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Preface

This Edited Volume is a collection of reviewed and relevant research chapters, 
concerning the developments within the “Advances and Technologies in Building 
Construction and Structural Analysis” field of study. The book includes scholarly 
contributions by various authors and is edited by a group of experts pertinent to 
alternative medicine. Each contribution comes as a separate chapter complete in 
itself but directly related to the book’s topics and objectives.

The book has 8 chapters. The chapters are in the following order: “Treatise on 
Sustainable Infrastructure Construction: Green Composites, Cross Laminated/Mass 
Timber, Wood Truss Connectors, Nondestructive Technologies, Health Assessment 
and Monitoring: Utility Poles and Geofoam”, “Construction Technology of Precast 
Pier Foundation Filled with Demolished Concrete Lumps”, “Vertical Bearing Capacity 
of Precast Pier Foundation Filled with Demolished Concrete Lumps”, “Structural 
Health Monitoring of Existing Reinforced Cement Concrete Buildings and Bridge 
Using Nondestructive Evaluation with Repair Methodology”, “Behavior and Design of 
Transfer Slabs Subjected to Shear Wall Loads”, “Computational Workflow for Three-
Dimension Printing in Construction: Digital Tools and Methodological Limitations”, 
“Transparent Vacuum Insulation Panels” and “Smart Built Environment Including 
Smart Home, Smart Building and Smart City: Definitions and Applied Technologies.”

The target audience comprises scholars and specialists in the field.

IntechOpen





Chapter 1

Treatise on Sustainable
Infrastructure Construction:
Green Composites, Cross
Laminated/Mass Timber, Wood
Truss Connectors, Nondestructive
Technologies, Health Assessment
and Monitoring: Utility Poles and
Geofoam
Rafaat Hussein

Abstract

The understanding of the engineering performance of green laminated
composites is necessary to the design of load bearing components in building and
infrastructure construction, and packaging applications. These components are
made of outer thin laminae called skins or faces and a thick inner layer called core.
The use of bonding is unavoidable in the assembling of these composite products.
Like all materials, the bonding materials have finite mechanical properties, e.g.
stiffness, but when used in the literature, they are assumed perfectly rigid. That is
an unrealistic assumption. Our analytical solutions change this assumption by using
the real properties of bonding. In general, the analytical formulations are based on
the equilibrium equations of forces, the compatibility of interlaminar stresses and
deformation, and the geometrical conditions of the panels. Once solutions are
obtained, the next step is to evaluate them. The numerical evaluations proved that
perfect rigid bonding in laminated composites greatly underestimates the true per-
formance. At low values of adhesive stiffness, the serviceability is multiple orders of
magnitude of that at high values. The logical question is thus: what constitutes
perfect bonding? The answer to this question lies in the core-to-adhesive stiffness.
The lower the ration is the higher the error in using the rigid-bond theories. It is
worth noting that green-composites in this chapter refer to components made of
traditional materials such as wood, in addition to newly developed bio-based and
bio-degradable and bio-based composites, made of renewable resources. In
addition, bonding and adhesive are used interchangeably.

Keywords: bonding, composites, laminates, rigid-bonding, slip, stiffness
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1. Overall introduction

From societal point of view, we must recognize that infrastructure components,
such as buildings, represent the physical systems that provide a continual flow of
the essential daily services in any society. Their disrepair and degradation disrupt
the functioning of business, government, and facilities, as well as have cascading
effects throughout the world. Report after report reinforces this prevailing ailing
situation. The American Society of Civil Engineers assesses the national status of the
infrastructure about each four years. The overall grade point average since 2009 has
been around D grade. This is a sign of the needs for urgent actions to repair or
replace the ailing systems. The basic challenge is that we must find ways to design
new buildings with long life spans so that the annual maintenance required is much

Figure 1.
Overall chapter organization.

Figure 2.
Part I: Green composites.
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less than at present. This chapter is a modern treatise on five practical advances that
meet some of the challenges as shown in Figures 1–6. Taken as a whole, the chapter
brings complex or unsolved problems to everyday practice.

Figure 3.
Engineered Gussett plates in timber systems.

Figure 4.
NDT Technologies for Timber Construction.
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2. Green composites under lateral and inplane loads

2.1 Introduction

Laminated composite panels integrate the benefits of each lamina including
mechanical and functional properties. In general, the panels are assembled of outer
stiff thin layers and an inner thick layer bonded together. The purpose of the face or
skin is to carry normal stresses resulting from in-plane and flexural deformations,
whereas the core carries shear stresses, keeps the skins apart, and is responsible for
the structural integrity of the panel.

The significant advances in the development of green and environmentally
friendly materials have placed this type of composites at the forefront of research
and development [1–9]. Although laminated composites have been used for over a
century, the literature lacks adequate studies on the effects of bonding stiffness on
the overall performance. To narrow the gap of the missing information, the author
has completed some analytic and experimental studies [4] in this area. This chapter
takes the previous studies a step farther. It ascertains the effects of using bonding

Figure 5.
KB toolkit for CLT.

Figure 6.
KB toolkits for utility poles and Geofoam.

4

Advances and Technologies in Building Construction and Structural Analysis



materials with finite mechanical properties on the response of the load bearing
components in construction. Lateral flexural loads, such as gravity, wind, and
pressures, are inevitable in almost all buildings, and packaging applications. In
addition, the use of adhesives is also unavoidable for the manufacturing of any
laminated composites. The logical question is thus: what affects the realistic adhe-
sive properties, such as stiffness, have on the flexural response of the load bearing
panels? The answer to this question provides new knowledge on the true aspects of
the structural response and the driving factors. It also narrows the gap in the
published articles that assumed perfect rigid bonding layers in laminated compos-
ites. Further studies are needed to include damage formation and propagation,
localized deformation, and nonlinearity [10–12].

2.2 Analytical formulation

Existing analytic and experimental methods have invariably assumed perfectly
rigid bonding between layers [8, 13–15]. Nevertheless, interlaminar delamination
occur because of the finite bonding stiffness; the bonds creep under sustained loads,
and environmental effects. The high interlaminar shear stress due to applied loads
may contribute to an answer of the many delamination in building and infrastruc-
ture construction applications. Analysis of wood joist floor systems, commonly used
in buildings, including interlaminar shear deformations is available in the literature
[8, 16–18]. The wood layers were assembled with nails with glue at their ends.
Although the interlaminar deformation in this system was accounted for in the
analytical model, transverse shear deformations were neglected. Very few publica-
tions deal with the responses of laminated composites with interlaminar deforma-
tion or orthotropic material properties. To ascertain the effects of the unrealistic
assumption of perfect rigid bonding on the serviceability and strengths of load
bearing components in construction, the author has conducted a series of analytical
and experimental studies on laminated composites under various loads [14, 19]. The
studies used realistic mechanical properties for the bonding materials, introduced in
the analytical formulation new parameters such as the core properties, and the in-
plane and inter-laminar deformation.

This chapter presents a closed-form solution of laminated composites with
interlaminar deformations and under flexural loads. The solution satisfies the equi-
librium equations of each lamina and the compatibility of deformations at the
interfaces. One of the objectives is to ascertain the effect of interlaminar deforma-
tions on the performance of laminates due to transverse flexural loads which are
everyday loads in building and infrastructure construction.

2.3 Solutions

The analytic investigation of the laminates at hands is sufficiently mathemati-
cally complex due to the existence of non-zero shear and normal strains in the core
and bonding. Consider a panel of span 2a and width 2b, as shown in Figure 7. The
faces are of equal thin thickness tf. The core of a thickness tc. The moduli of
elasticity of the skins and core are Ef and Ec, respectively. The shear modulus of the
core is Gc. The bonding between the laminae has finite stiffness K.

By using the fundamentals of theory of elasticity [19–23], equations are set up to
define the equilibrium of the skins and of core elements, and to prescribe the strains
continuity between them. The result is a set of differential equations which one
solved together lead to the quantities that characterize the overall performance. The
stress state in the faces and core elements is shown in Figure 8. The equilibrium of
the face element requires that
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∂σjfx
∂x

þ ∂τjyx
∂y

þ qx
tjf

¼ 0 (1)

∂σjfy
∂y

þ ∂τjxy
∂x

þ
qy
tjf

¼ 0 (2)

in which σfx, σfy, τxy = normal and shear stress components in the skins;
qi = interlaminar shear stress in the i direction (i = x or y); j = superscript denoting
stresses in the face j (j = 1 bottom skin), x, y = coordinate axes.

The state of stresses in the core must satisfy the following equilibrium equations

∂σcx
∂x

þ ∂τczx
∂z

¼ 0 (3)

∂σcy
∂y

þ ∂τczy
∂z

¼ 0 (4)

in which σci, = normal stress in the skin in the i direction, τczi = shear stress
components in the core. Eqs. 3 and 4 can be written in terms of the displacement
components

Ecx
∂
2uc

∂x2
þGcx

∂
2uc

∂z2
¼ 0 (5)

Ecy
∂
2ϑc
∂y2

þGcy
∂
2ϑc
∂z2

¼ 0 (6)

in which uc and υc = displacement in the core along the x and y directions,
respectively; E and G = the elastic and shear modulii of the core material.

The stress components in the faces and core must also satisfy the equilibrium
equation in terms of the applied load, which is

Figure 7.
A typical laminate under transverse load.
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∂
2Mx

∂x2
� 2

∂
2Mxy

∂x ∂y
þ ∂

2My

∂y2
¼ �p (7)

in which Mx, My; and Mxy = the applied moments; and p = the applied load
intensity.

At the interfaces between the core and the skins, the stresses and strains must be
compatible. The compatibility equations in terms of stresses are

qx ¼ Gcx
∂uc

∂z
þ ∂ω

∂x

� �

z¼1
2tc

(8)

qy ¼ Gcy
∂ϑc
∂z

þ ∂ω
∂y

� �

z¼1
2tc

(9)

in which tc = the core thickness; and ω = the lateral deflection of the laminates. In
terms of strains, the compatibility equations are written as

Figure 8.
Stress state in laminates’ elements.
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∂Δx

∂x
¼ εfx � εcxð Þz¼1

2tc
(10)

∂Δy

∂y
¼ εfy � εcy

� �
z¼1

2tc
(11)

in which.
ε = normal strain = ∂u/∂x or ∂υ/∂y.
i = x or y direction.
f, c = face and core, respectively.
Δ = interlayer shearing slip = q/K.
K = adhesive stiffness.
In addition to satisfying the force and stress conditions, a solution must also

satisfy the geometrical conditions. With respect to the laminates shown in Figure 7,
the relevant boundary conditions are

σfx ¼ 0, σcx ¼ γy ¼ 0, and ω ¼ 0 at x ¼ 0 and x ¼ 2a (12)

σfy ¼ 0, σcy ¼ γx ¼ 0, and ω ¼ 0 at x ¼ 0 and x ¼ 2b (13)

uc ¼ υc ¼ 0 at the middle plane of the laminates, i:e:z ¼ 0 (14)

uf ¼ uc ¼ 0 at x ¼ a and υf ¼ υc ¼ 0 at y ¼ b in laminates with symmetrical loads

(15)

in which 2a and 2b = the laminates dimensions in x and y directions, respec-
tively; γi = the shear strain in the zi plane, and uf and υf = the displacements in the
skin along the x and y directions, respectively.

2.4 Equilibrium of the skins

For the laminates in Figure 7, the displacement components in the faces are
considered as

uf ¼
X∞

m¼1, 3, …

X∞
n¼1, 3, …

Amn cos αmxsinβn (16)

ϑf ¼
X∞

m¼1, 3, …

X∞
n¼1, 3, …

Bmn sin αmxcosβny (17)

in which αm = m π/2a, βn = n π/2b, and Amn and Bmn are unknown coefficients.
From Eqs. 16 and 17, expressions for the stresses in the faces can be derived as

σfx ¼ Ef

ν2 � 1

X∞
m¼1, 3, …

X∞
n¼1, 3, …

Amnαm þ ν Bmnβnð Þ sin αmx sin βny (18)

σfy ¼ Ef

ν2 � 1

X∞
m¼1, 3, …

X∞
n¼1, 3, …

Bmnβn þ ν Amnαmð Þ sin αmx sin βny (19)

τxy ¼ Ef

2 1þ νð Þ
X∞

m¼1, 3, …

X∞
n¼1, 3, …

Amnβn þ Bmnαmð Þ cos αmx cos βny (20)

Expressions for the interlaminar shear stresses qx and qy are obtained by differ-
entiating Eqs. 18 to 20 in accordance with the equilibrium Eqs. 1 and 2
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qx ¼
Eftf
1þ ν

X∞
m¼1, 3, …

X∞
n¼1, 3, …

Amnα2m þ ν Bmnϑnαm
ν� 1

� Amnβ2n þ Bmnαmβn
2

� �
cos αmxsinβny

(21)

qy ¼
Eftf
1þ ν

X∞
m¼1, 3, …

X∞
n¼1, 3, …

Bmnβ2n þ ν Amnαmβn
ν� 1

� Bmnα2m þ Amnαmβn
2

� �
sin αmxcosβny

(22)

2.5 Equilibrium of the core

A solution for the core displacement satisfying the equilibrium Eqs. 5 and 6 as
well as the boundary conditions in Eqs. 12–15 is taken as

uc ¼
X∞

m¼1, 3, …

Cm cos αmx sinh μxαmz (23)

ϑc ¼
X∞

m¼1, 3, …

Dn cos βny sinh μyβnz (24)

in which μx = (Ecx/Gcx)
1/2; μy = (Ecy/Gcy)

1/2; and Cm and Dn are unknown
functions of y and x, respectively.

2.6 Serviceability

For the laminates in Figure 7, the deflection function which satisfies the
boundary conditions in Eq. 12 is given by

ω ¼
X∞

m¼1, 3, …

Wm sin αmx sin βny (25)

in which Wm = unknown coefficient.

2.7 Interlaminar shear compatibility

The functions Cm and Dn can now be expressed in terms of Amn and Bmn by
using the compatibility Eqs. 10 and 11. By substituting Eqs. 16, 21, and 23 in Eq. 10
and expression for Cm is obtained as

Cm ¼
X∞

n¼1, 3, …

1
sinh μxαmtc

2

� � Eftf
Kx 1þ νð Þ

Amnα2m þ ν Bmnβnαm
1� ν

þ Amnβ2n þ Bmnαmβn
2

� �
þ Amn

� �
sin βny

(26)

In a similar manner, Dn is obtained from Eqs. 17, 22, 24, and 11 as

Dn ¼
X∞

m¼1, 3, …

1

sinh
μyβntc

2

� � Eftf
Ky 1þ νð Þ

Bmnβ2n þ ν Amnβnαm
1� ν

þ Bmnα2n þ Amnαmβn
2

� �
þ Amn

� �
sin βny

(27)

The coefficient Bmn can also be expressed in terms of Amn by using the compat-
ibility Eq. 8. By substituting ω, qx, and uc in the first equation of Eq. 8, and by
equating the coefficients of cos αm x sin βn y in both of its sides, it is found that
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Wm ¼ Eftf
Gcx 1þ νð Þ

Amnαm þ ν Bmnβn
ν� 1

� Amnβ2n þ Bmnαmβn
2 αm

� �
� μxcoth

μxαmtc
2

� �

� Eftf
Kx 1þ νð Þ

Amnα2m þ ν Bmnβnαm
1� ν

þ Amnβ2n þ Bmnαmβn
2

� �
þ Amn

� � (28)

In a similar manner, from Eqs. 22, 24, and the second equation in Eq. 9, Wm is
found as

Wm ¼ Eftf
Gcy 1þ νð Þ

Bmnβn þ ν Amnαm
ν� 1

� Bmnα2n þ Amnαmβn
2 βn

� �
� μycoth

μyβntc
2

� �

� Eftf
Ky 1þ νð Þ

Bmnβ2n þ ν Bmnβnαm
1� ν

þ Bmnα2n þ Amnαmβn
2

� �
þ Bmn

� � (29)

By equating the right-hand sides of Eqs. 28 and 29, it follows that

Bmn ¼ ϕmn

ψmn
Amn (30)

In which

ϕmn ¼ Eftf
Gcy 1þ νð Þ � αm

2
þ Gcy

2 Gcx

β2n
αm

þ Gcyμy
2 Ky

νþ 1
ν� 1

αmβncoth
μyβntc

2

� ��

þGcyμx
2 Kx

2 α2m
1� ν

þ β2n

� �
coth

μxαmtc
2

� �
þGcy

Gcx

αm
1� ν

þ ν αm
ν� 1

þμx
Gcy νþ 1ð Þ

Eftf
coth

μxαmtc
2

� �
� (31)

ψmn ¼ Eftf
Gcx 1þ νð Þ � βn

2
þ Gcx

2 Gcy

α2m
βn

þGcxμx
2 Kx

νþ 1
ν� 1

αmβncoth
μxαmtc

2

� ��

þGcxμy
2 Ky

2 β2n
1� ν

þ α2m

� �
coth

μyβntc
2

� �
þGcx

Gcy

βn
1� ν

þ ν βn
ν� 1

þμy
Gcx νþ 1ð Þ

Eftf
coth

μyβntc
2

� �
� (32)

2.8 Moment equilibrium

The only unknown coefficient now is Amn. This can be determined by using the
equilibrium Eq. 7. The moments Mx, My, and Mxy can be expressed in terms of the
stresses components as

Mx ¼ σfxtf hþ
ðþ1

2tf

�1
2tf
σcx z dz (33)

My ¼ σfytf hþ
ðþ1

2tf

�1
2tf
σcy z dz (34)

Mxy ¼ �τxytf h (35)

in which h = tc + tf; σcx = Ecx (∂uc/∂x); and σcy = Ecy (∂υc/∂y). In terms of these
stresses, the equilibrium Eq. 7 becomes
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tf h
∂
2σfx
∂x2

þ 2
∂
2τxy

∂x ∂y
þ ∂

2σfy
∂y2

 !
þ Ecx

∂
2

∂x2

ðþ1
2tf

�1
2tf

∂uc

∂x
z dzþ Ecy

∂
2

∂y2

ðþ1
2tf

�1
2tf

∂ϑc
∂y

z dz ¼ �p

(36)

Substituting Eqs. 18–20, 23, and 24 in Eq. 35 yields the following expression for Amn

Amn ¼ Pmn

ξmn
(37)

in which Pmn = Fourier series expansion of the applied load, p.

ξmn ¼ Eftf h
ν2 � 1

α3m þ ν βnα
2
m
ϕmn

ψmn

� �
� Eftf h

1þ ν
αmβ2n þ βnα

2
m
ϕmn

ψmn

� �

þ Eftf h
ν2 � 1

ν αmβ2n þ β3n
ϕmn

ψmn

� �

þ 2 EcxμyC
0
mn

μ2x

μxαmtc
2

cosh
μxαmtc

2

� �
� sinh

μxαmtc
2

� �� �

þ 2 EcyβnD
0
mn

μ2y

μyβntc
2

cosh
μyβntc

2

� �
� sinh

μyβntc
2

� �� �
(38)

in which

C0
mn ¼ 1

sinh μxαmtc
2

� � Eftf
Kx 1þ νð Þ

α2m þ ν βnαm
ϕmn
ψmn

ν� 1
�
β2n þ βnαm

ϕmn
ψmn

2

 !
� 1

" #
(39)

D0
mn ¼ 1

sinh
μyβntc

2

� � Eftf
Ky 1þ νð Þ

ν βnαm þ β2n
ϕmn
ψmn

ν� 1
�
βnαm þ α2m

ϕmn
ψmn

2

 !
� ϕmn

ψmn

" #
(40)

In the particular case where Gcx = Gcy = Gc; Ecx = Ecy = Ec; and Kx = Ky = K, hence
μx = μy = (Ec/Gc)

1/2 = μ, thus the expressions for ϕmn, ψmn, and ξmn become

ξmn ¼ Eftfh
Gc 1þ νð Þ

αm
2

þ β2n
2 αm

þ Gcμ βnαm
2 K

νþ 1
ν� 1

coth
μ βntc
2

� ��

þGcμ
2 K

2 α2m
1� ν

þ β2n

� �
coth

μ αmtc
2

� �
þGc μ 1þ νð Þ

Eftf
coth

μ αmtc
2

� �� (41)

ψmn ¼ Eftf
Gc 1þ νð Þ

βn
2
þ α2m
2 βn

þ Gcμ βnαm
2 K

νþ 1
ν� 1

coth
μ αmtc

2

� ��

þGcμ
2 K

2 β2n
1� ν

þ α2m

� �
coth

μ βntc
2

� �
þ Gc μ 1þ νð Þ

Eftf
coth

μ βntc
2

� �� (42)

ξmn ¼ Eftf h
ν2 � 1

α3m þ ν βnα
2
m
ϕmn

ψmn

� �
� Eftf h

νþ 1
αm β2n þ βnα

2
m
ϕmn

ψmn

� �

þ Eftf h
ν2 � 1

ν αm β2n þ β3n
ϕmn

ψmn

� �

þ 2 GcαmC0
m

μ αmtc
2

cosh
μ αmtc

2

� �
� sinh

μ αmtc
2

� �� �

þ 2 GcβnD
0
n

μ βntc
2

cosh
μ βntc
2

� �
� sinh

μ βntc
2

� �� �
(43)
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in which

C0
mn ¼ 1

sinh μ αmtc
2

� � Eftf
K 1þ νð Þ

α2m þ ν βnαm
ϕmn
ψmn

ν� 1
�
β2n þ βnαm

ϕmn
ψmn

2

 !
� 1

" #
(44)

D0
mn ¼ 1

sinh μ βntc
2

� � Eftf
K 1þ νð Þ

ν βnαm þ β2n
ϕmn
ψmn

ν� 1
�
βnαm þ α2m

ϕmn
ψmn

2

 !
� ϕmn

ψmn

" #
(45)

By following the above analytical formulation and considering the in-plane load
shown in Figure 9, the following solution is obtained

σfx ¼
X∞

m¼1, 3, ::

X∞
n¼1, 3, ::

Amnλ0z1 þ Cmnλ0z2
� �

SxSy

þ σxo þ σcxo
tc
tf

� �X∞
m¼1

X∞
n¼1

2
a ∝m

2
b βn

SxSy (46)

σfy ¼
X∞

m¼1, 3, ::

X∞
n¼1, 3, ::

Amnλ0z3 þ Cmnλ0z4
� �

SxSy

þ σyo þ σcyo
tc
tf

� �X∞
m¼1

X∞
n¼1

2
a ∝m

2
b βn

SxSy (47)

τfxy ¼
X∞

m¼1, 3, ::

X∞
n¼1, 3, ::

Amn
Gfxy

Ecx
ϕx

����
z¼tc

� βn
∝m

þ νcyx
∝m

βn

� �
þGfxyβn

Kx
λgn1 þ

Gfxyβn
Ky

λgk2

" #
CxCy

þ
X∞

m¼1, 3, ::

X∞
n¼1, 3, ::

Cmn
Gfxy

Ecy
ϕy

����
z¼tc

�∝m

βn
þ νcxy

βn
∝m

� �
þGfxyβn

Kx
λgn2 þ

Gfxy∝m

Ky
λgk1

" #
CxCy

(48)

qx ¼
X∞

m¼1, 3, ::

X∞
n¼1, 3, ::

Amnλgn1 þ Cmnλgn2
� �

CxSy (49)

Figure 9.
Three loading cases used for verification, (a) uniform load, (b) central uniform load, (c) central concentrated
load.
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qy ¼
X∞

m¼1, 3, ::

X∞
n¼1, 3, ::

Cmnλgk1 þAmnλgk2
� �

SxCy (50)

τcxz ¼
X∞

m¼1, 3, ::

X∞
n¼1, 3, ::

ðz
z¼0

ϕx dz Amn �∝m þGcxy

Ecx
βn � βn

∝m
þ νcxy

∝m

βn

� �� �
CxSy

þGcxy

Ecy

X∞
m¼1, 3, ::

X∞
n¼1, 3, ::

ðz
z¼0

ϕy dz Cmnβn �∝m

βn
þ νcxy

βn
∝m

� �
CxSy

(51)

τcyz ¼
X∞

m¼1, 3, ::

X∞
n¼1, 3, ::

ðz
z¼0

ϕy dz Cmn �βn þ
Gcxy

Ecy
∝m �∝m

βn
þ νcxy

βn
∝m

� �� �
CySx

þGcxy

Ecx

X∞
m¼1, 3, ::

X∞
n¼1, 3, ::

ðz
z¼0

ϕx dz Amn∝m � βn
∝m

þ νcyx
∝m

βn

� �
SxCy

(52)

in which

Amn ¼
λy3
λy2 �

λy6
λy5

λy1
λy2 �

λy4
λy5

(53)

Cmn ¼
λy3
λy1 �

λy6
λy4

λy2
λy1 �

λy6
λy4

(54)

λy1 ¼ λ0z1
Efx

� νfxyλ0z3
Efy

� ϕxjz¼tc

Ecx
þ ∝mλgn1

Kx

λy2 ¼ λ0z2
Efx

� νfxyλ0z4
Efy

þ
νcxy ϕy

���
z¼tc

Ecy
þ ∝mλgn2

Kx

λy3 ¼ 2
a∝m

2
b βn

σxo þ σcxo
tc
tf

Efx
� νfxy

σyo þ σcyo
tc
tf

Efy
þ σcxo

Ecx
þ νcxy

σcyo
Ecy

" #

λy5 ¼ λ0z4
Efy

� νfyxλ0z2
Efx

�
ϕy

���
z¼tc

Ecy
þ βnλgk1

Ky

λy6 ¼ 2
a∝m

2
b βn

σyo þ σcyo
tc
tf

Efy
� νfyx

σxo þ σcxo
tc
tf

Efx
þ σcyo

Ecy
þ νcyx

σcxo
Ecx

" #

2.9 Effects of bonding stiffness on the performance of laminates

The complexity of the closed-form solution makes it difficult to ascertain man-
ually the effects of non-rigid bonding on the laminates’ responses. Thus, we devel-
oped windows-based toolkits to evaluate the obtained complex mathematical
formulas [19, 24]. For verification, consider the laminates shown in Figure 10. The
skins and core properties are: tf = 0.04 in. (1 e-3 m), Ef = 107 psi (6.9 e10 Pa),
tc = 2.0 in. (5 e-2 m), Ec = 2 x 104 psi (110 kPa), and Gc = 104 psi (69 MPa). Three
loading types are considered as shown in Figure 10. The laminated panel is under
three loading cases.
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Figures 11–15 show the maximum normal and shear stress, and the deflection
obtained for each load. The figures show that the bonding stiffness, K, has signifi-
cant effect on the deflection in its low range, beyond which the effect is
unnoticeable thus the literature common assumption of perfect rigid bonding may

Figure 10.
Bonding effects on deflection and stresses (load case a).

Figure 11.
Bonding effects on deflection and stresses (load case b).
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apply. To elaborate, the deflection of the panel under uniform load has increased 14
orders of magnitude when the K values changed from 3,000–2,000 psi/in. (8 e8–5.4
e8 Pa/m) to 10–9 ksi/in. (2.7–2.4 GPa/m). Furthermore, the K value showed

Figure 12.
Bonding effects on deflection and stresses (load case c).

Figure 13.
Effect of (2 Ec/tc K) on maximum deflection.
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insignificant effect on the interlayer shear stress and reduced slightly the core
normal stress. The later reduction is compensated by an increase in the skin stress.
This discovery is expected because the higher the K value the less deflection, thus
less deformation in the thick layer, i.e., the core.

Figure 14.
Bonding effects on stress distributions in Core.

Figure 15.
A laminate under In-plane loads.
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By using the existing rigid-bonding based solutions from the literature [13, 15],
normal and shear stresses in the skins, and the transverses shear stress in the core
may be determined with an acceptable margin of error. Nonetheless, the bonding
stiffness should be included in the analysis whenever the deflection is the quantity
of interest. This is an important point. To illustrate this important finding, consider
the laminates in Figure 10. For a bonding stiffness of 4 ksi/in. (1.0 GPa/m), the
deflection and stresses in the laminates are obtained with the present theory as
ω = 0.0313 in. (8e-4 m); σf = 950 psi (6.6e6 Pa); τxy = 592 psi (4e6 Pa); and
τc = 6.7 psi (46 kPa). The corresponding values as obtained using rigid bonding are
ω = 0.0168 in. (4e-4 m); σf = 939 psi (6.5e6 Pa); τxy = 610 psi (4.2e6 Pa); and τc = =
6.6 psi (4.5 kPa). Comparison of these two sets of results indicates that the deflec-
tion determined by the existing theory is underestimated by 46% whereas the
stresses of the two are comparable. There is another takeaway from this solution.
This study has yet to bring up another important discovery. From an economic
perspective, a rigid, i.e., expensive, adhesive would be unnecessary for the
manufacturing of the panels if the core is made of soft material such as foam. The
converse would be unwise. Because the core and bonding together contribute to the
integrity and overall performance of the laminates, the ratio of core-to-bonding
stiffness is introduced, and its effect is shown in Figure 14. The figure agrees with
this discovery.

Laminated panels in building construction undergo various types of loads. The
previous section presented a model for panels under flexural loads. In-plane loads
are very common in walls and gable roof applications. The analytical formulation
for this type of panels is similar to the previously presented one for flexural loads.
Thus, it will be summarized in the following section to highlight the differences
between the two formulations. The laminate shown in Figures 9 and 16 is subjected

Figure 16.
A plane view of a panel under biaxial edge load.
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to uniform in-plane loadings: a biaxial stress σfxo = σfyo = 208.3 psi (1.4 MPa), and a
uniaxial stress σfxo = 208.3 psi (1.4 MPa). Figures 17 and 18 show the skin and core
loading, whereas Figure 19 shows the superimposed loading. A wide range of
isotropic adhesive stiffness was used, varying from ksi/in (0.25GPa/m) to 10 ksi/in
(2.5 GPa/m). This range covers non-rigid to rigid stiffnesses. The normal stress in
the faces at the panel center and the shear stress in the faces at the panel corner are
shown graphically in Figures 20–25.

As under bending loads, the figures, the bonding stiffness affects the response of
the laminates. For example, the face normal stress, σf, is greatly affected by the K

Figure 17.
A biaxial edge load applied to faces.

Figure 18.
A biaxial edge load applied to Core.

Figure 19.
A biaxial edge load applied to faces and Core.

Figure 20.
Effects of bond stiffness on face Normal stress due to face edge load.
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value in its lower range; but beyond a certain level of stiffness (which varies from
panel to panel), the bonding layer can be practically considered as rigid. A change in
K-value for example from 1 to 2 ksi/in (0.25–0.50 GPa/m) induces a stress decrease
almost 6 times in the uniaxial case and 5 times in the biaxial case greater than when
K changes from 9–10 ksi/in. (2.25–2.50 GPa/m). The changes are 24% and 27% due
to uniaxial core and combined edge loads, respectively, 32% and 22% due to biaxial
core and combined edge loads, respectively. In all in-load cases, the face and
interlayer shear stresses are not affected significantly by the bonding stiffness.

Figure 21.
Effects of bond stiffness on face Normal stress due to Core edge load.

Figure 22.
Effects of bond stiffness on face Normal stress due to face and Core edge load.
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The absence of transverse loads yields no transverse shear which coexists with
in-plane shear.

As found in panels under flexural loads, a panel made of adhesive with high
stiffness and soft cores is uneconomic, and the converse is unsafe. Thus, the appli-
cations of the theories that assumed perfectly rigid bonding should produce accept-
able performance results if the bonding stiffness is high and the core material is
compatible with the adhesive.

Figure 23.
Effects of bond stiffness on face shear stress due to face edge load.

Figure 24.
Effects of bond stiffness on face shear stress due to Core edge load.
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3. Engineered gussett plates in IN timber systems

3.1 Introduction

Metal gusset plates are used in timber light frame construction since 1955 to
create structural joints. The concept of perforated gussets joins the timber members
without the use of nails, screws, or glue. The building construction industry is
familiar with the timber framing that use that concept, thus is empowered to meet
myriad of challenges including complex blueprints and structural joints [18]. How-
ever, the incorporated laterally unsupported areas in the gussets are subject to out-
of-plane deformation due to excessive forces. Currently, the literature incorporates
some experimental data for the metal connectors [1, 13, 18], and empirical design
recommendations [13, 20]. To our knowledge, the out-of-plane deformation of the
gussets was not engineered so far. This chapter introduces for the first-time relevant
design aids to fill the relevant voids in the existing literature [1, 13, 16, 20]. To
provide a well-balanced presentation, we presented the analytical background of
the problem at hands, upon which a design procedure was established and intro-
duced.

3.2 Framework analysis

Any structural analysis requires material and geometrical properties of the
members that constitute the framing system. The constitutive relations of timber
are well established and applied since the appearance of Hooke’s law in 1676. In this
study, we considered timber as a 3D orthotropic material for which the required
mechanical properties are adopted from Ref. 25. The gusset-timber in-plane and out
of plane interactions are complex to simulate [1, 13, 20]. This study idealized the in-
plane and out of plane interactions using spring elements. For this purpose, the
stiffness matrix is

Figure 25.
Effects of bond stiffness on face shear stress due to Core edge load.
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K½ � ¼ K11 K12

symm K11

� �

where Kii is a 6x6 diagonal sub-matrix with the axial and shear constants,
whereas Kij is zero matrix.

Because of the inherited complexity of the problem at hands, the finite element
method is deemed a direct and simple method to harness all the previously
described component developed for our approach. Figures 26–28 show FE models
that represent various timber joints. The material properties for timber and gusset
are: Egusset = 30 ksi, El-timber = 1.6 ksi, Et-timber = 0.08 ksi, Er-timber = 0.108 ksi,

Figure 26.
A screen view of the framework analysis - a.

Figure 27.
A screen view of the framework analysis - b.
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Glr = 0.102 ksi, Glt = 0.124 ksi, Grt = 0.111 ksi, ?νlr = 0.29, ?νlt = 0.45, ?νrt = 0.39,
?νtr = 0.37, ?νrl = 0.04, ?νtl = 0.03, where E is modulus of elasticity, n is Poisson’s
ration; l, t and r stand for longitudinal, tangential and radial directions, respectively.
Figures 29–31 show the corresponding deformed shapes. As shown in the figures,
the gusset plates undergo bending and withdrawal deformations.

Figure 32 shows the performance of the gusset in Figure 26. The figure shows
80% and 70% drops in the critical load (the load at which out of plane deformations
occur) under compression and shear, respectively. Under chord and gap shears, the
critical load decreases and increases by 70% and 27%, respectively. This finding

Figure 28.
A screen view of the framework analysis - c.

Figure 29.
Out of plane deformation of the gusset in Figure 26.
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suggests that the plate is weaker under than compression for areas smaller than 2.0
in2. and the converse is true for larger areas. For practical applications, the smaller
ratio of gap/shear length the higher the critical load. For example, the load increases
by 50% when the ratio is ¾ rather than 4/3. For all applications, the smaller the
gusset unsupported area or its thickness the higher the critical values, and this
agrees with conventional theories [17]. One of the takeaways from this analysis is
that chord and web shears rather than compression [13] are the key drivers for the
gusset instability. In addition, an answer the question of what constitutes effective
gusset area can now be answered. An area of 1.0 in2 would be conservative regard-
less of thicknesses whereas caution is advised when using an area larger than 2.0 in2.
However, designers can use large areas in combination with thicker plates. In
general, the design needs not to depend on one variable only, gap, or chord length,
or gusset area. This is another takeaway. To validate our analytic approach, we used
the data obtained by the truss plate institute from testing various connections
made of Southern Pine. Figure 33 compares both results. The figure shows close
agreement between the critical values.

Figure 30.
Out of plane deformation of the gusset in Figure 27.

Figure 31.
Out of plane deformation of the gusset in Figure 28.
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Based on the confidence established in the analytic formulation, we then moved
on to gusset plates with three laterally unsupported areas. Figures 34–36 show the
deformations obtained for areas A, B, and C. It should be noted that these figures
show the gusset plate only. In addition, the web force compresses area A and shears
areas B and C.

Figure 37 shows that area B deforms before A under chord shears. This occurs
only under web compressions for areas up to about 1.5 in2, afterwards this sequence
reverses. When area B is between 0.5 in2 and 1.0 in2, the critical load decreases by
54% and 36% under compressions and shears, respectively. When the area is
between 1.0 in2 and 2.0 in2, the decrease is 28% under compression and 26% under
shear. These findings are not accustomed in practice where only web compressions

Figure 32.
Effects of gap and shear length the plate in Figure 26.

Figure 33.
Comparison of experimental critical loads for the gusset in Figure 26.
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Figure 34.
Deformation of area a in the joint in Figure 34.

Figure 35.
Deformation of area B in the joint in Figure 34.

Figure 36.
Deformation of area C in the joint in Figure 34.
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is the driving factor for deformation. Figures 37 and 38 affirms that the chord shear
has more effects on the deformation of the gusset than compression. In agreement
with the analysis conducted for single area and fundamentals of engineering
mechanics, the smaller the gusset or the larger its thickness, the larger the critical
values.

3.3 Design aids for gusset plates

To bring the outcomes of our investigation to everyday practice, Figures 39–42
show design curves. To use any of the figures, area A or B is first located on the
horizontal axis, then a vertical line is drawn to intersect with the curve with the

Figure 37.
Effects of unsupported areas on shears and web compressions (0.030″ in).

Figure 38.
Comparison between web compression and chord shear critical loads of areas a, B and C (1.5 in2).
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design thickness. A horizontal line is finally drawn to intersect with the vertical axis
at the critical load.

4. Applications of NDT for timber construction

4.1 Introduction

Shelters represent one of the basic human needs and residential buildings meet
this need. References [1, 13, 16, 20] depict the state of deteriorated buildings and
the methods used for assessing the status of their structural condition. One could

Figure 39.
Design critical loads for gusset under web compression.

Figure 40.
Design critical loads for gusset under web compression.
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see in these sources and many others the complexity of the technical tasks involved
in the repair projects.

In general, the need to determine the true structural status of load bearing
members is motivated by a number of circumstances such as:

Figure 41.
Design critical loads for gusset joints under chord shear.

Figure 42.
Design critical loads for gusset joints under chord shear.
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• The existence of defects in the system.

• Damage after natural events such as earthquakes.

• The change in the function of buildings.

• New regulations.

The assessment of the actual structural condition of the load bearing members is
a necessary step in all engineering projects. This step is not easy to take because of
the architectural configurations and the framing systems. Thus, the assessment of
the actual condition of a component comprises in-situ tests and procedures as
described by the authority in charge of the projects. In general, tests are expensive
and not simple to perform, let alone feasible to conduct. In addition, monitoring
procedures are expensive and cumbersome. Thus, non-destructive approaches
lend practical ways to overcome these obstacles. From this perspective, a new
non-destructive approach has been adopted in this chapter for fast yet reliable
outcomes.

4.2 Description of the problem

The engineering analysis and design of construction systems start with analytical
models to be solved for the quantities of interest. The models require the geometri-
cal configuration, the applied loads, pertinent mathematical theories or methods,
experimental data if needed, and algorithms to execute the procedure. The
outcomes are then used for remedial solutions of fragile systems, retrofitting,
rehabilitation, etc.

The modeling of old buildings is, in general, more difficult and less reliable than
in the case of new buildings. This is due to several factors, such as:

Figure 43.
A typical structural joint.
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• The geometrical configuration.

