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Part I 
Reinforced Concrete and Masonry 

Structures



Chapter 1 
Assessment and Calibration of the ACI 
Punching Shear Resistance of LW Slabs 
Using Reliability Methods 

Soliman Alkhatib and Ahmed F. Deifalla 

Abstract Failures due to shear are brittle and required reliable strength models. 
The challenge of refining those methods has been brought to question recently. 
This research study aims at applying recent reliability approaches for the case 
lightweight concrete (LW) slabs under shear. The American Concrete Institute (ACI) 
was selected. An experimental data base gathered from existing literature was imple-
mented. A brief review of both the Second-Order Methods (SORM) and First-Order 
Method (FORM), which are commonly used for the computation of reliability are 
outlined. The FORM was selected to calculate the sensitivity index and reliability 
index were calculated for the ACI. A comparative analysis between those indices 
and the internationally set target ones was conducted. The ACI was found to be 
lacking the adequate reliability. Thus, ACI provision was optimized to achieve target 
reliability indices. 

Keywords Lightweight concrete · Reliability index · Punching shear · ACI 

1.1 Introduction 

One of the most complicated problems is the reinforced concrete (RC) structures 
construction, which is governed at various stages with many ambiguities. Such vari-
ability has to be considered in the design stage, which could significantly affect the 
design. That uncertainty is related to the following factors: (1) load distribution, 
geometric configurations, and material mechanical properties; (2) size of element; 
(3) resistance modeling; (4) construction, and design errors; and (5) dilemma of the
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true behavior. Figure 1.1 shows the various mechanisms, which is affect the compli-
cated punching shear behavior of RC slabs. These include but not limited to: (1) at 
the crossing of the shear diagonal crack and the flexure reinforcements, dowel action 
mechanism; (2) across the compression zone, direct shear mechanism; and (3) across 
the critical crack, both the interlocking of the aggregate crossing the crack and the 
friction mechanism along crack sides. Worldwide, the RC elements under shear are 
being examined by researchers (Ricker et al. 2021; Ju et al.  2021; Deifalla 2020a, 
2021, 2020c). Especially, the lightweight concrete design (LW), which is still further 
behind (Deifalla et al. 2020a, 2020b; Deifalla 2020b). 

LW behavior differ in several features compared to normal weight concrete, which 
includes the following: (1) lower aggregate interlock due to smooth crack across 
weaker aggregates; (2) wider cracks due to lower modulus of elasticity; and (3) 
different behavior due to lightweight aggregate having different types (Deifalla et al. 
2020, 2020b; Deifalla 2020b; ACI-213 2014). ACI included new provisions for 
the shear design of LW by using the density of the concrete mix (Deifalla et al. 
2020, 2020b; Deifalla 2020b; ACI-213 2014). The reliability of the punching shear 
provisions of the ACI need to be examined has been a finding of previous research 
investigations (Deifalla 2020b; ACI-213 2014; Greene and Graybeal 2015). 

Accurate assessment for structural systems safety level, require modern relia-
bility analysis techniques. The reliability analysis involves the load and resistance 
uncertainties. The statistical analysis includes outliers’ detection, which includes (1)

Fig. 1.1 The mechanisms of the concrete slabs under punching shear (Deifalla 2020a, 2021, 2020c) 
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histograms representation; (2) erroneous values correction; followed by computing 
the statistical measures (i.e., mean, skewness, kurtosis, and standard deviations) 
using the corrected data. In addition, it requires the random parameter uncertainty 
distribution, where lognormal distribution is the most appropriate. In existing liter-
ature, various methods to assess the design model reliability, which are the First 
and second order approach (known here in and after as FORM and SORM) (Ricker 
et al. 2021; Mallor et al. 2020; Sousa et al. 2010; Dithinde 2007; Ditlevsen and Bjer-
agger 1986). Moreover, several key investigations have investigated the calibration 
and assessment of the ACI using structural reliability methods for various scenarios 
including and not limited to behavior of RC under compression, and shear (Alkhatib 
and Deifalla 2002, 2022). However, none of these previous studies examined the ACI 
shear design of LW RC slabs (LWRCS). In this study, various reliability methods are 
outlined, discussed and implemented. The punching shear LWRCS design using the 
ACI was evaluated with respect to its reliability using (FORM). Sometimes when 
the performance function has a higher nonlinearity, we must study the curvature 
of the hypersurface which present the performance function, so the Second order 
Reliability have to calculate to precise the accuracy of the FORM. So, the reliability 
indices are also calculated by the SORM and compared with the FORM. 

The sensitivity and reliability indices were evaluated using the (FORM) tech-
niques. In addition, the reduction factors of the design provisions of the ACI were 
calibrated (EC2 1990; ACI-318-19 2019). Concluding remarks were discussed. 

1.2 The ACI 

In the study, we consider shear strength, which is calculated as:(V ) 

V = 0.17
(
1 + 

2 

β0

)
λλs 

√
f c(4[c + d])d ≤ 0.33λλs 

√
f cd (π [c + d ]) (1.1) 

where, λs =
/

2 
1+0.004d ≤ 1, λ = 3 γ c 

6400 , β0 is the ratio between loading area 
dimensions. 

1.3 Previously Tested LWRCS 

Researchers have started testing LWRCS under punching shear since the 60’s. A 
database of 129 LWRCS tested under punching shear, which was collected from thir-
teen different research study as shown in Table 1.1 (Deifalla 2020a, 2021, 2020c). The 
database covered a comprehensive range of many of the effective factors including 
loading area dimensions, concrete compressive strength, concrete density, coarse
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Table 1.1 Uncertainty basic factors (Joint Committee on Structural Safety 2001) 

Parameter Distribution Nominal Mean Standard deviation 

f c' Log-normal 25 38.8a 4.67a 

35 47.2a 4.26a 

45 53.6a 3.76a 

d Normal dn dn + 10 10 

c Normal cn cn + 0.003cn 4 + 0.006 cn 
γ Normal γ n γ n 0.05 

a Log-normal distribution corrected 

aggregate type, loading pattern, aggregate maximum nominal size, slab dimensions, 
opening along column sides, percentage of main reinforcements, yield stress of the 
main reinforcement and eccentricity. 

1.4 Reliability Analysis 

Load, material, and geometry factors are subject to uncertainties, which can be classi-
fied. According to their nature. They can, thus, be represented by random parameter. 
In theory of probability, a system probability to complete its intended function during 
a certain period is called reliability. In addition, examining the system capability to 
fulfill its purpose, requirements and function (Ditlevsen and Bjeragger 1986). More-
over, the basic problem of reliability is how a building will achieve its purposes, 
according to well-defined environments and on a specific time (Joint Committee on 
Structural Safety 2001). Thus, it is feasible to express a failure probability (Pf ), as the 
reliability complementary probability, which represent the safety of structure. Where 
the performance of the building is described using the following factors: (1) cross-
section dimensions, (2) concrete density, (3) values of strength; (4) loads applied 
on structure. When selecting those needed factor for the description of the investi-
gated dilemma, independent factors must identify, which is not always achievable. 
Depending on the available information about these factors, it is possible through 
probabilistic distributions to model them; however, their statistical measures must 
be selected cautiously. For a structural model, it can be improved or revised based 
on existing information. In the case of lack of adequate information to define the 
probabilistic function, a characteristic value point can be used, which is termed as 
the design. For a structural element, when the load resultant (E) of a determined 
loading Q is larger than the resistance value (R), failure is expected on that specific 
element. The performance function is designed in such a way that: 

G
(−→
X

)
= G

(−→
X 1, 

−→
X 2, . . . ,  −→X n

)
= R − E (1.2)
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where G is the safety margin, and
(−→
X 1, 

−→
X 2, . . . ,  −→X n

)
is the random factors vector 

of the performance function. When R = E, then the performance function is defined 
as the following: 

G
(−→x ) = G

(−→x 1, −→x 2, . . . ,  −→x n
) = 0 (1.3) 

where the vectors
(−→x 1, −→x 2, . . . ,  −→x n

)
are at the reliability index achieves the safety 

nominal extent. The calculation will be done by the FOMS. According to EN (2002), 
the reliability index β minimum values for ultimate limit states is value of 3.8. 
Furthermore, in structural analysis, the performance function G is defined as the 
difference between total resistance (R) and total load (E). For the purpose of design, 
the best choice is having R bigger than E. Thus, the limit state is when G = R, such 
that: 

G
(−→
X

)
= θ Rvc

(
d, c, γ c, f c

)
.u1(d, c).d − V Rd,c = 0 (1.4)  

where θ R is model uncertainty, d is the slab depth, c is dimensions of loaded area, 
u1 is the control perimeter, vc is punching shear stress at the control perimeter, γ c 
is the concrete unit volume, f c

' is the concrete strength under compression, V Rd,c 

is the design value of the punching shear. Using the ACI provisions for the V , the  
performance function can be written as: 

G
( →X

)
= θR

[
min .

(/
2 

1 + 0.004d 
, 1

)(
3 

γc 

6400

)]

[
0.17

(
1 + 

2 

β0

)√
fc ≤ 0.33 

√
fc

](
2π

[
c 

2 
+ 

d 

2

])
d − VRd ,c = 0 (1.5) 

1.5 Variability of the ACI Resistance Model 

For the failure mode under consideration, uncertainty modeling needs to be under-
taken with regard to those factors in corresponding limit state function whose vari-
ability is judged to important (basic random factors). The ACI variability measures 
are indicated in Table 1.2. We consider the data lognormal distribution.

SORM and FORM are generally used for the calculation of reliability, defined 
as the probability of fulfilling a planned purpose, while uncertainties are expected. 
A second-order approximation of the limit-state function around the Point of high 
probability of failure; thus, can achieve highly accurate predictions for the reliability 
index β. Consider all random factors are independent and distributed in a normal
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Table 1.2 Reliability index 
for loading area dimension c 

(mm) 
β 
FORM 

β 
SORM 

150 3.18 3.19 

200 3.18 3.19 

250 3.18 3.19 

300 3.17 3.19 

350 3.17 3.19 

400 3.17 3.19

pattern, therefore, the relationship between the probability of the failure of the hyper-
surface G(

−→
X ) = 0 and, the reliability index β can be expressed as Pf = 1 − Φ(β), 

where Φ is the standard cumulative distribution normal. In the following we illus-
trate FORM and SORM with detail and calculate the reliability index with respect 
to random factors considered in the performance function and the results and we 
arrange the result in several tables. Maple was used to do such calculation. 

The main idea in this method is that for each non-normal random factor, 
corresponding mean and standard deviation is computed. The equivalent standard 
deviation σ e X and mean μe 

X is calculated such that: 

μe 
X = X ∗ − σ e X [Φ−1 FX

(
X ∗

)] (1.6) 

σ e X =
1 

fX (X ∗) 
φ

(
X ∗ − μe 

X 

σ e X

)
= 1 

fX (X ∗) 
φ[Φ−1 FX

(
X ∗

)] (1.7) 

where φ andΦ are PDF and CDF for the normal distribution. FX (X ) is the cumulative 
distribution function and fX (X ) is the probability density, σX is the standard deviation 
and μX is the mean. Thus, for each of the design point values X* corresponding 
to a non-normal distribution, the equivalent normal mean and standard deviation 
are calculated. If one or more X* values correspond to a normal distribution, the 
equivalent normal factors are simply the actual factors. In this study, the θ R and t f c'
are regarded as lognormal distributions. To find the equivalent normal parameter for 
a lognormal random parameter X can be calculated such that: 

σ e X = X ∗σlnX , μe 
X = X ∗[1 − ln

(
X ∗

) + μlnX ] (1.8) 

Where, X ∗ is the design point value and σlnX and μlnX are the distribution 
parameter for the lognormal distribution. 

The SORM was introduced as an improvement for the FORM where additional 
information about the curvature of the performance function is included (El-Gamal 
et al. 2005). SORM relies mainly on three factors: the curvature radius at the design 
point, the number of random factors and the first order β, more detail for this method 
cans be found in Alkhatib and Deifalla (2022). The Taylor expansion is given to
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approximate the performance function at the design point: 

G(X) = G
(
X∗) + ∇G

(
X∗)(X − X∗)T + 

1 

2

(
X − X∗)[∇2 G

(
X∗)(X − X∗)T]

(1.9) 

where
[∇2G(X∗)

] =
[

∂2G 
∂Xi∂Xj

]|||
X∗ i = 1..n, j = 1..n is the Hessian matrix of 

G(X)atX∗. The SORM is determined initially by the (FORM) results for the reli-
ability index, the final design point, and the directional cosine vector at that final 
design point. The primary goal of the (SORM) is to improve the accuracy of the 
value of β calculated by the first order reliability method (FORM). The principal 
curvature of the hypersurface is determined first in this methodology. The calcula-
tion of curvature can produce positive, negative, or complex values depending on the 
nonlinearity of the performance function and the number of factors. The present paper 
uses Breitung’s (SORM) method, which employs a parabolic approximation rather 
than a general second-order approximation. The probability estimate is derived using 
the theory of asymptotic approximation. Only for large values of β is the asymptotic 
formula accurate.. However, if the value of β is low, the (SORM) estimate may be 
inaccurate. If the number of factors is not large enough, or if the curvature radius 
is very large, the values of the reliability index between (FORM) and (SORM) are 
nearly identical. 

We begin this method’s procedure by computing the Reliability index and the 
directional cosine vector α=[αi] as well as the final design point in the initial factors 
U* using the (FORM) -based method (FORM). Convert all factors from their original 
to standard form, depending on the type of distribution (when the random parameter 
is non-normal, we use the equivalent normal mean and equivalent standard devia-
tion). Breitung’s formula can be used to calculate the second order estimate of the 
probability of failure: 

Pf2 = Φ(−β) 
n−1⊓
i=1 

[1 + βκi]
− 1 

2 (1.10) 

where κi is the principal curvature at the design point of the failure surface. Finally, 
the SORM reliability index βSORM is computed in such a way that: 

βSORM = −Φ−1 (Pf2 ) (1.11) 

To calculate the curvature κ i of the failure of a hypersurface, follow these steps: 
Construct the rotation matrix
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R0 = 

⎡ 

⎢⎣ 
1 · · ·  0 
... 

. . . 
... 

α1 · · ·  αn 

⎤ 

⎥⎦; [αi] = 
[∇G(Z∗)]T

||∇G(Z∗)|| and∇G
(
Z∗) = −  

∂G 

∂Zi

||||
(Zi∗) 

i = 1..n 

Convert the matrix R0 to the orthonormal matrix R using the Gram-Schmidt 
orthogonalization procedure. Using the relationship Yi = RZi∗ transform the vector 
(Zi∗) to anther vector denoted by (Yi). Construct a Hessian Matrix (D) containing the 
second derivative of limit stat at the design point in standard normal Space, where: 

D =
[[∇2 G

(
Z∗)] =

[
∂2G(.) 
∂Zi∂Zj

]||||
Z∗ 
i = 1..n, j = 1..n

]

Compute the matrix A whose elements aij are calculated as A = [
aij

]
n =[

RDRT√||∇G(Z∗)||
]
. The last row and last column in the A matrix and the last row in the 

vector Ui are dropped because they present ∇G(Z∗) the first derivative of the Taylor 
Series found in the calculation of β by (FORM). Finally, the κi are calculated as the 
eigenvalues of the ((n-1) * (n-1) matrix A. After calculating the κi we use Breitung’s 
formula Eq. (1.12) to compute the failure probability. 

1.6 Analysis 

The reliability index determined for ACI using both the FOSM and SORM is 
compared to each other, and the target level β of value between 3.6-3.8. Tables 1.2, 
1.3, 1.4, and 1.4 show the reliability index computed against the values of the effec-
tive factors f

'
c, c, d, and  γ c, respectively. It is clear, for this case, the FORM yields 

result comparable with the SORM. Table 1.2 shows the influence of loaded area 
dimensions on the β, which is found for loaded area dimensions varying from 150 
to 400 mm. Initial design point, is (fc' =  25MPa, d = 280mm, γ = 1900kg/m3). 
For a loaded area dimension of 400 mm, the lowest reliability index β was obtained 
with a β value of 3.17. For the other values of loaded area dimensions, the β values 
increased gradually, with a β value equal to 3.18 at a loaded area dimension of 150 
mm. For all the loaded area dimensions, the reliability indices β is lower than the 
target level β.

Table 1.3 shows the influence of effective depth on the β, which is calculated for d 
varying from 400 to 100 mm. Initial design point is (c = 300mm, f '

c = 25MPa, γ = 
1900kg/m3). For  a  d value of 400 mm, the lowest β was found to be value of 3.15. 
For the other values of d , the  β values was increased progressively, with a β value 
equal to 3.23 at an d of 100 mm. For all the d values, the β is lower than the target 
level β. 

Table 1.4 shows the influence of f
'
c on the β, which is obtained for f

'
c class C25, 

C35, and C45. Initial design point is (γ = 1900kg/m3, c = 300mm, d = 280mm).
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Table 1.3 Reliability index 
for size d (mm) β FOSM β SORM 

100 3.23 3.26 

200 3.20 3.21 

250 3.18 3.19 

280 3.17 3.19 

300 3.17 3.19 

400 3.15 3.17 

Table 1.4 Reliability index 
for concrete compressive 
strength 

fc ’ (MPa) β FORM β SORM 

25 3.17 3.19 

35 3.01 3.03 

45 2.85 2.85 

Table 1.5 Reliability index 
for density γ (kg/m2) β FORM β SORM 

1700 3.17 3.19 

1900 3.17 3.19 

2000 3.17 3.19 

2200 3.17 3.19 

2400 3.17 3.19

For f
'
c value of 45 MPa, the lowest β was obtained a value of 2.85. For the other 

values of f
'
c, the  β values increased gradually, with a β value equal to 3.18 at a f '

c of 
25 MPa. For all the values of f

'
c, the  β is lower than the target level β. 

Table 1.5 shows the influence of γ on the β, which is obtained for γ varying from 
2400 kg/m3 to 1700 kg/m3. Initial design point is (d = 280mm, c = 300mm, f '

c = 
25MPa). For  γ value of 2400 kg/m3, the lowest β was achieved with a value of 3.18. 
For the other values of γ, the  β increased gradually, with a β value equal to 3.18 at a 
γ value of 1700 kg/m3. For different values of γ, the  β determined is lower than the 
target level β. 

From Tables 1.2, 1.3, 1.4, and 1.5, the  β is beneath the target limit. In addition, the 
fc’ highly affected the design reliability, where the decrease in the fc’. Increased the 
reliability. On the other hand, no significant effect on the reliability due to the d and c. 
The β were calculated, while using a reduction coefficient with a value ranging from 
0.5 to 0.9  as  shown in Table  1.6, which were determined for based on the initial design 
point is

(
d = 280mm, c = 300mm, f '

c = 45MPa, γ = 1900kg/m3
)
. To improve the 

reliability a reduction coefficient can be used. Thus, for the reliability index to reach 
the target value of 3.8, a reduction coefficient value of 0.7.
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Table 1.6 ACI calibration 
Reduction factor (∅) β 

FORM 
β 
SORM 

0.90 3.14 3.16 

0.85 3.30 3.32 

0.80 3.46 3.48 

0.75 3.64 3.64 

0.70 3.83 3.83 

0.65 4.03 4.4 

0.60 4.25 4.25 

0.55 4.49 4.49 

0.50 4.76 4.76 

1.7 Conclusions 

The reliability of the ACI for the punching shear provisions of LWRCS without shear 
reinforcement was examined with respect to standard reliability targets (Sykora et al. 
2014, EN  2002). The following conclusions were reached at: 

• The ACI reliability is below the target value. 
• The ACI is significantly influenced by model uncertainty, which emphasis the 

important of improving model uncertainty. 
• For the ACI, the model uncertainty is followed by the uncertainty of both the 

concrete compressive strength and the effective depth in influencing the reliability. 
Thus, both factors need further investigation with care. While the other factors 
have less influence on the reliability. 

• For the ACI, using a reduction coefficient of 0.7 will increase the reliability to the 
target levels. 
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Chapter 2 
Evaluation of Damage Caused by Soil 
Settlements in a Historical Masonry 
Building 

Ali Fuat Genç, Ahmet Can Altunışık, and Esin Ertürk 

Abstract Masonry structures, characterized by their brittle behavior, are susceptible 
to easy damage when subjected to external forces. Especially, soil-structure interac-
tion problems are important factors which may cause deterioration or complete loss of 
structural integrity in the masonry structures. For this reason, different settlements 
and deformations occurred in the soil domain should be considered in numerical 
analyses of this type structures for a correct structural assessment. The objective of 
this paper is to ascertain the modal response and assess the damage condition of an 
authentic historical masonry building, the deterioration of which can be attributed to 
underlying soil issues. The structure is a historical masonry school building which is 
constructed in the 1870s in Samsun, Turkey. The numerical evaluation encompasses 
the creation of a numerical model that takes into account the soil-structure interac-
tion. This model is then utilized to gauge the impact of soil settlements on dynamic 
properties, and to scrutinize the state of damage through nonlinear explicit analyses. 

Keywords Soil-structure interaction ·Masonry structures · Nonlinear explicit 
analysis · Soil settlement effect 

2.1 Introduction 

Concrete, steel, and other modern materials have become commonplace in construc-
tion today; however, in the past, structures predominantly arose from raw or mini-
mally treated elements such as stone, brick, adobe, and wood. These edifices, now 
referred to as historical buildings, were erected using the masonry construction 
method. Despite their simplicity in composition, grasping the authentic behaviors
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of these historical masonry structures often proves intricate due to the non-uniform 
and anisotropic characteristics of the materials (Altunisik et al. 2017). Consequently, 
safeguarding these structures presents an intricate endeavor demanding expertise and 
profound knowledge. 

Numerous historical masonry structures have withstood the test of time, with 
some still standing strong today. Nevertheless, a multitude of these historical marvels 
have succumbed to demolition or deterioration across the years, owing to both 
natural elements and human interventions (Parisi and Augenti 2013). Such struc-
tures are susceptible to various forces including earthquakes, floods, fires, conflicts, 
and vandalism, leading to damages, as well as gradual material degradation, soil 
settling, time-induced wear and tear, and excessive, irregular loads due to unsuitable 
application (Toker and Ünay 2004). Characterized by meager tensile strength, histor-
ical masonry structures were engineered primarily to counter compressive stresses 
(Angelillo et al. 2014; Lourenço 1998). 

Therefore, they are very vulnerable to actions that lead tensile stresses on the 
masonry walls such as seismic and soil settlement conditions. A wall subjected to 
tensile stress is easily damaged by mortar joints which have low tensile strength (Bui 
2013; Fathyi et al.  2009; Nasser et al. 2014). Therefore, protection measures should 
be taken for historical structures against such effects. 

Errors of foundation design, liquefaction, soil bearing capacity problems and hori-
zontal displacements may cause soil settlement. Furthermore, the primary factors 
contributing to settlement encompass fluctuations in groundwater levels, alterations 
in the structural loading system, excavations conducted in the vicinity of the struc-
ture, dynamic forces, and vibrations. Settlement problem leads cracks, rotations, and 
different damage in the structure. Masonry walls are very sensitive to the smallest 
foundation settlement as they exhibit a brittle behavior. 

In the literature, there are different approach for the damage assessment of histor-
ical structures. Rigid base approach does not consider the soil domain in the damage 
assessment of historical structures (Milani and Valente 2015; Llopis-Pulido et al. 
2019; Valente and Milani 2016; Lazizi and Tahghighi 2019; Altıok and Demir 
2021). On the other hand, soil domain is considered in the substructure approach, 
but structure and soil are modeled separately and structure work independently of 
the soil model (Mylonakis et al. 2006; Wolf  1985; NEHRP 2012; Gazetas 1991). 
This approach with a flexible support enables the differential soil settlement condi-
tion could be applied. Springs are modelled as not to resist tension. In this condi-
tion, the settlement is allowed in the structure and damage due to settlement can be 
achieved (Longo et al. 2021; Brunelli et al. 2021; Anastasios et al. 2020). On the 
other hand, studies on the detection of damages caused by soil settlements in histor-
ical masonry structures using the soil-structure interaction (direct approach) are rare 
in the literature (Kujawa et al. 2020). 

The objective of this study is to assess the modal response and analyze the damage 
condition of an actual historical masonry building, the deterioration of which can 
be attributed to underlying soil-related issues. The structure is a historical masonry 
school building which is constructed in the 1870s in Samsun, Turkey. The numerical 
evaluation encompasses the creation of a finite element model that takes into account
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direct soil-structure interaction. This model is then utilized to gauge the impact of 
soil settlements on dynamic properties, and to scrutinize the state of damage through 
nonlinear explicit analyses. 

2.2 Description of the Historical Building 

The subject of inquiry in this study is a historic edifice situated in Samsun, Turkey, 
which was erected during the 1870s. Originally functioning as both an infirmary and a 
dormitory, the building underwent a transformation in its history and was repurposed 
into a school. Notably, the passage of time took its toll on the structure, resulting 
in substantial damage and the deterioration of key structural components such as 
doors, windows, floors, and the roof. In the 1970s, a partial fire incident prompted 
restorative efforts to mend the impaired sections. 

Comprising a rectangular layout, the building encompasses three levels: a base-
ment, a ground floor, and a standard floor. Its total vertical extent measures 14.3 m, 
with the first floor at 2.64 m, the second at 4.26 m, and the third at 4.59 m. The 
structural support system of the building is characterized by a load-bearing masonry 
framework, fashioned using brick materials. Within the standard storey, interior walls 
were introduced as timber frames. Wall thickness is approximately 0.7 m at the base-
ment level, while higher sections exhibit varying thicknesses ranging from 0.45 to 
0.60 m. Timber elements were used for the construction of the slabs and roof system. 
Visual representations and façade depictions of the building can be observed in 
Fig. 2.1.

