slump class S5] are reported in Table 6. Laboratory-
made ready-mixed concrete specimens were prepared with the following types of
plasticizers coming from various producers: M1, no admixture; M2, lignosulfonate;
M3, modified polycarboxylate (<22% polycarboxylate content); M4,
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Concrete strength class Cube compressive strength (MPa)
2 days 7 days 28 days
C8/10 4.8 10.4 16.0
C12/15 5.7 11.4 18.7
C16/20 6.9 14.6 222
C20/25 8.0 16.8 25.0
C30/37 14.6 29.4 42.6
Table 5.

Ready-mixed concrete compositions with H-Cement at slump S3.

Concrete Entrapped Slump (mm) Cube compressive strength (MPa)
mixture air (% vol.)

After mixing  After mixing After 60 min 2 days 28 days 56 days 90 days

M1 1.2 220 120 11.0 23.6 24.8 26.3
M2 21 220 130 11.0 25.0 27.1 28.4
M3 17 220 60 10.6 21.8 22.5 22.6
M4 1.6 220 70 9.3 21.2 22.5 22.7
M5 1.7 220 110 10.1 23.6 26.6 25.4
M6 1.4 220 170 8.6 22.6 24.1 23.7
M7 2.3 220 40 71 24.0 24.6 29.9
M8 13 220 190 9.4 22.2 211 24.6
Table 6.

Properties of fresh ready-mixed concrete mixtuves C20/25 with different kinds of plasticizers.

polycarboxylate (30% water-reducing effect); M5, modified polycarboxylate (more
than 22% polycarboxylate content); M6, polycarboxylate (35% water-reducing
effect); M7, melamine; and M8, lignosulfonate modified by polycarboxylate.

The results show that H-Cement is suitable for the production of ready-mixed
concrete between C8/10 and C30/37 strength classes [29]. Workability of the con-
cretes made from H-Cement is dependent on the specific plasticizer type being
used. Admixtures based on a lignosulfonate and a combined lignosulfonate/
polycarboxylate mixture are found best to ensure the workability of fresh concrete
mixtures and also after the elapsed 60 min.

3.3 Shrinkage-reducing property

The concretes were prepared from the cement mixture made of two cements,
HC and PC, in the selected ratios (expressed as % wt.) as reported in Table 7. The
specimens were stored in water at (20 & 1)°C and in air at (20 & 1)°C with 60% RH
and at (40 + 1)°C with an average RH of 15% in order to minimize the length
changes within the 90-day period of curing. The concretes were prepared with a
constant water-to-cement ratio of 0.475 according to the proportion: 400 kg/m? of
cement (PCHC 1.00 or HCPC 1.00) or cement blend, 190 | of water and dried river
aggregates—0/4 mm, 630 kg; 4/8 mm, 390 kg; and 8/16 mm, 775 kg from Jelka
(Slovakia). No admixture was used at the concrete production to preclude its
influence on the measured length changes. The measurements were performed on
the prisms 100 x 100 x 400 mm having a length comparator according to STN
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Cement mixture in Content of cements (% wt.) Curing regime

concrete HC PC

PCHC 1.00 0 100 In water at 20°C and in air at 20 and 40°C

PCHC 0.95 5 95 In water at 20°C

PCHC 0.90 10 90

PCHC 0.85 15 85

HCPC 0.50 50 50 In water at 20°C and in air at 20 and 40°C

HCPC 0.85 85 15 In air at 20 and 40°C

HCPC 0.90 90 10

HCPC 0.95 95 5

HCPC 1.00 100 0 In water at 20°C and in air at 20 and 40°C
Table 7.

Content of cements in the concrete mixtures with w/c = 0.475.
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Figure 1.
Length changes of concrete stored 90 days at 20°C and 60% RH.
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Figure 2.
Length changes of concrete stored 90 days at 40°C and 15% RH.
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731320 [30] (the related ASTM Standard: C157/C157M-08) and are illustrated in
Figures 1 and 2. Mechanical properties of the specimens are listed in Table 8.