• The uncertainties of the materials properties.

• The invisible impacts of past events such as earthquakes.

Additional factors that compound the analytic modeling include the need for
great experience about the structural behavior of building systems, local damages
such as cracks, the actual constituent relationships; the alterations over time such as
the creation of openings or the removal of components (headers, walls, etc.) or the
increase in the height of some spaces, etc. In general, the structural and mechanics
procedures are not simple and in most if not all applications require experience.
Consider for example, the joint shown in Figure 43. In any analytical procedure, it
is commonly defined as pin or rigid. Any definition is a mere judgment because true
connections are neither of these theoretical cases, and in fact fall in between. The
question is: how could a practitioner define the real condition? The answer is
essential because the outcomes of the modeling depend on this definition. The
rigorous procedure introduced in this chapter contributes to a reliable answer.

4.3 Formulation

To simulate realistically a structural joint, we use semi-rigid connections. Such a
joint is neither pin with zero stiffness nor rigid with infinite stiffness. Figure 44
shows a beam element with end stiffnesses Ki and Kj. The member end forces-
displacement and mass relations are expressed in the literature in the form of a
6-by-6 matrices in which the following parameter is used

Ci ¼ L Ki

E Iþ L Ki
(55)

Figure 44.
Frame element with semi-rigid connections.

Figure 45.
Signal conditioner.
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in which L is the length, I is the sectional moment of inertia, and E is the
modulus of elasticity of the material. The structural dynamic governing equations of
this are

M½ � €xf g þ K½ � xf g ¼ 0 (56)

K½ � � ω2 M½ ��� �� ¼ 0 (57)

where x is the joint rotational displacement, and ω is the fundamental frequency
which can be measured using a setup as shown in Figure 45 in conjunction with
FFT analysis.

Once the geometrical and material properties of the member, and the FFT
outcome are obtained, Eq. 57 can be iteratively solved for Ki and Kj. The solution
process is referred to in the literature as reverse engineering. It is an iterative
process in which initial connections are provided then iteratively updated until
Eq. 57 is satisfied.

Putting the described direct, easy to perform, and inexpensive procedure
together, this chapter suggests the following new complete protocol for the
structural assessment of the joint stiffness of an actual frame member:

1.Measure the geometrical properties of the member.

2.Define the elastic properties of the member’ material.

3.Use a set up as shown in Figure 45 to detect dynamic signals on which use
FFT.

4.Solve Eq. 57 for Ki and Kj.

To verify the method introduced in this chapter for the assessment of joint
stiffnesses, selected data from the literature is used. NASA [1, 17] applied the finite
element method, which is an advance method and requires experience, to investi-
gate many joints from pin to fixed conditions, and the results are shown in

Figure 46.
Comparison between the frequency-rotational stiffness relation determined by NASA and this chapter. (a)
NASA, (b) This chapter.
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Figure 46a. By using NASA’s data, we solved the same problems according to our
method, and the results are shown in Figure 46b. Figure 46a and b show no
significant difference. There was no need for experience and fast results were
obtained. This agreement has built confidence in the accuracy and validity of the
introduce method and procedure for buildings construction.

5. Knowledge-based cross laminated timber IN building construction

5.1 Introduction

In general, cellulose materials such as timber have been used in construction
since mankind started to build shelters. In the broadest sense, timber is character-
ized by low weight, prefabrication ability, astatic, acoustic properties, and potential
recyclability. The mass timber (MTC) refers to framing system in which timber
panels are used for the load bearing components. The products in this category
includes cross-laminated (CLT) timber, the nailed laminated timber (NLT), the
glued-laminated timber, the doweled-laminated timber (DLT), the structural com-
posite lumber (SCL), and the timber-concrete composites [13]. A 2017 study [20]
has doubted the MTC’s environmental advantages and even if they are known in
induvial construction projects.

According to the CLT Handbook [1], if we perhaps form a hypothesis about
likely comparative performance of CLT and assume that CLT has a smaller
manufacturing carbon footprint than concrete and steel, it would follow that CLT
would perform similarly given that it would have more timber available for landfill
storage at end of life. Another study conducted by the Pacific Northwest Building
Resilience Coalition [2] in 2018, suggests that the cost of the structural frame for the
CLT option is greater than that of the cast-in-place reinforced concrete option, and
the concrete in an evaluated ten-story building is less susceptible to floor under
dynamic loads, and to excessive lateral drift under wind and seismic loads. The
author of this chapter advises caution for judgments when using the available
literature. Nonetheless, there are advantages in using timber products but some of
the reported disadvantages from MTC include [16] softer materials due to cross
laminations, rolling shear, limited dimensions, dimensional stability, fabrication,
heavy weights, [17] cost compared to steel and concrete, restrictions on building
heights, cost of utilities, cost of design, and cost of transportation. However, as
more production and demand will hopefully drive down these costs and increase
competitiveness. Some of the factors that affect the environmental benefits of MTC
include [20] carbon sequestration rate, timber type, manufacturing processes,
material size, equipment and fuel type, regulations, potential of water and insect
damages, deconstruction, to name a few examples. The issue of environmental
benefits assessment is beyond the scope of this chapter.

Cross laminated timber is an engineered timber category of the MTC and is
fabricated by adhering and compressing timber layers in perpendicular grain ori-
entations to form a solid panel. Timber layers are glued together on their wide faces.
CLT technology was invented and developed in central Europe in the early 1990’s
and since then it has been gaining increased popularity in residential and non-
residential applications. Recently, CLT was introduced also overseas, in North
America, Australia and in New Zealand. A number of production plants have been
established or they are proposed to be built in these countries.

The manufacturing process of CLT includes primary lumber selection, lumber
grouping and planning, layers cutting to length, adhesive application, panel lay-up,
assembly, product curing, surface machining, and marking and packaging. Each of
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these steps includes several sub-steps and pertinent details can be found in the
literature. The manufacturing requirements are well established and practiced, and
available in many international sources in the literature.

The European quality control system requires following specific guidelines for
production and testing before obtaining technical approvals. In USA, the American
National Standards Institute approved the Standard for Performance-Rated Cross-
Laminated Timber. These standard covers manufacturing, qualification and quality
assurance. The list of other governing organizations includes the American Wood
Council, Canadian Standards Association, International Code Council International
Building Code, and the Engineered Wood Association.

Internationally, the list of pertinent organizations includes the International
Organization for Standardization, American Society for Testing and Materials, New
Zealand Standard Timber Structures Standard, and the European Standards.

5.2 Structural strengths and serviceability

The CLT panels act similarly to sandwich construction. The layers in the longitu-
dinal direction carry the bending stresses whereas the transverse layers provide
thickness for high inertia and integrate the layers. In this configuration, the transverse
shear is carried by all layers. CLT panels have reinforcing effect for prevention from
brittle failure modes such as splitting and increases strength capacity of connections.
The cross-laminating process provides improved dimensional stability to the product
which allows for prefabrication of long and wide panels. There are different methods
to connect the panels to each other such as single or double wooden splines, dowels,
and mechanical fastener as nails, screws, bolts, split rings, and shear plates.

At this time, this seed R&D focuses on the development of a KB new toolkits for
CLT only using Matlab, Python, and VBA for the CLT structural analysis, calculation,
design according to the US standards. The algorithms presented here can be used as a
foundation for numerical modeling of CLT structures. This step enables the user to
model a CLT structure, starting from the creation of the geometry and the assignation
of numeric entities (beam, shell, etc.) to geometric ones, having defined the material,
and assigning loads and boundary conditions. This is a seed that will blossom to
include other structural components not considered at this time.

The governing formulas for the bending and compression design of CLT are
[1, 18, 21, 22, 25, 26].

For bending capacity

Mb ≤FbSeffCDCM CtCL (58)

For shear capacity

Fs or v Ib=Qð Þ0eff ¼ CMCtFs lb=Qð Þeff (59)

For compression capacity

Pc ≤FcAparallelCDCM CtCP (60)

For deflection under uniform load w

Δmax ¼ 5
384

w L4

EIeff
þ 1
8

w L2

5
6 GAeff

(61)
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in which

Seff ¼ 0:85
12

EIð Þeff
Emajor

2
tp

EIð Þeff ¼
Pn

i¼1Eibo
t3i
12 þ

Pn
i¼1Eibotiz2i = Effective flatwise bending stiffness,

lbf-in2/ft. (N-mm2/m)

Ib=Qð Þeff ¼
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i¼1Eihizi
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tp � t1
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2

� �2
t1

2 G1bo

� �
þ Pn�1

i¼2
t1

G1bo

� �
þ tn

2 Gnbo

� �h i

= Effective flatwise shear rigidity, in lbf/ft. (N/m) in the major strength
direction.

Mb = Applied bending moment.
Pc = Applied axial load.
Fb = Reference bending design stress of outer lamination.
Seff = Effective section modulus.
Ei = modulus of elasticity of the i-th layer, in psi (MPa).
(EI)eff = Effective bending stiffness.
GAeff = Effective shear stiffness.
CD = Load duration factor.
CM = Wet service factor.
Ct = Temperature factor.
CL = Beam stability factor.
CP = Column stability factor per the National Design Specifications (NDS).
ti = Thickness of laminations in the i-th layer, in (mm).
bo = CLT width in the CLT major strength direction, in/ft. (mm/m).
zi = Distance between the centroid of the i-th layer and the neutral axis, in

(mm). for the middle layer, zi is to the centroid to the centroid of the top half of
that layer.

n = Number of layers.
hi = Thickness if i-th layer, in (mm).
tp = Gross thickness of CLT panel, in. (mm.).
Aparallel= Area of parallel layers parallel to the load.
Ks = Constant for the effect of shear deformation.
The above governing formulas are recognized and applied in practical applica-

tions and used, though the author of this chapter has some reservations, for the
development of the unparalleled TLC KB toolkit. The dashboard of the TLC Toolkit
is shown in Figure 47. Like all other novel toolkits introduced in this chapter, it is
user friendly and needs the data highlighted in light green color. Once the user
clicks the calculate button, the previous formulas are used to calculate the output
shown in the white areas. The outputs are needed to calculate the bending and axial
capacities, and serviceability parameter of the CLT. These quantities can then be
checked using the limits set by adopted design codes.
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6. Knowledge-based toolkits for infrastructure health assessment and
monitoring: utility poles/geofoam

6.1 Introduction

Disasters can be prevented or contained by conscious human actions designed. It
was this recognition that prompted the author’s conceptual shift from the tradi-
tional emphasis on response or resistance (post-actions) to disaster monitoring and
prediction (pro-actions) as reflected in this section of the chapter. Our carried out
works so far have been shaped essentially by this appreciation. The field of HAM
encompasses a myriad of local and global infrastructure problems. This chapter
deploys and demonstrates our overall long-term architecture blueprint for a robust
health identification and performance monitoring of infrastructure systems.

Figure 47.
Dashboard of the CLT toolkit.
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Taken as a whole, the characteristics of current methodologies place serious
limitations on their practical use. Indeed, there are no paradigms of reliable strate-
gies in this field that are robust enough to be of practical use. This section of the
chapter will, presumably, revitalize greater and consistent acceptance of our HAM
technologies. The ultimate benefit of this is an optimization of both the infrastruc-
ture performance as well as costs of repairs to extent the service lives.

Finally, it is important to recognize that although much progress has been made
in this field to-date, our understanding of all technical and economic aspects is
incomplete. It is anticipated that the technological vision presented herein will serve
as a platform from which pertinent advances may be launched leading to more
confidence in our infrastructure.

6.2 Structural health condition assessment

In general, the process of health condition assessment and performance moni-
toring can be categorized into five stages:

1. Identification of damage presence.

2.Localization of damage.

3. Identification of the damage type.

4.Quantification of damage severity.

5.Prediction of the remaining service life.

Customarily, the paradigms for HAM can be depicted as a four-part process:

1.Operational evaluation.

2.Experimental measurements.

3.Relevant data extraction for damage features.

4.Analytic investigation.

Operational evaluation defines why the process is to be performed, tailors its
unique aspects of the system and unique features of the damage that is to be
identified. The operational evaluation answers four questions regarding the
implementation of a HAM system:

1.How is damage defined for the system?

2.What are the conditions under which the system to be monitored functions?

3.What are the limitations on acquiring data in the operational environment?

4.What are the economic and/or life safety motives for performing the monitoring?

Current health monitoring experimental techniques require that the vicinity of
the damage is known a priori and that the portion of the structure being inspected is
readily accessible. Some of the drawbacks of these methodologies include:
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1.The use of expensive instrumentations and data processing hardware not
designed specifically for structural health monitoring. The relative expense of
these sensing technologies dictates that a structure must be sparsely
instrumented

2.Varying environmental and operational conditions produce changes in the
system’s structural response that can be easily mistaken for damages

These drawbacks place serious limitations on the practical use of existing meth-
odologies. Indeed, there are no HAM paradigms of reliable strategies that are robust
enough to be of practical use. Our concept for the future HAM is based on a fresh
look at the overall picture. Thus, we divide the future HAM into two categories:

1. Intelligent knowledge-based systems which prognosis potential damages.

2.Existing damage identification and structural performance monitoring.

This new concept emerges from an open-end modular approach that can be
adapted to any system, i.e., is not limited to a particular type of damage or material,
damage detection or identification techniques. Our HAM will equally perform
supervised and unsupervised learning. Supervised learning refers to situations
where data from damaged and undamaged structures are available. Unsupervised
learning refers to situations where data is only available from the undamaged
structure.

6.3 Damage assessment and monitoring

We have been tackling the problems associated with structural health identifi-
cation and health monitoring. This learning process has evolved and culminated in
presenting this part of the chapter. However, because there are several confounding
factors and unanswered questions in this field, we embarked on the idea of
importing “smartness” to the process. To adequately probe damages, we should
search for characteristics such as: the existence of damages, whereabout of the
damaged areas, the type of damages, the size of damages, and the remaining service
life in the system.

In answering the above questions, DIM is our promising candidate for HAM
utilization. Some of its unique capabilities include the following:

1.DIM’s toolkits for damages identification.

2.DIM facilitates the complex HAM process.

3.DIM uses modular architecture which allows for adaptation to new
development.

4.IM has a built-in database for most of the available technical information to
avoid any incorrect or impractical input data.

7. DIM: geotechnical applications

Under the immense pressure of environmental, energy, economic, and other
modern problems, many new materials have been developed from a wide range of
renewable, natural, and manmade resources. These innovations meet urgent needs
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such as high strength/weight ratio, thermal insulation, design flexibility, durability,
low moisture absorption, ease and speed of construction, and suitability for adverse
weather conditions. DIM incorporates a module for the applications of the emerging
materials in geotechnical applications such as embankment, retaining systems,
foundations (https://aitechm.wixsite.com/8kbextech). As shown in Figure 48, the
scope covers the following:

1.Static.

2.Seismic and spectrum.

3.Slope stability.

4.Strengths.

5.Stress distributions.

6.Uplift and net stresses.

7.Designs

8.Serviceability.

7.1 DIM: biodegradable, bio-based, and synthetic load-bearing components

As elaborated previously, there is no HAM available for the newly emerging load
bearing components. The DIM fills this gap and provide many capabilities for
biodegradable, bio-based, and synthetic based panels and plates used as load bear-
ing components. It should be noted that the analytical background of this part is
presented earlier in the chapter (https://aitechm.wixsite.com/8kbextech). The
scope of the DIM includes the following, as shown in Figure 49:

1.Loads:

• Different patterns of transverse loads.

• In-plane loads.

2. Instability:

• Shear.

• Uni-axial.

Figure 48.
Illustrative screens for the DIM’ geo client.
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• Bi-axial.

• Local instability.

3.Bonding:

• Rigid bonding.

• Imperfect bonding.

7.2 DIM: utility network grids - poles

Overloading, aging, and environmental impacts are inevitable blows to the util-
ity grids over the lifetime. Unfortunately, these adverse acts result in deterioration.
For this specific problem, our overall goal is to develop a specific DIM with the
following objectives:

• Determination if a damage is present in the pole.

• Determination of the location of the damage.

• Quantification of the severity of the damage.

• Prediction of the remaining service life of the pole.

Existing pertaining DIM methodologies rely on either visual inspection or local-
ized measurements. Those methods include acoustic measurements and manual
sample extraction techniques. Although many of these techniques found applications
in the field, there remain some problems that restrict their effectiveness such as:

1.All the techniques require that the vicinity of the damage is guessed a priori
and that the portion of the pole being inspected is readily accessible.

2.Contaminating the poles during extraction of test samples.

3.Soil excavation is required; thus, disturbing the supporting conditions.

4.The attachments were never considered in any of the methods.

The adverse impacts of these factors on the use of existing methods were studied
by testing 30 real full-scale poles to true failure. The results indicated that none of
the available methods was sufficiently accurate as a means for identifying the
damages or predicting strengths of poles. Thus, the needs for a new DIM has
focused on the development of a practical, fully automated, truly autonomous,
human-free, inexpensive, and accurate DIM for in-situ poles.

Figure 49.
Illustrative screens for of the DIM’ bio load bearing client.
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The underlying principle of our new DIM for poles is that dynamic signatures
are sensitive indicators of structural integrity. This reasoning is based on the fact
that damages change the dynamic characteristics, and therefore, fundamental mea-
surements can be used to identify and monitor damages. This approach is very
attractive for the development of this DIM for poles. We believe that a knowledge-
based method is the key for achieving this goal. The new DIM is posed as an inverse
problem in which the analytic goal is to find pole characteristics using minimum
response information obtained from in situ measurements. This inverse problem is
formulated based on the rigor fundamentals of engineering mechanics and struc-
tural dynamics and is solved using an implicit redundant representation genetic
algorithm. The proposed method is capable of locating and quantifying the severity
of damage and remaining strength. Because the damaged parts and their locations
are not known beforehand, an iterative solution process is necessary to overcome
the difficulties associated with the large number of possible output scenarios. For
the first time in the literature, we incorporated vital parameters such as the effects
of the surrounding soils, the embedded length of poles, and the attachments. Unlike
all the existing methods, our approach neither applies sophisticated numerical
techniques as the finite element nor employs the traditional destructive techniques.
Figure 50 shows a selected screen for our DIM toolkit. In situ setup include record-
ing the dynamic signal of poles, FFT analysis of the signals, and integrating the
results with the presented analytic method to determine the previously mentioned
characteristics of the defective zones.

Figure 50.
Illustrative screen for the DIM’ poles client.

Damage (%) Frequency

Begins at Ends at FE DIM %

95 100 35.9 36.3 1

90 100 23.4 23.7 1

58 70 42.6 43.0 1

Sound pole with overhead 118.3 118.2 0

Table 1.
Comparison of results obtained using the presented technology and FE.
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To verify the procedure introduced in this chapter, selected problems were used
in conjunction with the previous analytical method. Table 1 compares the predicted
status of selected poles and the corresponding finite element solutions. The table
shows very close agreement between the results. This agreement has built confi-
dence in the accuracy and validity of the introduce procedure for utilities (https://
aitechm.wixsite.com/8kbextech).

7.3 Conclusions

The developments of modern materials and the unprecedented advances of
technologies brought to the applications of green laminated composites to the
forefront of construction systems. The use of adhesives is unavoidable in
manufacturing the panels. However, the assumption of perfectly rigid bonding is
very common in the available literature and industries. This assumption is unreal-
istic because adhesives like all materials have finite properties. This section in the
chapter replaced the hypothetical assumption with realistic one. Closed form solu-
tions were presented for load bearing composite panels under flexural and in-plane
loads. Unlike the available theories in the literature, the solutions used bonding with
realistic stiffness rather than the commonly used perfectly rigid adhesives. The
solutions satisfy the equilibrium equations of each lamina, the interlayer deforma-
tion and stress compatibility equations, and the panel boundary conditions. To
ascertain the effects of bonding stiffness on the performance, numerical results
were obtained. The results proved that low bonding stiffness has a strong effect on
the laminates deflection. For economical and safety reasons, a new parameter was
introduced in the form of core-to-adhesive stiffness ratio. This ratio suggests that
very stiff adhesive used in panels with soft core would yield expensive panels and
the converse is unwise.
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Chapter 2

Construction Technology of 
Precast Pier Foundation Filled 
with Demolished Concrete Lumps
Wengui Li, Bin Lei, Zhiyu Luo and Fuzhi Yang

Abstract

Applying of demolished concrete lumps (DCLs) in the pier foundation is an 
effective way to improve the efficiency of construction waste resource utiliza-
tion. Fifty-two cylindrical specimens with the size of ∅ 250 mm × 500 mm were 
fabricated by mixing of DCLs with the fresh concrete (FC) and used to investigate 
the influence of two key factors, the gradation of the DCLs and the height setting 
of layered “steel mesh,” on the uniaxial compression and flexural strength proper-
ties of the compound concrete specimens. Results indicate that the layered “steel 
mesh” in the specimens can restrain the settlement and segregation of the DCLs 
and improve the compressive and flexural strength of the specimens significantly. 
Normally, there are two types of failure damage mode of the test pieces, the failure 
of the interface between DCLs and the FC and the fracture failure of the DCLs. 
When the stress level is below 0.5, the test piece is in the elastic stage. Crack devel-
opment occurs when stress level further increase to 0.7–0.9. The pieces with the 
layered pouring height of H2 and the DCLs of R3 present the optimum compressive 
strength and flexural strength and also best construction effect.

Keywords: demolished concrete lump, precast pier foundation,  
construction technology, uniaxial compression test, flexural test

1. Introduction

Currently, China is in an important stage of urbanization development.  
A large number of construction wastes are generated in a series of projects such 
as the large-scale reconstruction of old cities and demolition of temporary or 
illegal buildings. It has become a trend to accelerate the resource utilization of 
construction waste. Literature [1] proposed a new method of recycling of waste 
concrete components, which use the large size of waste concrete block directly 
in the member. Instead of the normal way of using the waste concrete aggregate 
(fine aggregate size of 0.075–4.75 mm and coarse aggregate size of 4.75–40 mm) 
[2, 3], this method reuses the construction waste at the large block scale or even 
segmental level (scale 40 mm or higher), which thereby avoids the cumbersome 
process of production of recycled aggregate and results in a significant reduction 
of cost. The material obtained by mixing the waste concrete block with the new 
concrete is called as the regenerated block concrete. A large number of relevant 
studies have been conducted, which mainly include strength prediction of the 
compound concrete made of demolished concrete lumps (DCLs) and fresh concrete 
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(FC) [4–8], failure characteristics [9, 10], size effect [10, 11], basic creep [12–14], 
freeze–thaw mechanical properties [15, 16], pouring process [7, 17–19], hydration 
temperature rise [20, 21], impermeability [21], etc. Abundant theoretical achieve-
ments have been made based on these experimental studies. For field application, 
the exploration on the application of this compound concrete mainly focuses on 
the steel-concrete composite structure. There are good theoretical basis and broad 
prospect for the engineering application of the compound concrete [18].

Pier foundation is a foundation form between the rigid independent foundation 
and the manually dug pile foundation [22, 23]. Combining with the favorable geologi-
cal conditions of Nanchang city, it is of great value to carry out the research on pier 
foundation, which will have a good application prospect in the foundation and foun-
dation reinforcement treatment of multi-storey houses (such as villas and houses). 
Due to the large volume of the pier foundation, the large-diameter DCLs can be 
directly poured into the pier foundation with the FC in an appropriate ratio, thereby 
improving the efficiency of building resource utilization. At the same time, under 
the background of green, energy-saving, environmental protection and sustainable 
development as well as from the motivation of simplifying the material consumption 
and energy consumption for recycling of DCLs, the concept of precast pier founda-
tion with DCLs mixed with FC is put forward. By the method of prefabrication, the 
quality of pier foundation filled with DCLs and FC can be well guaranteed. At the 
same time, it can achieve benefits such as more convenient construction, no noise 
[24], and construction cost-efficiency. This method is especially helpful when there 
is no favorable condition for site construction, the pump truck cannot arrive at the 
scene, there is a need to speed up the construction progress, etc. Research on precast 
pier foundation filled with DCLs and FC of the research has very important value.

In order to apply the compound concrete better in the pier foundation, the 
experimental research on the construction technology of the precast pier foundation 
filled with DCLs and FC was carried out. For related literatures mentioned above, 
it was found that current experimental studies for the compound concrete mainly 
concentrate on several factors including size of DCLs, mass replacement rate, strength 
difference of waste concrete strength, different proportions of FC and the shape of 
test piece shape, etc. However, there is no research for the gradation of DCLs, and the 
engineering problem of concrete segregation is likely to occur during the pouring and 
vibration process. In this paper, the corresponding test plan is proposed for these prob-
lems, and the suggestions for guiding the construction of precast pier foundation of 
compound concrete are obtained through test analysis. It provides theoretical basis for 
the engineering application of precast pier foundation filled with compound concrete.

2. Experimental procedures

2.1 Raw materials

The component materials of the compound concrete are the following: (1) Cement: 
Nanchang conch brand with 42.5 grade ordinary Portland cement (P.O 42.5) is 
adopted. The initial setting time of the cement is 203 min, and the final setting time 
is 250 min. (2) Fine aggregate: Ganjiang sand with apparent density of 2468.4 kg/m3 
and particle size less than 4.75 mm is adopted. It is a medium sand and is graded in 
zone II. (3) Coarse aggregate: crushed stone was used as coarse aggregate in the test, 
with particle size range 4.75–20 mm. (4) Water: the test water used is the potable tap 
water. (5) DCLs: in the test, the DCLs were taken from the concrete removed from 
the back street of Nanchang University and then processed into DCLs with particle 
size of 40–80 mm by crushing tools. According to the needs of this research, the 
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original DCLs were sorted into two piles of DCLs with particle size of 40–60 mm and 
60–80 mm, respectively, as shown in Figures 1 and 2. Before pouring, the DCLs must 
be wet, and the saturated surface-dry aggregates were used for pouring. (6) Fly ash: 
Hougang grade I fly ash was used in the test. The main components of fly ash are SiO2 
and Al2O3, accounting for more than 60% of the total content. (7) High-efficiency 
water-reducing agent: SM-F ultra-dry powder active high-efficiency water-reducing 
agent was used in the test, and the commonly used dosage was 0.5–1.5% of the 
cementitious materials.

2.2 Specimen design and production

A total of 52 cylinder specimens with size of ∅250 mm × 500 mm are used for 
this research, which consist of 13 groups of specimens with 4 specimens for each 
group. Research involves the following two factors: (1) The grade of DCLs. Four 
kinds of gradation with 40–60 mm to 60–80 mm DCL ratios of 2:8, 4:6, 6:4, and 
8:2 are designed [25]. (2) The setting of the layered barrier “steel mesh.” The design 

Figure 1. 
Demolition and transformation of DCLs.

Figure 2. 
Test DCLs after treatments.
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considered three kinds of layered method, which are 0, 100, and 200 mm layer. The 
quality of the construction technology are reflected and estimated by the mechani-
cal properties of the specimens.

Specimens were made by mixing of DCLs with FC, and the same mixture ratio 
with water to cement ratio (w/c) of 0.49 is adopted for FC as given in Table 1. 
The compressive strength value of the FC test cube is 36.37 MPa. According to 
the results from rebound hammer, the compressive strength value of the DCLs is 
determined as 22.12 MPa. The replacement ratio η of the DCLs is set as the constant 
value of 30% [10], which is defined as the mass proportion of the DCLs to the 
overall specimen. The samples designed with different parameters are summarized 
in Table 2. The manufacturing process of compound concrete specimen is shown in 
Figure 3.

2.3 Test loading scheme

2.3.1 Uniaxial compression test of the specimen

Microcomputer-controlled servo universal testing machine (model: SH-T4306) 
in Nanchang University mechanics laboratory is used for uniaxial compres-
sion test. Four YWC-30 type displacement meters with the range of 30 mm and 
accuracy of 0.005 mm are set around the specimen with a space of 90° to measure 
the displacement changes in the process of compression. The displacement meters 

Notation Number of 
specimens

Height of the 
layered pouring

Particle size grading 
of DCLs (40–60 mm: 

60–80 mm)

fcu,new 
(MPa)

fcu,old 
(MPa)

η (%)

H1-R0 4 0 mm layer — 36.37 22.12 30

H1-R1 4 2:8

H1-R2 4 4:6

H1-R3 4 6:4

H1-R4 4 8:2

H2-R1 4 100 mm layer 2:8

H2-R2 4 4:6

H2-R3 4 6:4

H2-R4 4 8:2

H3-R1 4 200 mm layer 2:8

H3-R2 4 4:6

H3-R3 4 6:4

H3-R4 4 8:2

Note: fcu,new and fcu,old represent the compressive strength of DCLs and FC, respectively. H represents the height of 
layered pouring, and R represents the gradation of waste concrete blocks.

Table 2. 
Specimen parameters.

w/c Water  
(kg/m3)

Cement 
(kg/m3)

Coarse aggregate 
(kg/m3)

Fine aggregate 
(kg/m3)

Fly ash  
(kg/m3)

Water reducer 
(kg/m3)

0.49 190 282 1087 688 98 6.46

Table 1. 
Mix proportions of fresh concrete.
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are placed in the middle of the specimen and the measuring distance is 0.4 times 
the height of the specimens. During the test of cylindrical specimens, the pressure 
direction was consistent with the pouring direction. The flatness of the upper 
surface of casted cylindrical specimens could not easily meet the compression test 
requirements. Therefore, 1 cm standard fine sand was laid on the upper surface of 
uneven specimens during the test. In order to prevent the sand laid on the upper 
surface of the specimen falling into the oil cylinder and damaging the press equip-
ment, the specimen is firstly put into a stainless steel basin and then placed on the 
press machine. According to ASTM C39 (Standard Test Method for Compressive 
Strength of Cylindrical Concrete Specimens) [26], the loading rate was set as 
0.3 mm/min, and the test data were collected using UT7116Y static strain gauge 
with a collection frequency of 1 HZ. Before loading the press machine, the pre-
loading value is set at about 30% of the peak load. The test device is shown in 
Figure 4.

Figure 3. 
Construction process of specimens.
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Figure 5. 
Flexural strength test equipment.

2.3.2 Flexural strength test of specimens

Microcomputer-controlled universal electronic testing machine (model: 
LD26.305) in the structure laboratory of Nanchang university is adopted for the 
flexural strength test. The range of this machine is up to 300KN and the accuracy 
grade is 0.5. For the size of ∅250 mm × 500 mm of the casted specimens in this 
research, it does not meet the requirements for the flexural strength test. However, 
according to the bending test study for rectangular pavement brick with different 
spans between two supports [27], when the cross/thickness ratio is 2:1 or 3:1, there 
is no significant influence of the support span on the flexural strength of the rectan-
gular road brick. As a result, it is feasible to use this kind of sample for bending test. 
According to the provisions of 4.6.3 in the code [28], the specimen is preloaded. The 
preloading load value is equal to 20% of the peak load, and the load is continuously 
and uniformly applied at the rate of 250 N/S. The test device is shown in Figure 5.

3. Uniaxial compression

3.1 Experimental phenomena

In this study, uniaxial compression tests were carried out on 13 groups of 26 
specimens, and the results showed that no cracks were observed on the surface of the 

Figure 4. 
Uniaxial compression test device.
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specimens at the initial stage of loading. Besides, when the load increases continu-
ously to about 70–90% of the peak loading, tiny cracks start to appear at both ends of 
the specimen, as shown in Figure 6(a1). Further increasing the load to the peak load 
leads to the gradual expansion of the micro-cracks on the surface of samples, and the 
place where the “steel wire mesh” is placed generates cracks around the specimen. 
With the increase of the load, the crack propagation on the surface of specimen is 
relatively slow, and only few penetrative cracks are formed, but the crack ratio will 
gradually increase. After achieving the peak load, the specimen damage slows down 
with the loading. When the load decreased to 50–65% of Pu (Pu represents peak 
load), the load remains almost unchanged with the increases of displacement. At this 
period of time, the “wire meshes” restrain the rapid crack of specimens, improve the 
ductility of the specimens, and also improve the compressive strength of recycled 
concrete block, as shown in Figure 6(a2) and (a3).

As revealed in Figure 6(a3) and (a4), when constrained by “wire mesh” for 
crack, specimen maintains its integrity. At the same time, the “wire meshes” in the 
specimen also help to decrease the settlement of DCLs in the process of casting the 
samples, making it distribute uniformly in the specimen. In Figure 6 (b), it can be 
seen that the interface between the DCLs and the FC is well poured without any 
cracks. By observing areas A and B in the figure, it can be found that the DCL is 
cracked, while the interface between the DCLs and the FC is not cracked, indicating 
that the DCLs and FC interface are not the obvious weak parts of the specimen.

3.2 Analysis of test results

The top surface treatment method and test values of each specimen are given in 
Table 3. Compared with the test results in literature [5, 10], the test results in this 
study are relatively low. The main reason is attributed to the absence of transverse 
constraint effect, namely, the “hoop effect” on the test piece due to the addition of 
sand on the uneven test surface. Besides, the size effect of the test piece also exacer-
bates this phenomenon.

3.3 Influence of gradation of DCLs on compressive strength

Based on the compressive strength values of each specimen in Table 3, the change 
of compressive strength with the gradations of DCLs for H1, H2, and H3 specimens 
classified by layered pouring height is given in Figure 7. According to the trend in 
Figure 7, the following conclusions can be drawn: (1) the compressive strength of 
compound concrete increases with the increase of the proportion of DCLs with 

Figure 6. 
Failure modes of typical samples. (a) Failure of H2 and H3 in various loading stages, (b) Failure of H1.
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particle size of 40–60 mm until it reaches 60%. When exceeding 60%, further 
increase in the content of DCLs with particle size of 40–60 mm would lead to strength 
reduction. (2) With the change of DCL grade, the specimens H1, H2, and H3 all show 
the maximum compressive strength when the grade is R3, which corresponds to the 
case that the ratio of 40–60 mm DCLs to 60–80 mm DCLs is 6:4. It is caused by a rea-
son that under this gradation, the bulk density of DCLs is the highest, namely, a better 
natural gradation [29]. (3) The gradation of DCLs has a certain impact on the strength 
of compound concrete. For H1-type specimens, the compressive strength of H1-R3 
is 24.57% higher than that of H1-R1. Similarly, the compressive strength of H2-R3 is 
5.62% higher than that of H2-R4, and the compressive strength of H3-R3 is 18.98% 
higher than that of H3-R1. (4) With the same proportion, the strength of compound 
concrete specimens mixed by both FC and DCLs is lower than the specimens just 
made of FC. The greatest reduction occurs for H1-R1 sample. Compared with H1-R0, 
the compressive strength of it decreases by 37.7%.

Notation Surface Compressive strength 
(MPa)

Notation Surface Compressive strength 
(MPa)

Test 
results

Average 
value

Test results Average 
value

H1-R0–1 Place 
sand

15.77 15.95 H2-R3–1 Place 
sand

12.71 12.02

H1-R0–2 Place 
sand

16.12 H2-R3–2 Place 
sand

11.33

H1-R1–1 Place 
sand

9.93 9.93 H2-R4–1 Place 
sand

11.49 11.38

H1-R1–2 No sand 14.13 H2-R4–2 Place 
sand

11.27

H1-R2–1 Place 
sand

11.27 11.02 H3-R1–1 Place 
sand

10.72 11.38

H1-R2–2 Place 
sand

10.77 H3-R1–2 Place 
sand

12.04

H1-R3–1 Place 
sand

12.52 12.37 H3-R2–1 Place 
sand

12.21 11.67

H1-R3–2 Place 
sand

12.21 H3-R2–2 Place 
sand

11.12

H1-R4–1 Place 
sand

11.07 11.26 H3-R3–1 Place 
sand

12.34 13.54

H1-R4–2 Place 
sand

12.04 H3-R3–2 Place 
sand

14.75

H2-R1–1 Place 
sand

11.73 11.73 H3-R4–1 No sand 14.28 11.51

H2-R1–2 No sand 15.32 H3-R4–2 Place 
sand

11.51

H2-R2–1 Place 
sand

10.11 11.86

H2-R2–2 Place 
sand

13.61

Note: For average compressive strength of H1-R1, H2-R1, and H-R4, the compressive strength is taken directly from 
the sample with sand.

Table 3. 
Results of compressive strength test.
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3.4 Influence of layered pouring height on compressive strength

According to the compressive strength values of each specimen in Table 3, the 
influence of different layered pouring heights on the compressive strength of classi-
fied samples R1, R2, R3, and R4 with different DCL gradations is shown in Figure 8. 
The following conclusions can be drawn according to the results in Figure 8: (1) the 
compressive strength of compound concrete increases by 1.05–12.27% after steel 
wire mesh is put into each layer when layered pouring is adopted for R1, R2, and R4 
gradations. (2) With the increase of the height of the layered pouring, the overall 

Figure 7. 
The compressive strength of compound concrete with different DCL gradations.

Figure 8. 
The compressive strength of compound concrete with different layered casting heights.
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performance change is not the same for all samples. The compressive strength of 
samples with R1 and R2 gradation DCLs increases first and then decreases with the 
increase of layered pouring height, which may be because the “steel wire mesh” is 
more in layered height of H2 specimen than in H3 specimen. The “steel wire mesh” 
inhibits the transverse deformation of the specimen, consumes part of the energy, 
and improves the compressive strength of the specimen. The compressive strength 
of sample with R4 gradation DCLs remains stable, indicating that this gradation 
is reasonable and plays a major role in the strength of compound concrete. The 
compressive strength of sample with R3 gradation DCLs is decreased first and then 
increased with the increase of the layered pouring height. The compressive strength 
value of this sample is higher than that of other gradation specimens when has the 
same layered pouring height. (3) When the height of layered pouring is set as H2, 
the measured compressive strength is more stable and less discrete.

3.5 Analysis of stress: strain relationship curve

Studying the changing trend of stress–strain curve is an important way to under-
stand the deformation properties of specimens. In this paper, 13 groups of tests were 
carried out. Based on the analysis and consideration of both the two factors, it can 
be seen that the casting quality of the specimens is better when the gradations are R3 
and R4, and it is easier to ensure the casting quality when the height of the layered 
casting is H2. Therefore, the stress–strain curves of R3 and H2 specimens were 
selected for comparative analysis in this paper to provide the theoretical basis for the 
application of compound concrete in prefabricated pier foundation.

As shown in Figures 9 and 10, the following conclusions can be drawn from the 
analysis: (1) the slope of the origin tangent line of the stress–strain curve of the 
FC specimen is greater than that of the specimen with DCLs, and the development 
trend of the stress–strain curve of the specimen with DCLs is consistent with that 
of the FC specimen. (2) The greater the compressive strength of the specimen in 
the steeper rising section of the curve, the greater the stiffness of the specimen. 
(3) Increasing the proportion of DCLs with particle size ranging from 40 to 60 mm 

Figure 9. 
Comparison of stress–strain curves of R3 specimens.
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leads to the steeper rising section of the stress–strain curve and the smaller peak 
strain. When the particle size exceeds 60%, with the increase of the content of 
corresponding DCLs, the rising section of the stress–strain curve becomes gentle, 
and the peak strain increases. (4) The peak strain of the compound concrete speci-
men is in the range of 1800 × 10−6 to 2200 × 10−6. The specimens are in elastic stage 
when the stress is around 0.5 fc

0 fc0 ( fc
0 fc0 refers to the peak stress) and in crack 

development stage when the stress reaches 0.7–0.9 fc0 fc
0.