2.3 Numerical Model of the Building 

The construction of the Finite Element (FE) models for the building was carried out 
using the Abaqus software (Abaqus 2016). These models took into consideration the 
soil domain to account for diverse settlements, shifts, and distortions in the foundation 
arising from alterations in soil properties. Employing the macro modeling technique, 
the FE models were developed using linear tetrahedral finite elements, specifically 
the C3D4 element with four nodes, across the entirety of the soil-structure system. 
The dimensions of the encompassing soil domain were established as 24 by 36 m. To 
ensure stability, fixed boundary conditions were enforced upon the soil domain. The 
FE representation of the integrated soil-structure system is illustrated in Fig. 2.2.

Extracting material samples from the walls for material testing to ascertain mate-
rial properties is not allowed due to regulatory measures protecting historical struc-
tures. Consequently, the material characteristics of the brick masonry walls were 
determined by consulting a specialized guideline titled “Earthquake Risk Manage-
ment Guide for Historical Buildings” (General Directorate for Foundations 2017), 
designed for evaluating historical structures. Furthermore, the Concrete Damage
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(a) 

South view West view 

North view East view 
(b) 

Fig. 2.1 Views of the building
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Fig. 2.2 Views of the numerical model with soil-structure system

Plasticity (CDP) model, adept at accommodating masonry structures, was employed 
to characterize the nonlinear material behavior of the masonry units (Lubliner et al. 
1989; Lee and Fenves 1998). The tables containing the chosen linear and nonlinear 
material properties for the analysis can be found in Tables 2.1, 2.2, and 2.3 (General 
Directorate for Foundations 2017; Tiberti et al. 2016). 

In the literature, soil-structure interaction (direct approach) is rare considered 
in damage assessment studies caused by soil settlements in historical structures. 
Generally, substructure approach is preferred over soil-structure interaction (direct 
approach). In this paper, rare approach in the literature was used to detection of

Table 2.1 The linear elastic parameters used in the numerical model (General Directorate for 
Foundations 2017) 

Elements Young’s modulus (N/m2) Poisson ratio (–) Material density (kg/m3) 

Masonry 1.8E9 0.2 1800 

Table 2.2 CDP model parameters (Tiberti et al. 2016) 

Material Dilation angle Eccentricity f b0/f c0 Kc Viscosity parameter 

Stone 10 0.1 1.16 0.666 0.002
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Table 2.3 Stress–strain values and damage parameters of the masonry (Tiberti et al. 2016) 

Compression Tension Tensile damage parameters 

σ (MPa) εpl σ (MPa) εpl dt ε
pl 
t 

1.22 0 0.04 0 0 0 

0.95 0.005 0.0005 0.003 0.95 0.003 

0.95 0.001 0.0005 0.1 

0.8 0.1 – –

numerical damages of historical masonry school building caused by soil settlement. 
Therefore, the FE model of the soil domain was considered, and the elasticity module 
and density of the soil domain were changed to represent the damage to building due 
to the soil settlement. To achieve this aim, soil domain was tried to represent with a 
softer soil condition. The soil medium were progressively weakened. The soil domain 
conditions is shown in Fig. 2.3. 

Fig. 2.3 Views of numerical models for the soil-structure system and soil properties
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Table 2.4 Comparison of natural frequencies 

Frequency (Hz) 

f 1 f 2 f 3 

Hard soil condition 7.596 8.528 9.154 

SSI system Z = 0 m 7.579 8.478 9.141 

Diff. (%) 8.63 8.37 5.40 

Z = 2 m 6.925 7.768 8.647 

Diff. (%) 4.27 9.71 3.55 

Z = 4 m 6.629 7.014 8.340 

Diff. (%) 5.08 7.86 0.04 

Z = 6 m 6.292 6.463 8.337 

2.4 Numerical Analyses 

2.4.1 Modal Response 

This section pertains to the vibration response of the building, focusing on scruti-
nizing the influence of varied settlements, shifts, and deformations at the foundation 
due to the deterioration of soil properties on both mode shapes and frequencies—inte-
gral dynamic attributes of the structure. Through modal analysis, the mode shapes and 
natural frequencies were extracted. A comparative overview of the natural frequen-
cies is presented in Table 2.4. Furthermore, mode shapes of the building are given in 
Fig. 2.4. Across all scenarios, the mode shapes were identified as transverse, longi-
tudinal, and torsional modes. Both Table 2.4 and Fig. 2.4 highlight the discernible 
trend of frequency reduction with increasing distances of soil weakening.

2.4.2 Damage Condition 

Geometrically nonlinear analyses were conducted to discern the impact of soil settle-
ment and the resulting structural damage to the building. During the analyses only the 
self-weight of the building was considered. As a result of the analysis, the displace-
ment values in the Z direction were examined to determine the out-of-plane behavior 
in the part of the structure where the ground weakening is made. Deformed and unde-
formed shapes of the building in the Z direction for hard soil and weakened soil condi-
tions are given in Fig. 2.5. Also, the maximum values of these contour diagrams are 
given in Table 2.5. As seen in Fig. 2.5 and Table 2.5, the higher displacement values 
obtained in weakened soil condition according to hard soil. In addition, an increase 
in displacement values was observed as the weakened soil distance increased. From 
this point of view, it can be concluded that the deformations occurred in the soil and 
structure will also increase as the distance of the weakened soil increases.
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Hard soil condition 
f1=7.596Hz f2=8.528Hz f3=9.154Hz 

Weakened soil condition 

H=0.0m 

f1=7.579Hz f2=8.478Hz f3=9.141Hz 

H=2.0m 

f1=6.925Hz f2=7.768Hz f3=8.647Hz 

H=4.0m 

f1=6.629Hz f2=7.014Hz f3=8.340Hz 

H=6.0m 

f1=6.292Hz f2=6.463z f3=8.337Hz 

Fig. 2.4 Mode shapes of the building

The damages, which can be occurred based on different settlements, slips and 
deformations at the foundation due to the weakening of soil properties, were 
explained with tensile damage. Tension damage results for SSI systems are given in 
Fig. 2.6. The number of damaged elements obtained numerical analyses are given 
in Table 2.6. It should be noted from the Table 2.6 and Fig. 2.6 that the building is 
almost undamaged in hard soil condition and 0 m of weakened soil condition. On 
the other hand, cracks occurred, and the number of damaged elements increased as
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(a) Hard soil condition 

m2=Zm0=Z 

m6=Zm4=Z 
(b) Weakened soil condition 

Fig. 2.5 Deformed and undeformed shape of the building in the Z direction for a hard soil and 
b weakened soil condition 

Table 2.5 The comparison of 
the maximum displacements Max. displacement (m) 

Z Direction 

Hard soil condition 0.0057 

Weakened soil condition X = 0.0 m 0.0064 

Diff. (%) 80 

X = 2.0 m 0.032 

Diff. (%) 3.03 

X = 4.0 m 0.033 

Diff. (%) 5.71 

X = 6.0 m 0.035



24 A. F. Genç et al.

weakened soil distance increased. The structural damages occurred window open-
ings and roof joints. The number of damaged elements constitutes 0.53% of the total 
number of elements in the hard soil condition. On the other hand, percentage of 
damaged elements are 0.54%, 1.20%, 1.70% and 2.23% for 0.0 m, 2.0 m, 4.0 m and 
6.0 m of weakened soil condition, respectively. 

(a) Hard soil condition 

Z=0m Z=2m

Z=4m Z=6m
(b) Weakened soil condition 

 

 

Fig. 2.6 Tension damage level for a hard soil and b weakened soil condition
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Table 2.6 The amount of damaged elements and differences 

SSI Damaged elements Diff.a (%) 

Hard soil condition 429 0.53 

Weakened soil condition Z = 0 m 437 0.54 

Z = 2 m 964 1.20 

Z = 4 m 1366 1.70 

Z = 6 m 1788 2.23 

a Diff. were calculated based on total number of elements (80,338) 

2.5 Conclusion 

In this paper, modal response and damage condition of a real historical masonry 
building which was damaged due to soil problems were investigated. The conclusion 
of this study is given the below;

• The initial three natural frequencies were identified as transverse, longitudinal, 
and torsional modes across all Soil-Structure Interaction (SSI) configurations. 
Notably, higher frequency values were recorded in scenarios with robust soil 
conditions compared to those with compromised soil conditions. Furthermore, it 
was observed that frequency values exhibited a decrease as the distance of soil 
weakening expanded.

• The higher displacement values obtained for weakened soil condition according 
to hard soil in Z direction. Also, an increase in displacement values were 
observed as the weakened soil distance increased. Differences between maximum 
displacement values changes from 3.03% to 80%

• The building is almost undamaged in hard soil condition and 0 m of weakened soil 
condition. The number of elements, which reaches damage parameter, 0.53% and 
0.54% for these conditions. So, the building can be considered almost undamaged. 
On the other hand, percentage of damaged elements are 1.20%, 1.70% and 2.23% 
for 2.0 m, 4.0 m and 6.0 m of weakened soil condition, respectively. It was observed 
that cracks occurred and the number of damaged elements increased as weakened 
soil distance increased.

• The main structural damages occurred near the window openings. 

In this paper, proposed approach is a rare approach specified in the literature. 
However, it makes it possible to consider different soil settlements by modeling 
the soil domain in finite element models. Especially, considering soil settlements 
is important in the evaluation of the structural behavior of the historical masonry 
structures. Because, historical masonry structures are very sensitive to the a smallest 
soil settlement as they exhibit a brittle behavior.
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Chapter 3 
Critical Shear Crack Theory for Shear 
Strength of Elements Subjected 
to Tension or Reinforced with FRP 

Faisal Mukhtar, Ahmed Awad, Amr El-Said, Mohamed Ahmed Salama, 
Taha Elsayed, Ahmed F. Deifalla , and Maged Tawfik 

Abstract Many factors have led to revisiting the old problem of shear, including 
the following: (1) the brittle and catastrophic failure of concrete elements under 
shear strength, which is a complex phenomenon; (2) the new material advancement, 
including and not limited to FRP reinforcements; (3) the limited number of rigorous 
models that exist for such a problem. In this communication, A series of research 
investigations are briefly described. These works attempted to provide an extended 
critical shear crack theory model (ECSCT) for a variety of shear situations, such as 
reinforced concrete using fiber-reinforced polymers (FRP). The critical shear crack 
theory (CSCT) was selected because it is the base for the new Euro-code. The CSCT 
is a pioneering mechanical model for both one-way and two-way shear of concrete 
elements. More than 1000 specimens evaluated under one-way shear were used to 
verify the ECSCT. Comparisons were made between the model strength predictions 
and current design codes. In comparison to previous design standards, the model is 
more accurate and consistent while still making physical sense.
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3.1 Introduction 

Design codes require logical models to solve this difficult shear problem. Concrete 
elements without stirrups have numerous mechanisms that contribute to their shear 
resistance, including the following: (1) Dowel shear through flexure reinforcements; 
(2) interface shear over the sidewalls of the fractured concrete; and (3) direct shear 
through the uncracked concrete. (Deifalla and Mukhtar 2022; Ebid and Deifalla 
2021; El-Meligy et al. 2017; Deifalla 2021a; Muttoni 2008; Muttoni et al. 2018). 
Shear failure of concrete elements is sudden and could be catastrophic. The shear 
strength and deformation are influenced by several factors. The shear resistance is 
constrained by the size effect, although the flexure resistance is first increased by the 
effective depth. Second, the longitudinal reinforcement’s geometrical ratio, which 
boosts strength as it grows, may cause a more brittle failure. Thirdly, the concrete’s 
compressive strength prevents cracks by directly influencing the shear contribution or 
indirectly raising the concrete’s tensile strength (Deifalla 2021b, 2020, 2022, 2021c, 
2021d; Ali et al. 2021a). 

Axial tension forces occur combined with shear in many situations. The effect 
of axial tensile forces on the shear strength of concrete elements lacks a physical 
base and does not cover all parameters or mechanisms (Deifalla and Mukhtar 2022). 
In a still-unexplored area of research, fiber-reinforced polymer (FRP)-reinforced 
concrete is becoming more and more popular as a viable solution. This is because 
it has superior benefits over traditional RC, such as being electrically neutral and 
non-corrosive, among others. However, compared to the steel reinforcements, which 
have an impact on other shear processes, the FRP mechanical characteristics are 
noticeably different (Deifalla and Mukhtar 2022). 

As a result, there is a need to extend these mechanical models to special prob-
lems such as FRP-reinforced concrete and those subjected to combined shear and 
axial tension forces. Three mechanical models developed by Deifalla and colleagues 
(Deifalla and Mukhtar 2022; Deifalla and Mukhtar xxxxa, b) are briefly outlined in 
this current study, where the Critical Shear Crack Theory (CSCT) was adapted and 
further extended to shear of various problems. The (ECSCT) was validated using 
over 700 tested elements under shear and validated by comparison with existing 
design codes. 

3.2 (CSCT) The Critical Shear Crack Theory 

The CSCT is based on correlating the crack width of the critical diagonal crack (w) 
and the shear strength. The shear strength of the RC element is governed by the 
development of a critical diagonal shear crack, which is the main theory assumption.
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This critical crack governs the all parameters in terms of location, kinematics, and 
shape as shown in Table 3.1 include the details and test results for the experimental 
concrete beams, Moreover, the critical shear crack’s opening must be proportionate 
to the effective depth in a control section multiplied by the longitudinal strain. Based 
on this, the shear forces can be carried by various shear-transfer actions, namely, the 
residual tensile strength of the cracked concrete VRes, the role of aggregate interlock 
brought on by crack sliding VAgg , the dowelling action of the longitudinal rein-
forcement crossing the crack VDowel , and the contribution of the inclination of the 
compression chord VCompr shown in Fig. 3.1. To achieve this, the integration of appro-
priate constitutive material laws is required. The capacity of the section is given by 
Eq. (3.1) as the summation of all these actions. 

VR = 
4∑

i=1 

Vi = 
VRes + VAgg + VDowel 

1 − ·hF /rF (3.1) 

This work is inspired by the CSCT (Muttoni 2008; Muttoni et al. 2018), where 
the shear strength (vu) is calculated such that: 

vu √
f '
c 

= f(ω, ddg) (3.2)

Fig. 3.1 The CSCT (Muttoni et al. 2018) 
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While ddg is the maximum nominal aggregate size, f
'
c is the compressive strength 

of cylinder, and ω is the Crack width. 

ω ∝ εd (3.3) 

where V is the shear strength, where ε longitudinal strain, which is determined from 
severe compression fibers at 60% of the effective depth (d) (Muttoni 2008; Muttoni 
et al. 2018). 

vu √
fc 

= α1 

1 + α2 
εd 
ddg 

(3.4) 

ε = M 

bd ρf Es(d − c/3) 
0.6d − c 
d − c 

(3.5) 

c = d · ρs · Es 

Ec

(/
1 + 

2Ec 

ρf · Es 
− 1

)
(3.6) 

where, vu = V 
bd is the nominal shear strength, V the shear force resisted by the 

section (at failure, V = VR and vu = vuR), ddg = dg0 + dg (the value of the reference 
aggregate size dg0 = 16mm is used), dg the nominal aggregate size, Es the steel 
Young’s modulus, Ec the concrete Young’s modulus, d the effective depth, ρs the 
steel reinforcement ratio, ε the longitudinal strain at a critical section, c the depth of 
the centroid to the compression block, α1 = 1 3 andα2 = 120 for the traditional CSCT 
whose success has been verified based on an experimental database of 269 majority 
steel-RC slender beams. Using the failure criterion given by Eq. (3.4) along with the 
strain ε—Eq. (3.5)—at critical section yields a quadratic relationship whose solution 
is the shear strength V . In other words, as illustrated in Fig. 3.2, the inter section 
between this failure criterion and the strain—that describes the load deformation 
response—is the solution for the section’s capacity in shear.

3.3 ECSCT for FRP-Reinforced Slender Elements Under 
Shear 

Table 3.2 shows the details and test results for the experimental for FRP-concrete 
elements, the performance of the original CSCT has been mainly demonstrated as 
good in the case of the steel-RC members, as shown in Fig. 3a. However, it demon-
strated no such behavior for FRP-RC elements, as shown in Fig. 3b. In addition, the 
correlation coefficient (r) between the experimental shear strengths and the param-
eter εd 

dg0+dg 
is indicated in the figures. The performance of the CSCT in steel-RC is 

consistent with the coefficient of correlation r = 0.481, while for FRP-RC elements, 
the correlation coefficient is 0.144, as indicated in Fig. 3b. Therefore, the CSCT
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Table 3.1 Specimens database 

Spec. 
name 

Ref. Width 
(mm) 

Depth 
(mm) 

Rft. 
ratio 
(%) 

Steel 
Yield 
strength 
(MPa) 

Compressive 
Strength 
(MPa) 

a/d 
(–) 

Shear 
Force 
(kN) 

Normal 
Force 
(kN) 

9 Elstner 175 284 0.41 343.4 23 3.69 19.68 86 

10 175 284 0.41 343.4 23 3.69 24.13 68 

4 Mattock 152 254 1.03 399.9 46 3 44.48 29 

5 152 254 2.07 399.9 16 3 33.36 29 

11 152 254 3.10 399.9 15 3 42.26 61 

16 152 254 1.03 399.9 30 5.4 28.02 48 

19 152 254 2.07 399.9 19 5.4 40.03 29 

20 152 254 2.07 399.9 48 5.4 57.83 29 

21 152 254 2.07 399.9 51 5.4 56.93 61 

23 152 254 3.10 399.9 19 5.4 42.26 29 

25 152 254 3.10 399.9 28 5.4 51.15 48 

26 152 254 1.00 399.9 29 5.4 42.26 80 

29 152 254 3.10 399.9 53 5.4 66.72 29 

A1T Haddadin 178 381 3.78 517.3 28 2.5 122.55 144 

C1T 178 381 3.78 517.3 29 3.38 120.21 144 

J1T 178 381 3.78 517.3 29 2.5 87 144 

N3 Regan 152 272 1.46 427 33 2.8 42 120 

N4 152 272 1.46 427 34 2.8 42 90 

N5 152 272 1.46 427 32 2.8 48 60 

N6 152 272 1.46 427 32 2.8 50 70 

N7 152 272 1.46 427 35 2.8 45 130 

N9 152 272 1.46 427 31 2.8 42 85 

N11 152 272 0.97 427 33 2.8 37 75 

N12 152 272 1.46 628 28 5.61 48 30 

N13 152 272 1.46 628 31 5.61 50 40 

N14 152 272 1.46 427 31 2.8 50 40 

N15 152 272 1.46 427 32 2.8 50 20 

N16 152 272 1.46 628 31 1.96 52 40 

N18 152 272 1.46 427 31 2.8 45 60 

N19 152 272 1.46 427 29 2.8 40 80 

N20 152 272 1.46 427 46 2.8 42 60 

N21 152 272 1.46 427 15 2.8 40 60 

N22 152 272 1.46 427 32 1.96 85 60 

N23 152 272 1.46 427 35 1.96 75 20 

N24 152 272 1.46 427 22 2.8 37 60

(continued)
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Table 3.1 (continued)

Spec.
name

Ref. Width
(mm)

Depth
(mm)

Rft.
ratio
(%)

Steel
Yield
strength
(MPa)

Compressive
Strength
(MPa)

a/d
(–)

Shear
Force
(kN)

Normal
Force
(kN)

M5 Leonhardt 760 250 0.40 602 21 4 137.3 295 

M6 760 250 0.50 643 27 4 137.3 393 

T4 Soresen 200 262 1.80 534 53 2.5 94 327 

T5 200 262 1.80 534 53 2.5 81.9 439 

T6 200 262 1.80 534 53 2.5 126.5 223 

PB4 Bhide 70 890 1.10 423 16 N/A 72.3 72 

PB6 70 890 1.10 425 17 N/A 71.6 72 

PB7 70 890 1.10 425 20 N/A 53.6 102 

PB8 70 890 1.10 425 20 N/A 49.2 148 

PB10 70 890 1.10 425 24 N/A 34.9 148 

PB16 70 890 1.10 502 42 N/A 90.3 181 

PB14 70 890 2.00 489 42 N/A 95.9 288 

PB17 70 890 2.00 502 25 N/A 76 449 

PB19 70 890 2.00 402 20 N/A 79.7 80 

PB20 70 890 2.00 411 22 N/A 88.5 177 

PB28 70 890 2.00 424 23 N/A 95.3 191 

PB21 70 890 2.00 426 22 N/A 88.5 274 

PB22 70 890 2.00 402 18 N/A 64.2 392 

PB29 70 890 2.00 433 42 N/A 92.8 186 

PB30 70 890 2.00 496 40 N/A 92.2 277 

PB31 70 890 2.00 496 43 N/A 71.6 422 

ZS2 Saul 600 164 4.00 500 40 3.05 356 1200 

P1 Emrich 600 178 0.20 477 35 3.82 92 60 

P2 600 178 0.20 477 35 3.82 92 60 

P3 600 178 0.20 477 43 3.82 92 60 

P4 600 178 0.60 506 43 3.82 92 60 

P5 600 178 0.60 506 35 3.82 92 60 

ST9 Adebar 290 278 1.95 536 46 3.6 69.9 280 

ST10 290 278 1.95 536 46 3.6 65.6 525 

ST11 290 278 1.95 536 46 3.6 65.6 776 

ST12 290 278 1.95 536 46 3.6 47.1 1507 

ST13 290 278 1.95 536 46 3.6 65.6 1050 

ST25 290 278 1.00 484 59 3.6 82 165 

ST26 290 278 1.00 484 59 3.6 58.9 191 

S1 Tamura 80 204 0.87 356.5 37 2 32.75 30

(continued)
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Table 3.1 (continued)

Spec.
name

Ref. Width
(mm)

Depth
(mm)

Rft.
ratio
(%)

Steel
Yield
strength
(MPa)

Compressive
Strength
(MPa)

a/d
(–)

Shear
Force
(kN)

Normal
Force
(kN)

S2 80 204 0.87 356.5 37 2 28.85 50 

S3 80 204 0.87 356.5 37 2 27.95 60 

S4 80 204 0.87 356.5 37 2 23.85 70 

S5 80 204 0.87 356.5 37 2.5 27 30 

S6 80 204 0.87 356.5 37 2.5 23.8 50 

S7 80 204 0.87 356.5 37 2.5 23.35 60 

S8 80 204 0.87 356.5 37 2.5 22.3 70 

S10 100 204 1.26 356.5 37 2 30.03 20 

S11 100 204 1.26 356.5 37 2 24.34 30 

S12 100 204 1.26 356.5 37 2 23 40 

S14 100 204 1.26 356.5 37 2.5 24.15 20 

S15 100 204 1.26 356.5 37 2.5 19.42 30 

S16 100 204 1.26 356.5 37 2.5 15.43 40 

A1 Ehmann 400 250 1.60 579 47 3 150 450 

A2 400 250 1.60 579 47 3 146.6 340 

A2’ 400 250 1.60 579 47 5 122.9 340 

A3 400 250 1.60 579 49 3 119.8 560 

A3’ 400 250 1.60 579 49 5 124.5 560 

A4 400 250 2.50 559 49 3 162.5 340 

A4’ 400 250 2.50 559 49 5 134.1 340 

A5 400 250 1.00 585 49 3 146.3 340 

B2 400 250 2.00 558 46 3 122.5 200 

B3 400 250 2.00 558 46 3 164.4 400 

B3’ 400 250 2.00 558 46 5 132.7 400 

B4 400 250 2.00 558 46 3 109.8 600 

B4’ 400 250 2.00 558 46 5 125.2 600 

B5 400 250 2.00 558 48 3 139.4 800 

B5’ 400 250 2.00 558 48 5 113.3 800 

B6 400 250 1.00 572 46 3 137.3 200 

B7 400 250 1.60 546 44 3 144.6 200 

B7’ 400 250 1.60 546 44 5 109 200 

B8 400 250 2.50 570 45 3 150.2 200 

B9 400 250 2.80 566 45 3 150.8 200 

B9’ 400 250 2.80 566 45 5 143.6 200 

B10 400 250 1.00 572 48 3 94.1 600

(continued)
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Table 3.1 (continued)

Spec.
name

Ref. Width
(mm)

Depth
(mm)

Rft.
ratio
(%)

Steel
Yield
strength
(MPa)

Compressive
Strength
(MPa)

a/d
(–)

Shear
Force
(kN)

Normal
Force
(kN)

B11 400 250 1.60 546 47 3 160.1 600 

B11’ 400 250 1.60 546 47 5 126.3 600 

B12 400 250 2.50 570 47 3 174 600 

B12’ 400 250 2.50 570 47 5 140.7 600 

C1 400 250 1.60 559 43 3 249.6 200 

C1’ 400 250 1.60 559 43 5 149.7 200 

C2 400 250 1.60 559 43 3 136.1 600 

C2’ 400 250 1.60 559 43 5 153.2 600 

C4 400 250 1.60 559 44 4 144.2 150 

C4’ 400 250 1.60 559 44 4 136.1 150 

C5 400 250 1.60 559 44 4 138.5 340 

C7 400 250 1.60 559 44 4 129.8 150 

C7’ 400 250 1.60 559 44 4 125.1 150 

C8 400 250 1.60 559 45 4 127.6 340 

C8’ 400 250 1.60 559 45 4 116.7 340 

C9 400 250 2.00 554 27 4 105.2 500 

C10 400 250 2.00 554 52 3 146 500 

C11 400 250 1.50 550 45 3 146.4 340 

C12 400 250 1.50 550 45 3 151.2 600 

C12’ 400 250 1.50 550 45 5 143 600 

C13 400 250 2.00 554 46 3 111.2 900 

C13’ 400 250 2.00 554 46 5 134.5 900 

ST-1 Jorgensen 200 165 1.10 1027 25 2.25 39.5 427 

ST-2 200 165 1.10 1027 26 2.25 43.5 97 

ST-3 200 165 1.10 1027 26 2.25 45.4 200 

ST-6 200 165 1.10 1027 27 2.25 43 300 

ST-7 200 165 1.10 1027 27 2.25 40.8 401 

ST-8 200 165 1.10 1027 27 2.25 39.8 499 

ST-9 200 165 1.10 1027 27 2.25 45.4 299 

ST-10 200 165 1.10 1027 28 2.25 36.9 401 

ST-12 200 165 1.10 1027 28 2.25 44 200 

ST-13 200 165 1.10 1027 29 2.25 33.9 100 

ST-14 200 165 1.10 1027 29 2.75 40.7 201 

ST-15 200 165 1.10 1027 29 2.75 44.6 301 

ST-17 200 165 1.10 1027 30 2.75 39.9 100

(continued)
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Table 3.1 (continued)