The results show that H-Cement has reduced shrinkage. All concretes slightly
expand when permanently cured in water. H-Cement concrete (HC concrete)
expands by 21.6% less than PC concrete after 90-day immersion in water. The
shrinkage of HC concrete exposed for 90 days in 20°C/60% RH air cure and 40°C/
15% RH air cure is about 48 and 58% smaller than that of PC concrete. The
shrinkage-reducing effect is also recorded by the blended systems.

Depending on its cement blend composition and curing regime, however,
blending HC with PC contributes to raising the compressive strength values com-
pared to plain HC concrete. The 90-day compressive strength of HCPC 1.00 (100%
wt. HC), HCPC 0.50 (50% wt. of both cements) and PCHC 1.00 (100% wt. PC) in
20 and 40°C air cure is 32.3 and 30.6 MPa, 41.0 and 38.5 MPa and 42.0 and
39.0 MPa, respectively.

3.4 ASR-mitigating property

The andesite aggregate with a proven susceptibility to ASR according to the
criteria for evaluation of the chemical test according to STN 721179 [16] was used

Concrete HC (% wt.) Curing 28-day basic curing 90-day curing
mixture Compressive strength DME Prism strength (MPa)
(MPa) (GPa) Flexural Compressive
HCPC 1.00 100 W20 27.2 46.6 5.4 342
A20 27.6 41.7 2.4 323
A40 28.7 36.7 2.3 30.6
HCPC 0.95 95 A20 29.3 414 2.8 32.9
A40 30.0 36.7 2.4 31.8
HCPC 0.90 90 A20 313 41.3 2.9 34.8
A40 32.0 36.6 2.5 33.0
HCPC 0.85 85 A20 32.4 41.4 3.0 37.2
A40 332 36.6 2.6 347
HCPC 0.50 50 W20 35.7 50.3 5.5 49.1
A20 38.1 412 33 41.0
A40 38.5 36.5 3.2 38.5
PCHC 0.85 15 W20 40.5 55.1 5.5 50.6
PCHC 0.90 10 W20 40.5 55.9 5.5 50.7
PCHC 0.95 5 W20 41.0 56.6 5.5 51.4
PCHC 1.00 0 W20 41.6 56.6 5.6 54.5
A20 40.2 39.3 3.7 42.0
A40 39.1 33.4 3.8 39.0

Abbreviations: W20, water at 20°C; A20, air at 20°C; A40, air at 40°C; DME, dynamic modulus of elasticity; BC,
basic curing specified by 1-day cuve in the chamber at (20 + 1)°C at 100% RH air and 27-day curing in water at
(20 + 1)°C.

Table 8.
Mechanical properties of the concretes made from a mixture of HC and PC stored for 90 days in water at 20°C
(W20), in air at 20°C/60% RH (A20) and at 40°C/15% RH (A40) after 28-day basic curing.
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for the tests. The alkali content expressed as Na,O equivalent in both cements was
estimated. From this content, the amount of NaOH required to achieve the desired
Na,0 eq. (1.30 + 0.05)% wt. by the standard was calculated. The tap water was
enriched with a calculated amount of NaOH during laboratory production of the
mortars. Prediction criteria of andesite aggregate susceptibility to ASR are given in
Table 9. The composition of mortars for 6-month length change test cured at 20
and 40°C/100% RH moist air took into account the requirements of the above
standard. Length changes are illustrated in Figure 3.

The results show that H-Cement is characterized by ASR-mitigating property.
H-Cement mortar (abbreviated as HC 20 and HC 40), in contrast with PC (abbre-
viated as PC 20 and PC 40), clearly reduces the expansion markedly below the
maximum allowable standard limit [16] of 0.1% (<1%) regardless of the long-term
treatment. ASR-mitigating effect under maximum allowable limit of 0.1% (<1%) is
confirmed also for the blended cement consisting of 70% wt. PC and 30% wt. HC
(abbreviated as HM 20 and HM 40 in Figure 3).

The contemplated cause of ASR mitigation is the presence of alkali-activated
pozzolans in the substitution of up to 80% by weight of the PC clinker, which could
prevent the expansion [31]. The cause of ASR is a complicated problem and is still
not fully understood. In this research focused on the need for industry, the achieved
effect was investigated, and its cause is not studied in detail.