4. Results and analysis of flexural strength

4.1 Experimental phenomena

In this study, 13 groups and 26 pieces of specimens were tested. The results show 
that:

1. In the loading process, micro-cracks are found in the tensile area of the pure 
bending section, which is, at the bottom of the pure bending section. With 
the increase of the load, the crack of the specimen gradually develops toward 
the compression region, and the final typical failure form of the specimen is 
shown in Figure 11. The failure crack of the specimen in the pure bending sec-
tion is not through the whole section, which is affected by the steel wire mesh 
added into the specimen. The ultimate failure of the crack is parallel to the 
direction of stress, that is, the included angle is about 900.

2. As shown in Figure 12, two types of damages are identified for the fracture 
surface:

a. In terms of the interfaces between the DCLs and FC as shown in Figure 12, 
the DCLs in the areas A and B correspond to the groove in areas A and B, 
indicating that the damage fracture of the specimen in bending test is due to 
the weak bond between the DLCs and FC interface.

Figure 10. 
 Comparison of stress–strain curves of H2 specimens.



Advances and Technologies in Building Construction and Structural Analysis

56

b. The fracture failure of DCLs. Micro-cracks are generated on the DCLs 
during the crushing process. Besides, the strength of the DCLs is lower 
than that of the FC. Those factors lead to the fracture of the DCLs during 
flexural test.

4.2 Influence of gradation of waste concrete blocks on flexural strength

Based on the flexural strength results of each specimen in Table 4, the variation 
of flexural strength of specimens H1, H2, and H3 classified according to the height 
of layered pouring with the gradation of DCLs is present in Figure 13. The follow-
ing conclusions can be drawn from Figure 13: (1) flexural strength of the fresh 
concrete specimen is higher than that of the recycled concrete specimen. Flexural 
strength of compound concrete arises with the increase of content of DCLs of the 
particle size from 40 to 60 mm. However, the limitation content for 40–60 mm 
DCLs is 60%, and the flexural strength of compound concrete would decrease if 
there is a further increase in its content. (2) As the gradation of DCL changes, the 
specimens H1, H2, and H3 classified according to the height of layered pouring 
all show the best flexural strength when the gradation is R3, namely, the ratio of 
40–60 mm to 60–80 mm DCLs is 6:4. The flexural strength of H3-R3 specimen was 

Figure 11. 
Typical flexural failure modes.

Figure 12. 
Typical fracture surface.
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14.28% higher than that of H3-R1. (3) Flexural strength of H2 type specimens is 
generally more regular than that of H1 and H3 type specimens. Except for differ-
ences for few situations, for instance, flexural strength of H2-R3 is 0.63% lower 
than that of H3-R3 and flexural strength of H2-R4 is 1.66% lower than that of 
H1-R4, the H2 type specimens generally show the best flexural strength.

Figure 13. 
Flexural strength of compound concrete with different gradations of DCLs.

Notation Flexural strength (MPa) Notation Flexural strength (MPa)

Test results Average value Test results Average value

H1-R0–3 3.43 3.62 H2-R3–3 3.13 3.18

H1-R0–4 3.82 H2-R3–4 3.23

H1-R1–3 2.84 2.81 H2-R4–3 2.92 2.96

H1-R1–4 2.78 H2-R4–4 3.00

H1-R2–3 2.76 2.81 H3-R1–3 2.78 2.80

H1-R2–4 2.86 H3-R1–4 2.81

H1-R3–3 2.99 3.04 H3-R2–3 2.91 2.91

H1-R3–4 3.09 H3-R2–4 2.92

H1-R4–3 3.30 3.01 H3-R3–3 3.18 3.20

H1-R4–4 3.38 H3-R3–4 3.23

H2-R1–3 2.88 2.92 H3-R4–3 2.83 2.86

H2-R1–4 2.95 H3-R4–4 2.88

H2-R2–3 2.99 3.02 — — —

H2-R2–4 3.06 — — —

Table 4. 
Results of flexural strength test.
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4.3 Influence of layered pouring height on flexural strength

The influence of layered pouring height on flexural strength of compound con-
crete with R1, R2, R3, and R4 grade DCLs is displayed in Figure 14. The following 
conclusions can be drawn from Figure 14: (1) the flexural strength of compound 
concrete with R3 gradation DCLs is higher than that of compound concrete with R1, 
R2, and R4 gradation DCLs. The R1 and R2 graded compound concrete achieve their 
maximum flexural strength value when the lamination height of them is 100 mm, 
which is not the same for R3 and R4 graded compound concrete. It is hard to reveal 
the change law of the flexural strength as it is affected by many factors. (2) The 
flexural strength of the compound concrete with R1, R2, and R3 gradations of DCLs 
are improved with the addition of the layered steel wire mesh. However, with the 
addition of steel wire mesh, the flexural strength of the compound concrete with 
R4 gradation of DCLs decreases, which may be due to the poor casting quality of the 
samples under this grade, resulting in the reduction of the flexural strength.

5. Suggestions on construction technology of precast pier foundation

Based on the phenomenon and results of uniaxial compression test and flexural 
test, suggestions are provided for the construction of precast pier foundation 
filled with DCLs and FC in practical engineering. In the uniaxial compressive test, 
the specimens are layered pouring according to the height of “steel wire mesh,” 
which can increase the compressive strength of the compound concrete specimens 
by 12.27% at most. Adjusting the gradation of DCLs can realize a maximum 
improvement of 24.57% for the compressive strength of the compound concrete 
specimens. In the flexural test, the flexural strength of compound concrete is 
also improved with the adjustment of the above two factors. Therefore, both the 
gradation of DCLs and the setting of layered “steel wire mesh” at suitable height 

Figure 14. 
Flexural strength of compound concrete with different layered casting heights.
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can effectively improve the casting quality and construction technology for the 
construction of precast pier foundation filled with DCLs and FC. Combining the 
results of uniaxial compression strength test with those of flexural strength test, 
the specimen can achieve the optimum strength performance when the gradation 
of DCLs in it is R3.

According to the results of uniaxial compression test and flexural test, the speci-
mens with layered pouring height of H2 can reach the optimum strength value. 
Namely, “steel wire mesh” is set according to the height of 100 mm for layered 
pouring. In the test, when the ratio of the diameter to the height of the specimen 
is set as 1:2 and the pouring layer ratio of the specimen is set as 1:5, better casting 
quality is achieved. In order to serve as a reference for the construction technology 
of the precast pier foundation filled with DCLs and FC, the concept of “pouring 
layer ratio” is proposed which refers to the ratio of the height of the pouring layer to 
the height of the specimen. According to the size of precast pier foundation filled 
with DCLs and FC, the height of layered pouring is set according to the “pouring 
layer ratio.”

There are important points that should be noted during the pouring process 
of compound block: (1) the DCLs should be wetted before pouring to prevent the 
DCLs from absorbing too much water during pouring. Otherwise, it would affect 
the workability of FC and reduce the construction quality. (2) The sample should be 
vibrated by handheld vibrator during pouring. According to the code [30], there are 
three points to be noted as follows:

1. The insertion depth in the vibratory process should be controlled within the 
range of 50–100 mm. Besides, it cannot be too close to the mold, and suitable 
distance is around 50–100 mm. The other side should not collide with the steel 
cage to avoid damaging the strain gauge and affecting the measurement of test 
data.

2. The vibration time of each vibration point is determined by satisfying aspects 
that the FC would no longer sink (the surface appear floating slurry, the DCLs 
being surrounded by FC, and no over vibration and leakage vibration).

3. After completing a vibration process and needing to exchange the vibrate posi-
tion, the vibrator has to be raised vertically slowly instead of being dragged 
horizontally in concrete.

The coarse aggregate particle size of the FC used in the casting of compound con-
crete should be no more than 20 mm, and the slump of FC should be at large value of 
about 160 mm. In the pouring process, the FC and the DCLs are put into the concrete 
repeatedly and alternately, which should be accompanied by sufficient vibration.

6. Conclusion

1. The failure phenomenon of the specimen in the uniaxial compression test 
shows that adding “steel wire mesh” to the specimen for layered pouring can 
restrain the settlement and segregation of the DCLs. In addition, during the 
unloading stage, the added “steel wire mesh” inhibits the rapid cracking and 
improves the ductility of the specimen and thus enhances the compressive 
strength. In the flexural test, two failure forms are present on the failure surface 
of the specimen, namely, the failure of interface between the DCLs and the FC 
and the fracture failure of the DCLs.
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2. The compressive and flexural strength of the compound concrete would 
increase gradually with the increase of the proportion of 40–60 mm DCLs 
until it reaches 60%. The maximum strength achieved at the gradation of R3 
(40–60 mm DCLs: 60–80 mm DCLs = 6:4) and further increase in the propor-
tion of 40–60 mm DCLs would results in decrease of strength. The compres-
sive strength of H1-R3 specimen was increased by 24.57% compared with 
H1-R1. The flexural strength of H3-R3 specimen was 14.28% higher than that 
of H3-R1.

3. Stress–strain curve of the compound concrete filled with DCLs and FC  
was analyzed. It is concluded that the slope of the origin tangent line of the 
stress–strain curve of the FC specimen is greater than that of the specimen 
with DCLs and the development trend of the stress–strain curve of the speci-
men with DCLs is consistent with that of the FC specimen. The peak strain of 
the compound concrete specimen is in the range of 1800 × 10−6 to 2200 × 10−6. 
The specimens are in elastic stage when the stress is around 0.5 fc

0 ( fc
0 refers 

to the peak stress) and in crack development stage when the stress reaches 
0.7–0.9 fc

0.

4. It is concluded from the analysis that the compressive strength and flexural 
strength of the specimens are best when the height of layered pouring is H2 
and the grade of DCLs is R3, and it also reflects that the construction process 
has the best effect under this condition. The suggestions for the construction 
technology of precast pier foundation filled with DCLs and FC are proposed.
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Chapter 3

Vertical Bearing Capacity of
Precast Pier Foundation Filled
with Demolished Concrete Lumps
Bin Lei, Wengui Li, Zhuo Tang and Fuzhi Yang

Abstract

The application of recycled compound concrete made of demolished concrete
lumps (DCLs) and fresh normal concrete in pier foundation can effectively improve
the utilization efficiency of construction waste resources. In this study, two
prefabricated pier foundations based on recycled compound concrete (dimension of
Ø800 � 2500 mm and Ø1000 � 2500 mm) and two cast-in-place pier foundations
based on ordinary concrete (dimension of Ø800 � 2500 mm and
Ø1000 � 2500 mm) were tested. Special attention was devoted to the load-
settlement curve characteristics of the precast pier foundation of compound con-
crete, the load transfer law of the pier-soil system, the soil pressure distribution at
the bottom of the pier, and the failure mode. The results showed that the Q-S curve
of precast concrete pier foundation made of recycled compound concrete is slow
deformation at loading, which is consistent with that of cast-in-place concrete pier
foundation. The load transfer theory of pier-soil system is established, and its
accuracy is verified by experimental analysis. The precast foundation of recycled
compound concrete is the same as the cast-in-place foundation of ordinary con-
crete. The failure form of prefabricated pier foundation made of recycled com-
pound concrete was a local shear failure, while the failure form of ordinary concrete
cast-in-place pier foundation was piercing-type shear failure. The feasibility of
relevant theoretical methods for calculating the vertical ultimate bearing capacity
is examined.

Keywords: recycled compound concrete, demolished concrete lump,
pier foundation, vertical bearing capacity

1. Introduction

With the growing interest in sustainable and environmentally friendly con-
struction, recycled aggregate concrete (RAC) has been widely investigated and is
gradually being incorporated into real engineering projects [1–4]. A series of inves-
tigations has been conducted around the world on the mechanical properties, dura-
bility, and structural performance of RAC [2, 5–7]. Adopting demolished concrete
blocks (DCBs) rather than recycled aggregates in structural members may reduce
the cost of reuse of waste concrete. DCBs have distinctly larger size than the
conventional recycled aggregates [8–11]. Therefore, the utilization of construction
and demolition waste has great significance in saving resources, protecting the
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environment, and realizing the sustainable development of the construction indus-
try. Combined with the favorable geological conditions of Nanchang city, this paper
made a preliminary exploration on casting large-size demolished concrete lumps
(DCLs) and fresh concrete, e.g., recycled compound concrete, into pier foundation,
which was used as a new type of building foundation form.

The research on pier foundation was first carried out in the United States,
followed by the former Soviet Union, Japan, and other countries. In particular,
a large number of experimental results were obtained in the research on pier
foundations with enlarged bottom [12]. The experimental research on pier founda-
tion in China is relatively lagging behind. The theoretical research on pier founda-
tion is more than the experimental research, mainly because it requires a large
amount of financial and personnel resources to carry out the test. In terms of
theoretical research, it mainly focuses on the soil failure theory [13], the design
of pier foundation [14], the law of load transfer [15, 16], and the formula for
calculating ultimate compressive bearing capacity [16–19]. As for experimental
study, it includes the research on end resistance reduction [20], settlement defor-
mation [21, 22], working mechanism [23–26], and bearing capacity formula
[25, 27, 28]. Based on the experimental result and theoretical analysis, the paper
provides a basis for the research on the vertical bearing capacity of the precast
pier foundation with compound concrete.

In general, pier foundation is a kind of foundation form between rigid indepen-
dent foundation and manual bored pile foundation [27, 29]. In multistory buildings,
when the upper shallow foundation soil is relatively good and no weak layer
beneath, when compared with shallow foundation, the artificial dig-hole pile foun-
dation does not have the economic advantage, as it needs to use shallow foundation
excavation of earthwork, which results in the high cost [27]. However, the pier
foundation has good seismic performance, large single pier bearing capacity, and
less earthwork excavation [28]; it can meet the design requirements of the building,
and the foundation cost is low [29]. Hence, the research on the precast pier foun-
dation made from recycled compound concrete has important engineering applica-
tion value.

In this study, two prefabricated pier foundations based on recycled compound
concrete (dimension of Ø800� 2500 mm and Ø1000� 2500 mm) and two cast-in-
place pier foundations based on ordinary concrete (dimension of Ø800 � 2500 mm
and Ø1000 � 2500 mm) were tested. Special attention was devoted to the load-
settlement curve characteristics of the precast pier foundation of compound con-
crete, the load transfer law of the pier-soil system, the soil pressure distribution at
the bottom of the pier, and the failure mode, and then the vertical bearing capacity
of precast pier foundation filled with demolished concrete lumps is analyzed.

2. Geotechnical characteristics

The area is located in Jiangxi vocational technical college campus, Nanchang,
Jiangxi province. The standard penetration test and the origin of a heavy dynamic
penetration test were conducted to investigate the geotechnical characteristics. The
soil samples collected by three apertures are shown in Figure 1.

According to the analysis of drilling soil samples in engineering geology, the soil
stratigraphy consists of two main layers: Holocene filling soil (Q4

ml) and Holocene
alluvial layer (Q4

al). According to its lithology and engineering characteristics, the
distribution of each soil layer in the survey depth is described as follows:

Layer 1: silt (Q3
al), brown and yellow, hard plastic, local hard, slightly dry, dry

strength low, low toughness, shaking response medium, dull, components for clay,
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sand. The layer thickness is 0.40–1.80 m, and the depth of the top layer is 0.00 m,
distributed throughout the field

Layer 2: middle sand (Q3
al), brown and yellow, loose to slightly dense, slightly

wet, particle composition is mainly quartz, the upper part contains more shale,
exposed layer thickness 5.40–5.90 m, layer top buried depth 0.40–1.80 m,
distributed throughout.

The main soil properties of each soil layer, derived from the geotechnical
investigation, and the evaluation of in situ and laboratory tests are presented in
Table 1.

3. Experimental procedures

3.1 Raw materials

3.1.1 Concrete

Commercial concrete was used in this study as the fresh concrete, with the
mix proportions shown in Table 2. The concrete used had a cement content of
220 kg/m3, a water-cement ratio of 0.46, and a maximum aggregate grain
size of 31.5 mm. The slump was 180 mm, and the compressive strength was
35.2 MPa.

Figure 1.
Soil samples collected from the test sites. (a) ZK1, (b) ZK2, and (c) ZK3.

Soil layer
name and
number

Characteristic
value of bearing
capacity (kPa)

Soil
heavy

(KN/m3)

Compression modulus
Es/deformation

modulus E0 (MPa)

Bored pile (clean bottom,
D = 800 mm)

Ultimate
lateral friction

Extreme
resistance

qsik (kPa) qpk (kPa)

Silty soil 150 18 5.5/ 50 —

Medium sand 160 18 /9.0 40 800

Table 1.
Suggested values of physical and mechanical parameters of bedrock soil layer.

65

Vertical Bearing Capacity of Precast Pier Foundation Filled with Demolished Concrete Lumps
DOI: http://dx.doi.org/10.5772/intechopen.91205



3.1.2 Demolished concrete lumps

The DCLs used in the present study were obtained from the same batch of
150 mm cubic concrete samples reserved in the laboratory for more than 2 years.
The cubic compressive strength of DCLs was 30.1 MPa. The demolished concrete
cubes from an engineering quality inspection center were broken into lumps by
excavator, as shown in Figure 2. Only concrete lumps with the sizes of 40–60 mm
and 60–80 mm were selected for the inclusion into the recycled compound con-
crete, and these chosen lumps were used directly in the recycled compound
concrete, i.e., without any further processing.

3.1.3 Reinforcement details

As shown in Figure 3, HRB 335 bar with a diameter of 12 mm was used for
longitudinal bars of the pier foundation, while HRB 335 with a diameter of 8 mm
was used for transverse reinforcement with a spacing of 250 mm. Four steel rein-
forcement cages were made, as shown in Figure 3, to serve as the structural
reinforcement of the four pier foundations. Two of the piers are 800 mm in diam-
eter and the other two are 1200 mm in diameter. All the four piers are 2400 mm in
height. The longitudinal bar selected is HRB335 hot rolled thread steel bar with
a diameter of 12 mm. The stirrup is the same type of steel reinforcement with
a diameter of 8 mm, including 8 Φ 12 mm and longitudinal reinforcement stirrup
Φ 8 @ 250 mm.

Water-cement
ratio

Water
(kg/m3)

Cement
(kg/m3)

Coarse
aggregate
(kg/m3)

Fine
aggregate
(kg/m3)

Fly ash
(kg/m3)

Water
reducer
(kg/m3)

0.46 108 220 1050 872 120 6.3

Table 2.
Mix proportions of commercial concrete.

Figure 2.
Demolished concrete lumps. (a) Demolished concrete cubes, (b) crushing by an excavator, (c) concrete lumps
selection.
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3.1.4 Concrete molds

Concrete molds were prepared from wood, as shown in Figure 4, one with an
inner diameter of 800 mm and a height of 2500 mm and the other with an inner
diameter of 1000 mm and a height of 2500 mm.

Figure 3.
Steel reinforcement cage.

Figure 4.
Molds for concrete casting.
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3.2 Pier foundation preparation

A total of four pier foundations were prepared, including two precast pier
foundations filled with DCLs and fresh concrete (pier foundation dimension:
∅800 � 2500 mm, ∅1000 � 2500 mm) and two ordinary concrete cast-in-situ pier
foundation (pier foundation dimension: ∅800 � 2500 mm, ∅1000 � 2500 mm.
The schematic diagram of precast pier foundation design is shown in Figure 5.
The details of pier foundations are presented in Table 3.

For pier foundations made of recycled compound concrete (YD1000 and
YD800), the replacement rate of DCLs was 30%, and the ratio of DCLs with
diameters of 40–60 mm to 60–80 mmwas 6:4. The precast pier foundation was cast
near the test site. After 28 days of curing, the pier foundations were transported to
the construction site. In order to ensure the lifting of the pier foundations during
transportation, it is necessary to embed the lifting rings in the pier foundations
before they are cast. As suggested in the literature [30], the bending center diameter
of the lifting ring was set as 63 mm, the burial depth was set at 75 mm, and the
bending hook was set as 25 mm. The casting process of the pier foundation is as
follows:

Figure 5.
Schematic diagram of precast pier foundation design (1, DCLs; 2, fresh concrete; 3, reinforcement; 301,
longitudinal reinforcement; 302, transverse reinforcement). (a) Longitudinal section, (b) cross-section.

Notation Count Dimension
(mm � mm)

DCLs grading fcu,new
(MPa)

fcu,old
(MPa)

η (%)

YD800 1 ∅800 � 2500 40–60 mm:60–
80 mm = 6:4

35.24 C25 30

YD1000 1 ∅1000 � 2500

XD800 1 ∅800 � 2500 — 35.24 — —

XD1000 1 ∅1000 � 2500 —

Note: YD800 refers to the precast pier foundation of compound concrete with a diameter of 800 mm. XD1000 refers to
the cast-in-place concrete pier foundation with a diameter of 1000 mm.

Table 3.
Details of pier foundations.
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1.Prepare reinforcement cages with diameters of 0.7 and 0.9 m for the pier
foundations with diameters of 0.8 and 1.0 m, respectively. Strain gauges were
pasted on the longitudinal reinforcement, and the layout of the strain gauges
are presented in Figure 6. Moreover, the strain gauges were pasted to the outer
sides of the longitudinal bars to prevent damage of the strain gauge during
concrete casting and vibration.

2.Assemble and splice the wood mold with an inner diameter of 0.8, 1 m, and
length of 2.5 m, and drill a hole with diameter 50 mm at the upper part of the
mold as the outlet of strain gauge cables.

3.When the height of the mold was 2.5, scaffolding was set up for construction in
the casting project. On the one hand, it could fix the mold; on the other hand,
it could serve as an operating platform during the concrete casting process.

4.Put the steel reinforcement cage into the mold, and adjust the spacing between
the steel reinforcement cage and the mold that there was a 50 mm gap
between. The DCLs were wetted before casting to prevent the DCLs from
absorbing too much water in the casting process. The fresh concrete is first
casted to the bottom of the mold with a height of 250 mm as a cushion. The
fresh concrete incorporation with the DCLs with the replacement rate of 30%
was casted into the mold. During the casting process, the handheld vibrator is
used for continuous vibration. When the casted layer reached 500 mm high, a
steel wire mesh with a diameter slightly smaller than the diameter of the steel
wire cage was laid on the fresh concrete. Repeat and alternate the above
casting process until the mold is filled. The schematic diagram for the height
setting of layered steel mesh is shown in Figure 7. The steps for the

Figure 6.
Layout of strain gauge. (a) Pier foundations of YD800 and XD800, (b) pier foundations YD1000 and
XD1000.
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preparation of recycled compound concrete and ordinary concrete piers are
shown in Figures 8 and 9, respectively. After 1 day of curing, the concrete was
demolded. Carpet saturated with water was used to wrap the surface of the
pier foundations. After 28 days of curing, the pier foundation was lowered into
the hole, a little larger than the pile diameter.

5.The gap between the precast pier foundation and the hole shall be backfilled
and compacted with undisturbed soil. At the same time, the hanging ring of
the precast pier top was sawed off with the cutting machine to ensure the
levelness of the pier top.

6.As the two cast-in-place piers of ordinary concrete are casted on the
foundation, the pier foundation preparation is as follows. The test hole was
dug firstly. Then, the steel cage was lowered into the hole, which was followed
by fresh concrete casting. After casting, cover the top of the pier foundation
with plastic film to prevent water evaporation.

Figure 7.
Schematic diagram of the casting process (1, DCLs; 2, ordinary concrete; 3, reinforcement; 301, longitudinal
reinforcement; 302, transverse reinforcement; 4, steel wire mesh; 5, rings).
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3.3 Testing setup

The commonly used reaction methods for vertical compression and static load
test of pier foundation include the platform reaction beam method, anchor pile
reaction beam method, and anchor pile reaction beam loading method [31]. Based
on the actual situation of the site, the platform reaction beam method was adopted
in this study, as shown in Figure 10. Load counterforce device consisted of the
bearing plate, reaction beam system, 320 tons of double oil jack, and 63 MPa
ultrahigh pressure pump station. Load counterforce device could provide the reac-
tion force not less than 1.2 times of maximum load value. The load was applied at a
rate of movement corresponding to a stress rate on the pier foundation as specified
in the code [32]. The compression force was measured by a static load tester (type:
RS-JYB), along with the settlement measured by two displacement sensors. To

Figure 8.
Construction steps of precast pier foundation filled with DCLs and fresh concrete for foundation casting. (a)
Prepare reinforcement, (b) install mold, (c) set up scaffolding and molds, (d) put the steel cage into the mold,
(e) cast new concrete at the bottom of the mold and then place a steel wire mesh, (f) cast new concrete
incorporated with concrete lumps to the predetermined height, (g) consolidate concrete, (h) place the second
layer of wire mesh, (i) cast new concrete with concrete lumps to the predetermined height and then consolidate,
(j) follow steps h and i until the mold is filled, (k) demold after 1 day of curing, (l) cure pier foundation, (m)
lower pier foundation into the hole, (n) fill the gap between prefabricated pier foundation and hole with
undisturbed soil, (o) saw off the lifting ring to ensure the levelness of pier top end.

Figure 9.
Construction steps of cast-in-place ordinary concrete piers for foundation casting. (a) Prepare reinforcement;
(b) manually dig the hole; (c) put the steel cage into the hole, followed by concrete casting and consolidation;
(d) seal the top with membrane to prevent evaporation of water.
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Figure 10.
Test setup.

Model Dimension Scale
range

Resolution
(% F.S.)

Temperature
measurement range

(°C)

Temperature
measurement
precision (°C)

JTMV2000 Ø117 � 28 mm 0–2.5 MPa ≤ 0.08 �25 to 60 0.5

Note: F.S. refers to the full range of the equipment.

Table 4.
Parameters of earth pressure gauges.

Figure 11.
Arrangement of earth pressure boxes. (a) Pier foundation with a diameter of 1000 mm, (b) pier foundation
with a diameter of 800 mm.
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understand the stress distribution along the pier foundation, six pairs of strain
gauges were arranged along with the longitudinal reinforcement, as shown in
Figure 6. To understand the soil pressure distribution of the foundation, the
vibrating wire pressure sensors (JTM-v2000) were applied. The parameters of the
sensor are shown in Table 4. The vibrating wire pressure sensors were arranged at
100 mm intervals at the bottom of the pier foundation, and the distribution of the
earth pressure at the bottom of the pier foundation can be measured by considering
half of the symmetrical arrangement. Two earth pressure boxes are required for
the diameter of 0.8 m, and three earth pressure boxes are required for the diameter
of 1 m. The detailed installation of vibrating wire pressure sensor is shown in
Figure 11.

4. Results and analysis

4.1 Load-settlement relationship

The measured load-settlement relationships are plotted in Figure 12, and the
characteristic values are listed in Table 5. All the pier foundations exhibit similar
load-settlement curves, which belongs to slow variation. According to the geotech-
nical characteristic measured, the bearing layer of the pier foundation test was
located in the middle sand layer, which is consistent with the Q-S curve character-
istics of sandy soil [33]. Regardless of the type of pier foundation (recycled com-
pound concrete or ordinary concrete), the characteristic value of vertical bearing
capacity of single pier increases with the increase of the diameter of pier founda-
tions. For pier foundations with the same diameter, the vertical bearing capacity of
the recycled concrete precast pier is lower than that of the ordinary concrete pier by
25–35%. This is mainly because ordinary concrete was cast-in-situ, and therefore
there was relatively large friction between the pier foundation and the soil, while

Figure 12.
Q-S curve of the foundation of each pier.
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for precast pier foundation made of recycled compound concrete, the friction
generated between the pier foundation surface and the soil can be ignored. More-
over, the rate of rebound deformation of the precast recycled compound concrete is
higher than that of the cast-in-place ordinary concrete pier after unloading. It is
mainly due to the precast pier, where the friction between the pier and the soil was
insignificant, and consequently, the load transformed to the pier end was relatively
larger. Upon the maximum loading, the precast recycled compound concrete pier
had larger settlement than the cast-in-situ ordinary concrete pier. As shown in
Table 5, the Δse/Δse-1 of YD1000 is 12.6, while that of XD1000 is 2.21, indicating
that the foundation failure mode of the precast compound concrete pier is different
from that of a cast-in-place ordinary concrete pier.

4.2 Load transfer law of pier-soil system

4.2.1 Geological distribution of the test site

The geological distribution of the pier foundation test in the test site is silt in the
range of 0.00–0.40 m and sandy soil in the range of 0.40–5.90, respectively.

4.2.2 Load transfer theory of pier-soil system

Based on the load transfer principle of large-diameter single pile without
expanding bottom, and relevant literature [34, 35], the load transfer between the
pier-soil system includes the following three stages:

1.At the initial stage, the load is mainly undertaken by the friction resistance
between pier foundation and soil. The friction resistance of soil at the bottom
of the pier does not occur, because of the relative displacement between the
bottom of the pier and soil.

2.With the increase of the load, the compression deformation of the whole pier
body and the relative displacement between the piers will increase, and thus
the friction resistance at the bottom of the pier foundation will gradually
increase, and the soil layer at the bottom of the pier will also experience
compression settlement with the increase of pier end stress, and the pier end
provides part of end resistance.

Pier
foundation

Qcr

(kN)
Smax

(mm)
Qu

(kN)
Squ

(mm)
Ra

(kN)
Sra

(mm)
Rebound

deformation (%)
Δse/
Δse-1

YD800 500 41.15 450 16.42 225 4.02 26.8 5.9

XD800 660 41.55 660 41.55 330 3.22 6.0 1.2

YD1000 910 40.56 840 19.25 420 7.95 21.8 12.6

XD1000 1190 40.13 1120 33.50 560 9.09 17.4 2.21

Note: Qcr represents the maximum loading value of pile-soil system failure; Smax represents the total settlement at the
maximum loading; Qu represents the ultimate vertical compression bearing capacity of a single pier; Squ means the
settlement corresponding to the ultimate bearing capacity; Ra represents the characteristic value of vertical bearing
capacity of single pier; Sra represents the settlement corresponding to the characteristic value of bearing capacity;
Δse/Δse-1 represents the ratio of the absolute settlement generated by the last loading level to that generated by the upper
loading level.

Table 5.
Comparison of foundation analysis data of piers.
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3.When the load is further increased, the settlement of the pier bottom
increases, and correspondingly, the end resistance provided by the pier end
increases significantly. On the other hand, with the compression of the soil
layer at the pier end, the relative displacement of the piers also increases, and
the friction resistance provided by the pier side will further increase.

4.2.3 Analysis of axial force and average friction resistance of pier body

Based on the mechanics of materials that the material satisfies Hooke’s law in the
elastic deformation range, the relationship between stress and strain could be
expressed as Eq. (1).

σc ¼ Ec � εc (1)

where σc is the stress of concrete pier foundation, ɛc is the strain of concrete pier
foundation, and Ec is the elastic modulus of concrete pier foundation. And the load
can be calculated based on the following relationship.

N ¼ σc � A (2)

If the linear expansion coefficient of steel and concrete could be determined by
the same deformation together, the cross-section of concrete and steel bar would
have the same strain value [36]. In this work, strain gauges placed on the longitu-
dinal bars could serve the internal structure of the pier foundation. Along with the
structural reinforcement, six sections are selected on both sides, and six strain
gauges are placed on each side (Figure 6). By measuring the strain value, the axial
force at the section is calculated, and then the distribution of friction resistance at
the pier side can be obtained. Under the different levels of load, the axial force
distribution diagram of pier body is presented in Figure 13.

As shown in Figure 13, it can be seen that with the increase of loading load, the
axial force of the pier foundation increases. The axial force of the cast-in-place
concrete pier foundation decreases with the depth of the pier foundation, indicating
that the friction resistance at the pier side plays an important role. When the pier-
soil system is damaged, the side resistance of the pier accounts for around 25% of
the ultimate compressive bearing capacity. For the precast pier, the lateral resis-
tance is almost zero, which is mainly caused by the gap between the precast pier
foundation of compound concrete and the surrounding holes are not easy to be
compacted when the undisturbed soil is backfilled.

The friction resistance of the pier body of the cast-in-situ pier foundation is
analyzed in the following way: as the height of the test pier foundation is 2.5 m, and
the soil layer distributed around the pier foundation has been presented that 0-0.4
m of the pier body is slit, and 0.4–2.5 m of the pier body is medium sand. Under the
maximum load, the average friction resistance of the pier body in different soil
layers is distributed along the pier body, as shown in Figure 14. In addition, with
the increase of pier diameter, the greater is the friction resistance of the pier
foundation at the same depth, the greater is the vertical compression bearing
capacity of the pier foundation.

4.3 Analysis of soil pressure distribution of pier bottom

According to the measurement of the soil pressure distribution of pier bottom
foundation, vibrating string earth pressure gauge. During the test, data were read
for three to four times with vibrating string sensor readout instrument when each
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level of the load was reached, and its average value was taken. The recorded
frequency was converted into pressure through Eq. (3):

P ¼ K f 2i � f 20
� �

(3)

where P is the earth pressure value (MPa), K is the calibration coefficient of the
earth pressure gauge (MPa/HZ2), fi is the frequency recorded during loading (HZ),
and f0 is the initial frequency (HZ).

Figure 15 presents the measured earth pressure distribution of the foundation at
the bottom of the pier. The distribution of soil pressure of precast pier foundation of
compound concrete and that of cast-in-place pier foundation of ordinary concrete
has the same pattern, that is, the soil pressure of foundation of pier bottom is
distributed in a parabolic shape. The main reason is that the bearing layer of the pier

Figure 13.
Axial force distribution of piers. (a) YD800, (b) YD1000, (c) XD800, (d) XD1000.
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Figure 14.
Average frictional resistance distribution of cast-in-situ concrete piers.

Figure 15.
Distribution of foundation soil pressure at the beginning, middle, and later stage of loading. (a) YD800,
(b) YD1000, (c) XD800, (d) XD1000.
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foundation was on the sand soil. In the process of loading, the sand grains at the
bottom edge of the pier are easily extruded laterally, and the soil pressure at the
edge of the foundation transfers to the middle part, leading to the stress redistribu-
tion. As a result, the soil pressure at the edges of the pier bottom was small, while
the soil pressure at the middle of the pier bottom was large. At the initial stage of
loading, the soil pressure value of the prefabricated pier foundation is much higher
than that of the cast-in-place compound concrete pier foundation with the same
diameter, which further indicates that the prefabricated pier foundation with
recycled compound concrete is almost entirely provided by the resistance at the pier
end. Also, with the increase of load, the failure of the bottom edge of the pier was
earlier than that of the middle of the pier bottom.

4.4 Failure mode analysis of the pier foundation

The failure modes are presented in Figure 16, which the soil of both precast pier
foundation and ordinary concrete cast-in-situ pier did not exhibit the bulging
damage phenomenon. For precast concrete pier foundation, the settlement
increased obviously in the former period, and Q-S curve has obvious turning point
(Figure 12); therefore, along with the failure mode, the failure belongs to local
shear failure damage. For ordinary concrete pier, as the load increases, the soil at the
bottom of the pier foundation was compressed. When loaded into the pier-soil
system damage, the rate of settlement remained unchanged, and Q-S curve did not
show obvious turning point; therefore, along with the failure mode, the failure
belongs to piercing-type shear failure forms.

4.5 Research on vertical bearing capacity formula

For the prediction of vertical bearing capacity of pier foundation, according to
the analysis of load transfer law of pier-soil system in Section 3.2, it can be seen that
the stress form of unexpanded bottom pier foundation tested in this paper is theo-
retically consistent with that of large-diameter pile foundation. Therefore, the cal-
culation formula of vertical bearing capacity can refer to the code for building pile
foundation technology (JGJ 94-2008) [37], specification for design of building

Figure 16.
Failure modes of concrete piers. (a) Soil around the pier when the precast pier foundation of recycled compound
concrete was destroyed, (b) soil around the piers when the foundation of the cast-in-place ordinary concrete was
destroyed.
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foundation (GB 50007-2011) [38], and literature [29]. In the following section, the
feasibility of these calculation formulas is investigated.

4.5.1 Calculation formula of technical code for building pile foundation (JGJ 94-2008)

The formula for calculating the ultimate bearing capacity of a large-diameter
single pile can be calculated according to Eq. (4):

Q uk ¼ Q sk þ Q pk ¼ u
X

ψ siqsikli þ ψpqpkAp (4)

where Qsk stands for total ultimate resistance measured at pile side (kN), Qpk

represents the total limit end resistance (kN) of pile side, u is the perimeter (m) of
pile body, Ψsi represents the dimensional reduction coefficient of pile lateral resis-
tance (refer to Table 6), qsik represents the ultimate lateral resistance (kPa) of the
pile side in layer I soil, Ψp represents the reduction coefficient of pile tip resistance
(refer to Table 6), and qpk represents the ultimate end resistance (KPa) with a pile
diameter of 800 mm. The reduction coefficients Ψsi and Ψp in the formula are
calculated according to Table 6.

4.5.2 Calculation formula of code for design of building foundation (GB 50007-2011)

The preliminary design of the vertical bearing capacity characteristic value of
a single pile is estimated according to Eq. (5):

Ra ¼ qpaAp þ up
X

qsiali (5)

where qpa represents the characteristic value of pile tip resistance (kPa), Ap

represents the area of pile bottom (m2), qsia represents the characteristic value of
pile lateral resistance (kPa), up represents the pile girth (m), and li represents the
thickness of soil layer i (m).

However, the vertical ultimate bearing capacity of a single pile is divided by
safety factor 2, that is, the characteristic value Ra of vertical bearing capacity of
a single pile. Therefore, based on this, 2Ra is adopted to calculate the vertical
ultimate bearing capacity of a single pile.

4.5.3 Calculation formula in literature

Based on the study in [29], the characteristic value of the vertical bearing
capacity of single pier can be calculated by referring to Eq. (6):

Ra ¼ βf aAD (6)

where β is the pier foundation correction coefficient, fa represents the modified
characteristic value of foundation bearing capacity of pier base (KPa), and AD

Soil type Sand, gravel soil

Ψsi (0.8/d)1/3

Ψp (0.8/D)1/3

Note: equal diameter pile d = D.

Table 6.
Dimension reduction factor.
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represents the cross-section area of pier, (m2). For the coefficient β, it could be
referred to the values in Table 7.

The modified characteristic value of foundation bearing capacity of pier base
(fa) in Eq. (6) could be calculated according to Eq. (7):

f a ¼ f ak þ ηd � γ0 d� 1:5ð Þ (7)

where fak represents the characteristic value of foundation bearing capacity
(kPa), ηd refers to the correction coefficient of bearing capacity of foundation
considering the buried depth of pier foundation, and γ0 denotes the depth of the
bottom soil of the pier foundation. For groundwater, its effective depth (kN/m2) d
represents the embedded depth of pier foundation (m).

Additionally, the vertical ultimate bearing capacity of a single pile is divided by
the safety factor 2, that is, the characteristic value Ra of the vertical ultimate bearing
capacity of a single pile. Therefore, 2Ra is used to calculate the vertical ultimate
bearing capacity of a single pile.