Spec.
name

Ref. Width
(mm)

Depth
(mm)

Rft.
ratio
(%)

Steel
Yield
strength
(MPa)

Compressive
Strength
(MPa)

a/d
(–)

Shear
Force
(kN)

Normal
Force
(kN)

ST-18 200 165 1.10 1027 30 2.75 32.8 200 

ST-19 200 165 1.10 1027 30 2.75 32 300 

ST-20 200 165 1.10 1027 30 2.75 30.2 500 

ST-22 200 165 1.10 1027 30 2.75 37.5 501 

ST-23 200 165 1.10 1027 30 2.25 34.5 602 

ST-24 200 165 1.10 1027 30 2.25 35.2 600 

V8-1 Fernandez-Montes 140 164 1.00 495 36 1.97 57.37 30 

V8-2 140 164 1.00 495 82 1.97 75.73 51 

V8-3 140 164 1.00 495 34 1.97 45.13 50 

V8-4 140 164 1.00 495 34 1.97 50.91 102 

V9-1 140 164 1.51 487 31 1.97 68.94 27 

V9-2 140 164 1.51 487 74 1.97 71.95 47 

V9-3 140 164 1.51 487 36 1.97 52.83 60 

V9-4 140 164 1.51 495 74 1.97 109.9 69 

V9-5 140 164 1.51 495 33 1.97 58.09 109 

V9-6 140 164 1.51 487 82 1.97 52.63 154 

ST1 Bui, T 4000 267 1.15 500 34 4.59 711 600 

ST2 4000 267 1.15 500 35 4.59 742 780 

ST3 4000 267 1.15 500 34 4.59 539 1200 

ST4 4000 267 1.15 500 34 4.59 555 1440 

SC8 Limam 4000 267 1.15 500 35 4.59 801 1200 

SC9 4000 267 1.15 500 33 4.59 792 1800 

N1-1 Adam, V 300 255 1.00 957 38 4.53 73 259 

N1-2 300 255 1.00 957 39 4.53 70 258 

N2-1 300 255 1.00 957 38 4.53 102 195 

N2-2 300 255 1.00 957 39 4.53 55 195 

N3-1 300 255 1.00 957 38 4.53 68 317 

N3-2 300 255 1.00 957 39 4.53 116 317 

4 Pham 200 280 1.65 550 33 3.57 68 147 

5 200 280 1.65 550 33 3.57 51 147 

6 200 280 1.65 550 35 3.57 59 148 

7 200 280 1.65 550 33 3.57 60 298 

8 200 280 1.65 550 33 3.57 48 297 

9 200 280 1.65 550 35 3.57 56 297 

10 200 280 1.65 550 34 3.57 43 397

(continued)
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Table 3.1 (continued)

Spec.
name

Ref. Width
(mm)

Depth
(mm)

Rft.
ratio
(%)

Steel
Yield
strength
(MPa)

Compressive
Strength
(MPa)

a/d
(–)

Shear
Force
(kN)

Normal
Force
(kN)

11 200 280 1.65 550 34 3.57 61 397 

12 200 280 1.65 550 35 3.57 62 397 

13 200 280 1.65 550 34 3.57 63 596 

14 200 280 1.65 550 34 3.57 60 596 

15 200 280 1.65 550 35 3.57 73 594 

Avg 370 296 1.50 563 37 3.35 100.05 292 

Min 70 164 0.20 343 15 1.96 15.43 20 

Max 4000 890 4.00 1027 82 5.61 801 1800 

Fig. 3.2 Load deformation 
versus failure criteria

needs modification to account for the differences in behaviour for FRP. Plots for 
shear strength versus steel to FRP modular ratio, longitudinal reinforcement ratio 
Es/Ef , width-to-effective depth ratio, b/d, and shear slenderness ratio, a/d are shown 
in Fig. 3.4. The coefficients of correlation between each parameter and its strength 
are also indicated in each plot.

Compared to the width-to-effective depth and shear slenderness ratios, the FRP 
reinforcement and modular ratios have the most significant values of (r). Such an 
observation is because FRP-RC members are characterized by a smaller young 
modulus and lesser ductility than those reinforced with steel, which manifests in 
their differing roles in resisting shear. In addition, wider and deeper critical shear 
cracks are observed, leading to a significant reduction in the compression zone depth, 
aggregate interlock, and transfer of tensile stresses across inclined cracks. Moreover, 
the dowel action is reduced due to the lower transverse strength of FRP bars. The 
CSCT is extended to the FRP-reinforced concrete elements while maintaining the
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Fig. 3.3 Comparison between the CSCT for (a) steel and (b) FRP-RC elements 

Fig. 3.4 Correlation between test results and (1) Es/Ef (2) ρ (3) b/d (4) a/d

basic assumptions of the theory. However, the effect of the modular ratio is incor-
porated for Eq. (3.7) using nonlinear fitting (Deifalla and Mukhtar xxxxa), and thus 
the shear strength is such that: 

vu √
f '
c 

= 
0.000052

(
Es/Ef

)2 + 0.008(Es/Ef ) + 0.26 
1 + 45 εd ddg 

(3.7)
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3.4 ECSCT for Non-slender FRP-Reinforced Elements 
Under Shear 

This The database of deep FRC-RC beams without stirrups shown in Table 3.2, 
followed by a mechanical model based on the CSCT developed for the deep FRC-RC 
beams without stirrups. Because of the erratic behavior of the deep FRP-RC beams 
highlighted, as well as the resulting gross deviation from code provisions, models 
derived from physical principles, rather than pure empirical fitting, are required. FRP 
rebars are characterized by linear elastic stress–strain behavior until rupture. In addi-
tion, due to the lower modulus of FRP rebars, the FRP-RC members are characterized 
by wider and deeper crack development, irrespective of the boundary and loading 
conditions, as well as larger deflections. In addition to the more pronounced arch 
action in deep beams, the assumptions of the critical shear crack theory are adjusted 
via the incorporation of FRP stiffness and shear span as an extension of the conven-
tional CSCT model for steel-RC members to the case of deep FRP-RC members. 
Moreover, nonlinear regression and an ECSCT are arrived at Deifalla (Deifalla and 
Mukhtar xxxxb), a parabolic function yields the shear strength V of the member, 
such that: 

vu √
f '
c 

=
[
0.000052

(
Es/Ef

)2 + 0.008(Es/Ef ) + 0.26
]

1 + 45 εd ddg

[
5.52

(
d 

a

)1.78
]

(3.8) 

This form allows one to account for the FRP material type in addition to the 
slenderness effect (a/d) using a hybrid physically based model coupled with minimal 
empirical fitting to address the changes in the assumptions. It should be noted that 
the original CSCT considers d/2 from the point load to be the critical section location 
in computing the critical shear crack width and effective strain. 

3.5 Model Validation 

Combining the information created by Deifalla (Deifalla and Mukhtar 2022; Deifalla 
and Mukhtar xxxxa; Deifalla and Mukhtar xxxxb), a sizable experimental database of 
materials tested under shear was compiled. roughly 700 specimens altogether, drawn 
from over 60 distinct research studies. Axially tensioned concrete, size, shear-span 
to depth ratio, concrete strength, flexure reinforcement ratio, and width to depth ratio 
were used to effectively gather the data, and it covered a wide range of values for 
all significant variables. Further details can be found in the literature by Deifalla and 
co-workers (Deifalla and Mukhtar 2022; Deifalla and Mukhtar xxxxa; Deifalla and 
Mukhtar xxxxb). The strength was calculated using existing design codes (ACI-318-
19 2019; EC2 2004; Fib  2010; JSCE  2007) and compared with the measured strength.
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Table 3.3 Comparison 
between ECSCT and exiting 
design codes for slender 
elements with FRP 

Model/Code Mean COV (%) 99% conf. L.L 

ECSCT 1.00 41 0.95 

CSA-S806-12 1.07 27 1.04 

ACI-440-15 2.03 21 1.93 

CAN/CSA S6-14 0.76 48 0.73 

CSCT 1.34 47 1.23 

Table 3.4 Comparison 
between ECSCT and exiting 
design codes for non-slender 
elements with FRP 

Model/Code Mean COV (%) 99% conf. L.L 

ECSCT 1.16 40 1.04 

CSA-S806-12 2.54 24 2.36 

ACI-440-15 6.81 8.43 6.36 

CAN/CSA S6-14 3.06 21 2.83 

JSCE-1997 6.52 9.3 5.62 

AASHTO LRFD 6.74 9.13 5.80 

BISE 5.16 11.46 4.47 

CNR-DT-203 3.87 16 3.32 

The ECSCT outperformed the existing design codes. As a result, the following 
formula is used to determine the lower 99% confidence limit (Tables 3.3 and 3.4): 

Lower 99% = Average − 1.98
(

Standard deviation √
number of samples

)

3.6 Concluding Remarks 

The following conclusions were established after accounting for all fundamental 
factors, including (1) Tension force, (2) Ratio of reinforcement of flexural resistance, 
(3) shear depth to span ratio, (4) width to depth ratio, and (5) Compressive strength 
of concrete. 

• The creation and extensive analysis of a comprehensive database for deep FRP-
RC beams without stirrups regarding different effective shear strength parameters. 
Despite some of them performing well in thin FRP-RC as reported in other studies, 
all the evaluated design codes and guidelines perform poorly in estimating the 
shear strength of deep FRP-RC beams without stirrups.
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• Given that the ultimate shear strength of reinforced concrete elements is composed 
of the six major shear transfer actions (direct shear across the uncracked compres-
sion zone depth, dowel action across longitudinal reinforcing crossing the diag-
onal crack, aggregate interlocking across the diagonal shear crack, residual tensile 
stress across the diagonal crack, fiber strength, and arch action), 

• The critical shear crack theory’s development and support for special problems 
including shear strength of concrete elements reinforced with FRP. The ESCT is 
based on the principles of mechanics and its applicability to reinforced concrete 
elements under shear, and it was accurate and consistent with true behavior 
compared to existing database and design code. 
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Chapter 4 
Large-Scale Shake Table Tests 
on Pounding Response of RC Buildings 

Fezayil Sunca and Ahmet Can Altunışık 

Abstract This study presents large-scale shake table test results to investigate the 
responses of RC structures exposed to earthquake-induced pounding effects. The 
effects of pounding on structural responses and damage were discussed by comparing 
the experimental results with and without interaction. In the shake table test, ½ scaled 
two-story RC specimens were used. To investigate structural responses under seismic 
excitations of different intensities, a series of shake table tests was organized. Hence, 
a sum of 15 tests were carried out. Due to the destructive effects caused by column 
and slab interaction, the collision between RC structures with different story heights 
was simulated in the experiments. Experimental results show that critical increases 
occur in acceleration values measured at floor level due to pounding, and column-slab 
poundings can cause significant damage to columns. 

Keywords Damage · Earthquake · Pounding · RC structures · Shake table test 

4.1 Introduction 

Although many codes and guidelines suggest for the gap to be left between adjacent 
buildings, various reasons such as unplanned urbanization, land costs, and not taking 
into account the interaction between constructed buildings and adjacent buildings 
cause inadequate gaps to be left between buildings. However, researchers revealed 
that pounding was the source of much of the local damage in buildings and this can 
cause global damage (Abdel Raheem et al. 2018; Cole et al.  2012; Chouw and Hao 
2012). 

In the literature, pounding between adjacent buildings was generally handled with 
analytical models or by observations executed after earthquakes. Some experimental 
studies were carried out on this subject, but the interaction between small-scale 
structures was investigated in these experiments (Chau et al. 2003, 2004; Khatiwada
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and Chouw 2013; Khatiwada et al. 2013; Jankowski 2010; El-Khoriby et al. 2014; 
Takabatake et al. 2014; Sołtysik et al. 2017). A limited number of experimental 
studies were performed by considering test specimens of considerable size. 

Papadrakakis and Mouzakis (Papadrakakis and Mouzakis 1995) studied colli-
sion between 2-story RC structures, one of which is more rigid than the other. As 
a result of the experimental study in which harmonic excitations were taken into 
account as input, it was revealed that pounding increased the displacements of the 
rigid structure and, on the contrary, decreased the displacements of the flexible struc-
ture. Also, critical increases in maximum acceleration measured at floor level were 
reported due to pounding. Crozet et al. (2019) performed large-scale shake table tests 
to study pounding effects by considering the two 2-story steel frames with concrete 
slabs. Also, they investigated the effectiveness of rigid links installed between adja-
cent specimens to prevent collisions. Masroor and Mosqueda (2012) and Du et al. 
(2021) handled the interaction between base-isolated structures and moat walls by 
using shake table tests. These studies showed that collision can significantly amplify 
structural responses. The contributions of this study to the existing literature are as 
follows. It can be seen from the literature review that the pounding effects between 
RC structures were not sufficiently examined. The interaction between small-scale 
structures was investigated in past studies. In this study, a large campaign of shake 
table tests was performed by using relatively large-scale test specimens. In most 
of the past studies, test specimens remained within elastic limits after tests and the 
pounding damages were adequately investigated. Therefore, the effects of collisions 
on damages were also investigated in detail. 

This study presents large-scale shake table test results to investigate the structural 
responses of RC structures subjected to earthquake-induced pounding effects. The 
effects of pounding on structural responses and damage were discussed by comparing 
the experimental results with and without interaction. In the shake table test, ½ scaled 
two-story RC specimens were used. The experimental campaign was executed on 
the 4 × 4 m shake table of the Karadeniz Technical University in Trabzon, Turkey. 

4.2 Experimental Study 

4.2.1 Test Specimen and Experimental Setup 

The capacity of the shake table and laboratory conditions were decisive in the selec-
tion of the characteristics of the test specimen and the scale factor. This uniaxial shake 
table has a 350kN payload capacity and has a mother platform of 4 × 4 m. It has  a  
maximum acceleration range of ± 2 g, a displacement capacity of ± 400 mm, and a 
frequency range 0−50 Hz. ½ scaled two-story RC specimens were used. In the design 
of the building, the following deficiencies were considered to represent the existing 
RC buildings: (i) poor concrete quality, (ii) inadequate transverse reinforcement, and 
(iii) incorrect reinforcement details.
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Artificial mass model employed in previous studies on shake table tests of RC 
structures (Zhang et al. 2017; Khan et al. 2021), was used. Thus, the material prop-
erties were unchanged for the scaled test specimens. The grades of concrete were 
C16 (fck = 16 MPa) for foundations and C12 (fck = 12 MPa) for other load-bearing 
elements. Longitudinal and transverse reinforcements were S420 (fyk = 420 MPa). 

The test specimen was designed as a two-bay in the longitudinal direction with 
1.4 m. The height of each story was 1.7 m. As a result of scaling, the test specimen 
consists of columns with dimension 15 × 20 cm. Longitudinal and transverse bars 
4Ø10 and 8Ø25 mm. The cross-section dimensions of the beams were 15 × 20 cm. 
Longitudinal bars of the beams 2Ø10 both in top and bottom zones. The diameter 
and center-to-center distance of the stirrup were 8 mm and 25 cm, respectively. The 
thickness and width of the foundation were 30 cm and 40 cm. 

Most of the aforementioned studies investigated the pounding effects by consid-
ering one of the buildings to be more flexible or more rigid than the other. However, 
the evaluation of structural responses from the two test specimens during shake table 
experiments is a rather complex issue. To overcome this situation, a rigid collision 
wall was constructed by using HE200A profiles to represent the rigid building. To 
precisely adjust the gaps between the RC specimen and wall, adjustable collision 
elements were manufactured on each floor. During the experiments, a ball-bearing 
system was also used to prevent out-of-plane motion of the RC frame. Figure 4.1 
presents test setup.

4.2.2 Instrumentation 

After the test specimen is rigidly attached to the platform, it was placed with a total of 
five displacement transducers (LVDT), three wireless 3-axis accelerometers, and four 
uniaxial accelerometers. LVDTs were used to obtain displacements in foundations 
and each floor level and relative displacements between the test specimen and the 
collision wall. 

During the shake table tests, 3-axis wireless accelerometers with an adjustable 
sampling rate up to 4 kHz and a maximum acceleration range of ± 40 g were 
used to capture sudden acceleration changes and peaks in acceleration due to the 
pounding. These were located in the interaction regions. In addition, four uniaxial 
accelerometers with a maximum acceleration range of ± 2 g were used to determine 
the in-plane and out-of-plane accelerations of the shaking table, each floor, and 
foundation. Table 4.1 briefs instrumentation layouts.

4.2.3 Test Procedures 

Researchers commonly utilized both real earthquake data and sinusoidal waves in 
shake table experiments to assess the seismic behavior of RC structures (Ahmad
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a. General view of the experimental setup for shake table tests 

b. High-strength steel rods and profiles for connection between foundation and 
shake table 

c. Adjustable collision element and collision wall 

Fig. 4.1 Experimental setup
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Table 4.1 Instrumentation layouts 

No ID Model Direction Capacity Location 

1 Acc1 G-Link 200 In-plane out-of-plane ± 40 g Interaction region at 1st 
floor level of specimen 

2 Acc2 Interaction region at 
2nd floor level of 
specimen 

3 Acc3 Interaction region at 
2nd floor level of 
collision wall 

4 Acc4 SENSEBOX7001 In-plane ± 2 g Shake table 

5 Acc5 1st floor level of 
specimen 

6 Acc6 2nd floor level of 
specimen 

7 Acc7 Out-of-plane 2nd floor level of 
specimen 

8 LVDT1 RTL-400 In-plane 400 mm Foundation level of 
specimen 

9 LVDT2 1st floor level of 
specimen 

10 LVDT3 2nd floor level of 
specimen 

11 LVDT4 RTL-200 200 mm Between specimen and 
collision wall at 1st 
floor level 

12 LVDT5 Between specimen and 
collision wall at 2nd 
floor level

et al. 2019; He et al.  2020; Henry et al. 2021; Koutromanos et al. 2013; Lu et al.  
2018; Yuen et al. 2018). Selecting the seismic excitation is heavily dependent on the 
shaking table’s capacity. During certain experiments utilizing real ground motions, 
despite input amplitudes nearing the shaking table’s capacity threshold, the test spec-
imens might not experience the desired level of damage. In these scenarios, the test 
procedures could incorporate sine-wave excitations (Tu et al. 2010). Additionally, 
these basic excitations offer the benefit of ensuring a simplified structural response, 
thereby making the test results more comprehensible (Mayorca et al. 2006). There-
fore, a natural acceleration record obtained from the 1992 Erzincan Earthquake (EW 
component, Erzincan station) and three sinusoidal motions were used. 

Time intervals of natural acceleration data were scaled based on similitude require-
ments. Similarly, peak acceleration values of both original and scaled records were 
kept the same (Fig. 4.2). The series of incremental shake table tests was estab-
lished through a gradual escalation of the seismic excitation’s intensity. Peak ground 
acceleration (PGA) values were selected as an intensity measure. 25% (PGA =
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-0.60

-0.30 

0.00 

0.30 

0.60 

0.00 5.00 10.00 15.00 20.00 25.00 

A
cc

el
er

at
io

n 
(g

) 

Time (s) 

Original Record Scaled Record 

Fig. 4.2 The original and scaled 1992 Erzincan record 

Table 4.2 Shake table test sequence 

Test No Scale factor Input Code PGA (g) PGD (mm) 

1 25% 1992 Erzincan Earthquake ERZ25% 0.125 35.05 

2 50% ERZ50% 0.250 70.10 

3 75% ERZ75% 0.375 105.16 

4 100% ERZ100% 0.500 140.21 

5 100% Sinusoidal motions S1 0.500 5.00 

6 100% S2 0.500 50.00 

7 100% S3 0.750 50.00 

0.125 g), 50% (PGA = 0.250 g), 75% (PGA = 0.375 g) and 100% (PGA = 0.500 g) 
of the scaled acceleration was applied. Three sinusoidal motions were carried out 
(Table 4.2).

4.3 Results and Discussions 

This section illustrated the structural responses by analyzing the data yielded by 
the measurement systems. A relative comparison was undertaken for the relative 
displacements and absolute accelerations corresponding to each records. 

Figures 4.3–4.4 present the changes in the time history of accelerations for each 
shake table test. To this aim, the accelerations measured at the 2nd floor level of the 
structure were comparatively investigated because the highest structural responses 
were obtained at this floor. The measured acceleration values increased significantly 
owing to increasing intensity in both the tests with and without considering the 
pounding effect. In the case where pounding was not taken into account, the maximum 
acceleration values were obtained as 0.61 g for ERZ25%, 0.89 g for ERZ50%, 1.12 g 
for ERZ75%, and 1.15 g for ERZ100%. In tests performed with sinusoidal ground 
motions, these values were between 1.07 g and 2.07 g. In tests where pounding 
effects were considered, the maximum acceleration values were obtained as 0.48 g 
for ERZ25%, 0.73 g for ERZ50%, 1.25 g for ERZ75%, 1.54 g for ERZ100%, 2.25 g
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for S1, and 2.04 g for S2. During the test with S3, significant damage occurred to 
the test specimen. For this reason, no measurements were taken for the safety of 
the devices in the pounding test with S3 ground motion. As can be seen, in tests 
performed with relatively low-intensity seismic excitation (ERZ25 and ERZ50%), 
the pounding caused a decrease in the measured acceleration values. However, the 
pounding significantly fluctuated the measured acceleration with the increase of the 
seismic excitation intensity. By comparing the results obtained in the experiments 
with and without the pounding effect, it can be seen that the acceleration values 
increase by 11.61% for ERZ75, 33.91%, for ERZ100, 110.28% for S1, and 29.11% 
for S2, due to the collision effect. 

On the other hand, three accelerometers with a maximum acceleration range of 
± 40 g were used at the interaction region between specimen and collision wall, to 
capture sudden acceleration changes and peaks in acceleration due to the pounding. 
When comparing the data from these accelerometers, the increases in accelerations 
due to the collision were more pronounced (Fig. 4.5). The measurement of acceler-
ation is a critical parameter for assessing the seismic forces impacting structural and 
non-structural elements. In past shake table experiments, acceleration values were 
correlated with the story and base shear forces. Therefore, increases in the accelera-
tions due to the pounding might be caused significant structural responses and might

a. Without pounding 

b. With pounding 
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Fig. 4.3 Comparison of the acceleration responses recorded during shake table tests performed 
with natural ground motion
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Fig. 4.4 Comparison of the acceleration responses recorded during shake table tests performed 
with sinusoidal motion

be caused significant damage to columns in the column-slab interaction, as in this 
study (Fig. 4.8).

Figures 4.6 and 4.7 present the time history of relative displacements. The 
displacements recorded at the 2nd floor level of the structure were used. The trends 
determined for the accelerations were observed for the relative displacements.

-2.00

-1.00 

0.00 

1.00 

2.00 

0 3 6 9  12  15

A
cc

el
er

at
io

n
 (

g
) 

With pounding 

Without pounding 

 

Fig. 4.5 Comparison of the acceleration responses recorded at the interaction region between 
specimen and collision wall during tests performed with ERZ100% 
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Fig. 4.6 Comparison of the relative displacements recorded during shake table tests performed 
with natural ground motion

4.4 Conclusions 

This study presents large-scale shake table test results to investigate the responses 
of RC structures exposed to earthquake-induced pounding effects. The effects of 
pounding on structural responses and damage were discussed by comparing the 
experimental results with and without interaction. Experimental results show that 
critical increases occur in acceleration values measured at floor level due to pounding. 
This led to significant damage to columns in the column-slab interaction.
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Fig. 4.7 Comparison of the relative displacements recorded during shake table tests performed 
with sinusoidal motion 

Fig. 4.8 Column collapse due to pounding during the shaking table test performed with the S3 
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Chapter 5 
The Effect of Earthquake Damages 
Created by Shaking Table Tests 
on Dynamic Characteristics of Masonry 
Structures 

Ali Kaya, Boudjamaa Roudane, Ahmet Can Altunışık, 
and Suleyman Adanur 

Abstract Masonry constructions are edifices created through the amalgamation of 
fragile substances like stones, bricks, and pumice utilizing mortar. The masonry struc-
tures, which do not show the desired ductile behavior against dynamic effects, show 
a brittle behavior. In scenarios like earthquakes, when masonry structures surpass 
their load-bearing capabilities, this circumstance leads to heavy damage. Knowing 
the dynamic behavior of masonry constructions will help to take precaution to mini-
mize the loss of life and property, since a significant part of people live in masonry 
buildings. Both analytical and experimental methods are employed to determine the 
damping ratios, natural frequencies and mode shapes of the buildings. which depend 
on the dynamic properties of the structures subjected to dynamic loads. This study 
explored variations in the dynamic attributes of a half-scale, single-span, and single-
story masonry model constructed with hollow bricks under various damage scenarios. 
To acquire varying levels of damage cases, the model is tested on a shaking table 
with gradually different earthquake data. To observe the earthquake damages exper-
imentally, the modal parameters of the masonry model were ascertained through 
ambient vibration tests conducted under both intact and impaired conditions. Also, 
A nonlinear analytical one-story masonry model is developed using finite element 
ABAQUS software with macro modelling methodology for examining the character-
istics of masonry models subjected to different earthquakes. Six different test cases 
using same model are investigated analytically. 
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5.1 Introduction 

Due to a series of earthquakes in recent times, the evaluation and safeguarding of the 
structural integrity of masonry constructions have grown into matters of heightened 
significance. Occurrences such as progressive deformations over time, abnormal and/ 
or excessive loading, ground settlements, flooding, fires, and conflict significantly 
undermine the durability of masonry structures. Nevertheless, the primary challenge 
faced by masonry structures remained their susceptibility to earthquakes. Moreover, 
a majority of historical edifices are constructed using masonry techniques. In the 
recent past, the San Paolo cathedral and other historical masonry structures have 
been heavily damaged by earthquakes (Parisi and Augenti, 2013; Altunisik et al., 
2016a). 