3.5 Sulphate resistance

Basic physical properties and standard strengths are summarized in Table 10.
HC compared to PC is characterized by low C;A content. Such composition pre-
disposes such cement to be chemically more resistant than PC. Properties of fresh
mortars are listed in Table 11. HC mortar compared to both reference is character-
ized by the higher specific surface area and standardized density. In spite of that

Aggregate  Loss of Molar Criterion  Criterion Assumption that
alkalinity R concentration of for R value for S value aggregate contains
(mmol/1) SiO, S (mmol/1) in [16] in [16] reactive forms of SiO,
Andesite 132.42 400.04 R>70 S>R Yes
Table 9.

Prediction of andesite susceptibility to ASR by the chemical test.
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Figure 3.
Length changes of the mortars with the ASR aggregate andesite.
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fact, water-to-cement ratio of HC mortar is 0.42 compared to 0.5 of PC mortar
when both are adjusted on the same consistency of 140 + 1 mm. H-Cement shows
plasticity effect in the mortar; however, it is unable to reach the strength level of
both reference mortars, as reported in Table 10. The second reference mortar was
prepared from C3A-free industrially made Portland cement (abbreviated as SR). HC
and PC mortars were adjusted on the same consistency; that of SR differs. SR and
PC were produced with the same w/c ratio of 0.5.

Chemical composition of PC and HC mortar after 28-day basic curing in water at
(20 £ 1)°C is listed in Table 12.

The cements confirm a substantial difference, especially in CaO content, also
evident in Al,05 and detectable in Na,O eq. amounts. Low CaO in hybrid cement is
a prerequisite for the increased chemical resistance. Higher levels of Al,O3 and
Na,O eq., as opposed to PC mortar, induce the occurrence of the alkali-activated
binder based on pozzolanic components as an inorganic polymer characterized by a
binder potential alongside the minor portion of hydrated PC clinker.

Dynamic modulus of elasticity (DME) of mortars after 5 years of exposure in the
sulphate and water environment is shown in Figure 4. No evident changes were

Cement GC3A Specific Standard  Initialand = Compressive Flexural
kind content  surface area density final set  strength (MPa) strength (MPa)
(% wt.) (mzlkg) (% wt.) (min) 2days 28days 2days 28days
HC 1.95 696.8 33.0 230/285 14.9 39.0 4.1 7.8
SR 0.03 354.9 27.2 185/225 26.2 52.8 4.7 8.4
PC 14.31 344.7 25.8 220/285 26.5 56.5 5.4 85
Table 10.

Basic properties of the cements.

Mortar Consistency (mm) Bulk density (kg/m3) Air content (% vol.) w/c

HC mortar 141 2200 5.2 0.42

SR mortar 186 2210 6.3 0.50

PC mortar 142 2240 4.7 0.50
Table 11.

Properties of fresh mortars.

Constituent PC mortar (% wt.) HC mortar (% wt.)
Ignition loss 9.43 6.79
Si0, 64.69 71.50
CaO 18.07 6.38
ALO, 1.86 7.91
Fe,0, 1.17 228
MgO 3.54 3.37
SO5 0.98 117
Cl™ 0.03 0.02
Na,0 eq. 0.09 0.41
Table 12.

Differences in chemical composition of PC and HC mortar after basic curing.
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observed in 5% wt. Na,SO, for HC and SR mortar, while drops in DME values are
found for PC mortar, slightly after 2-year exposure and dramatically after 3-year
attack. Elasticity modules at the water curing remain approximately the same.

The effect of sulphate action on the expansion of the mortars is depicted in
Figure 5. The HC and SR mortar show negligible expansion in sulphate exposure.
PC mortar is specified by negligible length changes underwater, while evident
expansion is observed in the sodium sulphate.

Flexural and compressive strength of PC mortar is 9.0 and 63.9 MPa after 4-year
curing in water; contrary evident destruction is observed in the sodium sulphate.
Determination of the strength was therefore impossible. Excellent resistance of H-
Cement to sulphate attack is demonstrated by 5-year strength of HC mortar. Data in
Table 13 show that only a slight decrease in flexural and compressive strength is
observed between reference water and aggressive sulphate exposure.