4.5.4 Pier foundation calculation formula selection

Based on Eqs. (4)–(6), Table 8 shows the comparison of the predicted values
and tested results. For the value of Qus/Q uj greater than 1, it indicates that the test
value is greater than the calculated value, while for the value of Qus/Q uj less than 1,
it indicates that the vertical bearing capacity of pier foundation will be utilized fully

H/D 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

Sandy soil, gravel soil 1.6 1.7 1.8 1.9 2.1 2.3 2.5 2.7

Note: H represents the height of pier foundation, m; D is the diameter of pier foundation, m.

Table 7.
Pier foundation correction coefficient.

Formula YD800 YD1000 XD800 XD1000

Q uj Q us Q us/Q uj Q uj Q us Q us/Q uj Q uj Q us Q us/Q uj Q uj Q us Q us/Q uj

JGJ94-2008 400 450 Q1.125 582 840 1.443 661 660 0.998 885 1120 1.265

GB50007-2011 400 450 1.125 628 840 1.337 661 660 0.998 954 1120 1.174

Literature [64] 432 450 1.041 678 840 1.238 645 660 1.023 1013 1120 1.105

Note: Q uj represents the value calculated by the reference formula of vertical ultimate bearing capacity, kN; Qus

represents the test value of vertical ultimate bearing capacity under compression, kN.

Table 8.
Comparison of predicted values and test values.

Formula YD800 YD1000 XD800 XD1000 Average Mean square
error

Coefficient of
variation

JGJ94-2008 1.125 1.443 0.998 1.265 1.207 0.191 0.158

GB50007-2011 1.125 1.337 0.998 1.174 1.158 0.140 0.121

Literature [18] 1.041 1.238 1.023 1.105 1.101 0.09 0.09

Table 9.
Statistical characteristics of Qus/Quj ratio under different calculation formulas.
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in the design process. However, it should be noted that the minimum bearing
capacity cannot be less than 0.5. Otherwise there will be safety risks and accidents
might occur.

The statistical characteristic of the ratio between the test value and the calculated
value by different methods are shown in Table 9. It can be seen from Table 9 that
the variation coefficient of the formula by Liu [29] is the minimum, indicating that
the calculated value of the formula has the minimum fluctuation compared with the
experimental value. At the same time, its average value is also the smallest, which is
greater than 1, indicating that it is appropriate to calculate the safety reserve.

5. Conclusion

Based on the investigations on the vertical bearing capacity of precast pier foun-
dation filled with demolished concrete lumps, the following conclusions can be drawn:

1.The Q-S curve of prefabricated pier foundation made of recycled compound
concrete is of slow deformation when loaded, which is consistent with that of
cast-in-place concrete pier foundation. Through Q-S curve, the vertical
bearing capacity of prefabricated pier foundation with recycled compound
concrete is about 25–30% lower than normal concrete cast-in-situ pier
foundation, and in the pier foundation of the same diameter, the rebound
deformation of prefabricated pier foundation was higher than that of cast-in-
situ pier.

2.With the increase in diameter, the characteristic value of the vertical bearing
capacity of the prefabricated foundation made of recycled compound concrete
increases. At the same time, when the vertical ultimate bearing capacity of the
single pier is reached, the settlement value also increases, which is consistent
with the performance law of the cast-in-situ ordinary concrete pier.

3.The load transfer theory of pier-soil system was established, and the accuracy
of the theory was verified through experimental analysis. At the same time, the
variation rules of axial force, average friction resistance, and the similarities
and differences between cast-in-place concrete pier foundation and
prefabricated pier foundation made of recycled compound concrete are
analyzed by placing strain gauge on longitudinal bars of pier body structure.

4.By placing the earth pressure box at the bottom of the pier, it is analyzed that
the prefabricated foundation of DCLs is the same as the cast-in-place
foundation of the ordinary concrete. The earth pressure at the bottom of the
pier is distributed in a parabola.

5.Based on the comprehensive analysis of the soil pressure distribution and Q-S
curve change rule of the foundation at the bottom of the pier, the failure form
of the soil mass of the prefabricated pier foundation of recycled compound
concrete is local shear failure, while the failure form of the soil mass of the
cast-in-situ pier foundation of ordinary concrete is piercing-type shear failure.

6.The method proposed in this study provides a reasonable prediction for the
vertical compressive ultimate bearing capacity for both prefabricated pier
foundation with recycled compound concrete and cast-in-situ pier foundation
of ordinary concrete.
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Chapter 4

Structural Health Monitoring of
Existing Reinforced Cement
Concrete Buildings and Bridge
Using Nondestructive Evaluation
with Repair Methodology
Aman Kumar, Jasvir Singh Rattan, Nishant Raj Kapoor,
Ajay Kumar and Rahul Kumar

Abstract

Sustainable development means the utilization of resources at a rate less than the
rate at which they are renewing. In India infrastructure industry is growing
rapidly due to globalization and raising awareness. In the present study, challenges
faced by countries like India are to sustain the existing expectations with limited
resources available. Reinforced Concrete (RC) structure may suffer several types of
defects that may jeopardize their service life. This chapter deals with condition
assessment and repair of RCC (G+3) building situated at Northern part of the
country. There are various techniques available for repair and rehabilitation of
reinforced concrete structures. From a maintenance point of view, it is essential to
take up the strength assessment of an existing structure. So, to find out the
reason behind the deterioration of the concrete structures some of the NDT and
partially destructive technique are used. The NDT tests conducted during this study
are Rebound Hammer, Ultra-sonic Pulse Velocity, Concrete resistivity Meter,
Ferro-scanning and Carbonation, etc. This chapter helps to explains, how identified
the different parameters of distress building like strength, density, level of
corrosion and amount of reinforcement. On basis of these results, apply a repair
methodology to revert back the strength parameters of the buildings.

Keywords: visual inspection, nondestructive testing, repair, rehabilitation, bridges

1. Introduction

The major requirements in structures are to resist the deterioration due to aging.
The repairing of the structures is very expensive [1]. In order to prevent the
structure from deterioration, it is important to do a routine assessment of structures
without damaging the internal part of the structure. The most common sort prop-
erties of concrete are its compressive strength, homogeneity of concrete along with
corrosion probability [2]. This mentoring is only possible with nondestructive
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methods. The nondestructive test (NDT) methods are very useful in carrying out
the in-situ condition of reinforced concrete (RCC) structures along with parameters
causing deterioration of RCC structures [3]. In the present study, a case is carried
out to access the levels of deterioration in an RCC structure located in northern
India. Monitoring was carried out through detailed visual inspection along with
NDT techniques to assess the deterioration for further planning of repair and
rehabilitation. Many researchers have used nondestructive methods such as
Rebound hammer and ultrasonic pulse velocity (UPV) to monitor the extent of
deterioration in RCC structures [4]. The present pH value of concrete is determined
with the help of phenolphthalein indicator and corrosion analyzed with corrosion
analyzer [5]. There is a lot of demand for repair of damaged buildings and rehabil-
itation of existing concrete structures. The common structural defects are cracks,
spalling, corrosion, leakage, chloride and sulfate attack, carbonation, etc. [1]. If
such defects are not solved at their initial stages, it will lead to serious damages to
the structures [6].

NDT techniques such as Rebound Hammer, UPV, Carbonation Test, Rebar
Locator Test, and Impact Echo Test from a practical standpoint with an experi-
enced Structural Engineer along with some partial-destructive testing methods
are sufficient to access the quality and strength of in-situ concrete [3]. The NDT
methods indirectly estimate the quality and strength of RCC structures, and the
estimated results can be compared with destructive test results. The author
suggested performing more than one test for better and accurate results [7]. The
maintenance and utilization of new techniques/materials for repair/restoration
of the buildings/structures are needed, for long-term sustainable development,
especially, in developing country such as India. The author has discussed the
various causes of deterioration and the methods for the repair, rehabilitation,
and retrofitting [8]. The author also explained various materials and techniques
for the repair, rehabilitation, and retrofitting and also the methodologies for
the same [9]. The existing RCC buildings in Gujarat are located on the bound-
ary of Gujarat–Maharashtra such as Nasik, Dhule, and Nandoorbar. In this
study, the author has taken the case of a health building in the heart of the
Nasik city. Based on the physical and experimental investigations, it was con-
cluded that the structure either should be demolished or at least should be
rehabilitated/retrofitted with appropriate method to enhance the service life of
the building [10]. The RCC columns were strengthened by jacketing technique
as this technique was more feasible and easy to execute at the site [11, 12]. All
the columns on both the floors are now properly strengthened by jacketing, the
concrete from the faulty slabs were completely removed, and the corroded
reinforcement was changed with new reinforcement bars as per the design. And
the slabs were recasted with M25 grade of ready-mix concrete [13]. In
addition, selected tests and feasible techniques as per the latest advances in the
industry to be used for health assessment, retrofitting, and rehabilitation are
presented in depth with example and calculations [14, 15]. The objectives of the
study are to suggest a model for a systematic approach for the repair of RCC
structures. From the literature review, it is clear that RCC building undergoes
deterioration and subsequent failure due to many reasons. It is, therefore, pro-
posed to undertake a study on RCC framed buildings so as to suggest a proper
methodology [16]. The building under consideration has been assessed for the
causes of deterioration and for the repair, rehabilitation/strengthening work
based on an investigation in order to suggest a suitable model for the rehabili-
tation of RCC buildings [17]. The outline of this chapter includes determination
of building parameters such as strength, covercrete, density, level of corrosion,
amount of reinforcement, pH value of concrete, and its carbonation depth.
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The repair methodology for different structural members, deterioration types of
concrete bridges, testing methods are needed.

3D printing concrete and digital fabricated techniques are on the high peak. The
structural modeling of the 3D printing concrete is based on number of time-
dependent mechanical properties, which include Young’s modulus and compressive
strength. These properties should be checked using destructive test methods is a
time-consuming process. To avoid that, UPV waves were used to identified the
density, strength, and Young’s modulus of the concrete. Some of the tests in this
chapter might be useful for this type of practices in the future [18].

RCC building located at the northern part of the India was selected to carry out
the investigation. The building was around 32–35 years old. Detailed visual inspec-
tion was carried out to scrutinize the type, extent, and source for damage. An
investigation was carried out to check the concrete quality, corrosion in reinforcing
bars, carbonation of concrete, and ingress of salts in concrete. The concrete quality
was found out by using UPV and hammer rebound method. The detailed investiga-
tion plan is shown in Figure 1.

2. Visual investigation

a. From the investigation, it was observed that the exterior columns of the
building were having vertical cracks and spalling at some of the locations.

b. Dampness and efflorescence on walls were also observed, especially at the
lower level of the building.

Figure 1.
Plan of the investigated building (not to scale).

89

Structural Health Monitoring of Existing Reinforced Cement Concrete Buildings and Bridge…
DOI: http://dx.doi.org/10.5772/intechopen.101473



c. Some minor cracks along the openings of the windows and doors were
present.

d. Damaged staircase of servant quarter entrance from the backyard of the
building was present.

Figure 2.
Flow chart of visual inspection.
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e. Spalling of concrete and exposed corroded reinforcement in exterior columns
of both the buildings.

f. Ground floor and the first floor of the building were attacked by termite.

g. Backside staircase along with the servant quarter of the building was
completely damaged.

h. Brick tiles on the terrace of the building were damaged due to ingress of
moisture through them.

i. Due to growth of plants on the terrace of the building and the rainwater
pipes, there were damages.

The visual inspection checks found the presence of efflorescence, permeable,
and unsound concrete, cracks, and gradual disintegration of concrete, spalling of
concrete and cracking, etc. The flow chart of the visual inspection is shown in
Figure 2 [19–25]. Different types of distresses such as cracks, spalling, and
corrosion in the building are shown in Figure 3.

3. Nondestructive evaluation

A number of nondestructive and partially destructive techniques for the assess-
ment of the concrete structure are available to predict the cause of deterioration of

Figure 3.
Damage detection (a) spalling of concrete, (b) vertical crakes on column surface, (c) cracks in the bottom of
column, (d) corrosion in steel.
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the existing structure. These NDT techniques can be broadly classified into five
groups such as strength tests, durability tests, performance tests, integrity tests, and
chemical tests [2]. With the help of these tests, we can find out in-situ strength/
quality of the concrete to precisely identify the damage and causes of the deteriora-
tion of the structure. Some of the most commonly used NDTs are discussed [21].

3.1 Rebound hammer (Schmidt hammer test)

This is the fastest method to evaluate the quality of concrete based on hardness,
which is indicated by rebound number. If the strength of concrete is high, the
rebound number is also high. The principle of this test is that when the plunger of
the rebound hammer is pressed against the surface of the concrete, the spring
controlled the mass rebounds and the extent of such rebound depends upon the
surface hardness of the concrete. The surface hardness of the concrete gives the
rebound number, which is further related to the compressive strength of the con-
crete. In latest rebound hammer, there is no need for angle correction. The average

Instrument Average rebound number Quality of concrete

Schmidt Hammer N- type >40 Very good hard layer

30–40 Good layer

20–30 Fair

<20 Poor concrete

0 Delaminated

Table 1.
Rebound number with respect to quality of concrete.

Figure 4.
Rebound hammer.
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value of rebound hammer for a different quality of concrete as per Indian Standard
IS: 13311 Part-21992 is given in Table 1 (Figure 4) [26].

3.2 Ultrasonic pulse velocity (UPV)

UPV Test method is generally used for determination of uniformity of concrete,
to find crack depth, honeycombing, and to check the condition assessment of
deterioration of concrete. The principle of this test is based on the propagation of
electroacoustic pulse through the concrete pathway and then calculating the transit
time taken, for a known distance. UPV mainly depends on the elastic modulus of
the concrete. The general guidelines for quality of concrete as per Indian Standard
IS: 13311 Part-11992 are given in Table 2 (Figure 5) [27].

3.3 Concrete carbonation

Concrete has micropores, and these pores are filled with liquid, having pH
values up to 12.5. Thus, the concrete is alkaline in nature. Carbonation of the
concrete is the reaction of Ca(OH)2 with the atmospheric CO2 and its conversion
into CaCO3. This reaction decreases the pH value of the pore water up to 8.5. As
time passes, the outer zone of concrete is affected first, and carbonation proceeds
deeper into the mass as CO2 diffuses inward from the surface. If the carbonation
depth reached the depth of steel in concrete, then the steel is prone to corrosion
damage. By carbonation test, we can measure the carbonation depth of the con-
crete. In order to determine the path of the carbonation, drilling a hole is done in
stages and the phenolphthalein solution spread over it after every stage. As soon as
the color of the concrete becomes pink, we stop the drilling process and the depth of
the hole is measured (Figure 6) [28].

Sr. No. Velocity (km/sec) Concrete quality

1 >4.5 Excellent

2 4.0–4.5 Very good

3 3.5–4.0 Good to very good, slightly porosity may exist

4 3.0–3.5 Satisfactory but loss of integrity is suspected

5 <3.0 Poor and loss of integrity exists

Table 2.
General guidelines for concrete quality based on UPV.

Figure 5.
UPV.
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3.4 Reinforcement scanning test

Ferro scanner is a device used to locate reinforcing bars and to estimate the
diameter and depth of cover. This device is based on interactions between the bars
and low-frequency electromagnetic fields. The ferro scanner works on the principle of
electromagnetic induction, in which alternatingmagnetic field induces an electrical
potential in an electrical circle intersected by the field. The test for reinforcement
scanning is donewith the help of HILTI PS 200 Ferro scan [29], a portable system for
detecting rebar in concrete structures. The tools help in obtaining a real image of the
reinforcement and evaluate the reinforcementmesh. HILTI PS 200 Ferro scan records
the depth and positions of rebars over long stretches and obtains average coverage and
statistics of the rebar diameter. The tools consist of image scanner that records the data,
then the recorded data is transferred to themonitor for further analysis at the site itself.
Themajor analysis is done on the computer by the analysis software to produce reports
of the recorded data, and later the data is further submitted to the structural consultant
for preparation of structural drawing, thereby ensuring the stability of the structure. The
major limitations of this test are that the interferencesmay occur in images due to scraps
of reinforcement in concrete, tie wires near rebars cross, and aggregates with ferromag-
netic properties (Figure 7).

3.5 Concrete resistivity test

Surface resistivity meter provides very useful information about the surface of
the concrete. It does not only provide corrosion information but also provides the
corelation between the resistivity and chloride diffusion rate [30].

The operating principle of the Wenner probe, the Resipod, is designed to mea-
sure the electrical resistivity of concrete or rock. A current is applied to two outer

Figure 6.
Concrete carbonation: (a) pH scale for concrete carbonation. (b) Rainbow indicator.

Figure 7.
Ferro-scanner.
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probes, and the potential difference is measured between the two inner probes. The
current is carried by ions in the pore liquid. The resistivity depends upon the
spacing of the probes. The resistivity is obtained by the formula given below:

Resistivity ρ ¼ 2πaV
I

kΩcm½ � (1)

where, a = distance between the probes as shown in Figure 8 [30], V = potential
measured, I = applied current.

The estimation of the likelihood of corrosion is given in Table 3.

3.6 Sulfate and chloride ingress test

Quantity of chlorides and sulfate in the concrete is generally determined chem-
ically. Sulfate and chloride contents of concrete samples are collected from various
locations. The permissible limit of chloride contents by weight of cement is 0.4%,
and 0.15% is enough for the onset of corrosion. Sulfate content is limited to 4.1% by
weight of cement [31].

Figure 8.
Concrete resistivity meter.

Sr. No. Resistively level (Kilo-ohm cm) Possible corrosion rate

1 ≥ 100 Negligible risk of corrosion

2 50–100 Low risk of corrosion

3 10–50 Moderate risk of corrosion

4 ≤ 10 High risk of corrosion

Table 3.
The estimation of the likelihood of corrosion.
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4. Test results of rebound hammer, UPV, extent of carbonation in
concrete, level of corrosion, and chloride and sulfate content

The test results of rebound hammer with pulse velocity at different locations are
tabulated in Table 4.

The test results of concrete resistivity to check the level of corrosion are given in
Table 5.

The test results of chloride and sulfate content in concrete samples are tabulated
in Table 6.

4.1 Summary of problems and defects

1.Cracks: Major cracks were observed at few locations in outer columns of the
buildings. Minor cracks were observed near openings of windows and doors in
most of the locations. A fewcrackswere also observed on the parapet of the terrace.

2.Rusting of bars: The corrosion was observed at few locations due to spalling of
concrete or carbonation of concrete.

3.Spalling of concrete: Spalling of concrete is observed in outer columns of the
buildings.

4.Dampness and efflorescence: Dampness and efflorescence were present in
most of the houses especially at ground level, near sunken area, and near
staircase areas.

5.Railing: The present railing is damaged and needs to be replaced.

Sr. No. Id RN UPV fck f’ck G pH

1 C-1 45.3 2010 24.5 22.05 25 6–7

2 C-2 43.4 1541 22 19.8 25 8–9

3 C-3 26.3 2073 10 9.00 25 6–7

4 C-4 44.7 1843 23.5 21.15 25 6–7

5 C-5 47 2226 26.5 23.85 25 6–7

6 C-6 41.3 1773 20 14.00 25 6–7

7 C-7 46.6 2833 26 18.20 25 6–7

8 C-8 28 2381 10.5 9.45 25 8–9

9 C-9 46.2 2030 25.5 17.85 25 6–7

10 C-10 44.8 2551 24 21.60 25 6–7

11 C-11 40.2 2212 19 17.10 25 6–7

12 C-12 30.9 1895 12 10.80 25 6–7

13 C-13 31.7 2368 14 12.60 25 6–7

14 C-14 36.2 2128 15.5 13.95 25 6–7

15 C-15 30.8 1531 12 10.80 25 6–7

16 C-16 32 2579 13 11.70 25 6–7

Table 4.
UPV, RH, compressive strength, and carbonation test result before repairs.
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4.2 Results and discussions

• From the UPV results, it was observed that all the structural members have
very low UPV value. In total, 18.75% elements have the UPV value in the range
of 2.5–3.0 Km/sec, 50% elements have the UPV value in the range of 2.0–2.5
Km/sec, and 31.25% members lie in the range of 1.5–2.0 Km/sec. All the UPV
values lie below 3.0 (km/sec), which are doubtful. The UPV results cannot
fulfill the codal requirements and are shown in Figure 9.

• The rebound hammer test results show that the compressive strength of concrete
members with various range of percentages is 25%, 37.5%, 25%, and 25%. The
compressive strength of these members lies in the range of 20–25 N/mm2, 15–
20 N/mm2, 10–15 N/mm2, and 5–10 N/mm2 respectively and shown in Figure 10.

Sr. No. Specimen Id Concrete resistivity values (kΩcm) Level of corrosion

1 C-1 42,44,38.2,34,36 38.84

2 C-2 18.1,16.4,15.7,15.9,13 15.82

3 C-3 23,27,20.6,20.4 22.75

4 C-4 42,37,36.2,33.1 37.07

5 C-5 42,44,38.2,34,36 38.84

6 C-6 21,22.4,16.8,17.8 19.5

7 C-7 23,27,20.6,20.4 22.75

8 C-8 22,23.4,25.6,28.5 24.88

9 C-9 18.1,16.4,15.7,15.9,13 15.82

10 C-10 34,42,44.3,41 40.32

11 C-11 18,18.5,22.3,22 20.2

12 C-12 21,22,21.8,23 21.95

13 C-13 24,26,20.4,20.6 22.75

14 C-14 45,43.2,42,32.5 40.67

15 C-15 11.4,16.2,14.3,13.9 13.95

16 C-16 28,36,31.8,34.2 32.5

Table 5.
Test results of concrete resistivity.

Sr. No. Specimen Id Chloride Sulfate

By weight of cement (%) By weight of cement (%)

1 C-2 0.41 3.2

2 C-4 4.1 3.2

3 C-7 4.2 3.15

4 C-11 0.39 3.6

5 C-13 0.39 3.3

6 C-14 0.36 2.9

Table 6.
Sulfate and chloride content ingress.
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• Adequate concrete cover over the reinforcement is one of the crucial
parameters, as far as RCC structures are concerned, but the result of
percentage distribution of concrete cover reveals that there is great variation in
concrete cover. The specified cover as per drawing detailing is 40 mm. The
percentage of less concrete cover is about 54.66% and shown in Figure 11.
This can be one of the reasons for deterioration in concrete and subsequent
corrosion in reinforcing bars.

• The pH value of external RCC members is low in the range of 6–7, and pH of
internal members lies in the range of 8–9. From the carbonation depth data, it
was observed that the depth of carbonation is more. In 45% of total members,
the carbonation has reached up to the rebar level and is shown in Figure 11.
This has been attributed to porous concrete and unprotected external surfaces
from weathering actions.

• Concrete resistivity result showed that the members have a moderate risk of
corrosion and is shown in Figure 12.

Observing the damaged condition of the outer columns, 10 columns marked in
red color in the plan (Figure 1) require full height repair, and six columns marked
in green color in the plan require repair/jacketing up to the second floor. Exposed
concrete was found to be carbonated. The carbonated concrete should be provided
with anti-carbonation coating if the spalling of cover concrete has not started. Due
to the effect of corrosion, the spalling was observed in these columns, so, it is
necessary to repair the structure so that it will be enabled to withstand against the
combination of loads for which it is designed. The spalling concrete from columns
should be repaired with micro-concrete. All the repair work should be carried out as

Figure 9.
Ultrasonic pulse velocity (km/sec).
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Figure 11.
Carbonation depth (mm).

Figure 10.
Compressive strength of concrete members (N/mm2).
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per the methodology sequence provided above. The rebound hammer, UPV,
and carbonation test results of concrete members before repairs are shown in
Table 4. Concrete resistivity and chemical analysis results are in Tables 5 and 6,
respectively.

4.3 Repair methodology

• The strengthening of outer columns of the building needs to be done with
jacketing with micro-concrete, and reinforcement is to be provided where steel
has rusted more than 20%.

• All the traps and manholes should be repaired to prevent the seepage into the
foundations from such locations.

• Water tanks on the roof are causing dampness due to the overflow of water or
due to leakage, all the tanks should be repaired, and overflow should be
stopped by providing a suitable float valve.

• Exposed concrete was found to be carbonated and hence should be provided
with anti-carbonation coating if the spalling of cover concrete has not started.

• If the spalling of cover concrete is taking place, the same should be repaired
by treating the affected reinforcement and repairing the cover with
micro-concrete.

Figure 12.
Concrete resistivity (kΩcm).
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The suggested model for carrying out repairs of structures and their
strengthening for different types of problems is shown in Figures 13–16.

4.4 Test results of concrete columns after repair and strengthening

The NDT carried out after repair showed that the concrete strength was in the
range of M25–M30 grade of concrete. The UPV also showed the quality of concrete
improved from poor to good. Figures 17 and 18 show that after repairs, the strength

Figure 15.
Repair of thin hairline cracks in the brick works.

Figure 14.
Repair of dampness efflorescence at ground level and sunken areas.

Figure 13.
Repair of spalling concrete of outer columns.
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and quality were enhanced, which will also result in improvement of durability of
structures in the long run.

Table 7 explains the test results of NDT data of repaired columns. All the
enlisted columns are repaired with micro-concreting and in some locations, extra
steel is also provided with anti-corrosion paint. This micro-concreting protects the

Figure 17.
Comparison of compressive strength before and after repair.

Figure 16.
Repair of major cracks.
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Figure 18.
Comparison of UPV values before and after repair.

Sr. No. Id RN UPV fck

1 C-1 50.6 4025 31.42

2 C-2 48.2 3643 28.00

3 C-3 47.8 3573 27.47

4 C-4 50.4 3844 31.13

5 C-5 51.4 3926 32.60

6 C-6 49.2 3763 29.40

7 C-7 48.8 3683 28.80

8 C-8 50.5 4088 31.27

9 C-9 47.9 3830 27.60

10 C-12 52.1 4121 33.78

11 C-11 50.45 4025 31.13

12 C-12 49.5 3735 29.81

13 C-13 50.3 3895 30.98

14 C-14 51 4025 32.00

15 C-15 48.7 3876 28.68

16 C-16 47.8 3680 27.47

Table 7.
Pulse velocity and compressive strength results after repair.
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steel from corrosion because the density of this concrete is quite good. The anti-
corrosion paint is helpful to protect the new attached steel as well as corroded steel
from further corrosion.

5. Health monitoring of concrete bridges

The collection of NDT data in bridge structures is also similar as in the case of
buildings. The condition assessment data of bridge deck slab is tabulated in Table 8
and Table 9.

Activity of degradation mechanism dominantly depends on the type of material
used for bridge constructions. Comparison of the importance of the basic chemical,
physical, and biological mechanisms to deterioration of various materials of bridge
structures is shown in Table 8.

Information on applicability of selected nondestructive load-independent tech-
niques for detection and identification of defects during field testing of bridges is
presented in Table 9.

Degradation mechanism Material of structures

RC PsC St M T S

Physical Accumulation of inorganic dirtiness ֍ ֍ ֍ ֍ ֍ ֍

Cyclic freeze–thaw action ֍ ֍ ֍ ■ ֍

Erosion ֍ ֍ ֍ ■ ֍ ■

Crystallization ֍ ֍ ֍ ■

Extreme temperature/fire ■ ■ ■ ֍ ■ ֍

Creep ■ ■ ■ ■

Relaxation ■ ■ ֍ ■

Shrinkage ֍ ֍ ֍ ■

Overloading ֍ ֍ ֍ ֍ ֍

Fatigue ■ ■ ■ ֍ ■ ■

Geotechnical condition changes ֍ ֍ ֍ ֍ ֍

Chemical Carbonation ֍ ֍ ֍ ■

Corrosion ֍ ֍ ֍ ֍

Aggressive compound action ֍ ֍ ֍ ֍ ֍ ֍

Chemical dissolving/leaching ֍ ֍ ■ ֍

Reactions between material components ֍ ֍ ֍ ֍ ■

Biological Accumulation of organic dirtiness ֍ ֍ ֍ ֍ ֍ ֍

Activity of microbes ֍ ֍ ֍ ֍ ■ ֍

Activity of plants ■ ■ ■ ■ ֍ ֍

Activity of animals ■ ■ ■ ֍ ■ ֍

Legend: ֍ - Basic Mechanism and ■ – Additional Mechanism.

Table 8.
Degradation mechanisms versus structural materials.
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Technology NDT technique Class of defects

Df DM LM Di Co Dt

Acoustic Chain drag technique ■ ■ ■ ■

Electromagnetic acoustic transducer ֍ ■ ■

Hammer sounding ■ ■ ֍

Impact eco ■ ֍ ֍

Impulse response ■ ֍ ֍

Parallel seismic ֍

Phased array ultrasonic ֍ ֍

Time-of-flight diffraction ■ ■ ֍

Ultrasonic surface waves ֍ ֍ ֍

Ultrasonic tomography ■ ֍ ֍

Ultrasonic velocity ■ ֍ ֍

Electrical and electrochemical Electrical potential ■ ֍

Electrical resistivity ■ ֍

Microelectromechanical system ֍ ֍

Electromagnetic and magnetic Alternating current field ֍ ■

Eddy-current testing ■ ■ ֍

Electromagnetic conductivity ֍ ֍

Magnetic flux leakage ■ ֍ ֍

Magnetic particle testing ֍ ֍

Radar techniques ■ ֍ ֍ ֍

Optic Closed-circuit television ■ ֍ ■

Geodesy/GPS surveying ֍ ֍ ֍

Infrared thermograph testing ■ ■ ֍

Laser techniques ֍ ■ ֍

Microscopy/endoscopy ֍ ֍ ֍ ֍

Visual Inspection ֍ ֍ ֍ ֍ ֍ ֍

Mechanical Hardness testing ֍

Liquid penetrant ֍

Pressure techniques ֍

Sclerometric techniques ֍

Radiological Computer tomography ֍ ֍ ֍

Gamma or X-ray radiography ֍ ֍ ֍

X-ray fluorescence ֍ ֍

Transmission radiometry ֍

Legend: ֍ - Basic Technique and ■ – Additional Technique.

Table 9.
Defects detected by NDT techniques in filed testing of bridges.
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The NDT parameters of bridge deck slab such as compressive strength, density,
which is obtained from the UPV, pH of concrete, and level of corrosion are shown
in Table 10.

There is no carbonation present in the concrete, so that the compressive strength
and corrected compressive strength after carbonation are the same. The UPV values lie
in the range of medium to good. Steel is free from the corrosion as the data given by
concrete resistivity meter. The compressive strength of the deck slab varies in the
range of 35–39 N/mm2. The pH value of concrete is also in the normal range.
Figures 19–22 show the UPV values of deck slab (km/sec), compressive strength of
deck slab (N/mm2), cover depth (mm), and concrete resistivity (kΩcm), respectively.

6. Conclusion

In this chapter, the studied tests are rebound hammer, UPV, carbonation of
concrete, concrete resistivity, covercrete, and ferrro scan. The repair methodologies

Sr. No Id RN UPV fck f’ck G pH R

1 S-1 46.00 3217 35.95 35.95 35 11–12 151.7

2 DS-2 46.17 3281 36.2 36.2 35 11–12 127.2

3 DS-3 45.75 3112 35.40 35.40 35 11–12 128.8

4 DS-4 46.25 3419 36.55 36.55 35 11–12 155.5

5 DS-5 46.08 3321 36.15 36.15 35 11–12 164.4

6 DS-6 46.08 3323 36.16 36.16 35 11–12 166.2

7 DS-7 46.91 2285 38.04 38.04 35 11–12 144.6

8 DS-8 46.75 3024 37.75 37.75 35 11–12 158.7

9 DS-9 46.00 2963 35.98 35.98 35 11–12 172.0

10 DS-10 46.75 3568 37.75 37.75 35 11–12 142.3

11 DS-11 45.83 3245 35.54 35.54 35 11–12 151.0

12 DS-12 46.25 3292 36.56 36.56 35 11–12 122.0

13 DS-13 46.33 3072 36.75 36.75 35 11–12 139.3

14 DS-14 46.25 3463 36.56 36.56 35 11–12 136.1

15 DS-15 46.17 3417 36.70 36.70 35 11–12 145.9

16 DS-16 45.83 3173 35.59 35.59 35 11–12 151.3

17 DS-17 45.66 3174 35.20 35.20 35 11–12 142.3

18 DS-18 45.92 3455 37.79 35.79 35 11–12 178.4

19 DS-19 47.5 3234 36.61 39.61 35 11–12 129.4

20 DS-20 46.167 3139 36.36 36.36 35 11–12 167.7

21 DS-21 46.67 3555 38.10 38.10 35 11–12 129.1

22 DS-22 45.58 3745 35.03 35.05 35 11–12 175.8

23 DS-23 46.08 3577 36.16 36.16 35 11–12 176.3

24 DS-24 45.92 3612 35.78 35.78 35 11–12 146.3

25 DS-25 45.6 3502 35.02 35.02 35 11–12 177.1

26 DS-26 46.1 3789 36.16 39.16 35 11–12 148.3

Table 10.
Test results of bridge deck slab.
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are helpful to gain the mechanical properties such as strength and density of the
concrete members more than original state of the structure. Based on the
investigation, the following conclusions are drawn:

Figure 19.
Pulse velocity (km/sec).

Figure 20.
Compressive strength (N/mm2).
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• Rebound hammer and UPV test give physical properties of the in-situ RCC
members.

• Deterioration of external exposed concrete members due to carbonation is high
as compared with internal members.

• Adequate concrete cover to reinforcement is one of the important parameters
for RCC structures. A major reason for spalling and corrosion in reinforcing
bars is due to inadequate concrete cover. The porosity of concrete and
unprotected external surfaces results in a high rate of carbonation.

• A systematic approach to repair and rehabilitation is to be adopted after carrying
out the proper monitoring with the help of nondestructive testing techniques.

• The compressive strength of unstrengthened specimens with a frequency
of testing specimens is as follows; 12.5% specimens are in the range of
5–10 N/mm2, 37.5% specimens are in the range of 10–15 N/mm2, 25%
specimens are in the range of 15–20 N/mm2; and only 25% of the specimens
achieved designed grade of concrete, which is 25 N/mm2. After strengthening
all the specimens gained the strength more than 25 N/mm2, data obtained
from rebound hammer. The maximum obtained compressive strength was
33.78 N/mm2 for specimen having Id C-12.

• The UPV of the test results shows poor quality of concrete, but after
strengthening all the values lie in the very good to excellent zone.

Figure 21.
Cover depth (mm).

108

Advances and Technologies in Building Construction and Structural Analysis



• The monitoring to check the effectiveness of strengthening structures can be
checked by NDT technique.

• The quality of concrete and steel in the brick deck slab is good and as per the
designed detailing.

• There is further need to predict the nondestructive testing data using artificial
intelligence.
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Appendices and nomenclature

Co contamination
Df deformation
Di discontinuity
DM destruction of material
Dt displacement
DS deck Slab
fck compressive strength (N/mm2)

Figure 22.
Concrete resistivity (kΩcm).
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f’ck corrected compressive strength after carbonation (N/mm2)
Id specimen Id
LM loss of material
M masonry
G grade of concrete
RC reinforced concrete
RN average rebound number
PC plain concrete
PsC prestressed concrete
pH carbonation range
UPV avg. UPV (m/s)
St steel
S soil
T timber
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Chapter 5

Behavior and Design of Transfer 
Slabs Subjected to Shear Wall 
Loads
Alonso Gómez-Bernal, Eduardo Arellano Méndez, 
Luis Ángel Quiroz-Guzmán, Hugón Juárez-García  
and Oscar González Cuevas

Abstract

This paper investigates the behavior of a transfer slab system used in medium 
rise building. For this purpose, two slab-wall full-scale specimens were designed, 
built, and tested to cyclic loads. The two slab-wall prototypes were exposed to three 
load stages: (a) vertical load, (b) horizontal load, and (c) vertical and horizontal 
combined load. The first specimen, SP1, includes a masonry wall situated on top 
of a squared two-way slab of 4.25 m by side, thickness of 12 cm, on four reinforced 
concrete girders, while the second specimen, SP2, consists of an identical slab but 
was constructed with a reinforced concrete wall. Some numerical finite element 
slab-wall models were built using linear and nonlinear models. The most important 
results presented herein are the change on lateral stiffness and resistance capacity 
of the load-bearing wall supported on a slab versus the wall supported on a fixed 
base and the effects that these walls cause on the slabs. During the experimental 
test process of horizontal loading, we detected that the stiffness of the two slab-wall 
systems decreased significantly compared to the one on the fixed base wall, a result 
supported by the numerical models. The models indicated suitable correlation and 
were used to conduct a detailed parametric study on various design configurations.

Keywords: transfer slabs, transfer floor system, discontinuity in buildings, shear 
walls on slabs, slab experimental behavior

1. Introduction

1.1 Buildings with transfer slab systems

In Mexican cities the construction of medium-rise buildings with a structural 
floor system called “transfer slabs” have been popularized in the last 15 years. A 
study [1] evaluated a set of buildings constructed in a sector of Mexico City, in 
this evaluation was detected a high percentage of buildings that were constructed 
with discontinuous walls, a structural configuration that induced irregularities in 
several buildings. These structures, projected with transfer floor systems represent 
a high risk, because it is known that buildings with discontinuity in elevation are 
vulnerable to seismic loads. This situation is critical when load-bearing walls, 
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especially on the first floor, are not aligned with the vertical forces, therefore 
increasing seismic vulnerability.

The buildings designed with transfer slab (or transfer floor) have a floor system 
supported on one rigid level, which is used as a parking lot. On top of this transfer 
slab is constructed a shear masonry walls super-structure of more than four stories. 
A significant percentage of these walls are interrupted at transfer floor level and 
are discontinuous in the foundation. Nevertheless, a few walls in the boundaries 
of the structure are continuous until the base, but many walls in upper stories 
are not aligned with the framed axes of the bottom story. Numerical models have 
demonstrated that this structural configuration produces a significant increase in 
the shear stress in discontinuous walls, as is discussed in detail in Ref. [2]. This can 
be explained due to the excessive deflections that walls provoke to slab. Shear forces 
calculated are between two to three times larger than those that these walls would 
have if they were continuous along all their height. Besides, the transfer slab is 
exposed to additional high deformations and stresses.

During the September 19, 2017 earthquake (M = 7.1) an extensive damage was 
observed in Mexico City, some buildings structured with transfer slab system suffered 
important damage [3]. For example, Figure 1a show the total collapse of a building 
located in the Lake bed zone which had eight stories, the structure was located at the 
corner of a block, only the ground story consisted of reinforced concrete frames, while 
the upper stories were structured only with masonry walls conforming a structure 
with high discontinuity in elevation; this building collapsed due a high irregularity 
killing 5 residents. Figure 1b shows other two cases that correspond to two modern 
buildings structured with this transfer floor system, when these structures were 
reviewed, minor diagonal cracks were detected at the ends of the girders of the floor 
transfer (Figure 1b), in one of these buildings residents were evicted.

The structural system based on transfer floors requires a major research. In the 
literature exists a great number of experimental studies on the performance of load-
bearing walls subjected to horizontal forces that has been characterized the seismic 
effects. Walls that have different parameters, in terms of materials, steel reinforce-
ment, load conditions and other properties have been tested [4–7], and some of the 
most notable results were documented [8]. Nevertheless, in terms of performance 
of RC slabs, there is less information due to the limited number of experimental 
programs [9–11]. In these studies, the walls are fixed in their base and slabs were 
subjected to distributed or concentrated loads; however, there was no specific infor-
mation about linear loads applied directly on the slabs, i.e. slabs supporting walls. 
The behavior between a building structured with transfer floors and one traditional 

Figure 1. 
(a) left: Collapse of a building with discontinuities in elevation; (b) right: Diagonal cracks in the girders of the 
transfer floor in two buildings supporting six and seven stories, respectively.
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(without discontinuous walls) is different. For this reason, was implemented our 
experimental program.