The amount of uncertainty associated with various aspects impacting the construc-
tion’s performance is one of the primary issues that must be addressed in the structural 
study of masonry structures. Considerations such as the mechanical characteristics of 
the building components, the structure construction methods, the connection types, 
or the structure’s cracking state may generate significant differences between numer-
ical and experimental findings (Atamturktur and Laman, 2012). Ground Vibration 
Testing, Modal Testing, Full-Field Vibration Testing, Modal Parameter Identifica-
tion, Vibration Troubleshooting, Experimental Modal Analysis (EMA) and Opera-
tional Modal Analysis (OMA), and among others are some of the methods. In this 
regard, non-destructive techniques prove to be valuable tools for providing informa-
tion on a building’s structural behavior (Diaferio et al., 2015; Lacanna et al., 2016). 
The dynamic features offered by ambient vibration approaches, in particular, have 
proven to be especially well-suited for validating and updating numerical models 
(Friswell and Mottershead, 1995). Given that it is a non-invasive and non-destructive 
approach that can be done under service circumstances, OMA has established itself 
as one of the most appropriate techniques for estimating the modal characteristics of 
a construction. On this basis, OMA is now recognized as a very practical approach 
for dynamically characterizing masonry structures, as it does not need the use of the 
greater external stimulation (shakers or impact hammers) necessary for traditional 
EMA. 

Atamturktur et al. (2010) provide a more detailed examination of the technical 
and practical distinctions between OMA and EMA when used for dynamic testing of 
masonry structures. Ivanovic et al (2015) also presented a comprehensive review of 
the subject matter. Altunişik et al. (2016) utilized OMA to examine the dynamic prop-
erties of the historic Zağanos Bastion. They then applied these findings to update the 
FE model of the structure. As a result, by using dynamic characteristics determined 
with OMA application, numerical models may be adjusted to achieve an accurate 
assessment of the structure’s real behavior. This approach enables the utilization 
of updated FE models to conduct structural analyses based on current conditions 
or to predict the potential outcomes of diverse structural scenarios that the edifice 
might encounter. Many occurrences of using ambient vibration experiments to update 
numerical models in ancient structures have been documented in recent decades
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(Aras et al., 2011; Gentile and Saisi, 2007; Ramos et al., 2013; Gentile et al., 2015). 
The utilization of OMA for assessing the structural performance of specific intricate 
elements within a construction, such as vaults or domes, is demonstrated in the work 
of (Atamturktur et al., 2011; Çalık et al., 2015). Compana et al. (2017) utilized OMA 
to provide dynamic characterization of the vaults within the Basilica chapel, aiming 
to enhance comprehension of this intricate construction. In subsequent research, they 
employed the obtained data to refine a finite element model, aiming to assess and 
analyze its current safety level. 

In this study, the changes in the dynamic characteristics of a half scale single-
span and single-story masonry model built with hollow brick for different damage 
conditions were investigated. To acquire varying levels of damage cases, the model 
is tested on a shaking table with gradually different earthquake data. To observe 
earthquake-induced damages experimentally, the masonry model’s traits were estab-
lished via ambient vibration tests. These tests were conducted to identify the modal 
parameters of the model under both undamaged and damaged conditions. Also, this 
study aims by formulating and validating a finite element modeling scheme using 
the ABAQUS software. 

5.2 Experimental Campaign 

The complete experimental plans consist of the material tests, ambient vibration tests, 
and the shake table tests. In experimental investigations conducted using a shaking 
table, constructing full-scale laboratory models is often not favored due to limita-
tions in laboratory resources, construction challenges, and associated risks. Conse-
quently, scaled-down laboratory structures or structural components are typically 
employed in these experimental endeavors. In this section, experimental research is 
conducted to explore the dynamic attributes of a half-scale masonry structure. To 
accomplish this, an specimen was constructed utilizing hollow brick components, 
followed by conducting shaking table tests under varied ground motions to induce 
diverse damage scenarios. Comparative analysis and discussion of the outcomes 
derived from ambient vibration tests were performed both before and after each 
experimental trial. 

Shake table tests are the method that simulates the earthquake behavior of the 
structure in the same quality as the loads acting on the earthquake to understand the 
dynamic response of the structures in the most accurate way. In the shaking table 
method, the structure is forced by the loads closest to the earthquake loads with 
the loading mechanisms that apply forces that shake the structure, such as inertia 
forces acting on the structure during an earthquake. Shake table assemblies and 
installation are very costly. Therefore, testing can be carried out on scale models 
built in a laboratory environment by manufacturing shaking tables in various sizes. 
The cost of a shaking table that shakes a larger-scale structure or structural element 
with earthquake action is quite high. The shaking table artificially generates one,
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two and three dimensional earthquake motions. Model structures should be rigidly 
attached to the shaking table prior to dynamic testing. 

The bricks of 215 × 102× 65 mm (length×width × height) was constructed in 22 
layers masonry model on a concrete foundation as shown in Fig. 5.1. The laboratory 
model had dimensions of 1800 × 1800 × 1600 mm with a door opening of 450 × 
1000 mm and a window opening of 450 × 550 mm, as shown in Fig. 5.1. Considering 
the stress concentration near the openings, the openings were placed symmetrically 
in the model buildings to evenly distribute the resistance and stiffness. Concrete 
lintels are used in the window and door openings of the building models. The void 
ratio for the brick elements was selected as 23%, adhering to the guidelines of the 
Turkish Building Earthquake Code (TBEC). A mortar blend consisting of a 1:3 ratio 
(cement to sand) was utilized for constructing the model, and the mortar was applied 
with a thickness of 7.5 mm. The model was constructed in accordance with standard 
construction practices prevalent in Turkey. A reinforced concrete foundation with 
dimensions of 2.1 × 2.1 × 0.2 m was constructed. To secure the model to the 
shaking table during testing, 16 rod holes were integrated. The first row of bricks of 
the walls were embedded into the foundation to emulate a fixed boundary condition. 
This step was implemented to ensure that the model remained firmly attached to the 
foundation and to prevent any detachment or sliding during the testing procedure. 
Reinforced concrete slabs sized 1800 mm by 1800 and 100 mm were utilized. For 
the half-scale model designated for shaking table tests, a wall thickness of 100 mm 
was chosen. The material characteristics of the mortar and brick employed in the 
experiments can be found in Table 5.1. 

Fig. 5.1 Dimensions of the masonry building
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Table 5.1 Mechanical properties of materials 

Brick Mortar 

Compressive strength Density Compressive strength Tensile strength 

45 MPa 1660 kg/m3 14,22 MPa 1,77 MPa 

During the process of experimentally ascertaining the dynamic attributes of 
models produced under carefully controlled laboratory conditions, the OMA 
(2006) technique is utilized. This method relies on conducting environmental vibra-
tion tests. System equipment to be used within the scope of measurements, single 
and three-axis accelerometers, data collection system, software, etc. B&K 4506 
B 003 triaxial accelerometers are used during the experiments to determine the 
structural vibrations. The data collection system consists of a data collection unit 
and a computer. The data acquisition unit transfers the vibration signals from the 
accelerometers to the computer. Signals are processed with a computer program inter-
face. B&K 3560 C type 17-channel data acquisition system is used. Within the scope 
of the experiments, PULSE (2006) software developed by Brüel & Kjaer Company is 
used to introduce the accelerometers to the data acquisition unit, to store the signals to 
the data acquisition unit, and to transfer the stored signals to the signal conditioning 
program. The OMA software is employed to process the signals obtained through 
experimental techniques and discern the dynamic properties of the model. Once the 
laboratory specimen was constructed and prior to inducing any damage, the OMA 
approach was employed to ascertain the dynamic properties of the specimen (refer 
to Fig. 5.2). Accelerometers were strategically positioned on the building walls to 
capture vibrations in both horizontal and vertical orientations. During the measure-
ment process, the first three frequency values of the building model and the mode 
shapes represented by these frequencies were determined. Multiple measurements 
were conducted from various locations and using a greater number of accelerom-
eters to acquire more comprehensive data. In this way, the necessary work before 
the damage will be completed. The dynamic characteristics of pre-damage OMA 
measurements are presented below.

Throughout the incremental shaking table tests, acceleration data sourced from 
previous earthquakes and sine wave signals were utilized as input ground motion data. 
This process was performed using peak ground accelerations (PGA). The seismic 
excitations for the shaking table test consisted of the 1994 Northridge Earthquake, 
the 2004 Parkfield Earthquake, and the 1979 Coyote Lake Earthquake. These accel-
eration data were sourced from the Pacific Earthquake Engineering Research Center 
Database (PEER, 2023). Furthermore, three distinct sine waves were employed, each 
with an amplitude of 50 mm, frequency of 2.00 Hz, and acceleration level of 0.80 g, 
taking into account various cycles. Table 5.2 summarizes the sequence and charac-
teristics of the seismic excitations used in the 7 shaking table loading cases applied 
in this research. The accelerations of the selected records can be seen in Fig. 5.3.
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Fig. 5.2 a Location of accelerometers b Ambient vibration test measurements

Table 5.2 Earthquake sequence 

No Name Station PGA (g) PGV (cm/s) PGD (cm) Magnitude 

GM-1 Northridge W Pico  
Canyon Rd 

0.35 59.22 16.03 6.7 

GM-2 Coyote lake Gilroy array #6 0.42 44.34 12.44 5.7 

GM-3 Parkfield Parkfield fault 
zone 1 

0.6 63.77 8.46 6 

GM-4 4 cycles sine  
wave 

− 0.8 − 5.0 − 

GM-5 6 cycles sine  
wave 

− 0.8 − 5.0 − 

GM-6 10 cycles sine 
wave 

− 0.8 − 5.0 −
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Fig. 5.3 The time-history plots depicting the chosen ground motion profiles 

5.3 Results and Discussion 

5.3.1 Ambient Vibration Test 

Visual investigation of the model was carried out in the sequel to every loading 
condition imposed on the shake table. The development and propagation of cracks 
were carefully observed and noted. This aid in the evaluation of damage progression. 
Ambient vibration measurements conducted prior to and after each loading condition 
were utilized to determine the modal parameters representing the initial and current 
damage states of the model. These parameters were compared to evaluate the damage 
experimentally. No significant cracking was observed after the first two loading 
conditions (GM-1 and GM-2). After the GM-3 seismic loading condition, the first 
micro cracks began to be observed in the wall. Since there were no obvious cracks, 
DS-1 (No Structural Damage) was classified according to EMS-98 (Grünthal, 1998), 
where the damages were categorized. 

The subsequent loading conditions (GM-4 and GM-5) revealed that existing 
micro-cracks had significantly expanded, and many new ones had developed on 
all external sides. A huge percentage of the cracks were almost horizontal at this 
point. They were caused by sliding motion at the first two layers of brick slightly 
below the slab. Previous experimental research conducted by Chellappa and Dubey 
(2017) on unreinforced masonry buildings found similar crack propagation. A diag-
onal crack which is attributed to in-plane deformation was also observed on the 
northern face of the masonry. Due to the significantly greater strength of the bricks
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compared to the mortar, diagonal cracks emerged along the mortar bed joints. It 
stretched from the right top corner of the opening towards the right edge of the slab. 
The width of diagonal and nearly horizontal cracks was less than 1 mm. Furthermore, 
the observed damages were of a mild nature, resulting in the classification of damage 
as DS-2 (Slight Structural Damage) in type. The last test before the collapse results 
in the further expansion of the already existing cracks. Shear-sliding cracks were 
also discovered at the first two layers of brick, slightly above the foundation level 
and around the support over openings. As of the conclusion of the test, However, the 
residual widths of existing diagonal cracks and nearly horizontal fractures did not 
exhibit significant expansion by the conclusion of the shaking test. In contrast, videos 
recorded during the seismic testing phase indicated a different outcome. Notably, the 
breadth of the shear-stepped diagonal fracture at the upper corner of the door had 
undergone a substantial increase. The cracks were found to measure in the centimeter 
range. Consequently, the structural damage was reclassified as DS-4 (Heavy Struc-
tural Damage) type (refer to Fig. 5.4). Afterwards, the measuring systems (accelerom-
eters and LVDTs) were removed from the test setup for security reasons. The final 
loading condition before collapse, a 10-cycles sine function wave was reapplied to 
the DS-4 model. This resulted in the complete collapse of the masonry model. The 
structural damage classification at this stage is obviously DS-5 (Total Collapse) type. 
The cumulative damage model on the outer surface of the model is shown in Fig. 5.5. 

The correlations between the masonry structure’s modal characteristics and the 
damage caused by progressive shake table tests were examined. After each loading 
condition, subsequent to the application of ambient vibration measurements, dynamic 
parameters were established. The ambient vibration tests were conducted utilizing 
identical accelerometer configurations and measurement specifications as those used

Fig. 5.4 The pattern of damage on the specimen’s external surface for the DS-4 type
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Fig. 5.5 The pattern of cumulative damage on the specimen’s external surface

in the pre-damage assessment. Therefore, through a comparison of the modal char-
acteristics before and after damage, the influence of the inflicted damages on the 
dynamic parameters was scrutinized. 

For system identification of test specimens, the Enhanced Frequency Domain 
Decomposition (EFDD) approach in the frequency domain was used. The Singular 
Values of Spectral Density Matrices (SVSDM) corresponding to the initial three 
mode shapes and natural frequencies were presented due to the EFDD technique. 
The SVSDM graphs for both the before and after damaged conditions of the model are 
illustrated in Fig. 5.6. The initial three natural frequencies for the condition before the 
damages occurred were found as 22.07, 27.49 and 45.16 Hz. These corresponded 
to the transverse, longitudinal, and torsional mode shapes. Figure 5.7 provides a 
comparison between the first three mode shapes extracted from assessments prior 
to testing and the post-test damaged conditions. Transverse and longitudinal mode 
shapes were found to have altered considerably to incorporate torsional behavior 
with structural degradation. Furthermore, no consistency exists between the undam-
aged and damaged states. Modal characteristics after each shaking table test were 
determined (Table 5.3). The comparison between the natural frequencies determined 
for the pre-damage and post-damage cases is shown in Fig. 5.8.

5.3.2 Finite Element Modeling 

In these analyses, three-dimensional solid element with 8 nodes and 3 degrees of 
freedom was modeled with C3D8R in modeling of concrete and masonry walls, the
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Fig. 5.6 SVSDM a undamaged; b DS-2; c DS-4

shape of this element is shown in Fig. 5.9. The reinforcement element types are 
T3D2. While the number of elements in the model is 3447 and the number of nodes 
is 5168, the weight of the model is 21.74 tons.

Using the single-storey model macro-modeling technique in ABAQUS software 
based on finite element modeling, brick and mortar were represented as a single 
homogenous material, as illustrated in Fig. 5.9. How the elements are chosen carefully
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a. 

b. 

c. 

Mode 1 (transverse) Mode 2 (longitudinal) Mode 3 (torsion) 

Fig. 5.7 The initial three mode shapes determined through ambient vibration tests a undamaged; 
b DS-2; c DS-4 

Table 5.3 The modal 
characteristics after every 
loading conditions 

EQ 1st mode (Hz) 2nd mode (Hz) 3rd mode (Hz) 

GM-0 22.07 27.49 45.16 

GM-1 22 27.45 44.8 

GM-2 21.71 27.38 44 

GM-3 21.24 27.31 41.55 

GM-4 20.81 27.27 40.93 

GM-5 19.51 27.06 38.28 

GM-6 16.69 26.46 38.11 

GM-6 − − −

has significant impacts on the computational efficiency and result correctness of FE 
analysis. Therefore, the application of fine meshes and rational element types is highly 
crucial to achieving acceptable accuracy in ABAQUS modeling results. If the mesh 
is divided too finely, the computing capabilities required to execute the model will 
increase, resulting in very high costs. For this reason, it is divided into finite elements
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Fig. 5.8 Variations in the first three natural frequencies of the model across different damage states

Fig. 5.9 C3D8R model

of 50 mm size. It can be seen in Fig. 5.10. Non-linear analysis was performed using 
an explicit dynamic procedure implemented in ABAQUS software. The results of 
the first three modes of the undamaged and heavy structural damaged (DS-4) model 
obtained by analytical and experimental studies are presented in Table 5.4. 

Fig. 5.10 Geometric model and mesh model of single-story model
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Table 5.4 Comparison of the characteristics of the main modes 

Damage state Mode no Mode direction Frequency (Hz) Relative difference 
(%)Analytical Experimental 

Undamaged 1 Transverse 22.61 22.07 2.45 

2 Longitudinal 27.89 27.49 1.46 

3 Torsional 43.24 45.16 4.25 

DS-4 1 Transverse 16.87 16.69 1.10 

2 Longitudinal 26.33 26.46 0.50 

3 Torsional 38.05 38.11 0.20 

The results of the ABAQUS software were remarkably comparable to the labora-
tory findings when the analytical results were compared to the results of the exper-
imental studies. While the natural frequency values were quite well predicted by 
analytical modeling, they found an average of 5% errors when looking at Fig. 5.11. 
Thus, a FE models that accurately represents the real structure was produced using 
the dynamic parameters of the FE models. Yet, it appears that the fundamental reason 
for the disparity between the findings of the FE model and OMA lies in the material 
properties of the masonry walls. 

The damage patterns were successfully developed by the numerical simulation 
(Fig. 5.12). An illustration of the tensile damage obtained by the brick building

(a) 

(b) 

Mode 1     Mode 2                                               Mode 3 

Fig. 5.11 Mode shapes obtained analytically; a Undamaged, b Heavy damaged (SD-4) 
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during the non-linear time history analysis investigation. For north and south faces, 
diagonal cracks were created from four corners of the window to the four corners 
of the wall induced by in-plane shearing. The cracks appeared obviously in the case 
of the considerable excitation amplitude of last case. The left and right faces have 
many longitudinal cracks generated by the out-of-plane loading. The damage patterns 
determined by the finite element analysis can coincide with the cracks of the model 
in the experimental studies. It is evident that damage from compression does not have 
a substantial impact on the determination of failure behavior in masonry buildings 
subjected to shear or seismic stimulation. This fact provides an argument to exclude 
an analysis of this specific issue from the scope of the current paper. 

Fig. 5.12 Cumulative damage model on the outer surface of the model (analytical)
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Fig. 5.12 (continued) 
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Chapter 6 
Numerical Modeling of DCB Mode 1 
Delamination Propagation in Composite 
Laminates Using Cohesive Zone Model 

Mouad Bellahkim, Ahmed Ouezgan, Nawal Achak, Aziz Maziri, 
El Hassan Mallil, and Jamal Echaabi 

Abstract In this study, utilizing relatively refined meshes, we present a novel Cohe-
sive Zone Model (CZM) to predict delamination propagation precisely and reliably in 
composite laminates under static loads. This finite element analysis consists to define 
elements at the interface between two composite plates and an interface damage law. 
This analysis was conducted using ABAQUS software, where we employed the 
guidelines outlined in the ASTM D5528 standard for composite Double Cantilever 
Beam (DCB) testing to numerically simulate the propagation of delamination under 
pure mode 1 conditions. We have compared the outcomes of this numerical model 
with existing literature and engaged in a discussion regarding their validity. 

Keywords Cohesive zone model (CZM) · Delamination propagation · Double 
cantilever beam (DCB) · FE analysis · Composite laminates 

6.1 Introduction 

Laminated composites find extensive use in applications necessitating weight reduc-
tion. As usage grows, the likelihood of eventual breakage also increases. Ensuring 
the integrity of components in service and the future product design necessitates the 
capability to characterize failures, such as identifying failure modes, parameters, or 
critical failure thresholds (Reddy 2003). It is a mechanism of decohesion between 
the layers which appears on the free edge or/and inside the specimen (Lorriot et al.

M. Bellahkim (B) · A. Ouezgan · A. Maziri · E. H. Mallil · J. Echaabi 
Laboratory of Mechanics, Engineering and Innovation (LM2I), ENSEM, Hassan II University of 
Casablanca, Casablanca, Morocco 
e-mail: mouad.bellahkim@ensem.ac.ma 

N. Achak 
Team of Modeling and Simulation of Mechanical and Energetic, Faculty of Sciences, Mohammed 
V University, Rabat, Morocco 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
A. S. Mosallam et al. (eds.), Advances in Smart Materials and Innovative Buildings 
Construction Systems, Sustainable Civil Infrastructures, 
https://doi.org/10.1007/978-3-031-47428-6_6 

79

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-47428-6_6&domain=pdf
mailto:mouad.bellahkim@ensem.ac.ma
https://doi.org/10.1007/978-3-031-47428-6_6


80 M. Bellahkim et al.

2003). Because of the high interlaminar stresses near the edges, the delamination 
generally begins there, then progresses by separating the layers. In many situations, 
especially during an impact, matrix cracking and delamination are strongly coupled 
phenomena (Wisnom and Hallett 2009). 

Design engineers are very interested in FE modeling of delamination propaga-
tion to better understand a structure’s failure process. Finite element software offers 
three established approaches for studying crack propagation across various materials. 
These methods include the Virtual Crack Closure Technique (VCCT) (Irwin 1957; 
Karimi et al. 2022), Cohesive Zone Model (CZM) (Elices et al. 2002; Lu et al.  2019), 
and Extended Finite Element Method (XFEM) (Sosa and Karapurath 2012). Delami-
nation can be categorized as across the width or in a narrow strip (Yeh and Fang 1999; 
Yin et al. 1986; Bruno 1988; Bruno and Grimaldi 1990; Kardomateas 1993; Kardo-
mateas and Pelegri 1994; Sheinman et al. 1998; Bruno and Greco 2000), circular (Kim 
1997; Bottega and Maewal 1983; Cochelin and Potier-Ferry 1991), elliptic (Chai and 
Babcock 1985), rectangular (Whitcomb and Shivakumar 1989), or capricious (Kim 
1997; Bottega and Maewal 1983) contingent on their shape. Delaminations can be 
categorized into three distinct types: thin film, symmetric split, and general delami-
nations, depending on their location within the laminates thickness. Additionally, an 
extensive investigation encompassing both buckling and propagation was conducted 
for laminated composite plates featuring multiple delaminations occurring under in-
plane compressive stress, as detailed in references (Cochelin and Potier-Ferry 1991; 
Chai and Babcock 1985). (Whitcomb and Shivakumar 1989; Bottega 1983) describe 
experimental findings on delamination buckling. Another delamination configuration 
explored in the literature involves beam-type delamination specimens submitted to 
various loading conditions, including bending, axial, and shear loading (Whitcomb 
and Shivakumar 1989; Bottega 1983; Storåkers and Andersson 1988; Larsson 1991; 
Kouchakzadeh and Sekine 2000; Comiez et al. 1995; Kardomateas 1990; Allix and 
Corigliano 1996; Bruno and Greco 2001; Point and Sacco 1996). These specimens 
serve as the foundation for experimental methodologies employed to assess inter-
laminar fracture strength across a range of loading modes, including pure mode 1, 
mode 2, and mixed mode conditions, within laminated materials, adhesive joints, 
and other composites. 

In this paper, the delamination propagation through a composite laminate inter-
face is investigated numerically using a cohesive element model implanted in 
Abaqus/Standard. This laminate subjected to double cantilever beam (DCB) test (A. 
AC09036782 2007) to study the propagation under pure mode 1. This modeling is 
based on the interface elements characterized by traction–separation law combined 
with a damage evolution law. When the findings were compared to those in the 
literature (Alfano and Crisfield 2001), a strong correlation was found.
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6.2 Numerical Simulation Method 

6.2.1 Cohesive Zone Method 

The cohesive zone method (CZM) relies on the concept that the stress transmission 
capability between the two adjacent layers of a delamination is not entirely lost at 
the onset of damage. Instead, it diminishes gradually due to a cumulative reduction 
in stiffness at that interface (Fig. 6.1). 

Without considering the coupling effects, the relationship between the normal and 
shear tractions, as well as the normal and shear separations, of a cracked element 
is defined by Eq. (6.1) within the elastic constitutive model. In this equation, T 
represents the cohesive stress vector, δ stands for the displacement vector, and K 
represents the stiffness matrix of the elements 
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In addition to specifying the interface stiffness, this model necessitates the defi-
nition of both an initiation criterion for predicting crack initiation and a propagation 
criterion grounded in energy considerations. The criterion of initiation of the damage 
by interlaminar delamination adopted is based on a traction–separation law and is 
given by the quadratic function: 

f =
{ 〈tn〉

t0 n

}2 

+
{
ts 
t0 s

}2 

+
{
tt 
t0 t

}2 

(6.2) 

Using the Benzeggagh-Kenane energy criterion (B-K), we predict delamination 
propagation under mixed-mode loading, where tn, ts, and tt represent the tensile 
stresses in the normal direction n and shear stresses s and t, while t0n, t0s, and t0t 
represent their corresponding critical values (Benzeggagh and Kenane 1996).