The structural integrity of SR and HC mortar is not disturbed, despite the found
slight differences between the 5-year strength parameters. The observed HC mor-
tar’s sulphate resistance is determined by the material composition of H-Cement

e PC-miortar in water 1

= + = PC-mortar in Na2504
5 HC-mortar in water 11,
20 - = =+ = HC-mortar in Na2504 1
15 SR-mortar In water 11

= = = SR-mortar in Na2504 1

Dynamic modulus of elasticity, (GPa)
it
=]

0 0.5 1 15 2 z25 3 3.5 4 4.5 5

Exposure time (years)

Figure 4.
Changes in DME of mortars in 5% Na,SO,, solution and water over time.
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Figure 5.
Length changes of mortars in 5% Na,SO, solution and water over time (1 mm/m = 1%) = 0.1%.
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HC mortar kept in Strength (MPa)
Flexural Compressive
Reference water 9.1 471
Aggressive 5% Na,SO4 6.7 44.8
Table 13.

HC mortar strength characteristics at 5-year age from the production in 2012.

that is not sensitive to sulphate attack as well as CEM I 42.5 R-SR 0 but not for the
same reason. The cause of high sulphate resistance of H-Cement is explained later.

It is approved in Table 14 that PC mortar is characterized by extremely high
bound SO; and ignition loss values after 4-year exposure in 5% wt. Na,SO, opposite
to HC and SR mortar. The CaO content is dramatically reduced in sulphate exposure
as compared to that of HC and SR mortar. HC mortar behaves in the sodium
sulphate as well as SR mortar; even the difference between the SO; bound in HC
mortar in sulphate and water exposure is smaller than that in SR mortar.

Qualitative and quantitative differences in mineral and phase composition of PC
and HC mortar after 28-day basic curing (BC) in (20 £ 1)°C water are recognized in
Figures 6-9. The basic feature of the difference in the mineral composition of both
mortars lies in the absence of portlandite Ca(OH), in the mortar with the hybrid
cement. Hydrated hybrid cement without the developed Ca(OH), assumes a realis-
tic chemical resistance in terms of sulphate resistance.

The results of thermal analysis confirmed that H-Cement generates a hydrated
phase without the formation of crystalline Ca(OH),. This fact can decisively
improve the increase in resistance to sulphate aggressiveness.

Mineral and phase compositions of the long-term exposed mortars are given in
Figures 10-14. PC mortar in water contains quartz SiO, (Q) from the standardized
sand and calcium hydroxide Ca(OH), (CH) as a reaction product of cement hydra-
tion, also calcite CaCO3 (Cc) as minor mineral. The high content of gypsum
CaS04.2H,0 (G) and, to a less extent, more voluminous ettringite 3Ca0.Al,03.3.
CaS0,4.32H,0 (E) are detected in 4-year-old PC mortar exposed to 5% wt. Na,SO,
solution. Contrary, 5-year-old SR mortar shows a reduced content of CH in the
sodium sulphate compared to water exposure and only a slight indication of the
presence of CaSO,4.2H,0 arising as a reaction product of sulphate attack. HC mortar
records in the same time negligible differences in mineral composition. The pres-
ence of CH and any reaction products of sulphate attack (G and E) are not con-
firmed; a negligible share of the marginal sodium thiosulfate pentahydrate
Na,S,05.5H,0 (SH) and mirabillite Na,SO4.10H,0 (MI) is detected. Both of the
latter minerals would be considered as reaction products of sulphate attack, how-
ever, with no negative impact on degradation of the mortar. TG-DTA plot confirms
the presence of reaction products of sulphate attack in PC mortar by endotherm
with maximum peak at 160°C (Figure 13), compared to HC mortar (Figure 14).
The presence of CH was not recognized in HC mortar in water and Na,SO, expo-
sure. The minimum presence of calcite CaCO; (Cc) is also negligible in terms of
mortar damage.