1.2 Objective and scope

The objective of this study is to develop an experimental and a numerical 
program that considers the interaction between a wall and the slab on which is 
supported. In the experimental program, two full-scale slab-wall specimens were 
designed, assembled, and tested by cyclic loads in the Laboratory of Structures at 
UAM. The prototypes slab-wall were exposed to three load stages: vertical load, 
horizontal load, and combined vertical and horizontal load. The first specimen, 
SP1, include a masonry wall situated on top of a squared two-way slabs, while 
the second specimen, SP2, consists of an identical slab but was constructed with 
a reinforced concrete wall. To support the experimental results, and characterize 
the behavior of transfer floor structures, some numerical finite element slab-wall 
systems were analyzed using linear and nonlinear criteria.

2. Experimental program

2.1 Tested specimens, SP1 and SP2

Two slab-wall specimens were constructed in the experimental program. This 
program included three load stages: (a) vertical loads representing the vertical 
load component detected in buildings structured with floor system, (b) horizontal 
cyclic loads applied at low load levels in order to investigate the linear response, and 
(c) combined constant vertical and horizontal loading cycles.

Specimens SP1 and SP2 consist of four reinforced concrete perimetral girders 
with a solid two-way slab which together conform a monolithic structure. These 
girders have a transversal section of 25 × 70 cm, and the slab is square of 425 × 425 
cm and 12 cm thick, the slab plane is located at 77 cm over the laboratory floor 
(see Figure 2). The concrete strength was f ’c = 250 kg/cm2. The two beams aligned 
transversals to the wall are haunched girders, while the two girder parallels to it have 
a rectangular section. The haunched girders were used to adjust the specimen to 
the conditions of the laboratory’s reaction floor, and the position of the laboratory’s 
horizontal load reaction system. The design and steel reinforcement in the slab 
were determined using typical procedures, such as the ones used in real buildings in 
Mexico. On the outer strips, the spacing of the bottom re-bars was set to 40 cm. On 
the central strip, the spacing was set to 20 cm in both directions. In the top of the 
slab, the reinforcement spacing was also set to 20 cm. Figure 3 shows details of the 
reinforcement used in the slab specimens.

The first specimen, SP1, include a masonry wall placed on top of the slab. This 
wall is 2.50 m wide by 2.41 m high, was constructed on the slab’s central strip. The 
wall is confined with two tie-columns, 14 × 18 cm, and with a tie-beam, 14 × 14 cm. 
The bottom tie-beam was integrated with the slab. The concrete resistance of the 
tie-columns was f ’c = 150 kg/cm2, with four re-bars in the corners. The re-bars are 
conformed with the minimum steel requirements of the Mexico Construction Code 
for masonry structures [12].

The second specimen, SP2 (Figure 2), consists of a slab with a Reinforced 
Concrete (RC) wall, reinforced with electrowelded wire mesh, besides at the ends 
were placed tie columns. The wall was placed on top of a squared two-way slab, 
with the same characteristics of SP1 specimen. The RC wall is 2.50 m wide by 
2.40 m high, and with a thickness of 10 cm (top-right of Figure 3).
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2.2 Setup, devices, instrumentation, and loading scheme

Three mechanical steel devices were designed and built to develop the experimental 
program: the first for attachment purposes, the second one for simulate the gravita-
tional loading, and the third one for the lateral cyclic loading. The attachment device 
prevented the slab-wall specimen from moving in a vertical or lateral way during the 
test whenever the loads were applied to the wall. The vertical load device was fabri-
cated by a system of steel girders, eight tensors and their anchorages (see Figure 4). 
At the top of the girders there are four vertical actuators (each with a 25 Ton capacity), 
supported on a base plate, which keeps them in an upright position and prevents them 
from slippage. The third device was designed for the incremental cyclic horizontal 
loading. We used a double-action hydraulic actuator with a 25 Ton push capacity, and a 
13 Ton pull capacity. A more detailed description can be found in [13].

The interior instrumentation consists of a set of strain gages (SGs) that were 
installed in the reinforcement bars of the concrete elements. In specimen SP1, 16 SGs 
were fixed in the bars of the bottom of slab and 16 SGs in the top (Figure 3). The tie-
columns of the masonry wall had 20 SGs in the longitudinal re-bars. Additionally, 
10 SGs were embedded in the concrete slab and the tie-columns. In specimen SP2, 

Figure 2. 
Geometry and details of slab-wall specimens SP1 and SP2: (a) plan view of specimens: (b) transfer slab 3D 
model; (c) location of exterior instrumentation.
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a total of 48 SGs were fixed along the longitudinal and transversal directions of the 
reinforced bars.

The exterior instrumentation consisted of two parts, first, in order to measure 
the forces applied through the hydraulic cylinders, load cells (LVDT’s) were attached 
(four verticals and one horizontal); and second, 20 transducers (TDs) were installed 
at strategic points with the purpose to measure the vertical and lateral deflections. 
Figure 2c shows the TDs on the lower face of the slab. The TD that provides the most 
relevant information is TD03 because it is in the center of the slab, exactly below the 
center of the wall (masonry in SP1, or concrete in SP2). The TD03 transducer is used 
as a control node to determine vertical displacements.

3. Numerical models

In a previous work [2], numerical inelastic models for the slab-wall system 
were studied using finite element (ANSYS [14]). Twelve detailed geometries were 

Figure 3. 
(Top) Reinforcement details in transfer slab and reinforced concrete wall of SP2; (Bottom) assembly of strain-
gages in bars is included.

Figure 4. 
Test set-up and typical displacement time history (horizontal loading).
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analyzed, six models were defined for wall masonry, and six systems for reinforced 
concrete wall. Table 1 shows the geometric characteristics of six studied models, 
four different wall lengths and two slab thicknesses were used. The model was 
divided in two sections for reducing computational time in analysis. The support 
conditions of the slab are theoretically restricted along the perimeter. The models 
M10_M2.5_12V, M10_M2.5_12VL, M1_C2.5_12V and M9_C2.5_12VL are like the 
tested specimen.

All slab-wall numerical models were subjected to two load conditions, first to an 
incremental vertical load, and second to a combined load consisting of a simultaneous 
constant vertical component with incremental cyclic horizontal load. Capacity curves 
for the systems were generated with the obtained results. In addition, for comparison 
purposes, analysis of the vertical load condition included a slab model (without wall) 
subjected to a uniform load. For horizontal load analysis, a nonlinear model with wall 
on a rigid basis was used for comparison purposes (flexible base wall).

4. Definition of specimen response

In order to define force-deformation behavior and the different damage states 
of the two tested specimens, it is necessary to establish the deformation modes or 
configurations for each of the three load protocols studied (Figure 5). Therefore, 
the failure in the walls of the specimens, SP1 and SP2, will depend on the bending 
(ΔF) and shear (ΔC) deformations induced by horizontal loading. However, in this 
case, since each wall is supported by a slab, the lateral displacement due to the wall 
rotation (ΔL), induced by the slab deformation, must be considered. Total displace-
ment, ΔT, at the top of the wall is then generated and presented in Figure 5.

Shear deformations of the walls can be obtained from recorded deformations of 
transducers installed in diagonal directions. Based on the strength of materials  
theory, the unitary angular deformation, γ is due to the shear stress acting on 
the wall element [4]. In general, this deformation is defined by the following 
expression:

 δ − δ
= 2 2 1 1L L

2l hm m

γ   (1)

where γ = angular deformation of the wall, δ1, δ2 = shortening or elongation 
measured on the diagonals, L1, L2 = initial length of diagonals, lm, hm = are the width 
and height of the wall, respectively.

And the total distortion (Rtot) or effective distortion (REff) is calculated as:

 = ∆ /R E H  (2)

 ∆ = ∆ + ∆ −∆E F C L  (3)

 ( )∆ = ∆ − ∆ × /L I D H L  (4)

where R = effective drift of the wall, ΔE = effective lateral displacement at top 
of the wall, ΔL, ΔF, and ΔC are defined in Figure 5, ΔI, ΔD are vertical displace-
ments at ends in wall-slab joint, H = distance between TD-01 y TD-08 (Figure 2), 
L = distance between TD-04 y TD-05 (Figure 2).
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5. Experimental and numerical results

5.1 Response to vertical loading, experimental vs. numerical results

In Table 1 are defined the key to numerical models as: M#_Mat#_#V. The M# 
indicates the model number. The Mat# indicates the material and length of the 
wall, for example M3.0 indicates that the wall material is Masonry, and has a length 
of 3.0 m, while C indicates that the material wall is Reinforced Concrete. The #V 
indicates the slab thickness, for example 13 V indicates that the slab is 13 cm thick.

The experimental (Exp) capacity curve of SP1 is compared with the numerical 
model curve (M2_M2.5_12V). It can be observed that in the experimental case a 
minor stiffness value is obtained, as is observed in the curve. This situation can be 
explained due to the perfect fixed ends along the slab perimeter in the numerical 
model. But in both capacity curves, the first slab cracking occurred at the same 
time. This occurs when the load reached a value of 5.5 Ton (Figure 6). Numerical 
model, M2_M2.5_12V, was conducted until the failure condition, the first slab 
cracking take place at 5.5 Ton; the whole structure exhibited linear behavior until 
the ultimate load of 25 Ton. At this point an almost perfect elastoplastic “nonlinear” 
performance was detected (Figure 6).

Figure 5. 
Total deformation (above) and principal deformation modes.

Concrete wall model Masonry wall model Wall width (m) Slab depth (cm)

M1_C2.5_12V M2_M2.5_12V 2.50 12

M3_C3_12V M4_M3_12V 3.00 12

M7_C3_13V M7_M3_13V 3.00 13

M9_C2.5_12VL M10_M2.5_12VL 2.50 12

M11_C3_12VL M12_M3_12VL 3.00 12

M15_C3_13VL M16_M3_13VL 3.00 13

Table 1. 
Code for slab-wall numerical models [2].
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When the capacity curves of numerical models M1_C2.5_V12 (reinforced 
concrete) and M2_M2.5_12V (masonry) are compared, they have a similar trend. 
This behavior indicates that under gravitational loading, no matter what material 
the wall is made of, the capacity of the whole structural system will almost remain 
the same. This result is corroborated with the other two pairs of curves shown in 
Figure 6 (for example M3_C3_V12 and M4_M3_V12), which also described the 
same trend. When the wall length or slab thickness (M7_C2.5_V13 and M8_M2.5_
V13), were increased the ultimate capacity was also increased. One important result 
obtained from the numerical study is that when the slab thickness is increased in 
models, the ultimate model capacity also increases. Before the first crack occurs, 
it can be assumed to be a service condition, the observed stiffness in the models 
during this condition were similar, and hence a thicker slab does not ensure a 
significant stiffness value.

5.2 Response to vertical and lateral loading

Specimens SP1 and SP2 were exposed to a constant vertical load of 8 Ton plus 
16 cycles of monotonic horizontal loading. The loads were applied with hydraulic 
jacks with the skill to apply push and pull actions. The loading was controlled by 
the lateral displacement at wall top. The 16 cycles (Figure 4) were applied in pairs 
(push and pull actions), from 0.5 to 12 mm; for the specimen SP1, the last two 
cycles were asymmetric (14 and 27 mm), due to the limitation of the hydraulic jack 
in performing pull actions. The associated applied loads were above 11 Ton and 9 
Ton in push and pull actions. For specimen SP2, the hydraulic cylinder was changed 
to have the same load capacity in pull and push.

5.2.1 Displacement and rotation of the wall

The vertical transducers TD05, TD03, and TD04, located under the specimen 
slab, were used to measure the vertical displacements during the test. These trans-
ducers were installed along the centerline under the wall (Figure 2). Due to the 
effect of horizontal loading, each time the right transducer (TD05) rises above the 
original reference line, a rigid body wall rotation occurred (Figure 3). We observed 
a considerable increased in the vertical displacement with every incremental 
load cycle, indicating that due to the intensity of the vertical load on the slab, the 
observed overall structural performance was nonlinear. In each cycle, the slab 

Figure 6. 
Capacity curves obtained from numerical and experimental models, subjected to vertical loading.
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experienced a displacement of 0.5 mm without returning to its initial position. This 
represented a cumulative displacement of approximately 9.5 mm at the end of test.

5.2.2 Shear strains

The wall rotation, γ, caused by shear deformations in specimen SP1, is established 
according to the mechanics of materials theory. Because transducers installed in the 
wall diagonals did not register any deformation during the first stage of the loading 
process (first six loading cycles), therefore, it can be concluded that the wall did not 
develop any shear strains in this phase. As a consequence of slab rotation, the wall 
only experienced base rotation and bending. But, in the seventh cycle, diagonal trans-
ducers, TD011 and TD012, began to register shear strains. Still until the tenth cycle, 
the masonry wall behaved linearly, but later the wall suffered nonlinear deformations.

5.2.3 Global and relative horizontal drifts

The total distortions, Rtot, and the relative drift, Reff, of specimen SP1, measured 
in the combined loading are illustrated in Figure 7. The envelopes of the hysteretic 
cycles are also shown, which are estimated with the bilinear behavior of the curves. 
The rigidity of SP1 was defined from the slopes of the curves; the stiffness of the 
complete system was determined to be equal to 11.3 Ton/cm, while the rigidity of 
the isolated wall was assessed to be equal to 40 Ton/cm (the effect of the rotation 
as a rigid body was removed). This stiffness is 3.5 times greater than that due to the 
wall resting on a flexible base (wall placed on the centerline of a two-way slab).

For second specimen, SP2, it can be observed that the slab rotation is practically 
equal to the wall bending (Figure 8). It can be concluded that the wall did not have 
any shear deformation.

In Figure 8, four limits are proposed to define the behavior of the specimen SP2. 
A behavior without damage (green color), a behavior with moderate damage (yellow 
color), a behavior with serious damage that can be repaired (orange color) and a 
behavior with serious damage that cannot be repaired (red color).

Figure 7. 
Global (Rtot) and effective (Reff) distortions of specimen 1 (with masonry wall) during the combined load, as 
well as their respective envelopes.
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The experimental stiffness for the second specimen (SP2) was calculated from 
the slopes of the curves; the stiffness of the slab-wall system was estimated as 10.45 
Ton/cm, this value is less than the first specimen (SP1) because the slab had damage 
prior to the beginning of the experiment.

In Figure 9 are made two comparations: first, the numerical capacity curve 
“Effective FEA” (or MBR_M2.5 masonry wall on rigid base) is compared with 
experimental curve SP1 “Effective EXP”; and second, the numerical capacity curve 
“Total FEA” (or M10_M2.5_12VL masonry wall on flexible base) with experimental 
curve SP1 “Total EXP”. The comparison between pairs of curves indicates that these 
are similar at low levels of load, but when comparison is made between rigid and 

Figure 8. 
Distortions of specimen SP2 (RC wall) due to the combined load, as well as their respective envelopes.

Figure 9. 
Comparison between numerical and experimental model SP1. Experimental flexible base (total) and rigid 
base (effective) versus numerical behavior.
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flexible base, we observed significant differences between the slopes of the curves. 
Then, stiffness results indicated that for a wall on a flexible base a value of 14 Ton/cm 
was reached, while the one on rigid base was computed as 40 Ton/cm, this represent 
a ratio of 3 times between both cases. In conclusion, when experimental SP1 curve 
and the numerical curve were compared for the same support conditions the slopes 
were similar.

When the capacity curves from RC walls numerical models (Figure 10) 
are analyzed, we observed a great difference in the behavior respect to the one 
observed in the masonry wall models. The curves of RC walls numerical models 
M9_C2.5_12VL (flexible base) and MBR_C2.5 (fixed base), show a wide difference 
in the linear slopes for as many as 15 times; we calculated 14.1 and 210 Ton/cm. 
Nevertheless, the rigidity values for the flexible models M10_M2.5_12VL (masonry) 
and M9_C2.5_12VL (RC) are close: 14.1 vs. 11.3 Ton/cm [2, 13]. The high flexibility 
of the slab does not allow the RC wall to develop its full strength and rigidity. This is 
an outstanding result that we would like to underline.

5.3 Slab-wall stiffness of specimen SP2

Figure 11a shows peak-to-peak stiffness, which is the slope of the average 
lateral force vs. total displacement diagram [15]. K stiffness is achieved by joining 
the maximum displacement points in a cycle along a straight line; the slope of the 
line is the cycle stiffness, and, is calculated as the difference of the shear forces, 
divided by the difference of displacements. Figure 11b shows the normalized 
stiffness, calculated as the peak-to-peak stiffness between the first cycle stiffness 
for each data series, that is, the data series stiffness for the first cycle and for the 
repetition cycle.

In Figure 11b is included the drift story limit, γ = 0.006, (indicating that 
nonstructural elements can be damaged). For this distortion limit value, the 
normalized average stiffness is approximately 35% of the initial moment of 
inertia, this loss of stiffness is only due to the transfer slab, because the reinforced 
concrete wall showed no damage. This important result should be considered in 
the modeling of buildings with transfer slab, so that lateral displacements can be 
properly calculated.

Figure 10. 
Load-distortion curves for M9_C2.5_12VL and MBR_C2.5 (fixed) models of RC wall, including crack 
patterns.
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5.3.1 Hysteretic energy dissipated in specimen SP2

Figure 12a shows the hysteretic energy dissipated by cycle, for each data series 
(first cycle and repetition cycle). This energy was calculated for each cycle as the 
curve enclosed area “Average shear force” vs. “ Total displacement” (shaded area in 
Figure 11a). It can be observed that the energy is increased with the lateral displace-
ment. There is a change in the energy slope when the displacement is 14 mm, the 
energy decreases, probably due to the accumulated damage in the transfer slab. 
Figure 12b shows the accumulated dissipated hysteretic energy for each data series 
(first cycle and repetition cycle). It can be observed that the curve slope of the first 
cycle decreases, for the reasons mentioned above.

5.3.2 Equivalent viscous damping

The amount of equivalent viscous damping [15] corresponding to the energy 
dissipated by the structure through its nonlinear response at every cycle can be 
determined using the response of Specimen SP2. The equivalent viscous damping 
can be calculated in experimental curves, with Eq. (5). This parameter represents 
the internal frictions in the material [15] that, in the case of the studied specimen 

Figure 11. 
(a) Peak-to-peak stiffness according to Chopra [15]. (b) Normalized stiffness load-distortion curves for 
M9_C2.5_12VL and MBR_C2.5 (fixed) models of the concrete wall, including crack patterns.

Figure 12. 
(a) Hysteretic energy dissipated by cycle and (b) accumulated dissipated hysteretic energy.
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SP2, the cracks are concentrated in the transfer slab. Equivalent viscous damping is 
estimated as:

 = =
Energydissipated1 1

4 4 Strainenergy
D

eq
So

E
E

ζ
π π

 (5)

Where, ED is the energy dissipated and is calculated by the area enclosed by the 
hysteresis loop, and ESo is the dissipated strain energy.

Equivalent viscous damping is also used as an index that measures the damage 
accumulated in the member; as the crack increases, so does the damping. Mexican 
Building Code assumes an equivalent viscous damping equal of 5 percent of the 
critical, to use in seismic design. Figure 13 shows that the average damping in the 
connection is about 6%, which is a value similar that assumed in traditional design.

It is also possible to estimate the ductility, which is determined from the envel-
oping graph of the hysteresis cycles, i.e. the curve “Lateral force” vs. “ Relative 
displacement”. The graph is idealized as an elastoplastic curve, the elastic part is 
defined as the line joining the origin point of the curve with the lateral load point 
corresponding to two thirds of the maximum shear recorded in the test (Vtest); the 
idealized plastic portion of the curve, envelope the maximum load and ends up to 
the ultimate displacement, which is defined as the value corresponding to 80% of 
the maximum resistance recorded curve. Connection ductility (μ) can be deter-
mined as the ultimate displacement (Δu) divided by the yielding displacement (Δy).

The minimum value of ductility in specimen SP2 was calculated equal to 2.19. 
This result illustrate that high values of ductility reduction factors cannot be 
adopted in the design of buildings with transfer slabs.

5.4 Analysis of crack patterns

5.4.1 Cracking in the walls

The crack pattern of masonry wall of SP1 is show in Figure 14, the cracks had 
an orientation similar with typical patterns of masonry walls subject to shear loads. 
This distribution of cracks is typical in confined masonry walls where the cracks 
are in wall diagonals, and regardless of how the wall is supported, flexible or fixed. 
Whereas, the crack pattern on the RC wall of specimen SP2 is illustrated in Figure 14, 
it can be observed only a few minor cracks located in the top of the wall, practically 
without cracks (Figure 14), this because the horizontal force is transmitted as a shear 

Figure 13. 
Equivalent viscous damping in specimen SP2.
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in the most resistant direction of the wall and in the slab is passed as a bending with 
respect to the minor inertia axis.

We also studied the pattern and distribution of cracking in the numerical 
models. Cracks in the masonry wall of experimental prototype SP1 are similar as the 
ones observed in the slab-wall numerical models. In the other hand, the behavior 
of the RC wall of specimen SP2 was according with the expected, it is to say, only 
minor cracks, the pattern is very similar with the numerical model of Figure 10; In 
the case of RC walls, the crack pattern was quite different when the base condition 
is analyzed; the wall on a flexible base (transfer slab) only showed a few cracks, 
while a wall resting on a fixed base, the crack pattern is concentrated in the ten-
sion zone of the wall (lower left corner). RC wall on a fixed support demanded 
its full shear capacity, while the wall on a transfer slab developed only some shear 
strains. This situation can be attached to the rotations of the slab, which caused a 
great decrease in the rigidity capacity of the entire system, Figure 15; a situation 
very delicate for the slab, particularly in the zones at the ends of the wall. The slab 
presented in this zone large cracks on its lower side and crushing of concrete on the 
upper side. This condition diminishes the slab capacity significantly (Figure 15b).

5.4.2 Cracking in the slabs

During the combined loading stage in prototype SP1, first cracks were 
detected at slab edges, close to the contiguous girders, and perpendicular to the 
wall. But, when the load was increased, cracks trajectories at both faces of the 
slab were detected (top of Figure 15). Cracks in the perimeter edges of upside 
slab were delineated, and other cracks were detected at the edges of masonry wall 
(Figure 15, top-left and bottom-left). Nevertheless, in the downside of slab, the 
cracks were defined as parallel lines to the walls and other lines with radial trajec-
tories, most of these last cracks had a common origin located in the connections 

Figure 14. 
Cracking on the masonry wall (top) and on RC wall (bottom), after applying the complete load cycles. 
Cracking on the front side and back side of the wall is illustrated.
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between tie-columns and slab. In the specimen SP2 (bottom of Figure 15) was 
observed a significant damage, in both sides the path of cracking was similar of 
SP1, however the damaged was more extensive.

5.5 Repaired specimen SP2

Due to the reinforced concrete wall was not damaged, the decision was made to 
repair the tested Specimen SP2. The repair consisted in the incorporation of two C 
shaped steel channel (Figure 16). The reinforcement system was designed neglecting 
the load capacity of the slab. Considering a vertical load of 8 Tons applied to the wall 
and a lateral load applied to the upper end of the wall of 6.5 Tons. The beams were 
considered fixed at their ends.

In the bending design of steel beams, we assumed a member with a simple 
section. Stud shear connectors were placed in the steel profiles to achieve a com-
posite section (Figure 17). The steel profiles were fixed to the perimeter beams 
by steel plates that were fixed by fasteners. A space of 1 cm was left between the 
concrete slab and the steel profile to fill it with grout, thereby ensuring that the 
concrete slab is in contact with the profile along its entire length. The concrete 

Figure 15. 
Cracking in the masonry wall-slab prototype SP1(top) and cracking in the RC slab after applying the complete 
load cycles in the RC wall-slab prototype SP2 (bottom).
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slab was drilled so that the stud shear connectors could be placed (Figure 16), 
finally the grout was placed.

When the second specimen, SP2, is repaired, it is possible to increase some of 
the most important mechanical properties, such as strength, rigidity, and deform-
ability (Figure 18). The resistance of the original specimen is 6.59 Tons while the 
resistance of the repaired specimen is 15.4 Tons, that is, it increased 2.34 times. 
The initial rigidity of the original specimen is 2.64 Ton/m, while the rigidity of the 
repaired specimen is 4.32 Ton/m, that is, an increase of 64% was achieved. The 
maximum displacement in the first specimen was 16.1 mm, which corresponds to a 
0.6% drift ratio, the maximum drift ratio in the repaired specimen was 45.15 mm, 
which corresponds to a drift of 1.8%, that is, the capacity of displacement was 
tripled.

By neglecting the contribution of the concrete slab, a safety factor is achieved in 
the specimen that improves the mechanical properties.

It is concluded that the repair with steel profiles placed under the slab, is effec-
tive in improving the mechanical characteristics of rigidity, strength, and displace-
ment capacity. This type of reinforcement can be used on transfer slabs that do not 
have sufficient capacity for the demands to which they can submit and prevent 
the damage.

Figure 16. 
Reinforcement system with two C-shaped steel channel.

Figure 17. 
C-shaped steel channel with stud shear connectors (left), drills in the concrete slab.
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6. Bending analysis

6.1 Measured strains and calculated bending moments

Bending moments in the two-way slab of specimen SP1 subject to the load wall 
can be found using the nominal moment capacity of a singly reinforced rectangular 
strip, with a width defined according to NTC [12], and according with the slab 
reinforcement of SP1 (Figure 3).

In Figure 19 are illustrated the strain variations measured from vertical load stage 
along the two principal central strips of SP1 slab model (longitudinal and normal 
wall directions). These strains were measured with the strain gages set installed in 
the slab (Figure 3). The first cracks in the slab (Figure 9) appeared when the vertical 
load reached a value of 4.8 Ton. Figure 19b also show the bending moment diagrams 
associated to the strains along central strips; additionally, the moment diagrams were 
compared with those computed using Finite Element Analysis. Maximum bending 
moments are in the joint of slab with tie column zone. In a lateral strip located at 
75 cm from the centerline, the measured strains were approximately 60% of those of 
the central strip, consequently maximum negative moment also had this reduction.

In the horizontal load case, strain variations and bending moment diagrams 
along the center strips of two directions of the slab are shown in Figure 20; these 

Figure 18. 
Comparison of hysteresis envelopes of the original and repaired specimen SP2.

Figure 19. 
(a) Strain variations in central strip in longitudinal direction, vertical load case; (b) bending moment in 
central strip.
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strains were obtained from the strain gages set, when the horizontal load reached 
2.8 Ton. In Figure 4b, bending moment diagrams are compared with those com-
puted with a finite element result. It is worth noting that, for this load level, RC 
slab of SP1 reached the nominal moment strength in central strip. Since maximum 
positive and negative bending moments are located always in the tie column zone, 
special design is essential in this zone when transfer slabs are used in structures.

7. Case study: a building constructed with a transfer floor system

Construction of buildings structured with transfer floor systems has become 
a common practice in many cities in Mexico [16] and other countries [17], some 
of which have a high seismic risk. To study the discontinuity effect in walls due 
to transfer slabs in buildings, this section presents some results from structural 
analysis of one real building constructed in Mexico City for residential use.

Building A has six stories on the ground level and a basement walls as part of 
mat Foundation. The ground story (top of Figure 21) is intended for parking, and 
their structure is based on RC frames; the five remaining stories are structured with 
load-bearing walls some of red brick masonry and others of reinforced concrete. 
Floor slabs are of various types, so the Mat foundation plate is reinforced concrete 
with concrete walls, the first floor (transfer slab) also is reinforced concrete cast on 
site, but the remaining upper levels were constructed with prefabricated beam and 
block, lightened with polystyrene. The plan is shown in Figure 21, the area enclosed 
by the axes A–K and 8–12, is the part of the building which rests on the transfer floor 
system, which is formed by beams and a solid slab of 12 cm. Most of the interior 
walls are interrupted at that level and do not rest on any beam (black line in figure).

In basis on structural analysis from the real building, shear force ratios in the 
masonry walls (ratio between ultimate shear and strength shear, Vu/VD) is pre-
sented in Figure 21. Graphs in both directions of the building show that resistance 
is exceeded on a lot of discontinuous walls, and in many walls, shear force ratios are 
greater than 2.

8. Discussion

The main goal of the experimental program executed was to specify the 
behavior of wall-slab models for cyclic vertical and lateral load especially it was 

Figure 20. 
(a) Strain variations in central strip from horizontal load case; (b) bending moments in central strip.
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demonstrated that using discontinuous walls significantly reduces the strength and 
rigidity of walls supported by transfer floor, which could be a design limit in practi-
cal earthquake engineering.

We propose that transfer slabs can generate the horizontal irregularity out of 
plane offset that can increase in a significant way the building vulnerability, this 
condition is different of other structural irregularities as soft story and weak story.

The most relevant finding from real buildings analysis, is that when wall discon-
tinuity is increased, i.e., as there are more walls that are interrupted and supported 
on the transfer floor system, the shear and axial forces in load-bearing walls are 
increased too, reaching values that exceed the nominal resistance and design up to 
more than 3 times. Then it is recommended in the conceptual design of buildings, 
that the total area of discontinuous walls never can exceed 40% in a main direction; 
neither more than 30% in the two directions simultaneously.

Further experimental studies are needed that include other types of floor 
systems used in buildings such as the waffle slabs.

9. Conclusions

The findings of the experimental-analytical research program resulted in the 
following conclusions:

1. In the first stage, we observed the first cracking in the slab of SP1 when the 
vertical load reached 5.8 Tons, with a recorded deflection of 0.5 mm at the 
slab centerline; this load was very close to the design load from the Mexican 
Building Code. After the first stage, the SP1 regained its elastic behavior. 

Figure 21. 
Transfer floor plan in building A, and shear ratio (Vu/VD) in walls located on the transfer floor. In black line 
are indicated the interrupted walls in transfer slab.
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The numerical model of ANSYS also predicted the onset of cracking at the 
same load value.

2. Lateral stiffness of SP1 was a third part (33%) of the one observed for a wall 
on a fixed base. The model had horizontal displacement mainly due to slab 
bending (66%) and wall bending (33%). In the numerical model, the RC 
wall stiffness supported on a slab decreases by about 15 times due to the slab 
flexibility.

3. In the case of SP2, a similar loss of stiffness is observed; when the distortion 
limit is reached, the normalized average stiffness is approximately 35% of the 
initial moment of inertia.

4. We noted that the RC wall of SP2 did not show visible damage, unlike masonry 
wall of SP1, but in both cases, the damage to the slabs was such that these 
members reached a cracking condition on both slab faces. In SP1, the slab 
 suffered a residual deformation in their center line and developed a membrane 
action.

5. When we analyze the results of both experimental tests, we concluded that 
solid slabs with small depths should not be used to transfer shear wall loads, 
whether masonry or CR, to nearby beams or to columns.

6. The amount of energy dissipated by the specimens was determined with 
the equivalent viscous damping. In SP2, the cracks were concentrated in the 
transfer slab. The average damping in the connection was a little more than 5% 
indicating that these systems dissipate a great amount of energy.

7. When are compared the curves from the experimental and numerical models, 
we observed an excellent correlation between these two curves.
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Abstract

Three-dimensional printing in construction (3DPiC) is known as a trending 
technology in the construction industry. While scholars and practitioners seek to 
learn more about the applications of 3DPiC, there are no efficient workflows and 
open data sets available for further investigations. This paper intends to present 
the data produced in a laboratory for creating new models. The paper first presents 
the experimentation data collected from 60 models, and selected thermal digital 
images can be used for further sustainability analysis. The recorded data includes 
the time of crafting each layer of the model, the total time of creating a model and 
thermal measures. Based on the 60 experimentations and an intensive literature 
review, the paper presents a proposed computational workflow, including the use 
of Revit, Dynamo, Fusion 360, Navisworks and a selected 3D printer, which can be 
utilised for further data collection and analysis in the field. This model will assist 
in automating the cost estimation as an upgrade for 3DPiC. This paper is helpful 
for scholars and practitioners since it shows how laboratory data can be helpful for 
construction operation design.

Keywords: 3D printer (3DP), 3DP in construction (3DPiC), digital model, 
computational workflow, clay, material, building information modelling (BIM), 
Revit, dynamo, fusion 360, Navisworks, quantity surveying, leanness, waste

1. Introduction

3D printing (3DP), namely additive manufacture, was introduced many years 
ago. The use of 3DP applications has risen recently in various disciplines [1–4], but 
still is very low in the construction industry due to many challenges and limitations. 
Furet et al. [5] state that the application of digital technologies including building 
information modelling [6, 7], virtual reality [8], laser scanner and lidar ([9–11], 
Sepasgozar et al., [12–16]) is increasing in construction [17, 18]. Then, Furet et al. 
[5] suggest that the next step will be the implementation of ‘three-dimensional 
printing in construction’ (3DPiC) on a wide scale.

The utilisation of 3DPiC can be highly beneficial to the construction indus-
try in several ways, including the possibility of topologic optimisation offering 
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customised forms fit purpose, the possibility of complex geometric parts, thermal 
optimisation and ‘leanness’ such as reduction of labour and material wastes [5]. 
However, the process of technology implementation in construction is challenging 
and needs to be investigated by conducting many empirical experiments [19]. The 
process of technology adoption is generally complicated and can be affected by 
many factors, including usefulness, ease of use, vendors support and organisation 
policy and the users’ current infrastructures [15, 18, 20–22]. This paper aims to 
explore the challenges of 3DPiC by creating several laboratory models. Niemeläa 
et al. [23] present the result of some of the created models to show how curvature 
and unique designs may affect the construction operation process where complex 
curves and forms should be created on sites without using formworks or other 
traditional tools. This paper also intends to present a proposed workflow for com-
puting the cost of the model in real time. This will be further examined in future 
investigations.

Figure 1 shows different digital tools, operation methods and materials of 
3DPiC. There are six different operation methods, for instance, D-shape and con-
tour crafting (CC) and concrete printing. D-shape was developed by Enrico in 2007 
[24], and materials used by this technology are sand, salt and an inorganic binding 
agent [1]. The CC was introduced by Khoshnevis in 1998 [25] and uses a computer-
controlled robot or crane to work efficiently with a short setting time and optimised 
hydraulic ratio [1]. Concrete printing is a useful method for concrete mortar [1]. 
This paper adopts the CC method to produce small-sized models in laboratory. 
This paper presents the research method flowchart, recorded observations during 
the experimentation process and the proposed computational workflow for future 
evaluations.

Figure 1. 
Digital tools, operation methods and materials for ‘three-dimensional printing in construction’ (3DPiC). 
Note: FDM: Fused deposition modelling; SLS: Selective laser sintering; SLA: Stereolithography; DLP: Digital 
light processing; CNC: Computerised numerical control; EDM: Electrical discharge machining; BOQ: Bill of 
quantities.
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This chapter aims to present a workflow that is developed based on the inves-
tigators’ experimentations with the support of a wide range of data and records, 
including 60 laboratory-scale models. These models are structural elements and 
architecture models in different sizes by using different clay materials. The pro-
posed computational workflow considers Revit, Navisworks and Fusion 360 for 
estimating the differences between the virtual and physical models and can be 
useful for estimating the cost of the 3DP models.

2. Research method and data collection

In order to explore the challenges of creating complex geometrical forms and 
digital tool functions, a series of experiments are conducted. The Mix method, 
which focused on both qualitative data and quantitative data, was adopted for this 
research [26, 27]. This paper adopted the quantitative research method as the aim 
of the laboratory experience is to turn the laboratory observations into statistical 
analysis. Qualitative methods were chosen due to scarce research studies in this 
area, and it is essential to introduce a new set of data of the 3DPiC [26, 27]. In order 
to record the observations, two pieces of equipment and three software programs 
were used and will be briefly presented in the following section. The data descrip-
tion and analysis are presented in the following subsections.

2.1 Tools and equipment

A 3D printer, namely Potterbot SLX-2 (Scara) printer (see Figure 2 (a)), was 
used to create 60 models, and a thermal scanner 875-2i (see Figure 2 (b)) was used 
to measure thermal factors such as temperature and carbon.

2.2 Data description

The data is collected through printing 60 laboratory-scale models, comprising 
56 models created by clay and four created by ‘paper clay’. There are 32 of them that 
are structural elements such as arches, rectangles and squares in different scales. 

Figure 2. 
Tools used in this research: (a) Potterbot SLX-2 (Scara) printer; and (b) thermal imaging scanner 875-2i.
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The four paper clay models are the architecture models. Moreover, 14 models of 
them are the columns in different twisting degree and the cylinder in different 
slope degree.

Two models were printed twice due to the 3D printer running out of clay 
during the printing process. The models could not be continuously printed after 
refilling the extruder with clay because the previous layers of the model had 
hardened quickly. The thermal digital images were collected five days after pro-
ducing each model by Testo 875-2i for the thermal and humidity analysis also can 
be used for further sustainability analysis. These images can be used for further 
analysis, such as building material analysis, human comfort analysis, insulation 
issues, connection issues between the layers, the energy embodied and radiation, 
design optimisation analysis, scheduling progress management of printing and 
post-maintenance.

2.3 Data collection

Figure 3 shows the selected images of nine different models created in the 
laboratory. There were waste materials produced during the experimentations 
due to the nozzle travelling path, for example, Figure 3 (c–h). This shows that the 
optimisation of the path and experimentations on smaller scales are required before 
the full-sized practice for each written coding to ensure the arm and nozzle path 
will be desirable with less waste materials.

Figure 3. 
Arches models at different scales. (a–c) Arch 50% of original size; (d–f) arch 80% of original size.
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The flaws in the models are caused by bubbles errors. There were some air 
bubbles in the 3D printer extruder, and when the materials that involve the air 
bubbles had been push out, the small flaws and sound were produced. In addition, 
producing complicated forms was also challenging, and the designed shapes were 
not produced, as shown in Figure 4 (a–b, d–g, i and k–l). The red rectangles shown 
in the photos refer to waste materials produced during the casting process. The 
observations show that information flow and controlling the machine to produce 
desirable forms require a more efficient workflow to save the materials and also for 
cost estimation.

There are thermal digital images of one of the paper clay architecture models 
(see Figure 5), and different colours show different temperature ranges. The 
humidity digital images are attached in the appendix.

Table 1 shows the recorded time per layer for 14 models, with columns in dif-
ferent twisting degrees and the cylinder in different slope degrees, and it does not 

Figure 4. 
Rectangle-shaped models at different scales. (a) Rectangle 100% of the original size; (b) rectangle 110%; (c) 
rectangle 120%; (d-e) rectangle 130%; (f) rectangle 140%; (g) rectangle 170%; (h) rectangle 180%; (i–l) 
square 100% of the original size.
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include the start, priming edge and finish time. The priming edge is used to make 
the extruder ready for printing, and the finish time is the end running process for 
the extruder. The design diameter of the cylinder is 10 cm; however, the diameter 

Figure 5. 
Thermal digital images of one of the architecture models. (a–d) Thermal image 24–28 degree; (e–h) thermal 
image 25–29 degree.