Fig. 6.1 Cohesive zone 
method to simulate 
delamination propagation 
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G = GIC + (GIIC − GIC ) ·
(
GII + GIII 

G

)η 
(6.3) 

In Eq. (6.3), G stands for the total strain energy release rate, encompassing mode 
1 (GI), mode 2 (GII), and mode 3 (GIII) contributions. The parameter η is derived 
from experimental data obtained through a mixed-mode delamination test, allowing 
for the determination of the B-K parameter. A numerical reproduction of the DCB 
test made it possible to estimate the value of η at 2.284 and to calibrate the values of 
the interlaminar resistances. 

6.2.2 Modeling of Delamination in Composites Materials 

We utilize recommendations derived from a double cantilever beam (DCB) test to 
model the onset and progression of delamination in laminated composites. The 
numerical model comprises two half-layers of identical dimensions, with a very 
small separation distance of 0.001 mm between the two composite layers. The cohe-
sive rule is introduced in the form of the cohesive elements defined in Abaqus while 
guaranteeing the pre-crack length a0 = 30 mm. The geometry is described in. 

Figure 6.2 and the mechanical characteristics of composite ply and cohesive 
interface are listed respectively in Tables 6.1 and 6.2. 

The adhesive stiffness at the interface is intentionally selected to provide a level 
of rigidity that ensures a quasi-rigid connection between the plies. The values used 
are those reported in the work of Alfano & Crisfield (Alfano and Crisfield 2001).

Fig. 6.2 DCB geometry 

Table 6.1 Mechanical characteristics of composite layer (Alfano and Crisfield 2001) 

Elastic modulus (GPa) Shear modulus (GPa) Poisson coefficients 

E11 E22 = E33 G12 = G23 G13 ν12 = ν13 ν23 

153.3 9.0 5.2 3.3 0.24 0.46
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Table 6.2 Mechanical characteristics of cohesive interface (Alfano and Crisfield 2001) 

Adhesive stiffness (Pa) Adhesive strength (Pa) Critical fracture energies 
(J/m2) 

Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 

KI = E/ 
Knn 

KII = E/ 
Kss 

KIII = E/ 
Ktt 

t0 n t0 s t0 t GIC GIIC GIIIC 

570 × 
1012 

570 × 
1012 

570 × 
1012 

5.7 × 107 5.7 × 107 5.7 × 107 280 280 280

Fig. 6.3 Mesh assignment and choice of elements 

A refined mesh is used to discretize the composite plate by CPE4I Linear Quadri-
lateral elements with 496 elements. However, the interface is meshed by two-
dimensional cohesive elements (COH2D4) available in Abaqus. This element is 
used in conjunction with a viscosity parameter to hasten the convergence of the iter-
ative solution. The sweep technique is employed for the interface meshing because 
the cohesive elements length depends on their orientation, since their elongation will 
signify the separation of the laminates in this instance, specifications should be made 
in the order across the entire thickness of the adhesive layer, spanning from the lower 
surface to the upper surface (Fig. 6.3). 

A geometrical nonlinearity for large displacements is chosen in the static analysis 
with 1000 for the maximum number of increments. An imposed displacement U2 
and -U2 are applied in the left extremity (U2 = 6 mm at x  = 100 mm) while the 
other extremity is totally clamped (U1 = U2 = UR3 = 0 at x  = 0 mm) (see Fig. 6.2). 

6.3 Results and Discussion 

In this part, the obtained numerical results will be presented and discussed for the 
DCB test to simulate mode 1 delamination. A comparison is also made with the 
published results (Alfano and Crisfield 2001) and an excellent consistency is found. 
The (Fig. 6.4 shows a load–displacement curve of layers separation plotted at the 
loaded extremity. The first slope of the curve indicates the separation of the layers 
along the pre-crack a0. When the cohesive elements begin to deteriorate (damage), 
the reaction force decreases. At the second part of the decreasing curve, the response
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force constantly decreases as the cohesive elements degrade (damaged response) 
(Fig. 6.4). 

The Fig. 6.5 presents the Von Mises stress distribution for U2 = 6 mm, this 
distribution shows that the stress concentration is located at the cohesive interface. 
The Fig. 6.6 gives the separation displacement between composites layers. This 
separation has reached the maximum value given in the software. This implies that 
an increase in the separation displacement value results in greater damage to the 
cohesive zones. 

Fig. 6.4 Load–displacement curve of DCB test 

Fig. 6.5 Von mises stress distribution 

Fig. 6.6 Separation displacement distribution, Umax = 6 mm
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6.4 Conclusion 

In this work, we have developed a 2D numerical model for simulating mode 1 delam-
ination propagation under DCB test conditions using the cohesive zone model. 
This approach aims to identify an effective method for simulating delamination 
growth in composite laminates. This modeling approach involves incorporating an 
interface element Distinguished by a traction–separation relationship that relies on 
damage initiation and evolution criteria. The results are then compared to a previously 
published method in the literature, revealing a strong correlation. 
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Chapter 7 
Durability of High-Performance Fiber 
Reinforced Cementitious Composites 
Subjected to Freeze–Thaw Cycles 

Luciano Feo, Enzo Martinelli, Rosa Penna, and Marco Pepe 

Abstract The application of high-performance fibre-reinforced cementitious 
composites (HPFRCCs) represents one of the most advanced solutions in the civil 
engineering field for both mitigating the criticisms of ordinary concrete while ate 
the same time enhancing its overall mechanical performances. Moreover, due to its 
significant durability resistance, HPFRCC material is highly recommended also in 
the view of reducing the cost for the long-term maintenance of reinforced concrete 
elements. More specifically, the capability of resisting against freezing promotes 
its possible use in cold regions where freeze–thaw cycling can lead to significantly 
degradation of cement-based composites. In this context, this study summarized 
the key results of an experimental campaign aimed at investigating the degradation 
processes generated by freeze–thaw actions on the resulting HPFRCCs. Furthermore, 
a numerical simulation is also performed for unveiling the degradation effect induced 
by the freeze–thaw cycles. 

Keywords HPFRCC · Steel fibers · Experimental activity · Freeze–thaw cycles ·
Durability ·Meso-scale model · Cracked-hinge approach 

7.1 Introduction 

Due to its improved rheology at the early age, significant mechanical behavior (i.e., 
compressive-tensile strengths), relevant ductility and durability coupled with low 
permeability, High-Performance Fiber-Reinforced Concrete (HPFRC) represent one 
of the major innovations in the rehabilitation and repair of existing buildings (Elsayed 
et al. 2022; Carlos Zanuy et al. 2021; Cheng et al. 2020; Elmorsy and Hassan 2021;
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Sharma and Pal 2022; Pereiro-Barceló et al. 2019; O’Hegarty et al. 2021). Compared 
to a traditional concrete, the addition of fibers of different nature in HPC (Savino 
et al. 2019, 2018; Ashkezari et al. 2020; Caggiano et al. 2017, 2016; Joo  Kim  2008; 
Uchida et al. 2010; Foti  2013; Choi et al. 2016; Savastano and Warden 2003; Li  
et al. 2006; Wenjie 2017; Smarzewski 2018, 2019; Reis and Ferreira 2004; Wang 
et al. 2019), allows to have a composite material with a higher resistance in the post-
cracking phase: this also depends on the type and geometric characteristics of the 
employed fibers. In particular, thanks to the great capacity to withstand tensile load, 
HPFRC are widely used to control crack propagation, while their high durability 
and low permeability allows these concretes to be used even to harsh environment 
as well as to resist freezing and thawing cycles (Jang et al. 2014; Zhang et al. 2016; 
Song and Kwon 2009; Ismail and Ohtsu 2006). Many experimental studies about 
HPFRC subject to freeze and thaw cycled have been presented in literature (Feo 
et al. 2020; Zhao et al. 2018; Ameri et al. 2020; Lee et al. 2021; Vivek et al. 2021) 
but there aren’t predictive models able to predict the mechanical response. In this 
paper, the experimental results obtained in Feo et al. (2020) related to the analysis 
of the durability of HPFRC (reinforced with short steel fibers) when subjected to 
freeze-thawing cycles, are employed for implementing a theoretical model recently 
proposed in the literature by the authors (Martinelli et al. 2021). The above-mentioned 
model in is based on a meso-scale formulation of the cracked hinge approach and it 
is implemented in dedicated a Matlab code (Martinelli et al. 2020) by considering 
the behavior of the two significant “phases” in FRCCs: distribution and orientation 
of the spread reinforcement (i.e., fibers) and their possible crack-bridging capacity. 
Moreover, the model is also capable to furnish an estimation of the cracking, post-
cracking strength and toughness of a HPFRC beams subjected to bending load. As a 
matter of the fact, the proposed comparison between experimental observations and 
the numerical results demonstrates the mechanical consistency and the reliability of 
the above-mentioned model. 

7.2 Experimental Campaign 

7.2.1 Raw Materials and Preparation of Specimens 

High performance concrete (GeoLite® Magma) and short steel fibers (Dramix OL 13/ 
0.20, see Fig. 7.1), with length (lf ) equal to 13.0 mm, equivalent diameter (de) equal to 
0.2 mm and the corresponding aspect ratio of 65, were used for the production of High 
Performances Fiber Reinforced Cementitious Composites (HPFRCCs) mixture. In 
this study, steel fibers were used instead of other possible synthetic fibers such as 
carbon, basalt due to the mechanical performances to be achieved.

Fixing the High-Performance Concrete (i.e., HPC) matrix composition and 
considering the volume fraction (Vf ) variation of the employed fibers in the range 
of 0%, 1.25% and 2.50%, three HPFRCC types of mixtures, labelled CM0, CM1



7 Durability of High-Performance Fiber Reinforced Cementitious … 89

Fig. 7.1 Representative 
sample of the employed steel 
fibers (Dramix® OL 13/ 
0.20). Adapted from Feo 
et al. (2020)

and CM2, respectively, were produced and tested. The experimental program was 
designed so that for each type of the above HPFRC mix, eight prismatic samples 
characterized by a dimension (mm) of 150 × 150 × 600 and five cubic specimens 
with dimension (mm) of 150 × 150 × 150 were cast. After 24 h, both the twenty-four 
prismatic samples and the fifteen cubic specimens were demolded and immersed in 
water for additional 27 days of curing at an average temperature of 20 °C (±2 °C).  

7.2.2 Test Methods and Procedure 

After curing period, and in accordance with the EN 12,390–4 (E.N. 2000), all cubic 
samples were subjected to axial compression loading for measuring the possible 
variation of the corresponding mechanical behavior (i.e., compressive load, Fu, and 
compressive strength, f c). Meanwhile, with the aim of evaluating the resulting dura-
bility of HPFRCCs produced herein, five (prismatic 150× 150 × 600 mm) specimens 
for each produced mix, were firstly subjected to a thermal stabilization in water (see 
Fig. 7.2) at temperature of 5 °C (±2 °C).  

Subsequently, the stabilized samples were conditioned to 75 rapid freeze–thaw 
cycles (refer to Fig. 7.3) following the UNI 7087–2017 (UNI 2017) procedure.

The others nine prismatic specimens were kept in water by keeping a reference 
temperature of 20 °C (±2 °C). Later, both non-conditioned (Non Freeze–Thaw, 
NFT) and conditioned (Freeze–Thaw, FT) samples referred to each type of HPFRCC

Fig. 7.2 Thermal 
stabilization of prismatic 
specimens 
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Fig. 7.3 Freeze–thaw cycling apparatus. Adapted from Ismail and Ohtsu (2006)

mixture were subjected to (four-point) bending tests according to UNI 11,039–2 
(2003) (see Fig.  7.4) from which the vertical load (P) versus Crack-Tip-Opening-
Displacement (CTOD) trends were obtained. 

Fig. 7.4 Experimental set-up for 4-point bending test. Adapted from Ismail and Ohtsu (2006).
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Fig. 7.5 Cubic compressive strength results 

7.2.3 Experimental Results 

Figure 7.5 summarizes the results registered in terms of average cubic compressive 
strength. The figure shows the role of the fibers on improving overall mechanical 
performances at 28-days curing period. Experimental results indicate that the pres-
ence of fibers at 1.25% volume fraction increases the compressive strength of around 
30% while, for specimens with higher fiber volume fraction (i.e., 2.50%), the resulting 
compressive strength was increased by more than 40% then compared to reference 
(i.e., around 65 MPa) mixture specimens. 

Figure 7.6 reports the Load-CTOD curves for the three unconditioned specimens. 
This figure shows the significant enhancement of the compressive ultimate load 
capacity of FRC as compared to HPC mixture, it emerges the significantly higher 
mechanical performances of the FRC mixtures in comparison with the plain HPC 
reference mix.

Figure 7.7 presents the Load-CTOD curves for the conditioned specimens 
subjected to freeze–thaw cycles. The figure remarks the fundamental role of the 
fiber on mitigating the possible detrimental effect on the HPC due to the pres-
ence of a relevant amount of spread reinforcement. The shaded area proposed in 
the aforementioned figures (Figs. 7.6 and 7.7) represent the scatter of three tested 
samples.

Following the UNI-11039–2 procedure, the average CTOD values (i.e., 
CTOD0,avg) which corresponds to the maximum applied vertical load (Pmax) of the  
reference HPC samples (i.e., CM0) was evaluated first. Afterwards, the following 
representative indices of the HPFRC concrete mixes, whose expressions are given
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by Eqs. (7.1) through (7.5), were evaluated: first crack load (Plf ) and strength ( f lf ), 
work capacity (U1, U2 ), equivalent post-cracking strengths ( f eq(0-0.6) , f eq(0.6-3) ) and 
ductility (D0 and D1): 

fl f  = Pl f  · l 
h · (b − a0)2

(7.1) 

D0 = feq(0−0.6) 

fl f  
(7.2) 

D1 = feq(0.6−3) 

feq(0−0.6) 
(7.3) 

feq(0−0.6) = l 

b(h − a0)2 
· U1 

0.6 
(7.4) 

feq(0.6−3) = l 

b(h − a0)2 
· U2 

2.4 
(7.5) 

where: l, h and b are, respectively, the length (expressed in mm), the height (expressed 
in mm) and the width (expressed in mm) for the produced prismatic samples while a0 
represents the notch depth (expressed in mm). The equivalent post-cracking strengths 
f eq(0–0.6) and f eq(0.6–3) correspond, respectively, to CTOD0,avg+0.6 and CTOD0,avg+3.0 

and the parameters U1 and U2 represents areas under the P-CTOD curves in the 
range CTOD0-CTOD0,+0.6, and in the range CTOD0,+0.6–CTOD0,+3.0, respectively. 

The average values of the aforementioned parameters for each HPFRC reference 
(i.e., NFT), and after exposure to freeze-thaw cycles (i.e., FT), are summarized in 
Tables 7.1 and 7.2.

7.3 Numerical Modelling 

Aimed at unveiling the possible effect of freezing–thawing cyclic exposure on both 
cracking and post-cracking resistance of HPFRC samples with varying fibers volume 
fractions, the experimental results are used to implement the theoretical model devel-
oped previously by the authors following a meso-mechanical approach (Martinelli 
et al. 2021, 2020). More specifically, the proposed modelling approach introduces 
a transition zone length and a modified bond-slip law of the spread reinforcement
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Table 7.2 Work capacity and ductility indices for HPFRC mixtures in NFT and FT condition 

Mix U N FT  
1,avg U FT  1,avg U N FT  

2,avg U FT  2,avg DNFT  
0,avg DFT  

0,avg DNFT  
1,avg DFT  

1,avg 

[kNmm] [kNmm] [kNmm] [kNmm] [−] [−] [−] [−] 

CM1 14,283.43 11,742.40 69,226.73 59,175.15 1.647 1.565 1.265 1.265 

CM2 20,508.47 16,895.83 102,877.93 82,992.00 1.837 1.747 1.257 1.250

embedded within the HPC surrounding matrix. The principle of the kinematics of 
the model is inspired to the so-called “cracked-hinge” approach (Hillerborg 1991; 
Kytinou et al. 2020; Hillerborg et al. 1976; Olesen  2001; Armelin and Banthia 1997): 
it was able to simulate the crack-bridging effect of fibers, by also specifically consid-
ering the possible random spatial distribution and the orientation of steel fibers while 
at same time considering the performances of both the cement-based matrix and 
the spread reinforcement, as well as with their possible interaction. Details on the 
geometric beam representation, on the kinematic assumptions and on the constitutive 
laws used for concrete both in compression and in tension and for short steel fibers 
are presented in ref. (Penna et al. 2022). 

The model was aimed at calibrating the bond-slip law curve (between the HPC 
matrix and the steel fibers) by minimizing the difference between measured and 
predicted values and considering the variation of key parameters used in designing 
and fabricating the different HPFRC specimens. In order to evaluate how the freeze– 
thaw cycles could influence these parameters, several numerical simulations were 
carried out. 

The following figures show comparisons between average experimental and 
numerical P-CTOD curves. As shown in these figures, good agreement between 
numerical and experimental results is achieved (Figs. 7.8 and 7.9). 

Fig. 7.8 Numerical simulation for unconditioned specimens
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Fig. 7.8 (continued)

7.4 Conclusion 

Based on the results obtained from this study, the following main conclusions can 
be drawn:

– The presence of the steel fibres significantly improves the mechanical perfor-
mances of the produced mixtures and, moreover, mitigate the detrimental effect 
induced by the degradation freeze-thaws cycles; 

– The model previously developed by the authors has been proposed and applied 
in the current study to assess the possible influence of freezing–thawing action 
on the resulting bending response of a HPFRC specimens as a function of the 
employed volume of fibres;
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Fig. 7.9 Numerical simulation for conditioned specimens
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– The freezing–thawing actions effected the mechanical compressive strength and 
the resulting bond slip resistance, confirming the key role as predictive parameters 
for the proposed model; 

– A good agreement between predicted and experimental data confirms that the 
capability of the proposed model in predicting both cracking and post-cracking 
strengths as well as, its toughness indices and that a low standard deviation 
between the registered experimental values and theoretical ones was observed. 

Acknowledgements Funding: The authors gratefully acknowledge the financial support of the 
Italian Ministry of University and Research (MUR), Research Grant PRIN 2020 No. 2020EBLPLS 
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Chapter 8 
Numerical Simulation of Fatigue 
Delamination Growth 
of Adhesively-Bonded Pultruded GFRP 
Double Cantilever Beam Joints Under 
Mode I Loading 

Haohui Xin, Qinglin Gao, Ayman S. Mosallam, Dan Wang, and Jielin Liu 

Abstract Fiber Reinforced Polymer (FRP) is widely used in the industrial field. 
Delamination damage is one of the main failure forms of FRP laminates. In-depth 
exploration of fatigue-induced delamination behavior in laminates offers valuable 
insights for the structural design of FRP composites. The behavior of fatigue delam-
ination hinges significantly on factors such as the stress ratio R. In this paper, exper-
imental data on the relationship between the fatigue delamination growth rate and 
the strain energy release rate of the adhesively-bonded pultruded glass fiber rein-
forced polymer double cantilever beam (GFRP DCB) joints were fitted based on the 
Walker equation. A 2D finite element model based on Virtual Crack Closure Tech-
nology (VCCT) is adopted to simulate the fatigue delamination propagation behavior. 
Finally, the fatigue delamination propagation behavior of the adhesively-bonded 
pultruded GFRP DCB joints under Mode I loading was successfully simulated by 
two sets of finite element models. 
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8.1 Introduction 

Fiber-reinforced polymer (FRP) composite materials enjoy extensive utilization 
across diverse industrial sectors owing to their remarkable attributes, including high 
strength, good fatigue resistance, and good design ability. As the utilization of FRP 
composites continues to expand, the structural forms (Xin et al. 2017a), the loading 
types (Xin et al. 2017b), and the service environment (Xin et al. 2016) become 
more complex. Hence, how to ensure the safety of composite structures is also more 
challenging. 

Generally speaking, FRP composites are applied to structures in the form of 
laminates, which are made of orthotropic monolayers laid up in different stacking 
sequences. However, a significant limitation arises from the absence of reinforce-
ment in the thickness direction. This results in interlaminar properties of composite 
laminates that are notably inferior to their in-plane properties. Consequently, delam-
ination emerges as a primary mode of structural damage within composite laminate 
constructions (Zhao et al. 2019). Delamination-induced damage causes a substan-
tial decline in both strength and stiffness, thereby precipitating the potential for 
catastrophic failure. This critical issue severely restricts the application for applying 
FRP laminates effectively. In practical applications, fatigue delamination growth is 
a common and complex delamination form of laminates. Although laminates have 
good resistance to in-plane fatigue loads, delamination can propagate even below 
fracture toughness under cyclic action of normal stress perpendicular to the lami-
nate plane. Therefore, to meet the design requirements of composite structures, it is 
necessary to investigate the law of delamination of laminates under fatigue loads. 

The fatigue behavior of composites is related to several parameters, such as loading 
type, service environment, loading history, etc. Investigating the fatigue response of 
composite materials across all conceivable loading scenarios via experimental means 
becomes a formidable task. Only standard experiments are generally carried out in the 
laboratory, thereby necessitating the development of appropriate models to replicate 
the fatigue characteristics of composite materials. 

Researchers have proposed an array of mathematical models to explore the 
behavior of fatigue crack growth. Among these, the fatigue crack growth model 
grounded in the principles of fracture mechanics stands out as the most extensively 
employed and acknowledged approach. Building upon the remarkable success of the 
Paris criterion in describing fatigue crack propagation in metallic materials (Xin et al. 
2021), researchers continue to leverage this criterion as a foundational framework 
for investigating the growth of fatigue-induced delamination in composite materials. 
Considering the equivalence between the stress intensity factor K and the strain 
energy release rate G, and recognizing the challenges in precisely computing the 
stress intensity factor near the crack tip within anisotropic heterogeneous compos-
ites, the exploration of fatigue delamination growth in composites will rely on the 
strain energy release rate as the central mechanical governing parameter dictating 
crack propagation. This approach offers a more viable means of characterizing the 
driving force behind crack advancement in such complex materials.
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Drawing from available experimental data, it becomes apparent that the fatigue 
delamination growth in FRP composites is influenced not only by stress amplitude 
but is also significantly impacted by stress ratio (Roundi et al. 2017; Rans et al. 
2011). Nevertheless, the original Paris Criterion, as initially formulated, does not 
account for the influence of mean stress. This limitation prompted Walker to introduce 
the notion of stress ratio’s effect on aluminum fatigue crack propagation in 1970. 
Walker’s findings suggested an elevated crack growth rate with increasing stress ratio. 
Subsequently, an empirical model featuring three distinct material parameters was 
devised to address the role of stress ratio in fatigue crack growth rate-an approach 
termed the Walker equation (Walker 1970). The mean stress effect on the fatigue 
crack growth rate is not considered yet in the current commercial software ABAQUS® 

(ABAQUS 2021). 
In this paper, the Walker equation is used to effectively fit experimental data 

concerning the correlation between the fatigue delamination growth rate (da/dN) 
and the strain energy release rate (G) for pultruded glass fiber-reinforced polymer 
double cantilever beam (GFRP DCB) joints. This application of the Walker equa-
tion accounts for the influence of stress ratio on crack growth rate. To realize 
this, a customized fatigue crack growth subroutine is employed. On this basis, a 
two-dimensional (2D) finite element model based on the Virtual Crack Closure 
Technology (VCCT) is adopted to simulate the fatigue delamination propagation 
behavior. Finally, the fatigue delamination propagation patterns in adhesively-bonded 
pultruded GFRP DCB joints subjected to Mode I loading are successfully simulated, 
accomplished through the utilization of two distinct sets of finite element models. 

8.2 Determination of Fatigue Delamination Parameters 

8.2.1 Experimental Details in the Literature 

The GFRP laminate is composed of 7 layers of symmetrical single-layer boards, 
which are made of glass fiber and isophthalic acid polyester resin. The width of the 
laminate is 40.0 mm and the thickness is 6 mm. Its specific internal structure is shown 
in Table 8.1 (Shahverdi et al. 2012). 

Table 8.1 Structure of 
pultruded GFRP laminate 
(Shahverdi et al. 2012) 

Layers Average thickness (mm) 

Veil 2 × 0.05a 
First mat 2 × 0.63 
Second mat 2 × 1.07 
Roving 1 × 2.5 
Total 6 

a “2x” means on each side of the symmetry axis
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Fig. 8.1 Specimen 
configuration, dimensions in 
mm (Shahverdi et al. 2012) 

The geometrical dimensions of the double cantilever beam (DCB) specimen are 
shown in Fig. 8.1. The DCB is made of two identical laminates bonded by a 2.0 
mm adhesive layer. The total length is 250.0 mm, and the length of the pre-crack is 
50.0 mm from the loading position, which is 42.0 mm from the left end of the DCB. 
The two keys are bonded to the upper and lower parts of the DCB by an adhesive 
to facilitate the application of load. The function of Teflon is to induce pre-crack, 
which is located between the first mat layer and the second mat layer. 

To start the experiment, the crack is firstly propagated by 15.0–30.0 mm by static 
loading, and the crack length reaches the plateau of the R curve of the corresponding 
specimen (Shahverdi et al. 2011). Then, the fatigue loading is carried out by the 
displacement control method of 5.0 Hz, and the loading stress ratio is 0.1, 0.5, and 
0.8. The maximum displacement value is equal to the maximum displacement value 
of the DCB specimen opening during static loading. 