Basic parameters of the pore structure of the mortars are considered in Table 15.

PC mortar is characterized by evident coarsening of the pore structure after
4 years of exposure to the sodium sulphate. This finding is proven by one order of
increased permeability in contrast to water treatment. HC and SR mortars show no
significant differences in the pore structure parameters after 5 years of exposure.

The insignificant detrimental effect of 5-year sulphate attack on HC and SR
mortar is also proven by the permeability values, which remain for each mortar the
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Figure 6.
Mineral composition of PC mortar after 28-day basic curing in water.
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Mineral composition of HC mortar after 28-day basic curing in water.
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Figure 8.
TG-DTA plots of PC mortar after 28-day basic curing in water.
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TG-DTA plots of HC movtar after 28-day basic curing in water.
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Figure 10.
XRD patterns of PC mortar after 4 years in 5% wt. sodium sulphate and water.

same in both exposure conditions (reference water vs. aggressive sulphate), while
that of PC mortar is increased by one order even after 4-year exposure to sulphate
attack.

Visual and microscopy observations support the previous finding that sulphate
resistance of H-Cement is the same with that of the sulphate-resistant Portland
cement. Visual observations prove that 5-year-old HC mortar is characterized by
well-preserved structural integrity, while PC mortar is considerably destroyed in
the sodium sulphate after 4 years of exposure (Figure 15).

The gypsum and ettringite presence is confirmed in PC mortar after 4-year
exposure in the sodium sulphate, while the same reaction products are not detected
in HC and SR mortar after 5-year exposure in Na,SO,4 (Figure 16). The property of
high non-permeability, which is a consequence of the formed hydrate phase char-
acter, is a basic condition for the high chemical resistance of a mortar and, in the
conveyed meaning of the word, also a concrete made of the same binder system as
that which occurred in 5-year-old HC mortar.
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Figure 11.
XRD patterns of SR mortar after 5 years in 5% wt. sodium sulphate and water.
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Figure 12.
XRD patterns of HC mortar after 5 years in 5% wt. sodium sulphate and water.
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TG-DTA plots of PC mortar stored 4 years in 5% wt. sodium sulphate and water.
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Figure 14.
TG-DTA plots of HC mortar after 5 years in 5% wt. sodium sulphate and water.

Mortar  SSAP (m%*/g) VTP (cm®/g) MTP (nm) MMP (nm) TP (%) K (m/s)

PC 5.32 0.100 252.00 84.65 19.39 33 %1071
SR 2.90 0.55 55.40 28.51 11.95 22 %1072
HC 1117 0.100 31.46 19.91 19.67 8.0 x 1071

Abbreviations: SSAP, specific surface area of total open pores; VTP, volume of total open pores (1.82-0.534 nm);
MTP, total pore median radius; MMP, micropore median radius (1.82-5250 nm); TP, total open porosity
(1.82-0.534 nm); K, permeability coefficient (calculated from the MIP results).

Table 15.
Basic pore structure parameters of PC mortar after 4-year immersion as well as SR and HC mortar after
5-year exposure in aggressive 5% Na,SO,.

- |

Figure 15.
Destroyed integrity of PC mortar after 4 years of aggressive attack with sodium sulphate (left) and intact state of
H-cement after 5 years of aggressive attack of 5% wt. Na,SO, (right).

3.6 Explanation of sulphate resistance of hybrid cement

Degradation of the hydrate phase of cement-based composite by sulphate attack
is characterized by the formation of gypsum CaSO4.H,O(CSH,) together with
ettringite (Ca0);(AL03)(CaS0O,)3.32H,0(CcAS;H;3,). Gypsum is formed by the
reaction of sulphate ions with Ca(OH); or calcium silicate hydrate (C-S-H):

2 OH — +S04%* + Ca’* — CSH, or (1)
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C —S—H + SO04> — CSH, when a reaction proceeds in Na,SO, solution (2)
2Na' +S04%" + Ca’" 4 aq. — 2Na' + CSH; +aq. 3)

The formed gypsum binds to tricalcium aluminate (C3A), in particular to
ettringite, but also monosulphate (Ca0);(Al,03) (CaSO4)12H,0(C4ASH,) is sec-
ondary generated:

C3A + 3 CSHZ + 26 H — CGAS3H32 (4)
Ettringite formation is also accompanied by another minor reaction:
C4ASHp; +2 CSH; + 16 H — CgAS3H3; (5)

Reaction products of sulphate attack (gypsum and ettringite) are high-volume
salts that cause destructive expansion of hydrated cement matrix. The tested H-
Cement is specified by the major portion of the cement-less inorganic polymer
(80% wt.) and the minor portion of the PC clinker (20% wt.). It contains a little
C3A and when hydrated no Ca(OH),. Therefore, just the composition of H-Cement
is the cause of its high sulphate resistance because degradation processes, as
described by Egs. (1)-(5), cannot be applied with H-Cement use. Sulphate resis-
tance of H-Cement is therefore regarded the same as sulphate-resistant CEM I 42.5
R-SR 0.

3.7 Concrete based on steel slag as aggregate

The temperatures and pressures in the testing laboratory autoclave were set
according to the autoclave curves presented in Figure 17 in order to determine the
volume changes of the concrete based on steel slag. The properties of the steel slag
used for experimental research are shown in Tables 16 and 17. Figure 18 shows a
gradual increase in the cube strength of concretes based on H-Cement and steel slag
(HC concrete) as the aggregate compared with that consisting of PC with steel slag
(PC concrete). HC concrete reports a smaller increase in strength, which equals that
of PC concrete after 90 days of exposure in water. The characteristic concrete
strength after 90 days in the case of the HC concrete and PC concrete is approxi-
mately the same, 38 MPa.

The gradual increase in the cube strength of concretes based on H-Cement is
caused by the fact that the hybrid cement generates lower hydration heat during the

Figure 16.
SEM image of SR mortar (left) and HC mortar (vight) after 5 years of exposure in sodium sulphate
(10,000 x magnification).
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Figure 17.
Temperature-pressure conditions and concrete autoclaving time.
Bulk density of grains 3.742 Mg m?
Bulk density of grains after drying in a dryer 3.439 Mgm >
Bulk density of grains saturated with water and surface dried 3.520 Mgm?
WA24 water absorption 2.34%
Table 16.
Values of bulk density and absorption power of steel slag with the fraction of 0/8 mm.
Constituent Unit Result Uncertainty Element Unit Result
Na,0 % wt. 0.46 +0.10 \ mg/kg 570
MgO % wt. 10.2 +1.2 Cr mg/kg 3900
AlLOs % wt. 2.43 +0.27 Ni mg/kg 25
SiO, % wt. 13.7 +1.3 Cu mg/kg 38
P,0s5 % wt. 0.91 +0.09 Zn mg/kg 63
SO3 % wt. 0.50 +0.06 Sr mg/kg 130
K0 % wt. <0.003 Zr mg/kg 140
Cao % wt. 38 +2 Nb mg/kg 67
TiO, % wt. 0.29 +0.02 Mo mg/kg 36
MnO % wt. 3.02 +0.13 Ba mg/kg 200
Fe total % wt. 22 Ta mg/kg 110
CaO free % wt. 2.34 +0.24 w mg/kg 86
— — — — Loss by annealing % wt. -0.74
Table 17.

Results of chemical analysis of steel slag.

initial hydration and thus makes it possible to reduce the volume changes during

setting and hardening of the concrete mixture based on steel slag.

Table 18 compares the average values of cube strengths after 28 and 90 days and
prism strengths after 28 days from the first and second stages of the experiment.
When comparing the results of the cube strength from the first and second stage

of the experiment, the next partial observations may be drawn:
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e After 28 days, HC concrete shows a lower strength by 1.2 MPa (4.1%).

After 28 days, PC concrete shows a lower strength by 5.4 MPa (15.6%).

After 90 days, HC concrete shows a lower strength by 5.0 MPa (13.0%).

After 90 days, PC concrete shows a lower strength by 6.5 MPa (17.1%).

It is therefore evident that:

¢ The difference between the prism strength of HC concrete is 4 MPa (13.8%).
* The difference in prism strength of PC concrete is 0.9 MPa (2.8%).