Shape Shape ID Sample Scale% Slope (degree) Layers Total Time Time/Layer

Cylinder 1 1 100 0 25 0:10:29.430 0:00:12.736

Cylinder 1 2 100 10 25 0:08:46.310 0:00:12.110

Cylinder 1 3 100 20 25 0:08:46.650 0:00:11.400

Cylinder 1 4 100 30 22 0:08:31.870 0:00:10.452

Cylinder 1 5 100 45 22 0:07:04.340 0:00:09.155

Cylinder 1 6 100 60 21 0:06:13.560 0:00:06.847

Column 2 1 100 0 60 0:19:12.200 0:00:15.735

Column 2 2 100 10 60 0:18:57.510 0:00:15.752

Column 2 3 100 20 60 0:21:25.450 0:00:15.855

Column 2 4 100 30 56 0:17:58.850 0:00:15.702

Column 2 5 100 45 54 0:19:18.860 0:00:16.000

Column 2 6 100 60/30 60 0:21:10.760 0:00:15.859

Column 2 7 100 70/20 60 0:20:50.800 0:00:15.770

Column 2 8 100 80/10 60 0:21:06.390 0:00:15.720

Table 1. 
Characteristics of two models with different slope degrees (14 models).
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of the actual printed model with a 0-degree wall slope is 9.6 cm. The model with a 
20-degree slope had a collapse trend. The most serious deformations occurred at the 
30-degree and 45-degree columns.

Tables 2 and 3 show the detail recorded time and the temperature and humid-
ity information for architecture models, respectively. Also, recorded time does not 
include the start, priming edge and finish time.

3. Proposed computational workflow and future directions

Our experimentations show that controlling the 3DP during construction is 
challenging and may affect quality due to the unexpected flows and wastage. 
According to the laboratory observation, most of the 3DP models presented in 
this chapter have the waste part. Thus, it is necessary to develop efficient work-
flows to ensure the 3DP process is efficient and easy to estimate the exact volume 
materials used for 3DP models and further manage the costs. While different 
algorithms are presented in the literature, including the travel salesman problem 
algorithm (TSP) used to select the shortest path [28], there are not enough 
workflows offering an efficient method for controlling and operating the system 
for construction purposes, especially for materials estimation and costs manage-
ment. There is an urgent need to develop new workflows that are interoperable 
with new hardware and software programs. This may increase the operational 
control of casting processes, the quality of the produced models and calculate 
the wasted materials. Figure 6 shows a proposed workflow for the integration 
of additive manufacture with 5D BIM to compare the cost difference between 
digital measurement and real-time production. This workflow intends to gener-
ate the cost of the produced work with real-time measurement of produced 
layers and then compares with costs generated based on the measurement from 
digital software.

Shape Shape ID Sample Scale% Slope Layers Total Time Time/Layer

Column 1 1 100% 0 100 0:29:14.010 0:00:14.883

Column radian 2 2 100% 0 100 0:30:49.180 0:00:15.874

Column slope 3 3 100% 0 123 0:30:41.840 0:00:12.481

Column dome 4 4 100% 0 97 0:24:35.840 0:00:13.307

Table 2. 
Architecture models (recorded time).

Shape Temperature (degree) Humidity (rh) Co2 (ppm)

Column 27,1 75,1% 481

Column radian 27,0 76,1% 456

Column slope 27,0 76,8% 469

Column dome 27,1 76,9% 442

Room temperature 27,1 76,1% 476

Table 3. 
The detailed information for the architecture model in Table 2.
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Figure 6. 
The proposed workflow for real-time and design digital cost estimation of contour craft objects.

The real-time measurement consists of nine stages:

 Stage 1: the 3D model will be created in the Revit; it can be imported into 
Navisworks by.rvt or.rfa extension.
 Stage 2: clash detection can be done through Navisworks; the schedule and 
other cost information are collected and imported into the Bill of Quantity 
(BOQ ) [29]. The 3D model is saved as a.dwg format because it can be used 
in Fusion 360. In addition, the design quantity information can be extracted 
from Revit with Dynamo Extension [30] and then can be imported into BOQ.
 Stage 3: import the 3D model into Fusion 360, and convert the model field 
into.stl extension. Then, the CAD model can be used in the slicer software 
‘Simplify 3D’ to generate the G-coding. This is required because the.dwg format 
cannot be used directly for generating G.
 Stage 4: Simply3D is used to slice the 3D models into the printable layer; the 
G-coding automatically generates the required coding.
Stage 5: USB with G-coding into the drive board of a 3D printer.
 Stage 6: density (p) is computed by Simply3D, and by measuring mass (m) of 
the real physical model to estimate the volume (v) in each layer.
Stage 7: final physical model in the desired scale is created.
 Stage 8: import the real physical volumetric data to the BOQ, and estimate the 
actual cost.

A sensor or a material flowmeter can be used during the printing process. There 
are several different sensors available in practice, such as the concrete flowmeter 
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offered by ‘Jiangsu Sipai Instrument Co.’ in 2014. The detection range of SP-LDE 
concrete flowmeter is from 0.0636 to 4521.6 m3/h [31]. During casting, the volumes 
of casted parts will be measured by the installed sensor, and the data can be com-
pared with the estimation given by Revit.

 Stage 9: the thermal images are generated using a thermal scanner. The thermal 
images used in this paper are recorded five days after the casting process of 
each model.

Some of the stages can be merged or changed if other hardware or soft-
ware programs are used. For example, if Dynamo is used, the design quantity 
information would not be required to extract from Revit. Future studies should 
focus on examining the proposed workflow and providing more details of each 
stage. Other new technologies also should be investigated to reveal what type of 
software or hardware technologies are interoperable and can be used efficiently 
for 3DPiC.

4. Conclusions

This paper aimed to present a series of data collected during the process of 
designing and creating 3DP models in different sizes by using different clay materi-
als. In addition, the paper proposed a workflow for collecting required digital data 
for estimating the physical progress of casting the model, volumes and associ-
ated costs.

This is a step forward to fill the gaps in knowledge to control 3D printing in an 
efficient way, acquire digital data for cost measurements in real time. The workflow 
can be examined as future studies and also can be revised by combining the pro-
posed software programs with other new technologies to produce more information 
for progress monitoring and estimating. While the major limitation is that some of 
the full-size practices cannot be experienced, the flow of digital information can 
be tested in the laboratory. In addition, the observations and the data presented 
in this paper recommend that construction practitioners should test the program-
ming codes, and the parametric design at the laboratory scale before the full-scale 
practice for optimising the movements of the 3D printer arm, quality and waste 
controls is undertaken.
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See Figure 7.
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Figure 7. 
Column models at different twist degrees. (a-b) Column 0 twist degree of original design; (c-d) column 10 
twist degree of original design; (e-f) column 20 twist degree of original design; (g-h) column 30 twist degree 
of original design; (i-j) column 45 twist degree of original design; (k-l) column 60 (-30) twist degree of 
original design; (m-n) column 70 (-20) twist degree of original design; (o-p) column 80 (-10) twist degree of 
original design.
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Chapter 7

Transparent Vacuum Insulation
Panels
Takao Katsura

Abstract

New, low-cost transparent vacuum insulation panels (TVIPs) using structured cores
for the windows of existing buildings are proposed. The TVIP is produced by inserting
the structured core, the low-emissivity film, and the adsorbent into the transparent gas
barrier envelopes. In this chapter, the authors introduce the outlines, the design and
thermal analysis method, the performance evaluation (test) method. Firstly, five
spacers, namely peek,modified peek,mesh, silica aerogel, and frame, are selected as the
structured core. The effective thermal conductivity of TVIPswith five different spacers
is evaluated at different pressure levels by applying numerical calculation. The result
indicated that TVIPs with frame andmesh spacers accomplish better insulation perfor-
mance, with a center-of-panel apparent thermal conductivity of 7.0� 10�3W/mK at a
pressure of 1 Pa. The apparent thermal conductivity is the same as the value obtained by
the simultaneous evacuation thermal conductivitymeasurement applying the heat flux
metermethod. Furthermore, using a frame-type TVIPwith a total thickness of 3 mm
attached to an existing window as a curtain decreases the space heat loss by approxi-
mately 69.5%, whereas the light transparency decreases to 75%.

Keywords: transparent vacuum insulation panels, structured core, retrofitting
insulation, design and numerical analysis, thermal conductivity measurement

1. Introduction

Environmental issues and the global energy needs have become the most crucial
world concerns. This is because of the yearly increase in the annual energy con-
sumption, in addition to the acceleration in the environmental pollution amount.
Therefore, several energy-saving thermal insulation techniques have been applied
for building applications in new established buildings. On the other hand, the old
historical buildings are often protected due to their contributions to society. These
thermal insulating technologies are rarely installed to the existing buildings. That is
why the insulation capability of the existing buildings is not high. Consequently, it
is a mandatory to enhance the insulation performance for the existing buildings.
Vacuum insulation panels (VIPs) can be used for this aim. The VIPs have a very low
thermal conductivity [1]. Therefore, they considered as a promising method for
enhancing the thermal insulation of buildings, specifically for energy retrofitting
(where higher insulation performance and smaller thicknesses are desirable) [2].
Further, it is indispensable to decline winter heat loss or heat gain in summer season
for the windows of the existing buildings without much affecting the window
transparency. The significant decrease in the window transparency increases the
daytime energy consumption for the lighting purposes [3].
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The research on VIPs has been applied in some fields to improve insulation
performance. For example, in some buildings, it can attain five times higher insu-
lation values than conventional building insulating materials [4]. Recently, the
common manufactured VIPs are applied for building walls insulation. These VIPs
have an opaque appearance. These VIPs structures contain a metallized aluminum
film. This aluminum envelope contains a high thermal insulation material under
vacuum conditions and placed between the structure layers of a building wall.

Silica powder has been applied for the trial manufacture of VIPs. A silica aerogel
with a thermal conductivity of 2 � 10�2 W/m K is usually used to make transparent
VIPs [5]. It has been found that using suchmaterial in smart windows decreases the U-
values by 63% as compared to conventional glass windows. In addition, a significant
reduction in the light transmittance (by approximately 30%) has been measured [5].
Moreover, the industrial production cost of a VIP using silica aerogel remains very
high. Hence, there is a need to search for another economically competitive material.

A new slim structured-core and transparent insulationmethod for windows of
existing buildings is proposed. The TVIP is produced by inserting the structured core,
the low emissivity film, and the adsorbent into the transparent gas barrier envelopes. In
this chapter, the authors firstly describe the outlines of TVIPs. Next, the core structural
design tomaintain a vacuum layer and the thermal analysismethod to predict the
insulation performance are explained. In addition,measurementmethods of apparent
thermal conductivity and light transmittance, which are used to evaluate the insulation
performance and transparency of TVIPs, are introduced. Furthermore, the results of
thermal performance analysis and annual energy analysis are demonstrated.

2. Outlines of transparent vacuum insulation panels

2.1 Outlines, applications, and advantages

Figure 1 shows a concept diagram of the TVIP [6]. The manufacturing steps
start with the preparation of the VIP core structure, transparent low-emissivity
(Low-E) sheet, and transparent envelope. The heat sealing of the envelope is a four-
sided seal type. In addition, the Low-E film coated on one face, whereas the other
face has a larger emissivity. The core structure and the Low-E film are inserted in a
transparent gas barrier envelope. In addition, the oxide calcium adsorbent pack or
the getter material is also inserted to adsorb the outgassing from core material and
the gas passing through the envelope. The transparent envelope facilitates the
applicability of these TVIPs to existing windows where light transparency is

Figure 1.
Manufacturing steps, real images, schematic description, and the proposed real field application of the
structured-core and transparent vacuum insulation panel (TVIP) for existing windows [6].

152

Advances and Technologies in Building Construction and Structural Analysis



indispensable. The full structure is evacuated and sealed in a vacuum sealing
machine after reaching the vacuum design pressure. Figure 2 shows an example of
lab-scale vacuum sealing machine [6]. In this machine, the pressure level can be
controlled either automatically or manually. After reaching the desired pressure,
sealing is automatically performed. Then, the sample can be taken from the vacuum
chamber. The vacuum sealing machine usually consists of a few vacuum pumps
(the vacuum sealing machine shown in Figure 2 has buster and rotary vacuum
pumps.). Also, the sealing can be achieved by a machine.

Usually, a sealing with approximately 10 mm width are used to prevent the
penetration of atmospheric pressure. Figure 1 depicts the real appearance, schematic
illustration, and the method used for the field applications for the proposed VIPs.
These VIPs might contribute to enhance the insulation capability of current existing
windows, with slight effect on the daytime light transparency. These VIPs can be
integrated as transparent curtains with low thermal conductivity and small thickness.

The advantage of TVIPs applying the structured core materials compared with the
conventional transparent insulation technologies such as the vacuum glazing and the
TVIP using silica aerogel is low cost to produce. Figure 3 presents the comparison of
costs [6]. The total TVIPs cost including envelope, inner spacers, and film of Low-E
coating are shown in Table 1 [6]. It is obvious that the cost of VIPs is around one-
third of using double-glazing with vacuum. Further, the currently proposed VIPs can
be attached to the existing windows with lower installation cost compared to silica
aerogel VIPs. Finally, the cost of L-e film is around 50% of the total VIP price.

2.2 Core materials

The structure core materials are required the following items.

1.Strong enough to maintain a vacuum layer against atmospheric pressure from
outside of envelope.

2.Low thermal conductivity to reduce the thermal bridge generated by the core
materials.

3.No outgassing after vacuum sealing.

4.Easy to manufacture and inexpensive.

Figure 2.
Photograph and schematic of the vacuum sealing equipment [6].
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The structured core materials used for TVIPs are depicted in Figure 4 [6]. These
TVIP designs include a peek spacer, mesh spacer, frame spacer, modified peek
spacer, and silica aerogel spacer. All of these VIPs are designed, manufactured, and
experimentally tested, except for the modified peek spacer. The modified peek
spacer is proposed as extensions for the peek spacer. The TVIPs with peek spacers
and aerogel spacers are superior to the TVIPs using a frame spacer and a mesh
spacer from the viewpoint of transparency. On the other hand, the VIPs using a
frame spacer and a mesh spacer have an advantage that it is easy to manufacture. In
particular, if the frame spacer can be mass-produced at low cost, it is considered to
be the most promising core material for the TVIP.

2.3 Envelopes

Metalized film barrier envelopes are commonly used in the conventional VIPs;
however, they cannot be applied to the TVIPs. Transparent gas barrier films are
applied as a covering envelope for the structured core. These envelopes are favorable
for sealing and transparency. Figure 5 depicts one example of detailed structure and
dimensions of the transparent gas barrier envelope [6]. In order to reduce the oxygen
and moisture transmission rates, the silica evaporated PET layer is applied.

Figure 3.
Comparison of the calculated production cost of proposed VIPs with the double-layered vacuum glazing
insulation [6].

Table 1.
Detailed costs of the manufactured VIPs ($/m2) [6].
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3. Design and thermal analysis of transparent vacuum insulation panels

3.1 Core structural design

In order to determine the reasonable size of the VIP, the stress analysis is
required. In this chapter, an example of stress analysis for frame spacer is

Figure 4.
Concept diagram of the proposed structured-core and transparent VIPs with different core structures of peek
spacer, mesh spacer, frame spacer, modified peek spacer, and silica aerogel spacers [6].
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demonstrated. The structural frame depicted in Figure 6 (on the left) [7] is used to
maintain a vacuum gap when the internal pressure is decreased to 0.1 Pa. This
clarifies that every frame should hold up an atmospheric pressure loading. The
representation is shown in Figure 6 (on the right) [8, 9]. The structural calculation
analysis conducted to a model in Figure 7 is separated into two possibilities.

The structural model used in this work is simplified as support beam. The
deflection is used to estimate the structural dimensions. The calculation model
shows the maximum stress could be happen at the center of the beam and while the
minimum stress occurs at the frame edge. In this simulation, when the atmospheric
pressure is used as the loading, a compression and elastic occur simultaneously but
with opposite directions. Then, a relationship between the span and the deflection is
defined using the following equation:

ωmax ¼ σ � P0 � a4

D
(1)

D ¼ Et3

12 1� μ2ð Þ (2)

If the polycarbonate frame is used, the Young’s modulus E is 2.32 GPa and the
Poisson’s ratio μ is 0.39. The polycarbonate frame width, t, is used as 1 mm, while

Figure 5.
One example of detailed structure of the transparent gas barrier envelope [6].

Figure 6.
One example of structure analysis for a frame-structured VIP [7].

Figure 7.
Representation figures of the proposed structural model [7].
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the span, a, is used as10 mm, the uniform loading coefficient to a rectangular flat
plate σ1 is 0.0138, and σ2 is 0.0611. Further, the value of P0 is used to be 1013 kPa.
The frame extreme deflection with different spans vales is revealed in Figure 8 [7].
However, the effect of these structural designs significantly influences the insula-
tion capabilities. In order to create an appropriate design for VIP, we discussed
additional models. Therefore, we designed the structure by changing the width of
frame from 0.5 to 1.5 mm, and changing the span to 5, 8, 10, 12, and 15. The
influence in deflection is revealed in Figure 9 [7].

The frame mechanical structure is designed within the safety condition is
showed in Figure 8. The frame span of 10 mm is used, while considering the stress
effects and distortion, to used in the numerical model of thermal transmittance and
to predict the thermal insulation capabilities of the proposed specimen in the
experimental manufacturing. Furthermore, the vacuum gap was attained, and the
frame surface was quite flat with a designed span of 10 mm. Figure 9 compares the
deflections at different conditions. The frame design also considered the

Figure 8.
The variation of maximum imposed deflection of the frame design at different span values [7].

Figure 9.
Variation of the estimated deflections under various design conditions [7].
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transparency along with the insulation performance. Hence, the frame with width
of 1 mm, span of 10, and transparent gas barrier envelope is used.

To validate the aforementioned design, a 3D model was developed using ANSYS
workbench 14.0. The distribution of deformation for the core frame that is modeled
as concept in Figure 10 and the result is shown in Figure 11 [7]. The fixed boundary
indicates that the element analysis can be applied to a full-scale VIP, and the meshing
in Figure 10 shows the calculation result is accurate due to the 257,791 nodes and
49,046 elements. The result validates the mechanical analysis in Figure 8, indicating
a reasonable structural design with a sufficiently flat for application.

3.2 Thermal analysis applying numerical calculation

In VIPs, the inner pressure must be reduced to below 10 Pa. Increasing the gas
pressure above this value rapidly increases the VIP thermal conductivity [10]. In
addition, the total heat transfer in VIPs can be divided into four parts: radiation heat
transfer through the vacuum space, heat conduction through the skeleton of the
core of the core structure, gas conduction, and gas convection [10]. To enhance the
insulation performance of the VIP, all of these parts must be minimized. However,
at very low pressures, the convection can be naturally converted to pure gas con-
duction. Therefore, the convection can be ignored in the calculation [11–13]. Hence,
the current problem contains a coupled conduction radiation heat transfer. The 3D

Figure 10.
Three-dimensional meshing stage in finite element model [7].

Figure 11.
Distribution of deflection on frame (three-dimensional) [7].
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heat conduction equations for the solid regions including the pillars and in TVIP
were coupled with the surface to surface radiation model. The current model adopts
the following assumptions:

a. Steady state analysis is conducted.

b. The gas convection effect can be neglected within the simulated vacuum
pressure [11, 12].

c. Because the low-emissive films have a very small thickness, the conduction
heat transfer in this layer is neglected. But, the effect of its low emissivity is
taken into consideration in the radiation heat exchange in the vacuum region.

d. The heat transfer by conduction in the envelope of the TVIP is also ignored.

e. The thermal contact resistances in between the layer structures are negated.

f. Isotropic materials were assumed for the complete structure of the TVIP.

The steady-state 3D energy equation with radiation source term can be written
as follows as mentioned in ANSYS FLUENT [14]:

∇: k∇Tð Þ þ S ¼ 0 (3)

where T is the element temperature, k is the element thermal conductivity, and
S is a source term. This term is added to consider the effect of the radiation
exchange in the vacuum space [14]. This equation is solved for all solid domains but
with zero radiation heat source. Further, the gas conduction can be neglected at
lower pressure. But, in this study, the gas thermal conductivity variation with the
pressure, gas mean temperature, and vacuum layer thickness is considered in the
calculations [15]. In this work, the air thermal conductivity in the vacuum space at
different pressure, temperature, and pore size is calculated as follows:

λv ¼ λo

1þ 1:07�10�7ð ÞT
lvP

(4)

where T, lv, and P are the gas temperature in K, vacuum layer thickness in m,
and pressure of the gas layer in Pa respectively. Further, ko is the thermal conduc-
tivity of the air gap at a reference temperature, which is about 0.026 W/m K.

The radiation exchange is predicted in the TVIP is estimated using the surface to
surface (S2S) radiation model existing in ANSYS. This model defines the faces
participating in the radiation heat exchange and the view factor is calculated using
the surfaces separation, orientation, and the surface size. The surfaces participating
in the radiation heat exchange are the surfaces in contact with the vacuum regions
[14]. This view factor is identified using the design geometry of the TVIP. Further
details, and the S2S model limitations exists in ANSYS theory guide [14].

The boundary conditions used in this study were depicted in Figure 12 including
the schematic representation, boundary conditions, and the meshing details for all the
proposed TVIPs [6]. One side of the TVIP is kept at a temperature of 35.5°C, while the
other was kept at a temperature of 10.5°C. The wall emissivity and temperature are
well defined in the vacuum zones. But, for the spacers, only the faces’ temperatures
are defined, because the radiation exchange happens only in the vacuum regions.
Furthermore, the peripheral edges of the TVIP were assumed to be isolated due to the
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symmetrical computational domain. Finally, all interfaces in between the layers were
thermally coupled. At this condition, the temperature and the heat transfer rate on
these interfaces were assumed the same. The boundary conditions are mathematically
expressed as follows for the for the frame-type spacer.

• For hot TVIP side:

At the spacer face T ¼ Th:

At Vacuum faces ¼ Th; ε ¼ εh.

Figure 12.
Computational domains, boundary conditions, and mesh details for all investigated cases [6].
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• For the cold wall:

At the spacer zones T ¼ Tc

At the vacuum zones ¼ Tc; ε ¼ εc

Mesh study test is completed to confirm that the predicted results are not
dependent on the mesh size. A total number of elements of 1,370,521, 2,450,133,
1,745,551, 864,000, and 1,600,000 were used for the simulation of the peek, mod-
ified peek, mesh-type, frame-type, and silica aerogel spacers, respectively.

First, the computational domains were created on the “DesignModular” soft-
ware several zone approach. In this approach, the computational domain is sepa-
rated into different zones. This allows us to control of element size, properties, and
boundary conditions of every zone individually. Then, the generated domains are
meshed as detailed in Figure 12. Fluent solver is used to solve the module governing
equations. In this module, the flow equations including continuity, momentum, and
the energy equation are the standard equations. At very low pressure, the convec-
tion effect can be neglected and therefore the fluid flow equations are deactivated
[16–18]. But, the S2S model must solved for a fluid domain. So, the vacuum gap is
simulated as a fluid zone, but only the energy equation is solved. The S2S model
uses the estimated view factors. The energy equation for the solid zones and the
vacuum space with the S2S radiation, are concurrently solved. Besides, the radiosity
estimation is completed using the calculated view factors. The pressure effect is
considered in the calculation by estimating the vacuum region thermal conductivity
as a function of the vacuum pressure using Eq. (4). Layers for shell zone conduction
are considered in the simulation to consider the effect of acrylic plates’ existence.

The predicted center-of-panel thermal conductivity is compared with the mea-
sured thermal conductivity obtained by the Experiments for the peek type spacer,

Figure 13.
Comparison of the predicted center-of-panel thermal conductivities with (a) the experimental results for peek
spacer; (b) the experimental results for mesh spacers; (c) experimental results of frame-type spacer; and (d) the
numerical results of [19].
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mesh-type spacer, and frame-type spacer in Figure 13a–c, respectively. The
experimental results in Figure 13a–c are obtained by the heat flux meter method
(simultaneous evacuation thermal conductivity measurement) and the detail of
experiment is described in Section 4.1.3. Further, the currently predicted results
are compared with the numerical results of [19], as revealed in Figure 13d. The
current model is inspected at pressure from 0.1 to 10 Pa. The predicted results in
Figure 13a–c clarified that the model accurately predicts the center-of-panel thermal
conductivity for the proposed TVIPs with different core structures with error less
than 11%. This error is at lower pressure for the mesh-type spacer because of two
reasons. The first reason is that at lower pressure, the contact between the rods
become larger due to the flexibility of the rods. This reality is difficult to be consid-
ered in the simulation. The second reason may be attributed to the outgassing from
the core structure.

Further, the current model is verified for the silica aerogel spacer with the
results proposed in [19]. In this part, the silica aerogel spacer dimensions, boundary
conditions, and vacuum zone dimensions are the same as those existing in [19], and
are displayed inside Figure 13d. The main difference between the present model
and the model developed by [19] is that the current model is a 3D model that uses S-
S radiation, whereas the model developed in [19] was one-dimensional. From
Figure 13d, a very good agreement is detected.

4. Performance evaluation method for transparent vacuum insulation
panels

4.1 Thermal conductivity

Steady-state thermal conductivity measurement method for a flat material is
used to evaluate the thermal insulation performance of TVIP. Two methods are
commonly applied. The first one is the guarded hot plate (GHP) method and the
second one is the heat flux meter (HFM) method. Of these two methods, the HFM
method is recommended to use a standard sample with the same thermal conduc-
tivity as the material to be measured and to calibrate the heat flux meter. However,
there is no standard sample with a thermal conductivity comparable to the VIPs.
Therefore, the GHP method is said to be more suitable for high-precision measure-
ments. Also, if the inside of GHP apparatus can be evacuated, it is possible to obtain
the apparent thermal conductivity of TVIP for the set pressure. This means that the
GHP method can provide the “ideal” apparent thermal conductivity of TVIP.
Meanwhile, the HFM method has the advantage of easy measurement. In addition,
the HFM apparatus is inexpensive compared to the GHP apparatus. From these
reasons, in recent the HFMmethod is widely applied compared to the GHP method.
Especially, the HFM method is selected when the speed and convenience are
required such as quality control.

In the HFM method, TVIPs after vacuum sealing and TVIPs under evacuating
can be used. When the TVIP after vacuum sealing is used and the HFM method is
applied, the measured apparent thermal conductivity sometimes becomes higher
compared to the expected value due to the outgassing from the core material. On
the other hand, when the TVIP under evacuating is used and the HFM method is
applied (simultaneous evacuation thermal conductivity measurement), it is possible
to obtain the measured apparent thermal conductivity of TVIP for the set pressure
as well as the GHP method.

In the following, the outlines and examples of each measurement method are
introduced.
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4.1.1 Guarded hot plate method

Figure 14 shows a schematic diagram of the GHP method. The two specimens,
which have the same dimension and density, are positioned between the hot and
cold plates and guarded in an airtight chamber. The cold plates are heated such that
well-defined, selectable temperature difference ΔToC is recognized between the
two plates. The input heat power Q (W) through an area A (m2) of the hot plate is
measured at the thermal equilibrium conditions. Further, the input power, sample
thicknesses, temperatures across the sample can be measured and hence the thermal
conductivity can be determined at the steady-state conditions. Additionally, this
method provides an evacuated space, which is accurate in evaluating the insulation
capabilities in a stable vacuum situation. Until reaching the steady-state heat flow
and vacuum level, the TVIP thermal conductivity, (λ), is estimated using the fol-
lowing equation:

λ ¼ Q=2A
ΔT=d

(5)

However, gaps are generated in the evacuated chamber in GHP method. Espe-
cially, if the shape of specimen is flat plate and the surface is hard, gaps are
generated in the circled area in Figure 14. The gaps increase the thermal resistance;
therefore, the thermal conductivity of TVIP evaluated by Eq. (5) becomes smaller
due to the thermal resistance. Hence, the experimental result should be optimized
using the following equation to eliminate the influence of the gaps:

RVIP ¼ Rm � RVa1 � Rva2 � Rva3 (6)

where, RVa1, RVa2, and RVa3 are the thermal resistances of each gap. In addition,
the apparent thermal conductivity of TVIP can be obtained by the following equation.

λVIP ¼ LVIP=RVIP (7)

An example of the thermal conductivity measurement applying GHP method, in
which a frame structured core shown in Figure 15 is used as the specimen, is
demonstrated [7]. In this measurement, the inside the chamber of the GHP appara-
tus was reduced to 0.1 and 1 Pa. Then, the thermal conductivity was measured by
using GHP method. The experimental results and their optimized results by Eq. (7)
are shown in Table 2 [7]. Furthermore, they are compared with the result of
numerical calculation. Figure 16 illustrates the comparison of apparent thermal

Figure 14.
Schematic of the guarded hot plate apparatus [7].
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conductivity of TVIP between experiment and calculation [7]. These results indi-
cate that the optimized results are closer to the results of numerical calculation.

4.1.2 Heat flux meter method

Figure 17 shows a schematic diagram of the HFMmethod. The TVIP specimen is
inserted between the hot plate and the cold plate. The temperature of the hot plate
and the cold plate can be kept at constant. Then the heat flux is generated by the
temperature difference between the hot plate and the cold plate and it is measured
by the heat flux meter.

The apparent thermal conductivity of TVIP is measured based on a Fourier
equation of one-dimensional heat conduction, as the following:

λeff , exp ¼ qh þ qc
2

� �
� LVIP

ΔT
(8)

where the λeff,exp, qh, qc, LVIP, and ΔT are the TVIP measured thermal conduc-
tivity in W/m K, heat flux measured at the hot and cold sides of the sample

Figure 15.
Concept diagrams of the VIP specimen [7].

Table 2.
Guarded hot plate (GHP) experimental results [7].

Figure 16.
Comparison of the simulation and experimental results [7].
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measured using two heat flux sensors in W/m2, the TVIP thickness in m, and the
difference in temperatures across the sample sides in °C, respectively.

An example of the thermal conductivity measurement applying HFM method is
demonstrated [6]. Four types of core materials (peek spacer, mesh spacer, frame
spacer, silica aerogel spacer) are used and the specifications are shown in Figure 2
and the dimensions are indicated in Table 3 [6]. The VIPs are produced by inserting
the core materials, Low-E film (the emissivity is approximately 0.28), and oxide
calcium adsorbent packs into gas barrier envelopes and vacuum sealing. The sealing
was performed after the pressure inside chamber was lower than 0.1 Pa. Then, the
apparent thermal conductivities of TVIPs were measured by using the heat flux
method. Figure 18 shows the measured apparent thermal conductivity according to
elapsed time [6]. The apparent thermal conductivity is increasing according to
elapsed time. This issue should occur due to the increased pressure, and the reason
should be due to the outgassing from the core material.

In addition, the core material outgassing is minimized in different methods.
First, Figure 19a [6], called “normal case,” the TVIP is assembled by the vacuum
sealing machine in Figure 2, and a calcium oxide powder placed in an adsorbent
pack is used to reduce the core outgassing. Second, in Figure 19b [6], called
“vacuum drying with N2,” all the TVIP components are placed inside an environ-
mentally controlled chamber. In this chamber, the temperature was maintained
constant at 70°C for a period of 24 h. After that, the TVIP structure is evacuated
using another vacuum machine with turbomolecular vacuum pump to keep the
pressure at 0.1 Pa. This could enhance the release of the outgassing from the core
material of the TVIP. Then, nitrogen is supplied to the chamber then the nitrogen is
exhausted. Finally, the TVIP is evacuated and evacuated and sealed using the
machine in Figure 2.

Figure 17.
Schematic diagram of heat flux method apparatus.

Table 3.
Detailed dimensions of the current structured-core and TVIPs [6].
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Third, Figure 19c [6], called “heating,” a new method is introduced to decrease
the production processes used for the fabrication of the TVIP. In this method,
heating up the VIP is conducted during the evacuation using two flat silicon rubber
heaters. This helps the outgassing during the evacuation. The heaters temperatures
were kept at 70°C using controller. In both second and third methods, calcium oxide
adsorbent packs were kept inside the TVIP. Finally, in the fourth method displayed
in Figure 19d [6], called “gas adsorbent getter,” a different absorbent material is
used. This material contains calcium oxide with alloy getter. The calcium oxide is
used to absorb the water vapor and the alloy getter is used to absorb other gases
such as nitrogen and carbon dioxide. Therefore, the pressure increase due to the
outgassing could be decreased.

In Figure 20a [6], the predicted thermal conductivity variation with time is
displayed for the four trial production methods. The comparison is executed for the
TVIP with frame type. It is found that the use of getter material during the fabrica-
tion process achieves the lowest thermal conductivity compared to other methods.
Further, manufacturing the VIP without using calcium oxide is the worst option.
Because using the getter material attained the best results, further fabrication
method is applied here. The use of getter is compared with the use of a calcium

Figure 18.
Measured apparent thermal conductivity according to elapsed time [6].

Figure 19.
Trial manufacturing methods for the frame-type VIP (a) normal method with calcium oxide adsorbent,
(b) using vacuum drying chamber with N2, (c) using flat silicon rubber heaters during the evacuation, and
(d) using gas adsorbent getter [6].
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oxide pack. The results were recorded for 75 h and are showed in Figure 20b [6].
The results showed that using getter material attained a lower panel effective
thermal conductivity compared to using calcium oxide desiccant packs. The

Figure 20.
Variation of the center-of-panel thermal conductivity with the elapsed time for (a) different trial
manufacturing methods and (b) two different outgassing adsorbent materials [6].

Figure 21.
Experimental apparatus used in the estimation of the VIP thermal conductivity: (a) Schematic diagram,
(b) real images of the used test apparatus, and (c) real images of the used peek, frame, and mesh VIPs and the
transparent gas barrier film [6].
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minimum achieved thermal conductivity was about 0.011 W/m K, and this value
corresponds to 5 Pa in the case of using getter. This clarifies that the VIP inner
pressure is increased after the sealing, because of core material outgassing.

4.1.3 Heat flux meter method (simultaneous evacuation thermal conductivity
measurement)

Figure 21 shows the simultaneous evacuation thermal conductivity measurement
applying HFM method [6]. This technique achieves evacuation with simultaneous
measuring of the thermal conductivity. In this experimental setup, the vacuum pump
is connected with the experiments of the heat flow meter (HFM). Three sides of the
VIP were sealed thermally using the large width sealing in the vacuum sealing
machine. The width of the sealing was 9 mm. Then, fourth edge of the envelope is
kept connected to the hose/pipe of a small-scale vacuum pump. The experimental
setups are showed in Figure 21. The vacuum pump in this setup consists of two
vacuum pumps. One is a series connected reciprocating and turbomolecular vacuum
pump. Pirani pressure gauge is used to measure the VIP inner pressure. The VIP and
the sensor used for pressure measurement can be easily isolated from the system by
the mean of valve. The experiment starts with operating the reciprocating pump to

Figure 22.
Schematic representation for the illuminance measurement [6].

Table 4.
Measured transparency for the experimentally examined VIPs [6].
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decrease the VIP inner pressure to around 20 Pa. Then, the turbomolecular pump is
operated to decrease the inner pressure until reaching the desired value. The
turbomolecular vacuum pump with the oil free type is favorable for these applica-
tions, as suggested by [18]. The pressure sensing device was located closer to the inlet
part of the VIP; this allows us to precisely measure the pressure inside the VIP. After
reaching the desired vacuum level, the VIP sample is inserted into the HFM appara-
tus. The measurement of thermal conductivity is the same as the normal HFM
method. Examples of experimental results are indicated in Figure 13a–c.

4.2 Transparency

The light transparency experiment is described in Figure 22 [6]. In this experi-
ment, the TVIP sample is positioned on a reflection diffuser. Then the TVIP sample
is irradiated using incandescent light lamp. An 800-nm wavelength was measured
and the illuminance intensity in μW/(cm2 nm) is measured with and without the
TVIP shading. The transparency percentage is defined as the ratio between the
measured value of the transmitted light intensity while using the TVIP the same
value while not including the TVIP.

Table 4 shows the transparency percentage of all the fabricated TVIPs [6].
These transparency percentage is the TVIPs without the glass window of 3 mm. It is
obvious that the transparency values for the manufactured VIPs vary between 0.65
and 0.9, for mesh-type and the cylindrical-pillar VIPs, respectively. Further,
because the modified peek spacer was studied numerically, the predictable trans-
parency could be similar to that of the peek type spacer.

5. Additional performance analysis of transparent vacuum insulation
panels

5.1 Thermal performance analysis under American Society for Testing and
Materials (ASTM) boundary conditions

A 3D model is developed and solved for the investigated TVIPs while they
attached to a 3 mm glass layer thick. The temperature contours on both the cold and
hot sides, heat flux, and U-value of the VIP samples were predicted at the ASTM
boundary conditions. In ASTM boundary conditions, the indoor air temperature
and the convection heat transfer coefficients were 21.1°C and 8.3 W/m2 K while the
same for the outdoor conditions were �17.8°C and 30 W/m2 K, respectively.

The 3D temperature contours on the vacuum region at a vacuum pressure of
0.1 Pa are depicted in Figure 23. Figure 23 shows a considerable temperature
difference exists among the two sides of the vacuum gap. The maximum tempera-
ture difference was for the mesh-type spacer. Further, using the mesh-type VIP
with 3-mm glass decreases the center of pane U-value from 6.3 to 1.14W/m2 K. This
considerable decrease in the U-value declines the heat loss from the indoor envi-
ronment of the building. Furthermore, using silica aerogel-based VIP, higher U-
value was obtained. This due to the high heat is transfer rate through the silica
aerogel spacer.

5.2 Annual energy analysis

The hourly variation and total annual thermal energy transferred through the
proposed VIP to the indoor environment is calculated, analyzed, and compared
with the customary window without VIP. The VIP is attached to the 1 m2
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single-layered glass window with 3 mm thickness. In this calculation, the indoor
air temperature is at 20°C, with an indoor convective heat transfer coefficient
(HTC) of 7.7 W/m2 K as recommended by Refs. [18, 20]. In addition, two typical
climate conditions at Ishigaki island (24.41°N, 124.17°E) as a hot region, and
Sapporo, Hokkaido (43.06°N, 141.35°E) as a cold region are examined in Japan.
Figure 20a and b show the hourly variation of ambient temperature and wind
speed, respectively. These meteorological conditions at Ishigaki city are measured
by the authors, and that for Sapporo was downloaded from Japan Meteorological
Agency website. In-house MATLAB code is developed to estimate the hourly and
the annual thermal energy transfer. The minimum ambient temperature in Sapporo
city is �10°C while the maximum air temperature in Ishigaki island is 32°C.

The model adopted in this section is a one-dimensional quasi-steady model. This
model is an efficient for a long-term energy evaluation, as it predicts results with
reasonably accepted accuracy in a short period of time.

In this model, the following assumptions are applied:

1.The heat transferred in one-dimensional and under a quasi-steady state condition.

2.The effect of the contact thermal resistance between the VIP and the glass
window is neglected.

Figure 23.
Predicted 3D temperature contours of the investigated VIPs using American Society for Testing and Materials
(ASTM) boundary conditions [6].
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3.The impact of sol-air is not considered as we assume that no solar radiation
strikes the exterior surface of the window.