8.2.2 Processing of Experimental Data 

Fracture mode 

According to the existing experiment, when the pre-crack’s location lies between the 
first mat layer and the second mat layer, two distinct fracture modes emerge. The 
crack progression occurs amidst the upper Continuous Strand Mat (CSM) and the 
first mat layer, termed as Path II-A. The crack extends between the lower CSM and the 
second mat layer, referred to as Path II-B (Shahverdi et al. 2012). It is noteworthy that 
the crack growth rate and the strain energy release rate diverge substantially between 
these two fracture modes. In this study, the chosen specimen for fitting experimental 
data is specimen No. 6, characterized by a stress ratio of 0.5. Additionally, the fracture 
mode under consideration is Path II-B.
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Fig. 8.2 Comparison between fitted results and experimental data 

Table 8.2 Coefficients of 
Walker equation Parameters Statistical values 

log (D) Average 1.768 

Γ Average 0.6932 

M Average 9.291 

R2 0.8975 

RMSE 0.3655 

SSE 61.85 

Fig. 8.3 Walker equation fit experimental data of DCB
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Equation fitting 

As shown in Eqs. (8.1) and (8.2), the Walker equation incorporates the stress ratio 
(R) to address the effect of stress ratio on the progression of fatigue delamination. As 
shown in Fig. 8.2, experimental data is transformed into the Walker equation within 
a double logarithmic coordinate system for linear regression fitting. Employing 
MATLAB (Higham and Higham 2016) software, this procedure yields three material 
parameters. The coefficients obtained through fitting the Walker equation for double 
cantilever beam (DCB) joints are documented in Table 8.2, and these coefficients 
will be instrumental in calculating fatigue delamination propagation. The Walker 
equation exhibits the capability to unify data across various R-ratios onto a singular 
line when plotting the delamination propagation rate (da/dN) against the equivalent
ΔG (Walker 1970), as illustrated in Fig. 8.3. 

da 

dN 
= D(

ΔG
)
m (8.1)

ΔG = ΔG 

(1 − R)1−γ
(8.2) 

where: D, m, γ are material parameters of fatigue delamination propagation in the 
Walker equation. 

8.3 Numerical Simulation of DCB Fatigue Delamination 
Growth 

8.3.1 Finite Element Model 

Based on the experimental data, two sets of 2D finite element models were adopted 
for simulation. As shown in Fig. 8.4, the total length of the first DCB model is 250.0 
mm and the thickness is 14.0 mm. The position of the pre-crack is between the first 
mat and the second mat, and the length is 68.0 mm from the loading point (including 
50.0 mm prefabricated crack and 18.0 mm static loading crack), the delamination 
interface is set to be plane, as shown in red. Nonetheless, the conventional pultrusion 
process, often employed for fabricating pultruded profiles intended for construction 
purposes, tends to exhibit a comparatively less stringent quality control when juxta-
posed with the meticulous standards upheld in the production of advanced aerospace 
composite components. This discrepancy leads to an irregular and relatively variable 
distribution of reinforcements within the material, imparting a certain level of insta-
bility to the final product. As shown in Fig. 8.5, fabric folds of a typical pultruded 
FRP perpendicular to pultrusion direction is a common question (Xin et al. 2017c). 
The second model is shown in Fig. 8.6 where delamination interface is set to a curved 
surface, as shown in the red curved part. The rest is the same as for the first model.
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Fig. 8.4 Schematic diagram of the model with the delamination interface as a plane 

(a) high-quality laminates (b) pultruded laminates 

Fig. 8.5 Difference in quality and accuracy of stacking sequence of composite laminates (Xin et al. 
2017c) 

Fig. 8.6 Schematic diagram of the model with the delamination interface as a curved surface
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Table 8.3 Properties used for FE model 

Material data Veil Adhesive First mat Second mat Roving 

E1 (MPa) 3200 4600 12,800 15,100 38,900 

E2 (MPa) 3200 4600 3200 3200 3200 

E3 (MPa) 3200 4600 12,800 15,100 3200 

Nu12 0.38 0.37 0.36 0.36 0.35 

Nu13 0.38 0.37 0.27 0.27 0.32 

Nu23 0.38 0.37 0.36 0.36 0.27 

G12 (MPa) 1200 1700 1400 1400 2700 

G13 (MPa) 1200 1700 6200 6700 2700 

G23 (MPa) 1200 1700 1400 1400 1400 

The material properties of the two groups of models are presented in Table 8.3. 
The mesh type of the two groups of models is a 2D plane stress element, namely 
CPS4R, which is a 2D, 4-node element. The mesh size used in the analysis is 1.0 
mm. The boundary conditions of the experiment are defined at nodes A and B. As  
shown in Fig. 8.4, fixed-end constraints are used to limit the movement in the UX 
and UY directions and plane rotation Rotz at node A. The displacement is applied 
in the Y-direction of node B. The  X-direction movement and plane rotation of node 
B are restricted (Shahverdi et al. 2012). In the model, debonding setting is defined 
at the pre-crack position of the first mat and second mat layers, and both the master 
and slave surfaces are connected at the delamination propagation interface through 
Bonded Nodes, and crack propagation is then achieved through Debonding method. 
With the exception of the distinct configuration governing the interaction at the 
interface between the first and second mat layers, the contact surface interactions 
across all remaining layers are uniformly defined as ‘Tie’ constraints. 

8.3.2 Debond Technique 

Debonding analysis technique is one of the techniques used by ABAQUS® 

(ABAQUS 2021) to simulate and calculate crack growth. The main idea is to define a 
master and slave surfaces, and define a set of nodes on the slave surface so that both 
master and slave surfaces are bonded together through these nodes. Subseqently, 
the bonding contact property and fracture criterion and under load or displacement 
loading are specified. When the critical value, based on this criterion is reached, 
the node breaks away from the master surface, resulting in crack propagation. In 
ABAQUS® (ABAQUS 2021) finite element software, debond analysis technique 
provides four fracture criteria, namely: (i) critical stress criterion, (ii) critical crack 
opening displacement criterion (COD), (iii) crack length and time failure criterion,
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Fig. 8.7 Schematic diagram of the state before and after crack propagation (ABAQUS 2021) 

and (iv) virtual crack closure technical criterion (VCCT). In this paper, the debonding 
criterion based on VCCT technology is adopted. 

The VCCT operates on the assumption that the energy released by the crack as it 
progresses is equivalent to the energy necessitated to close the crack. Fig. 8.7 shows 
a schematic diagram of the state before and after crack propagation. The hypothesis 
posits that the contour of the leading edge of the crack remains unchanged, hence, 
the aperture dimensions of the crack post-propagation mirror those prior to propa-
gation. In the context of the crack advancing from the left to the right (as depicted 
in Fig. 8.7), the presumption entails an energy release rate of GI , an association 
concisely formulated through Eq. (8.3) (ABAQUS 2021). The critical energy release 
rate requisite for crack advancement is shown as GIC . The equivalent energy release 
rate is used for mixed-mode fatigue delamination. 

GI = 1 
2

(
υ1,2Fυ,3,4 

bd

)
(8.3) 

where: b and d represent the width and length of the crack tip of the unit, respectively 
(see Fig. 8.8), Fυ,3,4 refers to the normal force between nodes 3 and 4, υ1,2 refers to 
the normal displacement between nodes 1 and 2. 

Fig. 8.8 Schematic finite 
element representation of the 
VCCT method (ABAQUS 
2021)
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8.4 Experimental Results and Discussion 

A summary of simulation results are presented in Fig. 8.9. The simulation results 
of the delamination interface modeled as a curved surface are in a good agreement 
with the experimental data in the entire crack propagation stage. However, results 
indicated that simulation results from the model where the delamination interface is 
modeled as a plane surface shows better correlation with experimental results in the 
early stage of crack propagation, where at the middle and late stages results have poor 
correlation. Regardless of whether the delamination interface is curved or plane, it 
can be seen that the crack growth rate of the simulation results has a higher rate as 
compared to that observed in the tests. This can be attributed to two main reasons. 
The first reason is the nature and limitation used in the experiments. For example, the 
loading regime used in the experiments was in the form of a displacement-control 
that was dictated by the test machine displacement, rather than the crack mouth 
opening displacement. For this reason, the real force transmitted to the specimen is 
smaller than the theoretical value. The second reason is that the loading position of 
the experiment was not set directly on the specimen itself, but is transmitted to the 
specimen indirectly via a piano keys like fixture, that was bonded to the specimen 
by room-temperature cured adhesives. This may caused the debonding between the 
piano keys fixture and the specimen in the later stage of the experiment, resulting in 
less and less force transmitted to the specimen during crack propagation later stage. 
Consequently, a notable discrepancy emerged between the simulation outcomes and 
the experimental findings, particularly in the advanced phase of crack propagation. 

Comparing the two sets of simulation results, one can see that the crack growth 
rate of the plane is relatively higher than that of the curved surface, which may be 
due to the fact that the curved surface increases the crack propagation path contact 
area. Overall, the crack growth simulation is shown to have in good agreement with 
the experimental values in the early stage of crack growth.

Fig. 8.9 A comparison between the simulation results and the experimental data 
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8.5 Conclusions 

This paper employs the Walker equation to fit the experimental data pertaining to 
fatigue-induced delamination growth within adhesive pultruded double cantilever 
beam (DCB) joints. Moreover, a user-defined fatigue crack growth subroutine, 
UMIXMODEFATIGUE, is used. Built upon the principles of the Walker equa-
tion, this subroutine assumes the responsibility of simulating the progression of 
fatigue delamination in DCB structures when subjected to Mode I loading condi-
tions. Drawing from the results of this investigation, the subsequent conclusions are 
drawn:

• By comparing the simulation results with experimental data and considering the 
influence of stress ratio on fatigue crack propagation, the three material parameters 
obtained by fitting the experimental data with Walker equation can simulate the 
delamination propagation behavior of DCB.

• Through the comparison of the two sets of simulation results, the simulation 
effect of the delamination surface as a curved surface is better than that of the 
delamination surface as a plane. 
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Chapter 9 
Fire Damage Prevention Using 
Innovative Insulation Systems 

Yunus Emrahan Akbulut, Ahmet Can Altunışık, Süleyman Adanur, 
Ayman S. Mosallam, and Ashraf Abdel Khalek Agwa 

Abstract Energy consumption is rising alongside the associated danger of fire due to 
the increased industrialization and urbanisation of previously rural areas. An example 
of a building that is predisposed to fire has a furnace on the bottom floor, one that 
is used in the production of iron and steel, or thermal power plants. It’s difficult, 
time-consuming, and potentially hazardous to intervene in a fire from the exterior 
of a high-rise structure, whose number is expanding every day with construction 
technology. It’s hard to forecast how long a fire will burn or how far it will spread. 
Complete fire safety practices are especially important in densely populated buildings 
to prevent fire dangers to people and property. Because of the high temperatures 
produced by the fire, the structural system’s parts may lose stiffness and strength, 
resulting in structural damage. A wide variety of insulation materials are utilised to 
shield the elements of the building carrier system and the materials on which they 
are constructed from extreme heat and flame. A combination of these materials is 
utilised to create the insulation systems in use today. Although there are a variety 
of insulation applications that may be developed for fire protection, covering the 
environment is more frequent these days. To insulate anything, you can use the 
wrapping technique, which is wrapping or covering the outside of the item to be 
protected with insulation. Three cutting-edge insulation technologies, all suitable for 
application in fire prevention, are presented within the framework of this research. 
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9.1 Introduction 

One of the fundamental requirements for human survival is a safe place to live in 
which to retreat from the elements. Humanity needs refuge from bad weather, external 
hazards and threats, and natural disasters, therefore people constructed many types 
of structures to suit this need. Throughout their service life, engineered buildings 
will be threatened not just by earthquakes and floods, but also by fires caused by the 
spread of urban sprawl and a rise in people’s propensity to waste energy. 

The frequency of fires has decreased because of significant efforts put into 
the development of fire-resistant construction materials and the refinement of fire 
suppression methods. But the rising quantity and wealth of structures have more 
than countered these advancements in terms of property destruction. 

The number of fires that required assistance from local fire departments in the 
United States was projected to reach 1.4 million in 2020. Over a third (490,500) of 
the fires were started inside or on buildings. These fires were responsible for 2,730 
civilian deaths (or 78% of all fire deaths), 13,000 civilian injuries (86% of all fire 
injuries), and $12.1 billion in direct property damage (55%). Another $9.8 billion 
in property damage was incurred due to fires started by vehicles, fires in the open, 
and fires in the wildland-urban interface in California, bringing the total property 
losses from fires to $21.9 billion. Undoubtedly, building fires were responsible for 
a sizable percentage of the damage. Fires inflict a lot of damage and loss of life in 
other industrialised nations as well, especially to the environment and the economy. 

A fire is a chemical and physical process that affects its surroundings. There are 
often three distinct phases to a fire’s life cycle: ignition, growth, and extinguishment. 
Due to their unique qualities, the hazards and dangers associated with each stage 
vary. Damage from fires to buildings can be extensive. 

From ancient times to the present, architects have had their pick of a wide variety 
of materials with which to construct their masterpieces. When considering the current 
state of the building industry, the creation of concrete and the subsequent development 
of reinforced concrete stand out as the two most important discoveries. Parallel to the 
expansion of technological possibilities, there has been a corresponding expansion 
in the range of available construction materials, with the emergence of several new 
options alongside the more conventional varieties. The fact that reinforced concrete 
buildings are still the most popular choice despite this is astonishing. When compared 
to other construction materials, reinforced concrete has several benefits, including a 
low total cost of ownership, a long service life, and simple, inexpensive maintenance 
and repair. 

Mechanical systems may fail to function as intended if they sustain wear and tear 
or are subjected to a sudden shock from an outside source. Due to high-temperature 
impacts such as fire, reinforced concrete structures can lose a lot of their strength 
and stiffness. The reinforced concrete structural parts that make up the building’s 
structural system suffer severe damage, degradation, bursting, and stripping as a 
result of these losses. If the building hasn’t collapsed from these forces, assessing 
the damage and deciding whether to utilise it again is urgent.
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Where structural analyses reveal a decline in building performance that is not 
catastrophic, repairs or reinforcements may be possible. If the results of the economic 
evaluations do not pose a significant barrier to eliminating this performance loss, then 
the service life of the structure can be ensured to continue with these improvements 
by applying repair/reinforcement applications to the existing structure rather than 
demolishing and reconstructing. In tandem with the advancement of technology, a 
plethora of structural strengthening techniques have been developed and put into 
practice in the market to avert the financial and reputational fallout of structural 
damage. 

Where structural analyses reveal a decline in building performance that is not 
catastrophic, repairs or reinforcements may be possible. If the results of the economic 
evaluations do not pose a significant barrier to eliminating this performance loss, then 
the service life of the structure can be ensured to continue with these improvements 
by applying repair/reinforcement applications to the existing structure rather than 
demolishing and reconstructing. In tandem with the advancement of technology, a 
plethora of structural strengthening techniques have been developed and put into 
practice in the market to avert the financial and reputational fallout of structural 
damage. 

Increasing the axial load-bearing capacity, bending, and shear strengths of the 
structural element to which FRP (Fiber Reinforced Polymers) composites are 
applied significantly impacts the durability and ductility of the associated structure. 
Despite all their positive qualities, FRPs can deteriorate when exposed to elements 
including moisture, heat, and UV light. Due to the breakdown of the resin mate-
rial under the impact of temperature, which affects the mechanical characteristics 
of FRP composites, they are not typically appropriate for long-term usage at high 
temperatures. 

Despite all of FRP composites’ benefits, when exposed to high temperatures (from 
fire, for example), it was found that their mechanical qualities degraded significantly. 

In the presence of high temperatures, FRP composites that lack an insulating 
coating do not add to the structural strength, as indicated by Al-Salloum et al. 
(2011). This experiment included considering a variety of factors, including different 
composite kinds (carbon and glass-based), temperature levels (100 and 200 °C), and 
exposure lengths (1, 2, and 3 h). They found that carbon fiber reinforced polymer 
(CFRP) composites lost a lot of strength after being heated to 200 °C. Al-Kamaki 
et al. (2015) used experimental and computational approaches to study the behaviour 
of charred carbon fiber reinforced concrete columns. According to the findings, 
applying CFRP wrapping to either the non-heat-treated reference columns or the rein-
forced concrete columns that have suffered thermal damage significantly improves 
the components’ strength and ductility. The numerical and experimental results have 
been found to correspond rather well. Lenwari et al. (2016) explored the use of CFRP 
for reinforcement and its performance after being subjected to 300, 500, and 700 °C 
for 2 h. On top of that, tests were run for a whole three hours at a temperature of 
700 °C. Various strengths of conventional cylindrical concrete samples were used 
in this experiment (20, 35 and 50 MPa). The research showed that FRP composites 
failed under high heat conditions. In their work, Li et al. (2017) evaluated the effects
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of exposure to different temperatures (80, 160, and 240 °C) on the performance of 
FRP composites across different periods (1.5 and 3 h). It was concluded that longer 
periods of exposure at higher temperatures resulted in a weakening of the substance. 
According to research by Bisby et al. (2005) determined the columns’ resilience 
to fire thanks to the wrapping and fire insulation treatments made possible by FRP 
composites. Researchers found that FRP composites retained some of their original 
strength even after being heated to 200 °C. Also, this research found that for up 
to 4 h, the FRP composite’s temperature may be maintained at or below 100 °C 
thanks to the insulating material that shields the FRP composite-reinforced column 
from high temperatures. Without any kind of fire protection and when exposed to 
fire, FRP composites have been seen to catch fire within minutes. Therefore, FRP 
composite materials can be used for fire, and it is of critical importance to apply 
insulation processes to protect them from high-temperature effects and to increase 
their durability against these effects, especially since it is not clear when it will occur 
and how severe the effects will be. 

Applications of insulation for fire protection can take several forms, including 
mass, wrapping, boxing, and chilling the item to be protected via water circulation. 
In most cases, the mass insulation approach involves embedding the insulating mate-
rial into the concrete itself. When using the boxing technique, insulating plates are 
used to cover the materials. The wrapping technique involves encasing or covering 
the exposed surface of the material with insulation. It’s possible that the insulation 
technique to be used will change based on the type of building component being insu-
lated or the required level of insulation. These days, it’s more common for insulation 
to be made by wrapping the environment. 

This study is a series of experiments in which CFRP and GFRP composites are 
used to strengthen cylinders of concrete formed in a controlled setting, with the aim of 
using these samples in a variety of fire prevention applications. Insulation applications 
will be made using one of three cutting-edge fire protection technologies (FireWrap, 
FireCoat, or RealRock) as part of the research. The research takes into account 
the many configurations that might arise from combining the various application 
forms of the components of these systems in the insulation applications that fall 
under its purview. Temperature tests at varying levels and for varying durations were 
performed on the reference samples, which had been reinforced and insulated within 
the scope of the project but had not used any reinforcing or insulation treatment. All 
the variable characteristics evaluated in the study have been used to calculate the 
efficacy of the various insulation types described within the project’s scope. In this 
context, assessments are done using data from fire tests, as well as other temperature 
tests at relatively low temperatures based on standard fire curve ASTM E119 (2012), 
and data from compressive strengths acquired from pressure testing on the samples. 

FRP composites and engineering constructions or structural elements enhanced 
using these materials are subjected to fire, etc., as is evident from a review of the 
relevant literature. One can observe that various research has been conducted to 
ascertain the extent to which high-temperature impacts lead to performance drops. 
Yet, it has been pointed out that there is a dearth of experimental research on the many 
insulating techniques that may be used to safeguard FRP composite materials against
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these temperature impacts. It was found that only a small subset of possible insulating 
configurations was tested in these investigations. Since the study encompasses a wide 
range of novel fire protection techniques and diverse applications of these insulation 
strategies, it is believed to have special relevance. 

9.2 Methodology 

The conducted experimental evaluation comprises 5 main steps of fabrication of the 
specimens, FRP wrapping, thermal insulating the specimens, high temperature test, 
and post fire evaluation. 

9.2.1 Fabrication and Strengthening 

Initially, cylindrical concrete specimens with 45 cm height and 20 cm diameter were 
constructed. All constructed specimens, except reference samples, were reinforced 
using fiber polymer composites. In both sets, 2 layers of FRP were wrapped and an 
overlap length of 20 cm has been considered. The fabricated specimens were divided 
into three groups of CFRP, GFRP and reference specimens. The utilized materials 
for strengthening the specimens are described in Table 9.1.

9.2.2 Insulation Types and Application Procedures 

After strengthening the specimens, thermal insulation materials with different 
schemes were applied on some of the specimens. The utilized materials for each 
system are detailed in Table 9.2. The procedure related to preparation and applying 
the three different insulation systems are described below.

System A–FireWrap. Multiple To assess the effectiveness of System A, 4 
different insulation schemes reflecting various combination forms of Dymat®RS and 
Dymatherm insulation materials were considered. The procedure related to applying 
the System A are shown in Fig. 9.1.

System B–FireCoat. System B consists of Dymat®DCF-D approved test by ICC-
AC125 by IAPMO. FCI-APP11 A&B components and final coating FireFree 88 
(Dymat®D8) were used for this system. 

Mix A&B contain Dymat®DCF “A” Epoxy Resin and Dymat®DCF “B” Curing 
Agent (Hardener). Prior to application of mix A&B, specimens’ surfaces were 
cleaned. To prepare the mix, A and B materials were mixed with a ratio of 1:1 
by volume and were rolled on specimens with an equal amount of 310.56 g for
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Table 9.1 Utilized materials for strengthening the specimens 

Scope Materials 

Component Name Image 

Strengthening Fiber reinforced polymers DYMAT® Carbon Fiber 
System DHC-190 

DYMAT® Glass Fiber 
System DHE-272 

Epoxy matrix DYMAT® BT-D “A” Epoxy 
Resin 

DYMAT® BT-D “B” Curing 
Agent - Hardener

each layer (0.225 lb/ft2). The FireFree 88 was applied on the outer surface of the 
specimens with the amount of 55.2 g (0.04 lb/ft2) for each layer (Fig. 9.2).

System C–RealRock. System C consists of 60 min fire-resistant setting compound 
Fire Set 60 (Dymat®Fireset) and %100 acrylic interior/exterior plaster Acrylic Vella 
Fino as coating material. To evaluate the effectiveness of this system 3 different 
insulation schemes were considered. 

To prepare Fire Set 60 setting compound, 0.615 L of clean water and 1 kg of 
setting compound were mixed and applied on the prepared specimens. Then, Vella 
Fino was mixed and applied on dried surface of the specimens. The layer thickness 
in each configuration was 0.25 inches (Fig. 9.3).

The details of the employed insulation schemes for each system and the layering 
information are presented in Table 9.3.
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Table 9.2 Utilized materials for thermal insulations 

Scope Materials 

Component Name Image 

Fire insulation system 
“A” (FireWrap) 

RS material (red) Dymat®RS 

DYMAT® super wool Dymatherm 

Fire insulation system 
“B” (FireCoat) 

FCI-APP11 A&B 
components 

DYMAT® DCF “A” 
Epoxy Resin 

DYMAT® DCF “B” 
Curing Agent -
Hardener 

Final coating FireFree 88 Dymat®D8

(continued)
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Table 9.2 (continued)

Scope Materials

Component Name Image

Fire insulation system 
“C” (RealRock) 

DYMAT® plaster 
(acrylic paint) 

Acrylic Vella Fino 
Coating 

DYMAT® fire-resistant 
joint compound (60 min) 

FIRE SET 60 
(DYMAT® Fire Set)

Fig. 9.1 Wrapping applications of the insulation layers
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Fig. 9.2 Preparation and application of the System B components

9.2.3 Temperature Tests and Measurements 

To assess the performance of all systems, all insulated specimens undergone the 
temperature tests with different temperature levels and exposure durations. The fire 
tests were done with respect to 30 and 60 min of the ASTM E119 standard fire curve. 
The high temperature tests were done using a constant heating rate of 2.5 °C/min 
till reaching the target temperatures of 200 and 400 °C. To measure the temperature 
developments within the test durations, thermocouples were embedded into different 
locations of the specimens. 