The results of durability tests of the concrete based on steel slag showed the
suitability of H-Cement as a binder for the production of the concrete based on steel
slag in an environment with a higher temperature and pressure. The above-stated
fact is well-confirmed by Figure 19, where the comparison of test specimens after
the autoclaving process is shown. The PC concrete with steel slag as aggregate was
disintegrated into rubbles, while that composed of H-Cement remained compact
and without any apparent damage. The autoclaving process (see Figure 17) of
concrete containing steel slag and CEM I (PC concrete) resulted in a disruption of
the cement compound due to shrinkage with increasing temperature. The autoclav-
ing process accelerated the calcium disintegration and the magnesium disintegra-
tion of steel slag, which is associated with volume changes. This process has caused
the disintegration of the test specimens. The autoclaving process of concrete

40 — 38.4
15 e
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25
20

=——HC-concrete
—+—P_-concrete

15
10

Compressive strength (MPa)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
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Figure 18.
Average values of cube strengths from the first stage of the experiment.

Age of concrete HC concrete (MPa) PC concrete (MPa)
First stage Second stage First stage Second stage
Cube 28 days 29.1 27.9 34.6 29.2
Cube 90 days 38.4 33.4 38.0 315
Prism 28 days 29.0 25.0 312 321
Table 18.

Comparison of cube and prism strengths after 28 and 90 days from the first and second stage of the experiment.
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Figure 19.
View on (a) HC concrete and (b) PC concrete after autoclaving.

containing steel slag and H-Cement (HC concrete) has eliminated the volume
changes of the steel slag (calcium and magnesium expansion). There was no dis-
ruption of the cement compound and the contact zones between the grain of steel
slag and the cement compound. This is confirmed by an increase in the concrete
strength after the autoclaving process from 29.1 to 43.0 MPa (increase by 32%).

4, Conclusions

From the results of our experimental investigation, it is possible to formulate the
following conclusions:

a. H-Cement with the composition that is found to be outside of the EN 197-1 can
be used similarly to traditional cements of medium-strength classes like 32.5R
and 42.5N and for high long-term flexural strength. No kind of additional heat
treatment during early and later hydration is needed.

b.H-Cement is suitable for use in ready-mixed concrete up to C30/37 strength
class with a variety of plasticizers, which are compatible with it in the same
way as traditional cements. Lignosulfonate-based and combined
lignosulfonate-polycarboxylate plasticizers have been found to be the best in
terms of workability of fresh mixtures standing for 60 min.

c. H-Cement has under the conditions tested shrinkage-reducing properties.
Shrinkage-reducing effect is also recorded in cement blends at replacement
level of H-Cement by 5-15% wt. PC. No shrinkage-reducing admixture is
necessary in concrete when H-Cement is used.

d.H-Cement has under the conditions tested ASR-mitigating property. The
expansion of concrete is also suppressed when using cement blend with
replacement level of PC by 30% wt. H-Cement.

e. High sulphate resistance of H-Cement is the result of a special composition;
sulphate resistance of H-Cement was found by a 5-year test, the same with that
of sulphate-resistant CEM I 42.5 R-SR 0.

f. H-Cement is suitable for use in concrete with 100% replacement of natural
aggregate by the artificial steel slag aggregate. No detrimental processes
leading to disintegration of such concrete exposed to high temperature and
pressure were recognized.
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Concrete made using mineral cements, the raw materials which on earth are
practically endless, is known as one of the oldest building materials and during the
last decades of the twentieth century has become a dominant building material for

general use. At the same time, the requirements of the quality of concrete and its
performance properties, in particular compressive strength, durability, economical
efficiency, and low negative impact of its manufacture on the environment have
not yet been completely met. Bearing these requirements in mind, researchers and
engineers worldwide are working on how to satisfy these requirements. This book
has been written by researchers and experts in the field and provides the state of the
art on recent progress achieved on the properties of concrete, including concrete in
which industrial by-products are utilized. The book is dedicated to graduate students,
researchers, and practicing engineers in related fields.
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