The steady-state conduction heat flux transfer through the VIP-glass window
system to the indoor space is calculated by Eq. (9):

q ¼ Ta tð Þ � Tið Þ
1
hc,i

þ δg
kg
þ δv

kv
þ 1

hc,o tð Þ
� � (9)

where, q, δg, kg, δv, kv, and hc,i are the total thermal heat flux in W/m2, glass
thickness in m, glass thermal conductivity in W/m K, VIP thickness in m, VIP
thermal conductivity in W/m K, and the inside convective heat transfer coefficient
in W/m2 K, respectively. Please note that the negative sign of q indicates that the
heat loss from the building, which occurs when the outside temperature is less than
the indoor designated temperature. The outdoor convective HTC variation with
time is calculated as a function of wind speed and ambient temperature according to
ambient temperature-dependent equation derived by Nusselt-Jürges [21]. This
equation is written for smooth surfaces, such as the exterior surfaces of windows, as
shown in Eqs. (10) and (11) [21]:

hc,o tð Þ ¼ 5:678 0:99þ 0:21� 294:26
273:16þ Ta tð Þ
� �

� U∞ tð Þ
0:3048

� �� �
at U∞ tð Þ<4:88

m
s

� �

(10)

hc,o tð Þ ¼ 5:678 0:5� 294:26
273:16þ Ta tð Þ
� �

� U∞ tð Þ
0:3048

� �0:78( )
at 4:88≤U∞ tð Þ< 30:48

m
s

� �

(11)

Here, hc,o tð Þ, Ta (t), and U∞ tð Þ are the hourly convective HTC at the exterior
surfaces of the window in W/m2 K, the hourly ambient temperature variation with
the time in °C, and the hourly wind speed in m/s, respectively. The constants in
Eqs. (10) and (11) are empirical constants derived from the experiments developed
by Nusselt-Jürges. Table 5 lists the thicknesses of the VIPs with the relevant ther-
mal conductivities at a pressure of 1 Pa for different spacers [6].

The hourly variation of the heat flux for the single-layered glass window with-
out/with a frame-type VIP attached to the internal surface of a glass window is
shown in Figure 24a and b for Sapporo and Ishigaki, respectively [6]. These two
figures show that attaching the VIP to the single-layer glass windows of existing
buildings can reduce the heat loss/gain from/to the building in cold and hot weather
conditions, respectively. Hence, it is highly recommended to use the VIP in cold
regions such as Sapporo, where the temperature difference between the outside
ambient temperature and the inside designed conditions can reach to maximum
value of 30°C.

Table 5.
Detailed thickness and center-of-panel thermal conductivities of the investigated VIPs at 1 Pa [6].
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The hourly variation of the thermal heat flux in W/m2 for a single layer window
with/without VIP under climate conditions of Ishigaki Island and Sapporo city are
displayed in the Figure 25, While, the total thermal energy transfer per unit floor
area per annum in kW h/m2/annum is calculated and compared for all VIPs with
different spacer structure is illustrated in Figure 26a and b for Sapporo and
Ishigaki, respectively [6]. First, the total annual heat flux in W/m2/annum is the
summation of loss and gain heat transfer. For the Sapporo region, it is obvious that
the total annual heat flux loss is dominant heat transfer occurred in this region,
owing to the cold weather. In addition, attaching a frame VIP to the inside surface
of a customary 3-mm glass window reduces the heat loss from the buildings by
69.5% compared with the typical window without VIP. In contrast, for Ishigaki
region, the heat gain from the window has a significate share of the total heat
transfer rate, and a 65.1% decrement in the annual heat gain is accomplished by
using the VIP combined with 3-mm glass windows.

6. Summary

New, low-cost transparent vacuum insulation panels (TVIPs) using structured
cores are proposed. These TVIPs are different from the well-known conventional

Figure 24.
Hourly variation of (a) ambient temperature and (b) wind speed for Ishigaki and Sapporo cities in Japan [6].
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VIP, which has a solid core material structure and opaque metalized film barrier
envelope. The proposed novel TVIPs are showed a high thermal insulation capabil-
ity, which could attached to the windows of existing buildings. The five spacers,
which are namely peek, modified peek, mesh, silica aerogel, and frame, are selected
as the structured core. Numerical simulations are developed to evaluate the effec-
tive thermal conductivity of TVIPs with five different spacers at different pressure
levels, and the results are compared to the experimental pairs. The results indicate
that the frame-type spacer with a thickness of 3 and 2 mm attain the lowest center-
of-panel thermal conductivities of 6.5 � 10�3, it followed by the mesh-type spacer,
which achieved a value of 6.8 � 10�3 W/m K at a vacuum pressure of 1 Pa,
respectively. The predicted U-values for the mesh spacers was 1.14 W/m2 K at
ASTM boundary conditions. Moreover, attaching a frame-type TVIP with a

Figure 25.
Hourly variation of the thermal heat flux transfer in W/m2 for (a) Sapporo and (b) Ishigaki in the case of
using single-layered glass window and the frame-type VIP attached to the glass window as an example. The VIP
with the glass window is displayed at the right of the figure [6].

Figure 26.
Variation of the total annual heat flux transfer in a unit of kW h/m2 for (a) Sapporo and (b) Ishigaki
region [6].
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thickness of 3 mm to an existing window decreases the space heat loss by approxi-
mately 69.5%.

The TVIPs have the significant potential to promote thermal insulation capabil-
ity of the windows of existing buildings with low cost. On the other hand, the
challenge of TVIPs is to keep the low pressure inside the envelope after vacuum
sealing. As shown in the result of thermal conductivity measurement applying HFM
method and using a TVIP after vacuum sealing, the apparent thermal conductivity
is increasing according to elapsed time. The reason should be due to the outgassing
from the core material; therefore, it is important to reduce the outgassing to realize
the TVIPs.
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Nomenclature

A vacuum insulation panel front area (m2)
a length of span (m)
E emissive power density (W/m2),
E y Young’s modulus (Pa)
hc,i convection heat transfer coefficient to building interior

[W/(m2 K)]
hc,o convective heat transfer coefficient to building exterior

[W/(m2 K)]
k thermal conductivity [W/(m K)]
Lv transparent VIP thickness (m)
P vacuum pressure (N/m2)
R thermal resistance [(m2 K)/W]
q heat flux (W/m2)
T temperature (oC)
U∞ wind speed (m/s)

Greek symbols

Δ difference
δ thickness (m)
ε emissivity (unitless)
λo air thermal conductivity [W/(m K)]
λv vacuum space thermal conductivity [W/(m K)]

174

Advances and Technologies in Building Construction and Structural Analysis



μ Poisson’s ratio
σ coefficient of uniform loading to a rectangular flat plate
ω deflection (m)

Subscripts

a ambient
avg average
c VIP cold side
eff effective
g glass
h VIP hot side
h-c between the hot and the cold side of the VIP
i interior
in entering the surface
m measured
out exiting from the surface
VIP VIP
v vacuum space
v1, v2, v3 vacuum layer
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Chapter 8

Smart Built Environment
Including Smart Home, Smart
Building and Smart City:
Definitions and Applied
Technologies
Reyhaneh Karimi, Leila Farahzadi, Samad M.E. Sepasgozar,
Sharifeh Sargolzaei, Sanee M. Ebrahimzadeh Sepasgozar,
Mohsen Zareian and Akram Nasrolahi

Abstract

Technology, particularly over the past decades, has affected the cities and their
components, such as building sectors. Consequently, smart building that has cur-
rently utilized various technologies which is incorporated into buildings is the core
of the present chapter. It provides a comprehensive overview on smart cities, smart
buildings and smart home to address what systems and technologies have been
incorporated so far. The aim is to review the smart concepts in built environment
with the main focus on smart cities, smart buildings, and smart homes. State-of-the-
art and current practices in smart buildings were also reviewed to enlighten a set of
directions for future studies. The Chapter is primarily focuses on 51 articles in smart
buildings/homes, as per collected from various datasets. It represents a summary of
systems utilized and incorporared into smart buildings and homes over the past
decade (2010–2020). Additional to different features of smart buildings and homes,
is the discussion around various fields and system performances currently utilized
in smart buildings/homes. Limitations and future trends and directions is also
discussed. In total, such building/home systems were categorized into 6 groups,
including: security systems, healthcare systems, energy management systems,
building/home management systems, automation systems, and activity/movement
recognition systems. Furthermore, there are a number of surveys which investi-
gated the user’s acceptance and adoption of the new smart systems in homes and
buildings, as presented and summarized thereafter in Tables. The present Chapter is
a contribution to a better understanding of the functions and performances of such
buildings/homes for further implementation and enhancement so that varying
demands of smart citizens are fulfilled and eventually contribute to the
development of smart cities.

Keywords: smart cities, smart buildings, smart homes, intelligence, automation,
systems function
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1. Introduction and research method

Technology over the past decades has significantly influenced cities, including
building sectors to a great extend. The term “Smart” was recently coined and
developed across all built environment segments - thanks to efforts made to set up
highly-functional buildings and constructions. “Smart building” technologies are
currently recognized as a promising solution to enhance flexibility and efficiency of
built environment. Such buildings are thus recognized as the main core of
diffenerent Smart city components i.e., Smart Infrastructure, Smart Healthcare,
Smart Energy, Smart Mobility, Smart Technologies, Smart Construction, Smart
Governance and Education, Smart Citizens, and Smart Transportation, as illus-
trated in Figure 1.

The present Chapter reviews the concepts of Smart Built Environment with the
main focus on smart cities [1], smart buildings, and smart homes. State-of-the-art
and current practices made in smart buildings are reviewed, and a set of directions
for future studies are suggested. The main question to address is what systems and
technologies have been utilized and incorporated in smart buildings/homes so far.

As such, a holistic view of the smart cities are provided. Papers related to Smart
building, the existing definitions of Smart and transformations made over the past
decades, how it was categorized, contributions made to the building sectors and
current research reported in smart buildings are reviewed. Section 3 is focused on
smart homes � the most recurrent concentration as the primary focus of smart
buildings. How smart homes are defined and emerged are outlined and a timeline of
evolvement are depicted.

A large body of literature (51 papers) in smart buildings and smart homes is
reviewed, and practical benefits of smart homes are discussed. Articles were

Figure 1.
Smart city components and the connections among them.
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extracted from a variety of datasets such as Elsevier, Springer and IEEE with the
following keywords searched for relative papers: “smart building” and “automated
building” for the part related to smart buildings and “smart home” and “automated
home” for the part related to smart homes. as per published between 2010 and
2020. Different technologies utilized in smart homes, features, findings, and limi-
tations were also discussed. Finally, potential research trends in the future
advancement of smart home applications and components are outlined.

The most interesting findings of the present chapter are: (1) smart buildings and
homes categories (functions): security, healthcare, energy management, building/
home management, automation, and activity/movement recognition; (2) Sugges-
tions made for future research can serve as a useful collection for students and
researchers and assist with identifing gaps and developing ideas to address future
research; (3) Finally, key findings of each article are summarized in Tables, there-
fore provide readers with key contributions made. Figure 2 illustrates the frame-
work on which the whole Chapter is organized.

2. Smart cities

Concepts, definitions, dimensions, and characteristics of smart cities are
presented as follows.

2.1 Smart cities concepts

Originally traced back to the Smart Growth Movement in the late 1990s, the
concept of Smart Cities has recently gained much attention and recognized as an
important paradigm in intelligent urban development and sustainable socio-
economic growth, [2]. Smart cities in the urban planners’ is profoundly debated on
the future of cities, the diffusion of smart city initiatives in countries with different
requirements and contextual conditions (e.g., developed or developing nations)

Figure 2.
The framework summarizing the main themes reviewed in this chapter.
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which makes it difficult to identify common definitions and trends on a global scale.
In fact, a globally-agreed definition of the term Smart City or related attributes are
still missing.

2.2 Smart cities definition

The term “smart city” was first coined in the 1990s in which the focus was on
the impact of new ICT on modern infrastructures within cities. In the first few years
of 21st century, the term “smart city” was recognized as an “urban labeling” phe-
nomenon. Generally, in the most presented definitions of “smart city”, there are
several keywords that are repeated, including infrastructures, resources, efficiency,
increasing the quality, data, and technology. This reveals, despite the lack of a
unique definition for the concept of the “smart city”, the nature of the definitions
and the opinions around urban planning and management are in common. As
expected in a smart city:

City managers can use city infrastructures and resources in an efficient way. The
key feature of the smart city is monitoring and integrating “conditions of all of its
critical infrastructures” as previously described [3]. Infrastrucure refers to “roads,
bridges, tunnels, rails, subways, airports, seaports, communications, water, power,
even major buildings, can better optimize own resources, plan preventive mainte-
nance activities, and monitor security aspects while maximizing services to citi-
zens”. As earlier stated [4, 5] “A smart city infuses information into its physical
infrastructure to improve conveniences, facilitate mobility, add efficiencies, con-
serve energy, improve the quality of air and water, identify problems and fix them
quickly, recover rapidly from disasters, collect data to make better decisions, deploy
resources effectively, and share data to enable collaboration across entities and
domains”. Another quote [6] also indicated “A smart city means uses all available
technology and resources in an intelligent and coordinated manner to develop
urban centers that are at once integrated, habitable, and sustainable”.

Furthermore, a smart city is anticipated to use information for a dynamism in
the economy and resource sustainability purposes. For instance, it was stated [7]
that: “Two main streams of research ideas: (1) smart cities should do everything
related to governance and economy using new thinking paradigms and (2) smart
cities are all about networks of sensors, smart devices, real-time data, and informa-
tion and communication technologies (ICT) integration in every aspect of human
life”. Another definition is [8] “a city well performing in a forward-looking way in
economy, people, governance, mobility, environment, and living, built on the smart
combination of endowments and activities of self-decisive, independent and aware
citizens”. Smart city generally refers to the search for and identifing intelligent
solutions which allow modern cities to enhance the quality of the services provided
to citizens”. Smart cities are profoundly dependent on big data [1, 9, 10], ICT to
provide more efficient services to citizens, to monitor and optimize existing infra-
structure, to boost collaborations among different economic actors, and to encour-
age innovative business models in both private and public sectors”. Figure 3
presents a typical network of a smart city including data server and connections to
different buildings and infrastructrues.

The concept of “smart city” aimed to increase the efficiency of urban systems
operations in urban environments. In the past century, increased poulations and
habitats in cities made services to citizens inefficient. Furthermore, from a sustain-
ability and carbon emission footprints perspective, the excessive use of limited
resources has pushed the situation into a more hazardous and unsafe environement
[11]. It is therefore of prime importance to seek for tools/plans for optimization
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purposes of urban resources and infrastructures, where data and technologies are
gathered in smart city.

2.3 Smart cities components

To clarify what constitutes a smart city, researchers have devided this concept
into many features and components, to justify the complexity involved in smart city
concept in a holistic way. Attempts made to delineate the features of a smart city

Figure 3.
A typical smart city network.

Figure 4.
Key components of a smart city and related aspects.
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indicated 6 possible components can be defined as presented in Figure 4 with a
short description of such components as presented in Table 1.

2.4 Smart cities characteristics

According to literature and Figure 4, six smart components were identified, i.e.,
economy, people, governance, mobility, environment, and living as the relevant
group characterizing a smart city. They can be broken down into 31 relevant factors
reflecting the most important aspects of smart components, as shown in Table 2.

Smart economics is divided into micro-components, each demonstrating dyna-
mism and productivity, such as creativity, entrepreneurship, and flexibility. Smart
people also include components that, like smart economics, imply creativity, and
flexibility. Furthermoer, smart people generate and benefit from the social capital

Components Description

Smart
Economy

Eeconomy which is associated with the presence of industries in ICT or employing
ICT in production processes.

Smart People Refered to people possessing creativity, diversity, and education [13]

Smart
Governance

Various stakeholders are engaged in decision making and public services.

Smart Mobility Refers to the use of ICT in modern transport technologies to improve urban traffic.

Smart Living The smart people factor comprises various aspects, such as affinity to lifelong
learning, social and ethnic plurality, flexibility, creativity, cosmopolitanism, open-
mindedness, and participation in public life.

Smart
Environment

Refers to efficiency and sustainability of environment, while smart technologies are in
use.

Table 1.
A brief description of SCs components [12].

Smart Economy Smart People

• Innovative spirit
• Entrepreneurship
• Economic image and trademarks
• Productivity
• Flexibility of labor market
• International embeddedness
• Ability to transform

• Level of qualification
• Affinity to lifelong learning
• Social and ethnic plurality
• Flexibility
• Creativity
• Cosmopolitanism/Open-mindedness
• Participation in public life

Smart Governance Smart Mobility

• Participation in decision-making
• Public and social services
• Transparent governance
• Political strategies & perspectives

• Local accessibility
• (Inter-)national accessibility
• Availability of ICT-infrastructure
• Sustainable, innovative and safe transport systems

Smart Environment Smart Living

• Lack of pollution of natural conditions
• Pollution
• Environmental protection
• Sustainable resource management

• Cultural facilities
• Health conditions
• Individual safety
• Housing quality
• Education facilities
• Touristic
• Social cohesion

Table 2.
List of characteristics of Smart Cities [14].
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of a city, hence, the concept of smart city indicates a combination of education-
training, culture-arts, and business-commerce with hybrid social, cultural, and
economic enterprises [15]. Smart governance means various stakeholders are
engaged in decision making, political strategies and public services, therfore forms
Transparent governance. Smart mobility refers to the use of ICT in modern trans-
port technologies to improve urban traffic. Smart environment, reflecting effi-
ciency and sustainability of urban life, includes micro-components such as
ambitiousness towards CO2 emission reduction strategy, efficient use of electricity
and water, area in green space, greenhouse gas emission intensity of energy con-
sumption, policies to contain urban sprawl, and proportion of recycled waste. Smart
living reflects a city whose citizens have a high quality of life. In such a city micro-
components of smart living can be cultural facilities, health conditions, individual
safety, housing quality, education facilities, touristic, and social cohesion.

3. Smart building

In this section, smart building definitions, history, and evolution, different clas-
sification and contributions are encapsulated. Figure 5 illustrates an overview of
smart buildings in cooperation with a smart city and its components, after which
smart buildings shall be introduced.

3.1 Smart building definition

“Smart Building” points out to various technologies incorporated into buildings.
There may not be a definite explanation of what turns a building into a smart one.

Figure 5.
An overview of smart buildings in addition to other smart components in a smart city.
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The term has been defined by various research and it is sometimes interchangeably
used as intelligent building or automated building, which are not necessarily the
same. That is due to the evolution of the buildings from “conventional”, to “auto-
mated”, to “intelligent”, and to “smart” [9, 16].

In 1990, the intelligent building was defined by Powell [17] as a building which
controls the environment of itself. Such mode of control did not introduce any
interactions made by the user(s). In 1995, Capacity and Institution Building (CIB)
proposed the definition of a responsive and dynamic architecture for intelligent
buildings which offers the users a cost-efficient, productive and competent envi-
ronment by 4 fundamental components; i.e., place, process, people and manage-
ment with interrelations involved [18]. Continental Automated Buildings
Association (CABA), in 2002, defined it as a building and the infrastructure which
offers occupants an efficient, flexible, safe and comfortable condition by utilizing
technological systems, controls and communications, all integrated together [19].
Frank [20] summarized the previously defined explanation of the intelligent build-
ing and explained it as an automated building centrally managed to provide users
with a safe, comfortable, productive and energy-efficient environment through
technological devices which allow sustainability and cost-efficiency. In 2005, Wong
et al. [21] discussed that the previously-used definitions centered on minimizing the
interaction of users with the building.

It was around 2011 that the term “smart building” started to gain popularity over
the previously-used term “intelligent building” [22]. Buckman et al. [23] believe
smart buildings are intelligent buildings with additive and combined elements of
adjustable control, enterprise, materials and construction. CABA concentrates on
the capability of the smart building to adjust itself to different surrounding param-
eters and conditions using outward context-led data on the behavior of the users
[24]. The highlights within the current definition of smart buildings are the con-
centration on the users and the interaction with the user of a building in high levels
[25, 26]. Sinopoli [27] looks at smart buildings holistically and the integration of
design, construction and execution where applicable information is acquired within
a smart building to facilitate the management of the environment by the users/
occupants. In the most recent researches, smart buildings are defined as those
which benefit from the efficient and cutting-edge sensors and electronic devices as
per connected together and communicate with each other to generate a large
amount of data, (refered to as Big Data), to control and manage the building
smartly to boost reliability and performance of the building and reduce energy
consumption and cost; more importantly to provide a desirable, flexible and safe
environment for occupants [28–32]. Smart buildings depict the evolvement of the
most up-to-date infrastructure and integration of automated control systems, data
computing, and artificial intelligence. The smart building adapts itself to the sur-
roundings according to both inner and outer parameters and can learn [22], interact
and self-adapt to the needs of the occupants.

3.2 A brief history of smart buildings

Although smart buildings seem to be a new concept, the origins actually dates
back to 1980s, when a new generation of intelligent buildings was constructed in
the United States [33]. The first intelligent building was built in Hartfort, the United
States in 1984 [20]. It is however believed [34] the concept of intelligent buildings
refers to automation rather than intelligence which is rooted back to an earlier time
of 1960s, when a building was resourced with an automation system which served
as a device for ‘work saving time’. In 1973, energy crisis occured which raised
awareness on energy consumption style, and subsequently led to the formation of

186

Advances and Technologies in Building Construction and Structural Analysis



smart features of energy consumption and crime prevention. In the early 1980s, the
emergence of two main technologies assisted with the development of the trend;
i.e., telecommunications and personal computers. Establishment of networks of
technology and real estate enterprises offered a shared telecommunications system
to building owners [27]. Integrated single-functional systems for building automa-
tion such as access control, security control, lighting control, lift control, electrical
systems, fire system, electronic processing and communication of data, text com-
munication and telefax, image communication and TV were generated at single
level function as the integration of different subsystems was not possible [34]. In
1990s, technological developments i.e., direct digital control (DDC), video surveil-
lance, access control systems, audio visual systems and cabling systems [27] and
integrated multi-functional systems were feasible at building automation system
(BAS) and integrated communication system (ICS) level. In 2000s, developments
were progressed in the implementation of systems integrated with computers,
utilizing Internet protocol (IP) network technologies which boosted network
capacity, and remote monitoring and control through the Internet [34]. Table 3
illustrates the evolution of the smart building, along with time and technology
development.

Time Evolution The type of building
Management

1950s • Using pneumatic control with compressed air in automated
buildings

• Execution of fire alarm system [34]

Building Control [36]

1960s • Emergence of analog and then digital microprocessors
• ‘work saving time’ device implementation

1970s • Systems for crime prevention and energy preservation

1980s • Construction of the 1st intelligent building
• Implementation of single-functional systems
• Emergence of telecommunications and personal computers [27]

1990s • Implementation of multi-functional systems
• Supporting communication among controlled facilities by open

protocols

Building Automation

2000s • Implementation of systems integrated with computers [37]
• utilizing Internet protocol (IP) network technologies and boosted

network capacity.
• Emergence of Wi-Fi
• Achieving remote monitoring and control through the Internet

Building Performance

2010s • Implementation of enterprise network-integrated systems
• Delivering multiple services by combining BAS and IT through
• Internet Protocol network
• Integration and management because of modern IT technologies

e.g., Web Services, XML, distance portfolio management and
helpdesk management, multimedia communication via cellular
phone

• Emergence of BIM and embedded intelligence

Smart Building [36]

2020s • Integration of building and industrial PLC system, cloud computing
and IoT, data mining and data-centric energy management, cyber
security and protection, hardware and software analytics, the
progress of Smart City, and utility meter monitoring and
reporting [35]

Table 3.
The evolution of smart buildings, adapted by the authors from [27, 34–37].
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3.3 Smart buildings in the 21st century

Building automation technology and smart buildings have been ever developing
since the early 21st century. Smart buildings are now capable of making connections
between people, and surrounding environments such that buildings are more
responsive to the demands of users and city in a more sustainable fashion which
consequently boost human’s wellbeing [37, 38]. Currently, the “concept of Industry
4.0” has been put into research with a focus on building sectors. Industry 4.0 is
fundamentally the integration of Internet of Things (IoT) and digital data acquired
from various sources of sensors and actuators. The Industry 4.0 can potentially
enhance safety and substantially lower energy consumption while maintaining
comfort in smart buildings [39]. Networking communication technology and
inserted micro-electromechanical technologies have recently received much atten-
tion. Different devices can be embedded by IoT, which ultimately can enhance
sensing capability, identification and communication within the smart systems
[40]. Blockchain technology can also be utilized as a measure to control the plat-
form, including the IoT and Building Information Modeling (BIM) [41] in smart
buildings [42]. Artificial intelligence (AI)-based systems play an important role for
the realization of the five main energy optimization perspectives – users, comfort,
safety, design and maintenance in smart buildings [22]. A survey conducted on 45
experts on the future of smart buildings [43] revealed the following technology
trends in future smart buildings: (i) Accommodating a single cloud-based IoT
platform; (ii) Organizing smart building technology via multiple asset-distinct IoT
Platforms. Obviously smart buildings will be more adaptable to the fast change of
the demands and needs and focus more on sustainability aspects in the future.
Future smart buildings will be highly user-centric, thanks to advanced and innova-
tive analytics, system integration and edge computing as incorporated throughout
smart buildings, therefore making remote building management services feasible
and boost maintenance.

3.4 Smart buildings features, components, classifications

Major elements of smart buildings can be categorized into four groups;
(1) structure; (2) systems; (3) services and (4) interrelations [34]. Another classi-
fication includes components of smart buildings into hardware, software, and net-
work based on the concept of IoT and Cloud, data analytics, artificial intelligence,
and decentralized energy [44]. New technologies are obviously inevitable in smart
buildings and include (but not restricted to) sensor utilization, big data analytics
and engineering, fog and cloud computing, development of software engineering,
and algorithms of human-computer interaction [45]. A selective classification of
smart buildings technology can be compromised of the following components:
energy-efficient LED light fixture, occupancy sensors, building dashboards,
electrochromic windows or smart glass and indoor positioning [16].

Smart buildings can also be categorized based on the following features: (1)
Environmental friendliness – energy and water preservation sustainable design;
efficient disposal of wastes; minimizing pollution; (2) flexibility and utilization of
space; (3) adding value quality to economic life cycle cost; (4) well-being and
health of the occupants; (5) efficient working; (6) security and safety actions –
structural failures, fire, earthquake, and disaster; (7) culture– addressing the
expectations of the client; (8) innovation and effectiveness of technology; (9)
management and construction procedures; (10) sanitation and health [37].

Smart buildings are also defined as three main management solutions: (1) Infor-
mation system- acquiring data from different devices, collecting, reporting and
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visualizing the patterns, and enabling decisions for the related actions; (2) Analysis
system - further data analysis to find out particular insights where regular utiliza-
tion consists of modeling to offer measurements and verification abilities e.g., fault
detection and diagnostics (FDD); and (3) Control systems - connecting to the assets
and controlling assets in the smart building such as heating, ventilation and air
conditioning (HVAC) and lighting systems, changing set-points using schedules
and adjusting conditions [46].

3.5 Smart building contribution to the world

Smart buildings offer the most effective way for cost efficiency and the utiliza-
tion of technology systems of the building. During a building design phase, the
whole building technology systems design is coordinated by one designer and com-
bined into the construction documents, which indicates each system and meets the
elements of the common system or the integration of bases for the systems. It
consists of cabling, cable pathways, equipment rooms, databases of system, and
devices communications protocols. The final design is referred to as a contractor.
Deficiencies in the design and construction process is therefore minimized with
time and costs being saved. Given technology systems of the building is integrated
on the horizontal and vertical aspects in building operations, therefore it gives
occupants access to building’s operation data and information and manage respec-
tive section. Beneficiary to building owners and developers, it contributes to prop-
erty value improvement. To facility and property managers, it offers further
efficient subsystems and effective management alternatives e.g., system manage-
ment consolidation. As the design and construction are combined proportionally, it
can assist architects, engineers, and construction contractors achieve higher effi-
ciencies and contributes to savings in the project [27].

In addition to management systems, smart buildings can significantly influence
other sectors; i.e., retailing (smart shops), health cares (in smart hospitals/homes),
and safety and security (intrusion/detection systems) [47].

Smart buildings offer a variety of solutions and benefits e.g., detecting the
number and activity of the user, healthcare, energy usage and sustainability-related
services i.e., HVAC systems control, heat control, comfort modeling, device con-
trol, load predicting, power management, lighting control, longevity and satisfac-
tion [27, 31, 48]. Smart technologies can also offer opportunities for plug loads,
HVAC systems, lighting, window shading, human operation, automated system
optimization, and connected distributed generation and power [29]. Smart build-
ings’ passive design strategies smartly engineered in smart buildings makes building
systems tailor both environmental situations and user needs [32]. Safety, produc-
tivity and comfort are provided to the users in smart buildings. Users’ comfort is
ensured through smart HVAC systems, smart water, gas, electricity metering,
occupancy detection and monitoring systems and even hybrid charging technology
of vehicles [31]. Contributions of smart building can be summarized as follows:
(1) occupants comfort: smart buildings learn the occupants’ behavior and make
efforts to enhance occupants’ comfort level; (2) saving energy: smart buildings can
significantly reduce energy usage, and costs associated; (3) saving time: the auto-
mation of daily routines can significantly save time; (4) safety: detection of fire, gas
leakage, using self-diagnosis systems, capable of alerting, enhance safety level;
(5) expert systems: embedded in smart buildings can hold the knowledge of the
areas; (6) healthcare: in smart buildings, health-related decisions are of the highest
priority in which services e.g., suitable temperature, air condition factors, and light
intensity are supplied; (7) assistance: as smart buildings can improve life quality
of elderly and disabled people by providing comfortable, safe and supportive
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environments; For instance, providing assistance in daily routines, alerting the
family and/or social services in case of emergency, mitigating loneliness by
connecting to other individuals via Internet [44].

4. Smart homes

In this section, smart home definitions, history, and evolution, different classi-
fication and contributions are discussed.

4.1 Smart home definition

Smart homes are recognized as an important focal point in smart buildings [45]
and described in section one. The term “Smart Home” is defined [49] as a home
benefiting from a “Controller” to combine the different automation systems. The
most well-known controllers in homes are connected to computers within the
programming period only, after which home control tasks are performed indepen-
dently. Home systems integration leads to better communication among systems via
home controller. Consequently, it triggers a single button and voice control of the
different systems in the smart home at the same time, in scheduled scenarios or
operating modes. In other words [50], smart homes are recognized as automated
buildings benefiting from installed detection and control systems, i.e., air condi-
tioning and heating, ventilation, lighting, hardware, and security systems [51]. As
new systems with switches and sensors can communicate with a central axis (typi-
cally referred to as gateways). The gateways are systems which control user’s inter-
faces and connection to a tablet, cell phone, or computer. Such systems network
connection is managed by IoT. A smart home is also defined as a residential exten-
sion of building automation which includes the control and automation of the whole
utilized technology [52]. As such, a smart home comprises appliances, lighting,
heating, air conditioning, televisions, computers, entertainment systems, big home
appliances e.g., washing machines, fridges, and security systems (e.g., camera sys-
tems with the function to interact with each other), and controlled remotely by
means of a schedule, cell phone or internet. Such systems include switches and
sensors connected to a central hub, and controlled by a user, a wall-mounted
terminal or mobile unit via internet cloud services.

4.2 Smart home history

The idea of smart home was initially formed in the 1990s [53] and a brief
timeline of smart home evolution is illustrated in Figure 6.

4.3 Smart home features, technology classifications, and components

Smart homes include five basic features; i.e., (1) Automation: the capability of
accommodating automatic devices or carrying out automatic functions; (2) Multi-
functionality: capability of conducting different tasks or creating various outcomes;
(3) Adaptability: capability of learning, predicting and meeting the wants of
users; (4) Interactivity: capacity to provide and allow communications among
users; (5) Efficiency: capability to perform functions conveniently and save time
and costs [53].

The smart home technologies benefit from four classification criteria, including
(1) collecting the data: required data is collected after which being accessible;
(2) processing the data: the collected data is processed and analyzed and can be
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combined; (3) representing the data: the data is accessible to the users; (4) control-
ling and interacting abilities: the status is accessible to the users and the functions of
related technologies are monitored.

Smart home components can also be categorized [52] as follows: (1) Sensors
which collect indoor and outdoor data of home and measure the conditions of the
home. Sensors are therefore connected to the home and to the embedded home
devices. Data is collected and sent through local networks to smart home servers
constantly; (2) Processors which carry out local and combined activities. Processors
are also connected to the cloud for extended source-based applications. The data
collected by the sensors is consequently processed by processes via local servers; (3)
A set of softwares are wrapped as APIs which allows external apps performance and
follow the pre-defined parameter format. APIs can process data and manage essen-
tial tasks; (4) Actuators which provide and perform commands within the server or
other control devices. Actuators can translate activities which are required to the
command syntax. The system can launch commands to the suitable device proces-
sor; (5) Databases which store processed data as collected from sensors and cloud.
Databases can also be used for analyzing, presenting, and visualizing data. The
processed data is stored in the database for future usage.

4.4 Smart home aims and contributions

Smart homes were initially aimed at enhancing users’ comfort level and making
daily life easier, and provide occupants with ambient intelligence, remote home
control or home automation systems [53]. The advantages of smart homes inte-
grated with IoT can be summarized [50] as follows; (1) “Energy conservation” in
which energy waste is lowered using improved IoT technology, higher quality and
reliability of devices, improvements in system security and applications, and sensi-
ble use of devices; (2) “Decreased cost of fundamental needs of smart homes”
contributing to advancement in smart home technologies that are based on IoT,
application of medical technology services, using wireless technology and a security
system, using energy conservation devices, and suitable users’ behavior; (3)
“Healthcare” contributing to medical services, appropriate living for the elderly,
easier communication with health centers, treatment alarms, controlling, and mon-
itoring elderly patients; (4) “Entertainment and comfort” with more comfortable,
convenient to use and control, and easy to pay bills.

Figure 6.
Smart home evolution timeline.
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This section comprises Tables of the existing research on smart buildings and
smart homes, respectively. Table 4 summarizes 5 papers related to smart buildings.
Table 5 shows the number of databases, and papers extracted per each database.
Tables 6 and 7 present the summary of reviewing 46 papers related to smart home
technologies.

Title, Category & Objective The proposed system function
and details

Finding or Contribution
Limitation & Suggestions

• Modeling, Analyzing and
Predicting Security Cascading
Attacks in Smart Buildings
Systems-of-Systems (SoS) [54]

• To predict attacks at
architecture stage using
software engineering
approaches

• A Model-Driven Engineering
method, Systems-of-Systems
Security to benefit from: (1) a
modeling language
(SoSSecML) for secure SoS
modeling (2) Multi-Agent
Systems (MAS) for security
analysis of SoS architectures.

• A case study conducted on a
real smart building SoS.

• Cascading attacks i.e.,
individual attacks, Service
Denial were detected.

• SoSSec to be extended to
address various strange
behaviors and non-functional
properties i.e., safety and trust.

• Prediction Model for Personal
Thermal Comfort in Naturally
Ventilated Smart Buildings [55]

• To enhance non-air-
conditioned or naturally
ventilated buildings to increase
users’ satisfaction

• Different datasets were used
from various climates and
seasons to identify an optimum
feature set. Variables were
selected and processed by
supervised machine learning
techniques i.e., Support Vector
Machines (SVM) and Naïve
Bayes Classifier.

• Indoor and outdoor
temperature and humidity,
under any given climate or
season, were identified.

• An IoT-Based Thermal Model
Learning Framework [48]

• To propose a learning platform
of plug and play to recognize
the thermal model of each
smart building zone based on
low-resolution data from
intelligent thermostats without
human intervention

• To automatically train the
thermal properties of the
building directly from
historical data of building
operation. Inputs included:
temperatures, relative
humidity, time of the day, day
of the week, and seasons.

• Thermal model learning
pipeline includes: (1) data
acquisition from thermostats;
(2) thermal model learning on
cloud infrastructure or an edge
device; (3) ultimate learnt
model provision to other
applications of smart control.

• Five common supervised
models for learning tested
include: polynomial regression
(PR), support vector regression
(SVR), random forest (RF),
extreme gradient boost (XGB),
and neural network (NN). The
model with the best function is
applied to train the prediction
model of the temperature
gradient.

• An office building on a real-
based data collection was
conducted for the developed
thermal model learning
platform.

• A trustworthy thermal comfort
assessment was delivered when
operating intelligent control.

• To be incorporated with an
IoT-led BEM and to deliver a
precise thermal model to other
intelligent air conditioning
control algorithms with no
extra hardware cost. – the
process of learning could
provide learnt model on cloud
infrastructure and edge device,
for a single thermal zone, in
minutes.

• Does not need configuration for
each building, thus enhances
the speed to adopting this
technology in the market.

• Future study: (1) platform
assessment on other types of
buildings with more changeable
occupancy and operation
behavior; (2) to adopt in multi-
phase cooling/heating systems.
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Title, Category & Objective The proposed system function
and details

Finding or Contribution
Limitation & Suggestions

• Application of Integrated
Building Information
Modeling, IoT and Blockchain
Technologies in System Design
of a Smart Building [42]

• To utilize blockchain
technology as a securing and
controlling framework
incorporated with IoT and
BIM.

• Effective energy usage and
environmental trace control.
Blockchain provides an extra
layer of data security. The
suggested system design allows
amending and updating data in
cases of reconstruction or
renovations; it prohibits
unauthorized users from
acquiring data on the operation
of a building, i.e., the position
of sensors and cameras. Data
can be acquired from the IoT
systems and recorded in
Blockchain prior to storage.

• Secure maintenance and
management of data
concerning.

• Can be used in many types of
public and private buildings.

• Integrated BIM, IoT and
blockchain technologies make a
novel framework assisting
digital transformation in the
AEC.

• An Intelligent and Smart
Environment Monitoring
System for Healthcare [56]

• To propose a straightforward
android-based wound healing
response to monitor external
environmental factors for
wound recovery purposes.

• Temperature, humidity,
smoke, and dust are monitored
by microcontroller with multi-
sensors.

• It consists of (1) Arduino
Sensors-based data collection,
(2) data recording, (3) data
assessment by NN, (4) use of
Android App to indicate wound
healing level.

• It was tested in a house, a park
and an industrial building.

• Prediction accuracy rate ranged
96–99%.

• Future studies include: (1)
applying other machine
learning methods i.e., Fuzzy
system, Decision Trees, and
KNN; (2) using more sensors
for wound microenvironment
monitoring;

Table 4.
Reviewed papers related to smart buildings.

Data bases Papers reviewed

Elsevier 16

Springer 16

IEEE 14

Total 46

Table 5.
Detailed numbers of databases, and papers extracted per each database (reference: Authors).

Title, Category & Objective The proposed system function
and details

Finding or Contribution
Limitation & Suggestions

• Activity-Aware Sensor Cycling
for Human Activity
Monitoring [57]

• To predict the residents’
behavior accurately to make a
balance in “energy
consumption”.

• An activity-aware sensor
cycling (ASC) to manage
uncommon and unpredicted
activities and makes a balance
between sensors’ energy usage
by a scheduling algorithm.

• ASC sensor detects 99% of
activities and warranties the
network lifetime for 2000 h.