Upon completion of temperature test, a pyrometer was used to measure the surface 
temperature of specimens. Then, the samples were placed outside the furnace and 
cooled naturally to be prepared for compression tests. Using the data obtained from 
compressive tests and recorded visual observations, the effectiveness of each insula-
tion method was evaluated. The overview of the some conducted temperature tests 
are depicted in Fig. 9.4.
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Fig. 9.3 Preparation and application of the System C components

9.2.4 Uniaxial Compression Tests 

Thereafter cooling phase, all fire exposed specimens were subjected to a uniaxial 
compression test with a loading rate of 0.6 MPa/s. The procedure and the observation 
for the performed compression tests are illustrated (Fig. 9.5).
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Table 9.3 Utilized insulation schemes 

Insulation 
system 

Insulation 
type ID 

Layer information (from inner to outer layer) Schematization 

A I1 Dymatherm 
2 layers 

Dymat®RS 

I2 Dymatherm 
4 layers 

Dymat®RS 

I3 Dymat®RS Dymatherm 
2 layers 

Dymat®RS 

I4 Dymat®RS Dymatherm 
4 layers 

Dymat®RS 

B I1 FCI-APP11 A&B 
components 1 layer 

FireFree 88 (Dymat®D8) 3 
layers 

I2 FCI-APP11 A&B 
components 2 
layers 

FireFree 88 (Dymat®D8) 6 
layers 

C I1 Acrylic Vella Fino 2 layers

(continued)
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Table 9.3 (continued)

Insulation
system

Insulation
type ID

Layer information (from inner to outer layer) Schematization

I2 Fire set 60 1 layer Acrylic Vella Fino 1 layer 

I3 Fire set 60 2 layers Acrylic Vella Fino 2 layers

9.3 Conclusion 

This study has evaluated the effectiveness of different insulation materials under 
high temperature. for this purpose, a set of concrete specimens were constructed 
and wrapped using CFRP and GFRP and were thermally insulated using three 
different insulation systems with different configurations. The insulated specimens 
were exposed to high temperature and fire for different durations and the remaining 
strength of the specimens were evaluated. From the post fire evaluations, it was 
observed that the System C that had more affordable price can also provide a better 
protection for both concrete and FRP layers. While the System C had the lowest price 
and had the easiest application procedure, it had also provided a better protection for 
both concrete and FRP wraps. So, using this system can provide the balance between 
cost and protection.
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Fig. 9.4 The overview of the some conducted temperature tests
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Fig. 9.4 (continued)

Fig. 9.5 The overview of the compressive strength of some specimens before and after fire tests
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9 Fire Damage Prevention Using Innovative Insulation Systems 127

References 

Al-Kamaki YSS, Al-Mahaidi R, Bennetts I (2015) Experimental and numerical study of the 
behaviour of heat-damaged RC circular columns confined with CFRP fabric. Compos Struct 
133:679–690. https://doi.org/10.1016/j.compstruct.2015.07.116 

Al-Salloum YA, Elsanadedy HM, Abadel AA (2011) Behavior of FRP-confined concrete after 
high temperature exposure. Constr Build Mater 25(2):838–850. https://doi.org/10.1016/j.con 
buildmat.2010.06.103 

ASTM E119 (2012) Standard fire test of building construction and materials. ASTM standards, 
American Society for Testing and Materials. West Conshohocken, PA, United States 

Bisby LA, Kodur VKR, Green MF (2005) Fire endurance of fiber-reinforced polymer-confined 
concrete columns. ACI Struct J 102(6):883–891. https://doi.org/10.14359/14797 

Lenwari A, Rungamornrat J, Woonprasert S (2016) Axial compression behavior of fire-damaged 
concrete cylinders confined with CFRP sheets. J Compos Constr 20(5). https://doi.org/10.1061/ 
(asce)cc.1943-5614.0000683 

Li Y, Liu X, Wu M (2017) Mechanical properties of FRP-strengthened concrete at elevated 
temperature. Constr Build Mater 134:424–432. https://doi.org/10.1016/j.conbuildmat.2016. 
12.148

https://doi.org/10.1016/j.compstruct.2015.07.116
https://doi.org/10.1016/j.conbuildmat.2010.06.103
https://doi.org/10.1016/j.conbuildmat.2010.06.103
https://doi.org/10.14359/14797
https://doi.org/10.1061/(asce)cc.1943-5614.0000683
https://doi.org/10.1061/(asce)cc.1943-5614.0000683
https://doi.org/10.1016/j.conbuildmat.2016.12.148
https://doi.org/10.1016/j.conbuildmat.2016.12.148


Part III 
Smart Building Systems



Chapter 10 
Importance of Parametric Modeling 
in New Generation Civil Engineering 
Projects 

Fatih Yesevi Okur, Ebru kalkan Okur, and Ahmet Can Altunışık 

Abstract Parametric modeling allows a new form to be obtained automatically by 
changing parameters with variable properties without the need to redraw a geometric 
form. This situation shortens the project design time and enables the most suitable 
model to be put forward in a short time. In this paper, it is aimed to explain the 
importance and latest situation of parametric modeling in the world and to present 
the parametric modeled turbine structure as an example. The double-sided turbine 
is designed with the roof system created by integrating the sea wave and bird wing 
forms, which are the symbols of the football team of Trabzon. Parametric modeling 
method is used to create the static project of the 13 m wide, 108.5 m long and 5.89 m 
high tribune structure with an extreme architecture and to determine the optimum 
structural elements. The tribune structure modeled in the Dynamo program is trans-
ferred to the SAP2000 program, which is a structural analysis program, with the 
add-on named “DynamicSap” developed by the project team. Thus, the transferred 
model is used as a reference model in the creation of the finite element model, and the 
analysis parameters are defined in the program. Optimization analysis is carried out 
in which parameters such as wave width and height are constantly changed for both 
the preservation of the architectural form and minimum cost. The tribune, which is 
brought to the city with the project prepared using the parametric modeling method 
and optimization analysis, is interesting with its aesthetic appearance and contributed 
to the economy of the city with its affordable cost. 

Keywords Modeling parameters · Optimization analysis · Parametric modeling
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10.1 Introduction 

If the designer wants to change any parameter in a structural model prepared with the 
traditional method, the whole process during the modeling must be repeated, which 
is quite time consuming. However, in parametric design, the design parameters are 
integrated simultaneously, allowing the design to be changed and developed easily 
and in a short time. Thus, any parameter that is desired to be edited or developed can 
be automatically and instantly updated in the model. The optimum design that offers 
the best solution requires a plan and coordination process for designers, and changes 
or adjustments are made to the envisaged model in this process. This process can 
lead to complexity, especially in large companies’ interdisciplinary comprehensive 
projects. Parametric modeling method is used to facilitate the relationship between 
different disciplines and to apply changes instantly (Suyoto et al. 2015). 

The difficulties experienced in the periods when the drawings of structural designs 
were made by hand using traditional methods increased the need for technological 
approaches. Ivan Sutherland, the inventor of Sketchpad, which can be considered 
the pioneer of today’s design interfaces, developed the first computer-aided two-
dimensional modeling tool (Sutherland 1963). Sutherland stated that error-free and 
repeatable drawings can be created with computer-aided modeling, so that much 
faster results can be obtained than traditional drawing techniques (Stouffs et al. 
2013). The first version of the AutoCAD program, which is widely used especially 
for architectural design with access to the personal computer, was published in 1982 
and has developed rapidly by updating its versions until today (Weisberg 2008, 
Chap. 8). Later, with the development of three-dimensional modeling methods and 
tools, the modeling of designs became easier. 

Luigi Moretti, who first used the expression parametric architecture in the 1940s, 
defined parametric architecture as the study of architectural systems that aim to 
describe the relationships between dimensions depending on various parameters 
(Moretti et al. 2000). On the other hand, Gerber (2007) stated in his thesis that the 
term parametric was used for the first time in 1988 in Maurice Ruiter’s book (de Ruiter 
1988), Reddy et al. (2015) stated in their study that the first parametric modeling 
software called Pro/ENGINEER was created by the mathematician Professor Samuel 
Geisberg in 1988. With this object-based modeling tool, the qualitative properties 
of objects have come to the fore (History of CAD CAM 2004). This gave users the 
opportunity to design the relationship of the data in addition to the geometry-based 
design process. 

CAD systems, in the twentieth century, played a major role in the development 
of the construction industry with its contributions to the project design process. 
However, with the differentiation of architectural designs and the design of more 
complex systems, new systems have emerged. Thus, with the developing technolo-
gies in the twenty-first century, the CAD system has become ineffective. In order 
to keep up with the technology, new systems have been created in the construction 
industry, different from the traditional methods.
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While designing projects in the construction sector with parametric modeling 
methods is effective both in reducing the project time and in determining the optimum 
modeling, in case 3D modeling is insufficient, the 4th dimension has been added to 
the design, enabling it to turn into a system where cost-energy calculations can be 
made. All these developments have contributed to the development of BIM (Building 
Information Modeling) systems. BIM is a system that brings together structured and 
multi-disciplinary data to create a digital representation of the entire planning, design, 
construction and operation phase of a building (URL-1). 

Within the scope of this study, it is aimed to present up-to-date information about 
the occurrence and development of the parametric modeling method and to explain 
the tribune project, whose project was created and whose construction was completed 
in Turkey, with the parametric modeling method. What disadvantages will be encoun-
tered in case of modeling with traditional methods and the advantage of the parametric 
modeling method have been expressed. 

10.2 Parametric Modeling 

With the development of technology, traditional methods are widely used in the 
project and analysis of computer-aided projects. However, it is required to redesign 
in the event that the project is altered. It takes a long time to complete this procedure, 
especially for huge and complicated constructions. However, because parametric 
modeling is done based on the established variable parameters, required adjust-
ments may be performed instantaneously without the need for remodeling. When 
compared to standard modeling techniques, this saves a ton of time. Text and visual 
algorithm editors are the two categories of parametric modeling tools. Rhinoscript 
(McNeel), Generative Components (Bentley), and Mayascript (Autodesk) are exam-
ples of textual algorithm editors, whereas Grasshoopper (McNeel) and Dynamo are 
examples of visual algorithm editors (Autodesk). Given that it demands coding skills, 
the text algorithm editor is difficult to use (Stouffs et al. 2013; Yu et al.  2013). Visual 
algorithm editors are utilized more frequently as a result (Çinici et al. 2008). 

When a dimension value is changed, parametric modeling, a modeling tech-
nique, can alter the geometry of the model (Fig. 10.1). The implementation of 
parametric modeling involves writing design computer programming code, such 
as a script, to specify the model’s dimensions and shape. To modify the characteris-
tics of the system, parametric models employ design tools for feature-based, solid, 
and surface modeling. The fact that attributes with links modify their properties 
automatically is one of the most significant characteristics of parametric modeling. 
Parametric modeling, in other words, enables the designer to specify entire classes 
of forms rather than simply particular instances. Editing the form was a difficult 
undertaking for designers before the introduction of parametrics. For instance, the 
designer needed to alter the 3D solid’s length, breadth, and height. With parametric 
modeling, the designer only needs to change one parameter; the other two are changed 
automatically.
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Fig. 10.1 Parametric modeling example 

Advantages of parametric modeling method compared to traditional methods;

• Structure: All parametric 3D modeling aspects are controlled by dimensions, 
allowing for new, enhanced changes and more precision in modeling motions.

• Design intent: Until a model is finished, its parameters will continue to change 
from the initial version or design intent.

• Feature tree: Record List contains all of the features that have been saved, these 
features are always available.

• Automated updates: Whenever changes a dimension, the visual model immedi-
ately updates to reflect the changes. This allows the model to update successively 
on all changed features. 

Disadvantages;

• File size: The list of the feature tree grows longer as a model’s number of features 
rises. Therefore, the longer the list, the longer it will take to power the computer 
to resolve the model.

• Model sharing: Due to the vast array of CAD packages on the market, distributing 
the 3D model via site-specific CAD might be challenging. Files may be exchanged 
across computers by simply converting them to a generic CAD application, which 
is extremely simple to do.
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10.3 Tribune Design and Analysis with Parametric 
Modeling Method 

Parametric model can be created by automatically changing many parameters such as 
length, span and height of any extreme design. By transferring this model to structural 
analysis programs, in addition to static and dynamic analyzes, optimization analyzes 
can be made in a short time to determine the most suitable geometric properties 
of the model, and sections can be obtained. At the stage of realizing the extreme 
designs created with parametric modeling, steel material provides great advantages 
in obtaining the desired form. 

Parametric modeling was used to create the proposal and analysis for the steel 
carrier system for amateur tribunes at the Şenol Güneş Sports Complex in Turkey’s 
Ortahisar District of the Trabzon Province. The Tribune Project was modeled using 
the parametric modeling technique in the Dynamo program, including wave and wing 
forms, which are symbols of Trabzon province (Fig. 10.2). Real-time data transfer 
was carried out between the structural analysis program SAP2000 and the Dynamo 
program by using the add-on named “DynamicSap” developed by the project team. 
Thus, as a result of thousands of analysis and optimization algorithms performed on 
the finite element model, the dimensions and sections of the most suitable wing and 
waveform were determined. The tribune is architected in wave form with a width of 
13 m, a length of 108.5 m and a height of 5.89 m. Some visuals of the tribune project, 
which was created by considering the wing and wave form, are given in Fig. 10.3. 
Views of the finite element models created are given in Fig. 10.4.

After the finite element analysis, the connection details and drawings of the tribune 
project transferred to Tekla Structures program were created (Fig. 10.5).

After the completion of the tribune project and construction process, the design 
and analysis of which were made with the parametric modeling method, it was put into 
use (Fig. 10.6). The tribune project, which has become the focus of attention with its 
aesthetic appearance in the region where it is located, has created awareness in terms 
of using the parametric modeling approach in different projects with its innovative 
application. In addition, considering its high strength, elastic behavior throughout the 
entire cross-section, ductility and lightness, the use of steel, an earthquake resistant 
building material, has enabled the aesthetic tribune design to be realized at low cost. 
Especially in earthquake regions, the lightness of the steel structure will ensure that 
the structure is exposed to less earthquake forces, and the life of the structure will 
increase under appropriate maintenance conditions.
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Fig. 10.2 Dynamo model of the tribune created in wave and wing form
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Fig. 10.3 Images of the tribune created in wave and wing form



138 F. Y. Okur et al.

Fig. 10.4 Tribune project transferred to finite element program by parametric modeling

Fig. 10.5 Connection details and drawings of the tribune project in Tekla Structures program
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Fig. 10.6 Pictures after the completion of the tribune project
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Chapter 11 
Beyond Codes: Enhancing Infrastructure 
Resilience Through Creative Design 

Rajan Sen 

Abstract An unprecedented surge in urban population has led to the creation of 
megacities characterized by heavy traffic, pollution, uncontrolled growth, changes 
in land use, leading to accelerated environmental degradation. The vulnerability of the 
urban infrastructure is exacerbated by the hazards of climate change. Increasingly, 
code-specified worst case scenarios appear obsolete. Evidence of this is found in 
escalating global incidences of severe storms, record high temperatures, raging forest 
fires and floods alternating with drought exposing critical infrastructure to large scale 
damage. With our current inability to predict the impact of climate change, there is 
an urgent need to explore affordable alternatives to overcome this shortcoming. This 
paper profiles creative design ideas developed in US and elsewhere to counter intense 
environmental loads on existing infrastructure. They provide an alternative approach 
that relies on engineering insight, effective policies, smart technologies and new 
materials rather than mere code compliance. The goal is to restore functionality of 
disaster prone critical infrastructure with minimal disruption to the populace. Aware-
ness and application of the varied approaches used can assist licensed design profes-
sionals and policy makers to make better informed decisions for building stronger 
resilient communities. 

Keywords Climate · Design · Infrastructure · Resilience · Novel 

11.1 Introduction 

The safety and integrity of structures relies on loads used for design, e.g., ASCE 7/ 
16 (2017). Loads and their combinations are typically determined from a statistical 
analysis of historical data. Recent events suggest that the records are out of date. 
Over a 12-day period this summer (2022), news media reported four occurrences of 
1 in 1000 year flood events in the United States (St. Louis on July 25–26, Eastern
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Kentucky on July 28, Southern Illinois on August 2 and Death Valley on August 5). 
Elsewhere, there have been reports of wildfires in France, heatwaves in England and 
drought conditions that have led to water levels in the Rhine drop to unseen levels 
threatening the transport of critically important bulk material. 

Historically, lack of accurate information did not deter early builders from 
designing resilient structures to meet the challenges of their time. A notable example 
is the design of the five-story, 37 m tall Horyu-Ji pagoda built in Japan more than 
1300 years ago. Its structural form consists of a central wood column made from 
a single tree trunk  (“shinbashira”) anchored deep into the ground. Each of the five 
stories of the pagoda are cantilevered from this column. 

The Horyu-Ji pagoda has survived 46 magnitude 7.0 or greater earthquakes since 
it was built. Analysis revealed that this performance was no accident; its design 
and construction embodied many core principles of modern seismic resistant design 
such as symmetry, base isolation (separating the structure from the soil), and seismic 
damping (increasing frictional resistance against ground shaking by using sliding 
joints), Nakahara et al. (2006). 

The insights displayed by the early builders have been replicated by modern 
designers though their achievements are seldom recognized and therefore not widely 
known. The goal of this paper is to address this gap. It highlights creative design ideas 
and accompanying policies developed in US and elsewhere that address extreme 
events. Knowledge of successful world-wide practices will provide decision makers 
new perspectives that can lead to improved community resilience at an affordable 
cost. 

11.2 Objectives 

Civil engineers are responsible for planning, design, construction, operation and 
maintenance of physical infrastructure expected to remain functional, durable and 
safe over a 50–100 year lifespan, ASCE (2015). Problems affecting urban resilience 
vary widely depending on location, hazards faced, environmental degradation, popu-
lation density and the potential impact of climate change. A generic one-size-fits all 
design strategy is therefore not optimal. 

This paper presents examples of creative infrastructure solutions developed by 
the modern-day counterparts of early builders. The ingenuity of the design comple-
mented by imaginative policies made it possible for infrastructure to better withstand 
extreme events. The hallmark is the simplicity of the design concept and its focus on 
speedy functional restoration. New materials and technologies (not addressed) can 
further expedite repair and re-construction.
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Fig. 11.1 Occurrence by disaster type: 2021 compared to 2001–2020 annual average. Source EM-
DAT (2022) 

11.3 Background 

11.3.1 Disaster Data 

The global incidence of extreme events is summarized in Fig. 11.1. This compares 
the occurrence of different disaster types in 2021 with the average over twenty years 
from 2001 to 2020. The overall number of disasters (432) in 2021 was 24% higher 
than in the preceding 20 years (347). The types of disaster showing the greatest 
increase were wildfire (72%), flood (37%) and storm (20%) (EM-DAT 2022). 

As extreme weather events become more common, the question facing society 
is how infrastructure can be economically designed for this uncertain environment, 
particularly in urban areas where the majority of the world’s population now reside. 

11.3.2 Climate Change 

Climate change has been identified as the principal driver for recent extreme weather 
events. The United Nations (UN) has defined climate change as “long-term shifts 
in temperatures and weather patterns” (UN  2022). Weather refers to the short term 
state of the atmosphere at a location whereas climate is the average weather pattern 
over 30 years. 

Geological records show that the Earth’s climate has undergone significant change 
during its 4.5 billion year existence. Current changes are attributed to the accumula-
tion of greenhouse gases (GHG) that trap solar radiation and increase global temper-
ature. Industrialization, population growth, urbanization, deforestation and pollution 
over the past two centuries, have altered the planet’s environmental eco-system.
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Informally, it is referred to as the “era of the Anthropocene” in recognition of the 
role of human activity for the change. 

Though there are several greenhouse gases, e.g., carbon dioxide, methane, nitrous 
oxide and others, carbon dioxide is the most damaging since it is retained in the atmo-
sphere for over 100 years (Sachs 2015). Carbon dioxide (CO2) levels in the atmo-
sphere were first measured in Mauna Loa, Hawaii in 1958 and has since increased 
continually from 316 to 419 ppm in August 2022. 85.5% of global CO2 emissions 
are attributed to fossil fuels and industry (Simply 2022; NASA  2022). 

The sustained increase in the atmospheric concentration of carbon dioxide has 
led to a rise in average global temperature. Figure 11.2 plots this change relative to 
the 30-year baseline from 1951 to 1980. According to NASA’s Goddard Institute 
of Space Studies, as of August 2022, the average temperature rise is 1.01 C with 
the majority of the warming taking place after 1975. The global average surface 
temperature in 2016 and 2020 was tied as the hottest on record. 

Temperature increase has led to melting of ice sheets contributing to rising ocean 
levels. Since 1993 the average global ocean level rise is 101 ± 4 mm as of May 2022 
(NASA 2022) though local effects can be higher. This impacts coastal cities such as 
Miami FL where streets now routinely flood during “king” tide. 

Climate models available are used to predict the impact of climate change. In 
modeling the entire Earth is idealized as a 3-dimensional grid and supercomputers 
used to determine energy exchange due to dynamic motion in the vertical and hori-
zontal directions (Simply 2022). Unfortunately, the 100 km grid possible in modeling 
is too coarse to accurately predict climate change effects at the granular local level 
required for safe design, ASCE (2015). The absence of reliable predictions and the 
lack of historical data means that creative conceptual designs may be only means 
available for economically designing resilient infrastructure.

Fig. 11.2 Change in global surface temperature relative to 1951–1980 baseline (NASA 2022) 
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11.3.3 Urbanization 

The year 2008 marked a turning point because the urban population exceeded the rural 
population for the very first time. Whereas there were only two megacities (>10 m), 
Tokyo and New York in 1950, their number is currently over 30 and projected to 
exceed 40 by 2030 with the majority in the developing world (Sachs 2015; Simply  
2022). A high population density and a coastal location makes megacities extremely 
vulnerable to climate shocks as evidenced by the multi-billion dollar damage inflicted 
on New York by Hurricane Sandy (HUD 2013). 

Cities are engines of growth, occupying only three percent of the land surface yet 
contributing about 60% of the global GDP, McKinsey Global Institute (2011). In the 
aftermath of a disaster there is urgent need to quickly restore function to minimize 
economic loss. Delayed recovery can permanently impair competitive advantage. 
This was the case with Kobe, Japan which was, until the 1995 Great Hanshin Earth-
quake, the world’s busiest seaport. For this reason, the US Department of Transporta-
tion committed more than half of the $12.4 billion allocated for immediate repairs 
following hurricane Sandy, HUD (2013). Almost certainly, re-built structures were 
designed to prevailing standards. Though there was a ‘re-build by design component’ 
that took a holistic approach to making the entire region resilient, funding assigned 
for the six projects that were part of this effort was less than $1 billion, McKee 
(2014). 

11.3.4 Infrastructure Interdependency 

Infrastructure systems, whether privately owned such as utilities, or publicly owned 
such as highways, are characterized by interdependency, e.g., traffic signals require 
communication systems and electric power. Thus, disruption to one sector can have a 
cascading effect on multiple sectors, evident in the devastation following catastrophic 
natural events. 

Hurricane Sandy disrupted power generation impairing transportation, commu-
nications, water supply and sewage treatment sectors among others in northeastern 
US. The 2013 HUD Task Force report provides statistics on this impact: average 
commute time in Brooklyn doubled from 42 to 86 min, 100 million gallons of raw 
sewage were released into Hewlett Bay in 2 days, and 25% of cell sites in ten states 
were out of service (HUD 2013). A systems-based design can take interdependency 
into account. But this is an emerging research topic, e.g., NSF (2014), and it will 
be years before a systems design approach is feasible. In the interim re-built struc-
tures will continue to be designed at best, for the previous worst case scenario. An 
inevitable outcome is a decline in infrastructure resilience relative to the unknown 
impact of climate change.
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11.4 UN Action 

The stabilization and ultimately reduction in the atmospheric levels of GHG respon-
sible for temperature rise is a difficult, complex problem requiring political action 
and cooperation at the national and international level. For context, the US was only 
able to pass climate change legislation in August 2022 after decades of effort. The 
legislation includes financial incentives geared to accelerate innovation and influence 
consumer behavior that is expected to significantly reduce carbon emission by 2030. 

Serious attempts at the international level were first made at the UN sustainability 
conference in Rio (1992) and culminated in the historic 2015 Paris Agreement. Its 
goal was aspirational, to limit global temperature increase this century to “well below 
2 degrees, preferably 1.5 °C” above pre-industrial levels through reductions in GHG 
emission (UN Climate Change 2022). The international commitment to pursue this 
goal was made at the Glasgow Climate Pact in November 2021 (UN Climate Change 
2022). Relative to 2010, this targets a 45% reduction in carbon emission levels by 
2030 and net zero emission by 2050. 

11.5 Creative Design Examples 

Brief descriptions of a small sample of creative engineering solutions are presented. 
These are taken from disparate applications worldwide. More detailed information 
may be found in the relevant cited references. 

The examples highlight how innovative approaches can provide resilient solutions 
even when the scale and extent of an extreme event is unknown. A common thread in 
all the applications is avoidance of “complexity risk” that arises because of reliance 
on sophisticated controls geared for improving operational efficiency. These usually 
require power and telecommunication support that are non-existent during extreme 
events rendering them ineffective, Zolli and Healey (2013). 

11.5.1 Resilient Drinking Water Supply 

New York City gets its drinking water from 19 reservoirs and three controlled lakes 
spread across 518,000 ha (nearly 2,000 square miles) watershed north of the city. It 
is one of the few US cities where water is not filtered but disinfected using chlorine 
and UV light (NYC EPA 2021). 

At the turn of the twenty-first century, this watershed was threatened by contam-
ination caused by upstate farm run-off. City planners decided to solve this problem 
by offering financial incentives to stop activities that led to the contamination (Sachs 
2015) and focus instead on watershed management and protection. It opted to buy 
land around the 19 reservoirs and three controlled lakes making it unnecessary to
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construct a sophisticated electric-powered water filtration plant that would have cost 
about $8 billion to build and $300–400 million to operate annually, Sachs (2015), UN 
Habitat (2012). To ensure water of the highest quality was delivered to its millions 
of customers a comprehensive sampling and testing is in place deploying robotic 
stations where necessary. 

The resilience of New York City’s water supply was proven in the aftermath of 
Hurricane Sandy when there was loss of electric power. The city’s water distribution 
was unaffected because it is gravity fed and unfiltered. It is also economical; according 
to the 2021 report, the annual combined water and sewer charge for an average New 
York City household using 265,000 L (70,000 gallons) is $994 calculated at 2022 
fiscal rates. Of this the water component is $384 (NYC EPA 2021). 

11.5.2 Dual Use Structures 

To solve the twin problems of flash flooding and rush hour traffic, Kuala Lumpur 
designed a dual purpose storm water management and road tunnel system that was 
opened to traffic (2007). The tunnel cross-section has an upper channel for a freeway 
and a lower channel for diverting flood waters. Under normal operating conditions, 
the upper channel housing is open to motorists. For moderate storms, the upper 
channel is still available to motorists but floodwaters are diverted into the lower 
channel that drain into a reservoir. In the event storms are very severe, the tunnel is 
closed to motorists altogether and automatic water-tight gates are opened to allow 
floodwaters to pass through. 

The tunnel handles 30,000 cars per day and has been used 44 times to divert 
floodwaters, SMART (2022). Note that this design was feasible because of the avail-
ability of a reservoir in close proximity to the tunnel. In designing the system, it was 
assumed that flooding was inevitable and therefore the solution focused on rapidly 
restoring services necessitating allowing the tunnel to serve as a drain during severe 
flooding events. 