• Enabling IoT for In-Home
Rehabilitation: Accelerometer
Signals Classification Methods
for Activity and Movement
Recognition [58]

• The system is using an
accelerometer sensor on
patient’s smartphone platform.
Patient’s movement is
recognized upon physical

• SVM-based accuracy is >90%
in activity recognition
and > 99% in movement
recognition.

• Future works: A combination of
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Title, Category & Objective The proposed system function
and details

Finding or Contribution
Limitation & Suggestions

• A “healthcare system” aimed at
home treatment and therapy
using an “activity/movement
recognition system”.

activities using support vector
machines (SVMs), decision
trees, and dynamic time
warping (DTW).

SVM and DTW as SVM alone
was unable to recognize
movement recognition in few
cases.

• An Intelligent Human
Behavior-Based Reasoning
Model for Service Prediction
[59]

• “Energy management system”

aimed to decrease energy
waste using a service
prediction model and a smart
home platform.

• A human behavior-based
reasoning (HBR) based on auto
regressive prophecy and case-
based reasoning (CBR) was
used.

• Better performance and higher
prediction accuracy than other
existing models, particularly in
the peak of activities.

• A combination of linear
prediction and human behavior
reasoning contributed to saving
energy. Also a combination of
embedded systems, ZigBee
wireless communications, and
appliance control protocols
offered less problems when
controlling smart homes.

Table 6.
Reviewed papers related to smart homes.

Title & Journal Category &
Objective

Details of the proposed survey Finding or Contribution
Limitation & Suggestions

• Patients’ Adoption of WSN-
Based Healthcare Systems: An
Integrated Model of Facilitators
and Barriers [60]

• This “healthcare system” aimed
to find factors which may
influence individual’s intention
to use wireless-sensor-network
in smart home healthcare
system. Based on which the
developers can be more aware
of key factors in designing such
systems to encourage people to
use it.

• A combination of qualitative and
quantitative methods is used.

• Factors which affect system adoption
were identified, (2) A model, by
which a number of hypotheses on
adoption factors can be proved was
proposed.

• A semi structured interview of 6 home
healthcare patients and 9 medical
experts, plus a survey questionnaire
from 140 respondents.

• The encouraging factors
include ability to enhance the
life quality and supporting
emotionally. While
discouraging factors are their
negative feeling of privacy,
attachment, and costs.

• Future work: to enlarge sample
size, broaden culture, age and
gender range.

• Benefits and Risks of Smart
Home Technologies [61]

• The paper focused on the
“attitude” towards smart home
and investigated the
understanding of 3 groups of
users.

• A comparative analysis on the ideas
and understanding of 3 groups of
current users (n = 42), future users
(n = 1025) and industry (n = 62) was
conducted on the pros and cons of
SHS and the policymaker’s roles.
-The paper benefits from field studies
(survey), content analysis, and
statistical analysis

• (1) Future users have positive
perception on different usage
of SHTs i.e., energy
management, indoor
controlling and promoting
safety. (2) Available users and
future users both expressed
concerns on transferring self-
reliance, independence and
data security; (3) Policymakers
positively influence in SHT
market by formulating
standards/guidelines.

• The Impact of Social
Connectedness and Interaction
Types on Perceived Social
Support and Companionship
[62]

• Focused on “human-device
interaction and social adoption”
to investigate the notion of

• A human–device social connectedness
survey where human–device
interaction was classified into two
categories (1) internal relation (Inner
Social Connectedness-ISC) defined as
relation between user - devices in
user’s own smart home; (2) external
relation. 2 types of engagements:

• (1) both type of human-device
relations boost user’s social
experience; (2) Direct
engagement with internal
relation is more efficient;

• Future studies: building up
more objective factors rather
than subjective ones.
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5. Systematic analysis of smart buildings

The smart building literature summarized in Table 4 included research of the
latest studies. Selection of papers were made based on a varying spectrum of smart
buildings deemed to be of prime importance so that a holistic overview of technol-
ogies embedded in smart buildings are provided. Examples included security sys-
tems, [54, 55] users’ thermal comfort [48], blockchain technology [42] and external
environment monitoring system in smart buildings [56].

6. Systematic analysis of smart homes

The papers reviewed in this section were found using a combination of the
following keywords: “smart home” and “automated home” as per published on
Elsevier, Springer and IEEE databases. Databases as stated above are well-
recognized as the most highly-cited ones than other databases in the field. All
papers were published between 2010 - 2019 reporting various technologies utilized
in smart homes, as well as surveys and questionaries which reported public
viewpoints on technologies as such.

Title & Journal Category &
Objective

Details of the proposed survey Finding or Contribution
Limitation & Suggestions

relation and engagement
between user and smart
devices.

direct/unmediated (user is engaged
with the device directly) and indirect/
mediated (user is engaged with the
device via an agent).

• Controlled experimental study in a
smart home prototype using
questionnaire with 96 participants,
Wizard-of-Oz” technique, AXURE RP
8.0 prototype tool, and statistical
analysis.

• Comprehensive Approaches to
User Acceptance of IoT in a
Smart Home Environment [63]

• To identify main criteria of
user’s approval towards IoT
technologies in smart homes
and explore a thorough model
containing five possible factors
and technology acceptance
model (TAM).

• A survey (interviews and
questionnaire) on user’s acceptance of
IoT. Citeria included: enjoyment,
compatibility, connectedness, ease of
use, usefulness, attitude, intention to
use, control, cost collected from 1057
participants.

• Confirmatory Factor Analysis (CFA)
Structural Equation Modeling (SEM)
and Statistical analysis were used.

• Compatibility, connectedness,
control, and cost are key factors
of technology approval from
user’s perspectives.

• Future research: promoting IoT
technologies in a smart home
by paying attention to the user
experience.

• Convenience and Energy
Consumption in the Smart
Home of the Future: Industry
Visions from Australia and
Beyond [64]

• The paper focused on the
“industry vision” towards
energy management security
systems” to investigate the
vision on the convenient life
notion of smart homes and
energy savings implications.

• Survey of industry visions on the
convenience and energy consumption.
Analysis of online articles, magazines
and in-depth interviews with 10
industry experts in smart homes were
carried out.

• The conflict of simplicity and
complications among the vision
of smart home industry.

• Future research: how to evade
and interrupt the notion of
convenience in Smart home.

Table 7.
Reviewed tables related to people acceptance of smart home technologies.
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From the above 46 articles in smart homes, 2 review Tables are formed and
presented. Table 6 focuses on the technological systems according to different
functions and performances in smart homes; Table 7 presents a review of surveys
investigating the people’s acceptance or adoption of newly proposed smart homes-
based technologies. Three articles as examples are shown in Table 6 as following
and the rest are included in the appendix.

Articles reviewed in theTables 6 and 8 (appendix) are categorized in different
clusters according to function and objectives. Articles [57, 80, 87, 100]were focused on
the “activity/movement recognition systems”; articles [60, 65, 68–72, 92, 97] were
focused on the “healthcare systems”; articles [59, 67, 74, 75, 79, 81, 82, 84–86, 89, 93,
95, 98] were focused on the “energymanagement systems”; articles [66, 78, 88, 90, 91,
94] were focused on the “security systems”; article [73, 96] focusing on the “home
management systems”; article [99] was focused on the “automation systems; Also
articles from a combination of systems in a frameworks such as [58] focused on the
“activity/movement recognition systems and healthcare systems”; articles [101, 102]
were focused on the “homemanagement systems and automation systems”; article
[83] was focused on the “energymanagement systems and security systems”; and
article [75] was focused on the “energymanagement and homemanagement systems”.

Table 7 presents the papers that focused on the survey from user or market to
evaluate their attitude and vision, acceptance or adoption of the smart home
technologies.

7. Conclusion

Ambitious projects using modern technologies to develop the city are increas-
ingly expanding worldwide. With such ever increasing interest, authorities, officials
and managers are therefore strongly pursuing the idea of incorporating varied
technologies in different buildings. Given rapid growth of technology embedded in
the different aspects of buildings and the increasing trends in smart cities, smart
buildings, and smart homes, the present chapter reviewed and summarized existing
technologies/systems currently adopted in buildings/homes. A general overview of
smart city components, smart building functions and clusters, . A holistic view on
smart cities/buildings/homes, history and evolution, advances made over the past
decade, components, classifications, current gaps, limitations, and future trends
were provided. Papers in smart buildings and smart homes were searched from
reliable datasets i.e., Elsevier, Springer, and IEEE, reviewed and summarized in
Tables. Papers were categorized according to the proposed systems and frameworks
in the following clusters: security systems, healthcare systems, energy management
systems, building/home management systems, automation systems, and activity/
movement recognition systems.

Overall, the positive features, or the expectations of the smart buildings, homes
and cities can be summarized as follows: higher energy efficiency, connectedness,
compatibility, energy management and controlling, promoting safety, enhancing
life quality and provide emotional support to users’ and cost efficiency.

Despite all such positive features, there exist undesirable aspects that should be
taken into account to achieve the smartness, e.g., pitfals oriented around transfer-
ring self-reliance, independence, data security, privacy, and costs need to be
appropriately addressed.

Attempts, however, have been constantly made to eliminate such negative per-
spectives. Examples include efforts made to reduce negative perceptions of the
public via mechanisms i.e., guaranteeing the reliability and simple use of smart
technologies where policymakers and expert panels can facilitate the expansion of
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smart technology market by enforcing/developing standards and guidelines.
Suggesed papers for future works are listed as follows:

• To increase mobile battery capacity to support wearable sensors [68].

• To improve the reasoning process, evaluate ethical, clinical and economical
aspects further to the functionality and usability aspects. [71].

• To expand the number of behavior situations [92].

• To include further tasks based on different scenarios and develop application
platforms such as MicroApp [101].

• To promote IoT technologies in a smart home using users’ experiences [63].

• To extend platform application on other types of buildings and adopt in
multi-phase cooling/heating systems [48].

Appendix

43 articles are summarized in Table 8 as an addition to the Table 6.

Title, Category & Objective The proposed system function
and details

Finding or Contribution
Limitation & Suggestions

• Fog Assisted-IoT Enabled
Patient Health Monitoring [65]

• A “healthcare system” to
monitor the patients remotely,
classify events based on fog
computing, mine the patients’
health data at cloud layer, and
make real-time decisions, based
on fog computing at smart
gateway.

• Devices implemented in the
data acquisition layer included:
bio sensors, smart wearables,
smartphone, smart devices,
RFIDs, and smart monitors.
Recognition of patients’ events
and choosing between normal
and abnormal events was based
on the Bayesian belief network
(BBN) by embedded data
mining, distributed storage,
and notification services at the
edge of the network, and
triggering-based data
transmission.

• Model validity was assessed
using 67 patients health data
living in smart homes for a
month.

• Significantly accurate and
responsive model in
recognition of the event state
compared to other algorithms.

• Smart Secure Homes: A Survey
of Smart Home Technologies
that Sense, Assess, and
Respond to Security Threats
[66]

• Eisting technologies in
“security system” were
reviewed.

• (1) Identified a varying
spectrum of security problems
(2) Summarized existing
independent sensors and
methods to detect threats.

• Future work: new security risks
to be investigated. Unusual
circumstances to be automated
using a combination of sensors
to sense incongruity more
accurately and faster.

• A Generic User Interface for
Energy Management in Smart
Homes [67]

• Aimed to introduce a generic
user interface for operation
systems, which can be easily
adapted to different types of
buildings to aid “energy
management systems”.

• (1) Various roles and
permissions were introduced.
(2) A number of data models
were designed. (3) Few
functional components are
being known to support
different kinds of issues of
smart homes.

•Design, function, and use of the

• The system can fullfill remote
reachability, responsiveness,
role management, flexibility
and generality. It does not meet
the system configuration. It
proved to be >90% functional,
and informative on the amount
of energy used in homes and
contributed to save costs.
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Title, Category & Objective The proposed system function
and details

Finding or Contribution
Limitation & Suggestions

system is firstly evaluated
qualitatively by a prototype
after which quantitatively
assessed by questionnaire as
distributed to the system users.

• Future work: (1) The
configuration issue to be
solved, therefore extra
interface is required. To collect
and analyze various buildings
configuration requirement. (2)
Integrating other features e.g.,
security or music.

• A Health Gateway for Mobile
Monitoring in Nursing Home
[68]

• The “healthcare system aimed
to monitor people, particularly
in nursing homes, remotely.

• The proposed remote health
monitoring system (RHMS)
operates with wearable devices
in nursing homes, public
healthcare centers, and smart
homes in which elderly or
patients live. The gateway
consists of six components:
MCU, camera with Wi-Fi,
RFID reader, infrared
temperature module, Wi-Fi
module to convey health data,
and Bluetooth to receive data
from wearable sensors.
Identity, vital signs,
temperature, location, and
falling action detection was
automatically collected from
each individual.

• The gateway conveys gathered
data through Wi-Fi to the
server. In case data were not
normal, the gateway sends an
alarm to the serve. The server
sends out patient’s location to
physicians’ mobiles to find
patient.

• Future work: (1) Investigating
the quality of communication
network which transfers the
data (2) Increasing mobile
battery capacity, which
supports wearable sensors.

• A Hybrid Key Item Locating
Method to Assist Elderly Daily
Life Using IoT [69]

• A “healthcare system” aimed to
support the elderly living in
their homes by storing elderly
movements data and provide
assistance to easily find
necessary items

• (1) Data is collected by sensors
and transmitted by Bluetooth,
(2) Data is processed by Kernel
program, (3) after which
findings are visualized by
mobile apps.

• Sensors are placed in two
different positions: in elderly’s
important items they may miss
or fixed in a location in the
home. Each item position is
shown on mobile phone.

• The algorithms combine
xBeacon sensing equipment,
received signal strength
indication positioning, event
analysis method, and intelligent
cutting algorithm.

• The system can contribute to
finding the location of elderly
important items and tracking
routine behavioral patterns;
opportunity for elderly to live
without others help.

• A proposal based on BCI
system to aid patients with
amyotrophic lateral sclerosis
[70]

• A “healthcare system” to assisst
patients with amyotrophic
lateral sclerosis (ALS).

• The proposed system (BCI)
works with a digital assistant
BrainWave sensor called EEG
using an android-based
operated software to enable
ALS patients perform activities
such as: controlling TV by
Infrared, controlling lighting
by SSR28 module, and using an
air conditioner.

• The BrainWave sensor in the
shape of a headset can capture
patients’ brain frequency and

• 80% of participants’ approval
in which patients
accompolished daily tasks.

• Patients’ independence and
self-esteem was improved.

• Future work: developing a
prototype in real homes with
real patients.
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can recognize patients’ eye
blink strength

• A Tailored Smart Home for
Dementia Care [71]

• A “healthcare system” to
recognize special needs of
patients suffering from
dementia and to design a smart
home to suit dementia patients.

• Dementia care requirements
were identified and collected
data were analyzed, after
which a prototype was
developed.

• The prototype consists of a
combination of sensors, an
android tablet for a digital
frame, and a digital wireless
radio for evaluating the sound
capacity of the smart home,
Raspberry Pi (model B) for the
gateway, communication
interfaces, middleware,
managing and monitoring
interfaces, reasoning engine,
and rule management
interface.

Suitable according to
stakeholders’ opinion with
potential application in real
smart homes which assisted
caregivers.
Future work: to (1) evaluate the
prototype by more participants,
(2) evaluate the prototype in real
smart homes, (3) improve the
performance of the reasoning
process, (4) evaluate ethical,
clinical and economic aspects
further to suit functionality and
usability.

• Aging in Place – How Smart
Home Technologies, the Built
Environment and Caregiving
Intersect [72]

• The “healthcare model” aimed
to give the elderly the ability to
be independent, safe, and
maintain well-being in homes.

• (1) Functionality of an
automatic light sensor for a
potential remote control
purposes was evaluated using a
90-year-old widowed woman
case study who was living alone
(2) Functionality of a video
doorbell lock was evaluated
using a 79-year-old woman
case study who was living alone
and had difficulty to open a
front door (3) Functionality of
the robotic lawn mower was
examined using an 82-year-old
man living with his wife who
was not able to do household
tasks any longer.

• Case studies’ feedbacks: The
light sensor gave Julie the
confidence of moving from
place to place, and her
daughter believes Julie’s home
is safer. Mixed feelings with the
video doorbell lock. Her
nephew has a remote-control
app on his cellphone to screen
the front door happenings.
Husband is worried about the
maintenance costs and
possibility for the lawn mower
to be stolen.

• Future work: Further studies to
be conducted to find ways to
entice the elderly to use new
technologies.

• An Assistive VLC Technology
Using EOG [73]

• The proposed system is based
upon the “controlling
(management) system and
healthcare system” to control
the devices employed in smart
homes and to help the seniors
or disabled citizens.

• Eyeglasses equipped with
electrooculogram signal based
assistive visible light
communication is the
innovative proposed system.

• Surface electrodes made of
silver chloride are located
around the person’s eyes to
capture the vertical and
horizontal eye movement
signals. Signals are processed
and conveyed by white light
LED and a photodetector. The
more eye patterns (e.g., up-
down-up pattern or Eye blink)
included, the more devices can
be controlled.

• A digital door lock is employed
to test the validation of the
proposed scheme.

• A reliable and accurate system
contributing to green and safe
smart homes assisting seniors
or the disabled.

• Various eye patterns can be
utilized, thus more devices can
potentially be controlled:
potential contribution to other
research areas.
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• An Open Source Smart Home
Management System Based on
IoT [74]

• The proposed “energy
management system” is aimed
to solve energy conservation
problems.

• A combination of sensors,
microcontrollers, devices (i.e.,
fans and lights), web server
and database, software to aid
HTTP communication, a PC
framework, and mobile app.

• The user chooses app model
after which, the sensors may
turn a device on/off based on
evaluations made on room
status. Collected data is sent to
the server by microcontroller.
Upon filtering, data is stored
and visualized.

• One-month data collection of
room energy usage decreased
�45.

• Compared to other systems, the
proposed system is reliable,
scalable, open source and
effective in terms of costs and
energy.

• Deep Learning Model for
Home Automation and Energy
Reduction in Environment
Platform [75]

• The “energy management and
Home management systems” is
aimed to propose (1) a novel
platform for a smart home
environment, which is
powerful, interoperable secure
and low cost, and (2) a novel
algorithm for energy efficiency
based on Deep Neural
Networks (DNNs).

• A modular platform called SHE
and consists of: on-premises
deployed agent that works with
Z-Wave and ZigBee, a remote
control that is mobile, and a
cloud service for data
processing.

• Includes 14 various sensors and
actuators i.e., multi-sensor (for
detecting temperature,
movements, luminance, and
humidity); Smart plug (turning
the connected devices on/off
and recording energy
consumption); Window or
door sensor; Z-Wave
(controlling sensors and
actuators); Meters (measuring
energy consumption and rain);
Dimmer (controlling light);
Switch (controlling the garden
watering); infrared controller.

• A platform to enhance the
interoperability between
sensors and actuators was
proposed with focus on
reducing energy consumption.,
Two various DNN models
(NILM and ELF) were
proposed to identify rare
energy usage patterns, and
suggest users how to reduce
energy consumption.

• Future work: (1) improving
ELF algorithm to reduce false-
positive results (2) proposing a
model to cover further home
appliances.

• Empowering the selection of
demand response methods [76]

• The “energy management
system” framework assists
users to identify the best
demand response methods and
reduce the costs.

• Firstly, the researches gathered
user-specific set of
Requirements (REQs) by
literature analysis and expert
interviews. Secondly, SOCs for
responding to each REQ is
presented by research and
expert interviews. Thirdly,
Deming’s benchmarking is used
and matched with each (Sate
Of Charge) SOC. All
information flow of the
framework was analyzed and
events were also added to the
scenarios. Fourthly, a
prototype was implemented to
test the appropriateness and
practicability of the proposed
framework.

• A simulation study based on
seven types of households was
performed to test the
framework.

• When the best demand
response methods is selected,
the users will pay less money,
flatten the load profile, and
reduce the peak load.

• Limitation: evaluation is based
upon simulation; in-reality
implementation is missing.

• Future work: developing other
contexts beyond residential
buildings.
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• Fall Detection Using ultra-wide
band (UWB) Sensors and
Unsupervised Change
Detection [77]

• The proposed “healthcare
system” aimed to detect fall
using an unsupervised
algorithm.

• The system includes non-
wearable ultra-wideband and
radar sensors that consist of
transmitter and receiver.

• The transmitter used in the
device spreads the pulses to the
environment and the receiver
receives and records them. The
received pulses are analyzed
(by SEParation (SEP)
algorithm) to diagnose the
problem in case a fall has
happened.

• The sensor is located over the
door frame to detect the
movements. Raw data from
sensor is sent to the computer.

• 97% accuratcy rate with SEP
algorithm

• Best choice to detect
unsupervised falls and non-
falls activities using SEP
algorithm.

• Supervised algorithm can
detect all falls, however,
number of labeled samples
should reach a threshold to
perform as good as
unsupervised one.

• Home Automation- An IoT-
Based System to Open Security
Gates Using Number Plate
Recognition and Artificial
Neural Networks [78]

• The “security system” is
proposed an automatic system
that opens security gates.

• An ambient light sensor and
control circuit are employed to
control the environment light.

• Vehicles with license plate
recognition can work with the
system. Image processing is
utilized to recognize the license
plate and the characters. For
optical character recognition,
an artificial neural network is
utilized.

• 88% and 93% accuracy in
training data and license plate
character, respectively.

• Can be controlled by a mobile
app or web interface and
generate security gate
notifications on mobile.

• Intelligent Energy Efficiency
Model Using Artificial
TensorFlow Engine [79]

• The “energy management
system” by this article proposes
a framework to help the IoT
devices work efficiently with
together.

• Three proposed models are: (1)
Intelligence awareness target
(IAT) that works based on IAT
sensor, IAT smart phone, and
IAT smart appliance, (2)
Intelligence energy efficiency
(IE2S), (3) Intelligence service
TAS (IST).

• IAT can recognize the data
value based on the situation
with responsibility to gather
the environmental data by a
combination of sensors. Data
processing and analyzing roles
are played by IE2S as a server
and recognizes the users’
consumption patterns to
enhance the service for
working automatically. And the
role of predicting, managing,
and controlling the service is
played by IST.

• Model can can minimize
activities of the network
deemed to be unnecessary.

• Future work: (1) Developing
intelligent algorithms with
enhanced prediction accuracy,
where network can be directly
analyzed.

• Latent Feature Learning for
Activity Recognition Using
Simple Sensors [80]

• The “activity recognition
system” aimed to recognize
activities using deep learning
methods.

• A deep and hierarchical
autoencoder, which works with
different environmental
sensors: motion detector
sensors, contact switch sensors,
pressure mats, mercury
contacts, float sensors, and etc.
The stacked autoencoders that

• Deep learning outperformed
other methods.

• Future work: (1) developing
convolutional neural networks
and recurrent neural networks
for activity recognition (2)
developing multi-resident
activity recognition.
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are used in this study are: one-
layer denoising autoencoder
called DAE and two-layer
stacked denoising autoencoder
called SDAE.

• 3 datasets (3 smart homes)
were used for model evaluation
purposes.

• Multi-Objective Power
Scheduling Problem in Smart
Homes Using Gray Wolf
Optimizer [81]

• The “energy management
algorithm” tends to solve
power scheduling problems to
reduce energy bills and peak to
average ratio and raise users’
comfort level.

• A multi-objective gray wolf
optimizer, which is an
algorithm called GWO.

• The algorithm outperformed
genetic as well as other
algorithms.

• An Innovative Heuristic
Algorithm for IoT-enabled
Smart Homes for Developing
Countries [82]

• The proposed system is for
“energy management system”

aimed to investigate an
improved algorithm for
DRSREOD- demand response
(DR) combined with
renewable energy sources
(RESs) and energy storage
system optimal dispatch in
home energy system
managements (HEMs)

• The proposed system uses
heuristic algorithm and joins
demand response (DR) with
optimal dispatch dependent on
overabundance existing PV
energy, maximum charge/
discharge rates and vector of
states of charge (SOC).

• Variety and programming
pliability for customers was
achieved once MS and multi-
objective genetic algorithm/
pareto optimization (MOGA/
PO) was applied to.

• Future study includes changes
in the behavior of CE, TBD and
Pgsize parameters and HEMS
estimation time.

• A Novel Smart Energy Theft
System (SETS) for IoT-based
Smart Home [83]

• The proposed “energy
management and security
systems” aims to introduce a
smart system to discover
energy stealing activities by
aggressors of households’
energy systems and warn the
customers.

• The proposed smart energy
theft system (SETS) uses
energy usage data, machine
learning models (i.e., MLP,
RNN, LSTM, and GRU) and
statistical models.

• SETS can meter the energy
usage of household’s devices in
real-time manner and compare
the real data to find any
abnormality.

• This system can boost the
safety of IoT-based smart home
energy systems to 99.96%.

• A Secured Smart Home
Switching System Based on
Wireless Communications and
Self-energy Harvesting [84]

• The proposed “energy
management system” aims to
employ a safe smart home
switching system based on
wireless communications and
inner energy repository.

• The proposed secured smart
home switching system is
composed of (1) photovoltaic
for storing energy purposes,
(2) access control system, (3)
smart hub design system. The
system unifies electricity access
control of a building’ energy
storing system, and wireless
communication for smart
switches and sockets.

• A promoted system for safety
and energy efficiency in
buildings is achieved with:
(1) certain users’ authority to
make the electricity on/off
using code; (2) storing energy
for active devices using PV
systems and wireless
communication for smart
switches and sockets.

• Load Profile-based
Coordination of Appliances in
Smart Home [85]

• A profile-matched time-shift
(PMS) optimization algorithm
approach which diagnoses a

• (1) Lower cost and more
energy saving compared to
other methods. (2) flexible and
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• The proposed system is for
“energy management system”

aimed to study the load pattern
of different devices at home
and their optimal simultaneous
operations to reduce energy
consumption and the overall
energy price.

series of begin times of various
home devices based on the
energy usage costs, delay
tolerances, and energy sources
limits.

can work in various scenarios.
• This method can be further
applied and examined for
various energy sources in a
home.

• Online Energy Management for
a Sustainable Smart Home with
an HVAC Load and Random
Occupancy [86]

• The proposed system is for
“energy management system”

aimed to reduce total energy
cost of home devices and
thermal discomfort cost related
to users (with HVAC load and
occupancy).

• The algorithm is to make
queues related to indoor
temperature, electric vehicle
charging, and energy storage;
and to reduce cost of average
time energy use of HVAC. The
system works without
predicting any system
parameters and knowing the
HVAC power demand.

• Substantial simulations that
pursue real-life trends show the
efficacy of the proposed
framework.

• Future studies: developing
online HVAC control in other
types of buildings such as
commercial buildings.

• A Knowledge-driven Approach
for Activity Recognition in
Smart Homes Based on
Activity Profiling [87]

• The proposed “activity
recognition and movement
system” aims to present an
activity recognition platform in
smart homes which is able to
recognize targeted activities
from off the subject data with
higher success rate.

• The proposed activity
recognition platform consists
of: (1) pre-processing data, (2)
automatic segmentation, (3)
Activity profiling, (4)
removing irrelevant
information, (5) creating
vectors.

• It benefits from classification
algorithms (Naïve Bayes, SVM
and J48) and ANOVA
statistical testing.

• Significant improvements
made with training data sets in
terms of a number of
attributes, activities, and the
way the sensors are distributed
in homes.

• The technique recognized the
targeted activity from the
irrelevant ones with 42% lower
inaccuracy.

• A Matrix-based Cross-layer
Key Establishment Protocol for
Smart Homes [88]

• The proposed “security
system” aims to generate secret
session keys for security
between appliances made by
different manufacturers in
smart homes.

• A matrix-based cross-layer key
establishment protocol, with
four stages: (1) Home gateway
makes system parameters; (2)
Home appliances draw out
master keys (shared with the
home gateway) at physical
layer; (3) The home gateway
deals out secret key seeds for
home appliances; (4) Any two
appliances can straightly make
a secret session key at higher
layers.

• (1) Any two appliances can
directly establish a secret
session key without using any
pre-shared secrets; (2) The
protocol is a cross-layer design;
(3) Any two appliances in the
protocol can establish a secret
session key when they do not
pre-share any secrets, and it is
achieved without much energy
usage; (4) The protocol
supports key updating and
network scalability.

• A Novel Minimum Cost
Maximum Power Algorithm
for Future Smart Home Energy
Management [89]

• The proposed “energy
management system” aims to
decrease the price of
consumer’s electricity usage by
optimizing energy scheduling
plan without making any
discomfort

• A novel Minimum Cost
Maximum Power (MCMP)
algorithm to solve the
formulated problem of Mixed
Integer Linear Programming
(MILP).

• Price of electricity usage, peak
demand reduction, task
completion and time of
response were analyzed and
compared in four different load
scenarios.

• Compared to other models: (1)
decreases electricity usage and
peak demand more efficiently;
(2) includes 100% task
completion of all home
appliances; (3) is less
complicated and better
performed in real-time
situations; (4) is novel and not
used before.

• Future researches includes
energy management in
industrial sector.
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• A Privacy Preserving
Communication Protocol for
IoT Applications in Smart
Homes [90]

• The proposed system is for
“security system” aimed to
present a communication
protocol for smart home
systems that ensures safety and
energy efficiency

• A a Smart Home Systems
(SHSs) Protocol for security. It
comprises an appliance group,
a monitor group, a central
controller, and user interfaces.
It goes through the following
four main phases: (1) key
Generation, (2) encryption, (3)
Message Authentication Codes
(MAC) generation and
verification, and (4)
decryption.

• Safety and privacy-keeping
communication protocol
applies chaos-based encryption
(logistic map) and MACs.

• The first generic architecture
design layout for future SHSs.

• The system promoted the
protocol to achieve better
safety and privacy-keeping
features with less computations
suitable scalability.

• A Security Authorization
Scheme for Smart Home IoT
Devices [91]

• The proposed system is for
“security system” to introduce
a permission platform for
smart home appliances that are
connected to unsafe cloud. The
instructions are transferred to
the user’s smart phone for
approval.

• The architecture of the
proposed security permission
platform consists of (1) smart
home appliances, (2) cloud
platform, (3) smart-phone
application.

• For the security system and
permission platform, the FIDO
UAF (Fast Identity Online-
Universal Authentication
Framework) protocol was
selected. The system benefits
from open-source IoT cloud, a
platform like IoT Kaa, and
Several programming
languages.

• (1) introducing a platform to
create digital ID for both smart
appliances and the users, (2)
implementing the scheme in an
available software and
hardware system, (3) designing
a cloud federated permission
for smart home based on the
FIDO permission messages, (4)
introducing a security platform
in which a user can ask for
FIDO permission via cloud
platform each time, (5)
carrying out tests using Kaa IoT
Cloud and assessing delay
times.

• Adaptive Monitoring System
for E-health Smart Homes [92]

• The proposed “healthcare
system” aims to introduce a
novel adjustable e-health
monitoring system for old
people.

• An Adaptive Monitoring E-
health System, which gathers
pertinent data to appraise the
user’s health condition based
on the situations of his daily
life activities and is able to
learn the activity profile of the
user.

• Gray Model (GM) is used to
predict model (to learn and
predict the behavior and level
of dependency trends).
Markovian model is employed
to evaluate the system for
generating long term realistic
scenarios.

• Functional Autonomy
Measurement System (SMAF)
is pursued to outline the user’s
activities. Functional abilities
adopted were: Activities of
Daily Living (ADL), Mobility,
Communication, Mental
Function and Instrumental
Activities of Daily Living
(IADL).

• 100% accuracy in high
monitoring, 95.8% in medium
monitoring, and 91.9% in
minimum monitoring. The
system diminished energy
usage by 48.3%, network
traffic by 49.3% and daily
activities processing by 54.3%.

• Future research include: (1)
expanding the number of
behavior situations, (2)
considering timing logic and
break between activities, (3)
Including more factors e.g. age,
season, location, etc., (4)
Incorporating multiple
prediction models and
assessing effects on the risk and
resources, (5) expanding
monitoring with vital signs
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• An Information Provision
System to Promote Energy
Conservation and Maintain
Indoor Comfort in Smart
Homes Using Sensed Data by
IoT Sensors [93]

• The proposed “energy
management system” aims to
conduct a platform to collect
sensing data of environmental
parameters (to assess PMV
Index) and user’s response
(comfort desire) to diminish
electricity usage while keeping
indoor thermal comfort.

• Combines both environmental
data and user’s response to (1)
gather different data from
sensors to assess PMV
(Predicted Mean Vote) and
user’s comfort desire, and (2)
to choose relevant information
from the dataset

• PMV Index was assessed by K-
means clustering.

Decreased electricity usage by
5.15% and promoted the comfort
satisfaction by 42.3%.
Qualitative evaluations of indoor
comfort enhanced by 16.4%.

• Networked sensors gathered
data for the system.
Future studies: collecting data in
a central database operated by a
company or the smart city.

• Anonymous Secure Framework
in Connected Smart Home
Environments [94]

• The proposed “security
system” aims to provide a
secret and safe platform in
connected smart homes with
less computations and cost.

• An Anonymous Secure
Framework (ASF), which
creates effective permission
and key approval. It provides
an unknown and unconnected
environment for identity and
data of smart devices.
Automated Verification of
Internet Security Protocol and
Application (AVISPA) tool, the
BAN-logic and informal
analysis are employed.

• (1) less computations and less
communication cost; (2)
Enhanced safety compared.

• Categories and Functionality of
Smart Home Technology for
Energy Management [95]

• The proposed “energy
management system” aims to
investigate and recognize
various home products on the
market and finds out their
functions, quality, and their
potential for energy savings.

• A coding guide was devised
underlying previous work and
improved in a repetitive
procedure. Qualitative data
analysis based on 50 items of
the codes.

• Findings indicated choices for
saving energy (operational and
behavioral) and shifting loads
among most product groups.

• Future research is to determine
the interaction between users
and smart home products.

• Context-aware Decision
Making under Uncertainty for
Voice-based Control of Smart
Home [96]

• The “home management”
framework aims to analyze the
environment in terms of
comfort and independence
including voice alarms for
immediate actions.

• The decision making and the
action is taken with the voice
command of a user or when an
abnormal situation is
discovered by the system. The
system is based on a knowledge
model and the decision making
is processed in uncertainty.

• (1) overall model accuracy
level was 85% (min. 71%, max.
100%); (2) Markov Logic
Network presented an
integrated base involves with
logical requirements,
uncertainty, and missing data;
(3) The system can learn from
the data;

• Delivering Home Healthcare
through a Cloud-based Smart
Home Environment (CoSHE)
[97]

• The proposed “healthcare
system” aims to propose a
cloud-centric platform in smart
homes to prepare thorough
information for health
supervisors by monitoring user

• Collecting data via wearable
sensors that are not intrusive
and also through
environmental sensors. A home
gateway processes data and
sends to a private cloud. This
cloud prepares health
supervisors with access to real-
time information of the user
health state. CoSHE consists of
four main parts of smart home

• Possible to reach thorough and
useful information by unifying
context and health-related data
and deliver the information to
supervisors to monitor the
health state of the user.

• Limitations: raise energy
consumption

• Future researches include
warning systems to predict the
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location, activities, mental and
emotional state.

environment, wearable
devices, private cloud system,
and home service robot.

disease and warns health
supervisors in risky situations.

• Demand Response
Implementation in Smart
Households [98]

• The proposed “energy
management system” aims to
propose an optimized-based
scheme for energy-saving and
cost reduction in smart homes
to control the operation of
home appliances which their
loads can be controlled and are
able to store energy (e.g. EV
and EWH) considering
demand response and the load
pricing time.

• Designed for smart houses with
photovoltaic (PV) systems
combined with Energy Storage
System (ESS). Electric vehicle
(EV) and electric water heater
(EWH) are controllable
appliances with storage
capability. Effective timing of
appliance’s energy usage and
the demand scheme are
scheduled.

• When applying this intelligent
optimization-based algorithm,
the daily energy price reduced
29.5% - 31.5% comparing to an
ordinary rule-based algorithm

• Emulating Home Automation
Installations through
Component-based Web
Technology [99]

• The proposed “automation
system” of homes aims to
introduce a platform based on
KNX protocol to imitate, test
and validate the home
automation environment in a
virtual web-based platform
before the hardware is
installed.

• The proposed component-
based web technology platform
represents the operation of real
devices in a virtual web-based
environment based on KNX
Network. The virtual devices
perform and interact via web
environment which permits to
make components that create
various kinds of data (text,
audio, image, video, animation,
etc.). COScore structure
manages these components.
Web services can manipulate
the platform and web users’
interface can test the behavior
regarding this data.

• COScore based on CBSE, MDE,
web services, HTML5, CSS3
and JavaScript technologies are
employed.

• The platform allows testing,
validating and analyzing the
behavior of home automation
devices virtually prior to real
installation to minimize risky
situations.

• Future studies: (1) creating
graphical version of the
models, (2) applying an MDA
approach for the installation,
(3) applying security solutions,
(4) using another network or
protocol apart from KNX.

• Identifying Multiuser Activity
with Overlapping Acoustic
Data for Mobile Decision
Making in Smart Home
Environment [100]

• The proposed system is for
“activity Recognition and
movement system” aimed to
propose a system to detect
activities of users by
automatically identifying the
various and overlapping sounds
in a real-time context in smart
homes using acoustic-based
LED lighting.

• Sounds of user’s activities are
collected and detected by audio
sensors in a real-time manner.
The sounds are classified for
activity recognition.

• Higher accuracy rate than
existing classification
algorithms.
Future studies: Improvement
of smart recognition systems
with further experiments in
real-time manner.

• ImAtHome-making Trigger-
action Programming Easy and
Fun [101]

• For every home, the
application makes a database
on the cloud with different

• Majority of the respondents
particularly young people
found ImAtHome user-
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Title, Category & Objective The proposed system function
and details

Finding or Contribution
Limitation & Suggestions

• The proposed “automation and
home management systems”
aims to propose a framework
for smart home users to control
smart appliances by setting
certain commands for
operations without having any
expertise.

groups and sub-groups of
various rooms and devices. It
can find, add or remove rooms
and devices, access their data,
and control or command (even
vocally) different functions.

friendly.
• Future work includes: applying
more users and tasks with
different scenarios based on
different application platforms
e.g. MicroApp.

• IoTtalk-RC: Sensors as
Universal Remote Control for
Aftermarket Home Appliances
[102]

• The proposed “automation and
home management systems”
aims to introduce a software-
based platform for distance-
control of smart home devices

• The proposed system is IoTtalk
Remote Control (IoTtalk-RC),
which uses sensors (e.g.
temperature & humidity
Sensors) to control one or more
tasks of smart home devices
(e.g. electric fans). An infrared
device for receiving (IrR-D)
and one for transmitting (IrT-
D) are connected to IoTtalk
server which can be installed in
a cloud or Wi-Fi AP. The Smart
device is connected to the
IoTtalk server via wireless
system. Computations and
analytic analysis are employed.

• (1) Short delay time even when
IoTtalk server is far at a virtual
machine of a cloud; (2) The
disorganized series of sending
due to the delay time is
insignificant; (3) efficient
platform; (4) IoTtalk is a
solution to replace the usual
infrared remote controller of
smart devices needs new
programming from the
developers.

Table 8.
Reviewed papers related to smart homes.
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