Similar dual concepts have been successfully used for other infrastructure, e.g., 
lower levels of multistory parking garages serving as temporary reservoirs to accom-
modate flood waters and ease street flooding. Rotterdam’s “water square”, is a public 
space that doubles up as a reservoir that can store up to two million liters of rain 
water run-off. This capacity prevents the sewer system from being overwhelmed and 
streets from being waterlogged in a heavily built-up urban area. 

11.5.3 Protecting Transportation Infrastructure 

Intense rainfall events lead to street flooding and the overflow can enter tunnels 
and subway stations creating havoc. This was the case with the Brooklyn Battery 
Tunnel whose entrances were unprotected. Flood waters from Hurricane Sandy
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caused significant damage to its lighting and ventilation systems. Watertight doors 
protecting the entrances to Houston’s underground tunnels connecting buildings that 
are part of the Medical complex prevented similar damage, Rosenthal (2012). The 
severe floods that submerged Bangkok in 2011 did not affect their Metro system 
because their entrances were designed to be at a higher elevation. These examples 
highlight how simple measures such as elevating entrances or providing watertight 
gates can greatly enhance urban transportation resilience for a relatively modest cost. 

11.5.4 Managing Highway Flooding 

The Danish National Road network constitutes 5% of all public roads but carries 
almost 50% of the country’s total traffic. Heavy rainfall over 2010–12 waterlogged 
sections of the highway necessitating extended road closure. 

The Danish authorities initiated a detailed hydrological analysis to identify 
optimal solutions. Stake holders were consulted and it was decided that the efficiency 
of the highway system would not be adversely impaired if flooded highways could be 
cleared within one hour (Danish Road Directorate 2013). Highway regions prone to 
flooding were identified and arrangements made to provide additional mobile pumps 
to complement those already in place to facilitate rapid removal of flood waters. 

Denmark controlled flooding using a three-pronged strategy (Fig. 11.3). Safety 
was addressed by teaming up with a company that could enforce road closures 
as needed. Users were kept informed on impending flooding and resulting traffic 
disruption. Improvements were undertaken during scheduled construction, e.g., when 
carriageways were widened to minimize cost. Additionally, research and devel-
opment measures were instituted to identify optimal short and long term flood 
prevention strategies. 

The most innovative action was the deployment of mobile pumps to minimize the 
impact of localized flooding rather than elevate the road or replace existing drainage 
pipes with ones having a greater capacity. The pumps used were carefully vetted 
to ensure they could operate optimally in extreme conditions. The positioning of

Fig. 11.3 Flooded Danish highway and three-prong strategy to minimize impact (Courtesy Danish 
Road Directorate) 
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the pumps was determined from hydrological studies to ensure the waters could be 
safely discharged without causing flooding elsewhere. This provided a cost effective 
solution without incurring large capital expenditures. 

11.5.5 Earthquake Mitigation 

The Alaska pipeline project was completed during 1974–1977. The 1.2 m pipeline 
transports crude oil from Prudhoe Bay in the Arctic Ocean to the ice-free Valdez 
Marine Terminal 1290 km away crossing the active Denali fault in its path. 

Nearly 25 years after its construction, a magnitude 7.9 earthquake struck in 
November 2002. The intensity of the shaking, shifted the pipeline 4.3 m horizontally 
and 0.76 m. vertically. It survived intact because it had been designed to withstand 
a magnitude 8.0 earthquake and accommodate a 6.1 m movement horizontally and 
1.52 m movement vertically. Over the fault zone, bends were deliberately introduced 
to limit the displacements the pipe segment would encounter. The movement itself 
was accommodated by supporting the pipe on Teflon shoes that were free to slide on 
the sloping steel beams placed in the transverse direction (Fig. 11.4). This creative 
design solution only added about $3 million to the original cost, US Geological 
Survey (2022).

This application exemplifies a highly creative, cost effective engineering solution 
for a critically important pipeline at a vulnerable location. It illustrates the effec-
tiveness of gravity based solutions (both horizontal and vertical movements were 
accommodated because steel beams were placed at a slope), system was passive 
(no power was needed because the Teflon shoes minimized friction allowing the 
supports to move freely even when there was some snow on the ground at the time 
of the earthquake) complemented by superb analysis that accurately predicted the 
expected movement. 

The financial implications of an oil-spill at an environmentally fragile location 
meant that many safeguards were in place to limit the extent of any spillage and 
also to continuously monitor performance so that necessary action could be speedily 
undertaken. Such careful maintenance undoubtedly allowed the pipeline to displace 
in the manner envisaged by its designers 25 years earlier. 

11.6 Resilience Enhancing Policies 

Codes have traditionally provided a framework for safe, durable and resilient infras-
tructure design. To this end, the American Society of Civil Engineers issued a white 
paper on climate adaptation in 2015. However, uncertainty associated with predic-
tions about future climate change effects led to guarded recommendations such as: 
use engineering judgment, low-regret adaptive strategies (regret is the difference 
between a plan pay-off and the best performing plan under the same scenario) and
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Fig. 11.4 Alaska pipeline crossing at Denali Fault (Source US Geological Survey)

engineering economic analysis, ASCE (2015). Examples of policies enhancing urban 
resilience found in the literature fall under two broad categories: policies that increase 
resilience through retrofit or insurance coverage and those that employ “low regret” 
adaptive strategies to mitigate the effect of climate change. 

The US government’s accountability office reported that in Berkeley CA it is 
mandated that a portion of the taxes resulting from a real estate transaction be made 
available to the buyer provided seismic retrofitting of a home is completed within a 
year of purchase. This program has had an 80–90% participation rate (GAO 2014). 
But, overall participation for insuring homes against earthquakes in CA is estimated 
to be only ten percent, WSJ (2015), possibly because the deductible is a very high 
15%. 

France has a nationwide catastrophic insurance program whose premium is paid 
for as an add-on to home insurance, Dumitrescu (2010). The flat-rate premium set 
by the state and collected by private insurance industry covers all homeowners of 
any risk exposure regardless of location. 

The flood management strategies used in Denmark and Malaysia are examples 
of “low regret” adaptive strategies. Rather than incur heavy capital expenditure by 
installing large diameter drainage pipes to prevent flooding, dual use tunnels and 
mobile pumps provided solutions that adequately met the community’s needs.
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11.7 Concluding Remarks 

The role of good design is rarely celebrated and their existence remains invisible. In 
contrast, poor design is given wide publicity, e.g., heavy key rings that accidentally 
switched off automobile engines and disabled airbags. This paper presents examples 
of creative designs that minimized the impact of extreme effects ensuring a rapid 
return to normalcy. Awareness of the novel concepts embodied in the design and the 
underlying supportive policies will allow other communities to use them effectively. 

Climate change effects are long lasting because carbon dioxide is retained in the 
atmosphere for over 100 years. The venture capitalist John Doerr has developed a 
detailed action plan to meet UN emission targets (Doerr 2021). His calculations show 
that attaining net zero emissions at the global scale will require annual investments 
of up to $1.7 trillion for the next 20 years or more. It will also require life style 
changes for reasons eloquently stated by the writer Ghosh (2016) who observed 
“… the patterns of life that modernity engenders can only be practiced by a small 
minority of the world’s population… not because of technical or economic limitations 
but because humanity would asphyxiate in the process”. 
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Chapter 12 
Punching Shear Strength 
of FRP-Reinforced-Concrete Using 
a Machine Learning Model 

Nermin M. Salem and Ahmed F. Deifalla 

Abstract The aim of this research is to investigate the strength behavior of 
Fiber reinforced polymers (FRP) - Reinforced-concrete using supervised Machine 
Learning (ML) techniques. Based on previous studies by the authors, two machine 
learning modes were found to be the most effective in terms of accuracy and consis-
tency, namely, the ensembled boosted regression model and the medium Gaussian 
SVM. The ensembled boosted model showed the most accurate predictions. To assess 
the performance of the two suggested ML models: the 15-held-out validation method 
and statistical analysis techniques including metrics such as the coefficient of vari-
ation (R2), mean absolute error (MAE), and root mean square error (RMSE) are 
used. The ensembled boosted ML model demonstrated the most accurate predic-
tions, achieving R2 = 0.97, MAE = 43.352, and least RMSE = 71.963. Also, the 
variation of strength versus effective parameters was captured and discussed. 

Keywords FRP · Strengthening · Torsion · ML 

12.1 Introduction 

Fiber-reinforced polymer (FRP) had been utilized in the construction industry, while 
showing success due to its interesting characteristics, especially, being highly resis-
tant to corrosion (Alkhatib and Deifalla 2022a, 2022b; Deifalla 2022, 2021a, 2021; 
Deifalla et al. 2021; Ebid and Deifalla 2021; Ali et al. 2021). In addition, punching 
shear of concrete elements is an area of many unsolved mysteries, thus, a need for
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further digging is a mandate (Deifalla 2020, 2020b; ElMeligy et al. 2017; Hassan 
and Deifalla 2015). 

Artificial Intelligence (AI) and Machine Learning (ML) algorithms have gained 
a lot of attention recently due to their significantly superior more accurate results in 
many applications such as (Salem et al. 2020, 2019, 2018; Salem 2021; Salem and 
Deifalla 2022; Deifalla and Salem 2022) and in solving complex structural problems 
(Badra et al. 2022; Li et al.  2022; Khan et al. 2022; Shen et al. 2022; Ebid and 
Deifalla 2022). There are various ML techniques that showed very good potential in 
solving such a complex problem and producing accurate prediction results such as 
ensembled trees, decision trees, gene expression programming and artificial neural 
networks, and support vector machines. 

The idea of ML techniques is the employment of pattern recognition methodolo-
gies using datasets and statistical analysis. The focal point is to extract the required 
data from the used dataset in training in order to produce and obtain various relations 
which simplify the complex patterns found in the original dataset. 

This paper aims to evaluate the two best models from our research papers, (Salem 
and Deifalla 2022; Badra et al. 2022). Model development was briefly described and 
evaluated. An additional parametric study was conducted using the predictions of 
the suggested ML models. Concluding remarks were delineated and discussed. 

12.2 Machine Learning Model 

To develop and analysis the two models, a dataset composed of 189 records from 
experimental studies was used in training and testing (Salem and Deifalla 2022; 
Badra et al. 2022). The model had been trained using 80% of the dataset with holdout 
validation of 15% and testing with the remaining of 20%. The training of our model 
consists of main four sub-processes: 

• The dataset had been divided into two main sets: training and testing. 
• ML methodologies are applied on the training set with holdout validation. 
• Evaluate the accuracy of the trained model. 
• Predict the final output. 

12.2.1 Support Vector Machine (SVM) Model 

SVM is a supervised machine learning technique that has been employed for both 
classification and regression problems. This technique is used in solving and gener-
alizing problems such as high input dimensional space, small datasets, and non-
linearity problems. SVM techniques can have the ability to transform the input data 
into a higher dimensional vector via a non-linear transformation using an inner 
product function (Badra et al. 2022). The model first maps the input data into an 
n-dimensional space function followed by a non-linear kernel function to improve
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the difference in the original input data. The goal is to find the function F(wi, yi) 
that has the maximum derivation ε of the real output yi for all samples in the training 
set. the linear regression function F(w, y) could be defined as: 

F(wi, yi) = 
n∑

i=1 

wiHi(y) + b (12.1) 

where, wi is the vector transformation weight, Hi(y) is the non-linear space and b is 
the bias. The loss function between the actual output x and the model output F(w, y) 
could be defined by: 

L =
{

0 if |x − F(w, y)| ≤ ε 
|x − F(w, y)| otherwise 

(12.2) 

the final computed function is defined by: 

F(y) = 
n∑

i=1 

σiK
(
Y, yi

) + b (12.3) 

where, σi is LaGrange multiplier, K(Y , yi) b is the bias and n is the number of support 
vectors. 

There are several kernel types used for SVM such as linear, quadratic, cubic, fine, 
medium, and coarse SVMs. In this research, the medium Gaussian kernel is used as 
in Badra et al. (2022). 

12.2.2 Ensemble Boosted Machine 

The ensemble technique is used for enhancing the prediction accuracy by computing 
several separate, weak models and then merging them by averaging and voting tech-
niques to obtain a single powerful model. Ensemble tree has two main techniques; 
boosted and bagged. The study will concentrate on the boosted algorithm as it showed 
the most accurate results for the used dataset (Salem and Deifalla 2022). In the 
boosted algorithm, several cumulative models are produced, and many components 
are made to have higher accuracy than single models. Afterward, all sub-models are 
augmented based on a weighted average technique into one final single model.
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12.2.3 Results and Discussions 

The two ML models were tested using the testing set, i.e., the model was not trained 
using this part of the dataset, composed of 20% of the experimental dataset. To guar-
antee that there is no overfitting potential: (1) Random splitting of the dataset among 
training and testing sets with the defined percentage; (2) evaluation performance on 
the test set. 

In assessing the effectiveness of our proposed models, three statistical measures 
were employed for the randomly selected testing set: coefficient of determination 
(R2), mean square error (MAE), and the root mean square error (RMSE). These 
three statistical measures are computed as: 

R2 = 1 −
∑m 

i=1 (Zp − Zo)2∑m 
i=1 Zo − 1 m

∑m 
i=1 Zo 

(12.4) 

MAE = 
1 

m 

m∑

i=1

||Zp − Zo
|| (12.5) 

RMSE =
┌||| 1 

m 

m∑

i=1 

(Zp − Zo)2 (12.6) 

where, Zp is the model output and Zo is the actual output. 
The boosted ensemble model produced the highest R2, lowest MAE and RMSE 

with values of 0.97, 43.452, and 71.963, respectively. While medium gaussian SVM 
scored 0.69, 116.613, and 245.066, respectively for the testing set. Results are 
summarized in Table 12.1. Both RMSE and MAE are measured in KN. 

Although Medium Gaussian SVM showed promising statistical results in the 
training phase, in the testing phase, it couldn’t keep the same good results. this could 
be justified by the following reasons:

• SVM algorithms work by classifying data points, any other points below or above 
them, the model will not be able to give a reasonable predicted value. 

• These algorithms also may not work well in case the number of features of each 
data point outnumbers the training samples.

Table 12.1 Metrics results 

R2 RMSE MAE Training 
time 

Models Training Testing Training Testing Training Testing (seconds) 

Medium 
gaussian 

0.96 0.69 57.815 236.587 46.092 109.372 1.4165 

Boosted 0.98 0.97 44.12 71.963 35.95 43.452 1.1991 
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Fig. 12.1 Models predictions 

• Also, it may not be suitable for large datasets. 

Therefore, Boosted Ensemble ML technique could easily adapt to a large dataset, 
such as the one used in our research, and maintain the same accurate results 
predictions in both training and testing phases. 

The two suggested models were trained using MATLAB 2022a with the Statistical 
and Machine learning toolbox. The training and testing were conducted on an Intel(R) 
Core (TM) i5-7200U CPU @ 2.50 GHz equipped with 16 GB RAM. 

Figure 12.1 illustrates the predictions generated from the two suggested models, 
respectively, and the actual output from the employed testing set. Ideally, all predic-
tion points would be exactly located on the diagonal line and any divergence or devi-
ation between the predicted data points and the diagonal line indicated the prediction 
error. 

12.3 Effect of Various Parameters on Punching Shear 
Strength of FRP-Reinforced Concrete Elements 

Figure 12.2 shows a parametric study for the strength calculated using the two 
proposed models versus the values of the effective parameters including the size, the 
concrete compressive strength, the flexure reinforcement ratio, and the FRP modulus 
of elasticity.

12.3.1 Versus Size 

From Fig. 12.2, the impact of the size was captured by the proposed models, showing 
the presence of two nonlinear folds occurring at the effective depth of value 200
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Fig. 12.2 Strength versus selected effective parameters (modulus of elasticity (E) of 80,000 MPa, 
effective depth (d) set as 150 mm, concrete compressive strength (f

'
c) of 30 MPa, flexure 

reinforcement ratio (ρ) at 1%, and column dimensions (C) set to 100 mm.)

mm. Prior to this effective depth, the strength increased with the increase of the 
size. Conversely, after the effective depth value exceeded 200 mm, the strength is 
significantly decreased with the deeper depth (i.e., size effect). However, the Boasted 
model displays a gentler less gradient of decrease after the 200 mm value compared 
to the SVM model. 

12.3.2 Versus Flexure Reinforcement Ratio 

Although methods have proposed a cubic root or a square root relation between 
strength and flexure reinforcement ratio, the data depicted in Fig. 12.2 shows that the 
strength computed using the proposed model shows a constant pattern without any 
variation of strength versus the flexure reinforcement ratio. This is attributed to the 
fact that the transversal resistance of FRP reinforcements is much lower than that of 
steel reinforcement. Thus, diminishing the dowel action component. 

12.3.3 Versus Concrete Compressive Strength 

Although methods have proposed a cubic root or a square root relation between 
strength and concrete compressive strength. From Fig. 12.2, the strength was
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computed from the data of the proposed model showed a completely different 
variation versus the concrete compressive strength. 

12.3.4 Versus Modulus of Elasticity 

Although methods have proposed a cubic root or a square root relation between 
strength and modulus of elasticity. From Fig. 12.2, the strength calculated using the 
proposed model showed three-fold variation versus the value of modulus of elasticity. 
Small variation up to modulus of elasticity value of 80 GPa, followed by an increase 
in the strength versus the value of modulus of elasticity up to 160. Then, almost no 
change up to 210 GPa value for modulus of elasticity. 

12.4 Summary and Conclusions 

For concrete FRP-Reinforced-Concrete elements, two models were suggested and 
integrated into a parametric study aiming at assessing the impact of various 
parameters on the strength. The following findings are summarized as follows: 

• The boosted model showed more accurate and consistent performance compared 
to the SVM model. 

• The size effect was clearly identified at a value of 200 mm by both models, while 
the boosted model offered a more refined distinction. 

• No variation of strength versus the flexure reinforcement ratio was confirmed by 
either models. This is because the transversal resistance of FRP reinforcements 
is much lower than that of steel reinforcement. Thus, resulting in a lower dowel 
action component. 

• The strength calculated using the proposed models did not show the traditional 
cubic root or a square root relation with the concrete compressive strength, 
however, they showed a completely distinctive variation with respect to the 
concrete compressive strength. 

• The strength calculated using the suggested models also did not show the tradi-
tional cubic root or a square root relation with the modulus of elasticity, however, 
they showed a three-fold variation versus the value of modulus of elasticity. Small 
variation up to modulus of elasticity value of 80 GPa, followed by an increase in 
the strength versus the value of modulus of elasticity up to 160 GPa. Then, almost 
no change up to 210 GPa value for modulus of elasticity.
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Chapter 13 
Structural Collapse Visualization Using 
Blender and BCB 

Ridwan Adebayo Bello, Murat Günaydin, and Ahmet Can Altunişik 

Abstract In recent years, unfavourable actions such as excessive deflection, uneven 
settling of the soil beneath foundations, structural loads, deterioration of materials, 
poor maintenance, landslides, deficiency in the initial builder’s structural knowledge, 
flood, earthquake and explosive blast have led to the collapse of structures and loss 
of human life. It has often been reported that these events do not kill people but 
rather the affected structures do. Hence, the collapse of engineering structures is 
a contemporary and critical topic all over the world. However, to simulate these 
phenomena, a great number of input data and failure criterion definitions are required 
which have an elaborated form owing to the interaction between several elements 
of engineering structure. Also, the computational cost is relatively high and time-
consuming. Hence the justification for an alternative simplified method using Blender 
software and Bullet Constraints Builder (BCB). Blender software and BCB add-
on work in harmony to simulate collapse scenarios. Blender and BCB averaged a 
large number of structural features in simplified engineering formulas. Consequently, 
the time it takes to develop an executable simulation model is much reduced with 
approximately the same accuracy and debris formation. The debris formulation of 
the simplified method could be used to trace victims in the event of a collapse in 
reality. This study aims to review the alternative simplified method that could be 
used for visualizing collapse. The review is supported by masonry structure as a case 
study. 
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13.1 Introduction 

Structures are safely designed based on an accurate understanding of their collapse 
condition. The knowledge of ductility is relied upon in the design of a modern struc-
ture to signal looming collapse. Also, in the occurrence of overloading, the ductility 
property enables the absorption of energy. With this in mind, engineers can design and 
analyze the safety of reinforced concrete and steel structures with confidence in their 
failure mechanisms. Although structural collapse could be attributed to unfavourable 
actions such as excessive deflection, uneven settling of the soil beneath founda-
tions, structural loads, deterioration of materials, poor maintenance and deficiency 
in the initial builder’s structural knowledge. The Tower of Pisa with the Mexico City 
Cathedral are famous instances of masonry structures at the risk owing to soil settle-
ments, whereas the Cathedral of Pavia and the Cathedral of Florence are examples 
of masonry monuments at risk due to a lack of structural design (Roca et al. 1998). 
By far, the most common cause of the structural collapse is an earthquake. Yet the 
multitude of structures that are to this day in operation are built with little or no regard 
for earthquake action. This was evident about 20 years after the Erzurum Earthquake, 
the 7.6 magnitude Izmit Earthquake (otherwise known as the Kocaeli earthquake) 
shocked Turkey again with over 300,000 homes reported as either damaged, partially 
or totally collapsed resulting in the death of over 17,480 people (Reilinger et al. 2000). 

As a direct consequence of this fact, the problem of designed constructions 
collapsing is one that is of the utmost significance in the modern world. Several 
scholars have great done great work regarding this contemporary subject. The 
collapse mechanism of masonry structures when subjected to seismic actions was 
studied by Tamaam Bakeer (Bakeer 2009). The research entails the creation of numer-
ical tools to recreate the real behaviour of masonry from the point of linear elasticity 
to the progression of damage till the collapse. The numerical models were created 
with an open-source programme called LsDyna. Dolatshahi and Aref (Dolatshahi 
and Aref 2015) proposed a constitutive material model that is compatible with 
commercially available finite element software such as ABAQUS, TNO DIANA, 
and LS-DYNA and is based on both implicit and explicit formulations. Seyedrezai 
(Seyedrezai 2011) utilised the commercially available FE programme LS-DYNA to 
simulate the collapse behaviour of unreinforced, one-way arching walls under blast 
stress. Oliveira (Oliveira 2003) made it a point to clarify the responses of masonry 
buildings to cyclic loads. A constitutive model was suggested and implemented in a 
prototype version of the DIANA finite element code. Unfortunately, because of the 
intricate nature of the interactions between the numerous engineering structures, the 
simulation of such events requires a huge quantity of input data as well as failure 
criterion definitions. The amount of time it takes to accomplish the work in addition 
to the expense of the computations is considerable. However, the use of Blender 
and BCB eliminates difficulties relating to high computational requirements. Also, 
it requires a little description of the structures making it user-friendly as well as less 
time consuming.
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13.2 Blender and BCB 

With Bullet Constraint Builder (BCB) is a simulation add-on tool that is based on 
the Discrete Element Method (DEM) in a broader term. It enables the simulation 
of collapse scenarios using the freely available software Bullet Physics engine and 
Blender. The software package is made up of three program modules that work in 
harmony. Each software unit is released under an open-source license, allowing third-
party programmers to use and alter the source code (Ghezelbash et al. 2020). This 
collaborative effort enables continuing quality assurance cross-check and consistent 
software enhancements. The Components of the program include:

• Bullet Physics Engine (Failed 2017)
• Blender (Couman 2021)
• The BCB script (T. B. institute 2021) 

DEM predicts how deformable and/or rigid moving objects interact. Newton’s 
motion theories specify object trajectories and routes. DEM may be employed when 
several objects interact and frictional, electromagnetic, and cohesive forces can 
be used. DEM simulates building collapse by automatically creating a model and 
reducing simulation time. DEM is used to design agricultural equipment that can 
handle bulk materials like seeds and grains and to analyse the viscosity and geome-
chanics of gravel and sand in soil processing (LUAS 2021; Roessler et al. 2019; 
Hustrulid and Graham 1996). DEMs are used as methods in “Interactive Rigid Body 
Dynamics.” It allows easy user-simulation interaction and “real-time” outcomes. 
Speed is more important than accuracy (Clearly 1998). 

13.2.1 The Benefits and Drawbacks in Terms of Collapse 
Simulations 

The Rigid Body Dynamic (RBD) simulation approach offers several advantages over 
continuum approaches, which estimate each element’s material behaviour. Since 
only rigid bodies are addressed and they mostly relate using Newton’s equations, 
the numerical effort to define and analyse the problem is reduced. The RBD is a fast 
approach that may be used in real-time. 

A huge number of structural characteristics are averaged in engineering calcula-
tions, and the geometry is approximated coarsely. Thus, developing an executable 
simulation model is faster. These gains come with the caveat that ongoing defor-
mations within bodies can only be observed as a relative distance change. Along 
with a coarsely discretized structure, this lowers accuracy. Not paying attention to 
structure is undesirable. The governing equations apply the physics of structural 
dynamic behaviour to discrete objects alone. They’re not applicable to the continuum 
in collapse conditions. Bakeer (Seyedrezai 2011) has described successful efforts to 
utilise RBD to model and simulate masonry construction collapse.
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The RBD is a good choice for brick constructions, which have a grid of regular 
blocks and fail at the mortar joints. Mortar characteristics can be used in force 
modelling. The same is true for reinforced concrete constructions when numerical 
and structural parts lose their link. All approaches of this type require to modify the 
main algorithm. In the utilized application, the physics engine’s existing capabilities 
were explored. So, the limitations between dissolved items are evaluated after a 
certain level. They are used in addition to physical threshold knowledge. 

13.2.2 Bullet Physics Engine 

Physics Engine (commercial or open-source) implements DEM and RBD. It solves 
the discrete-time model. It simulates physical and mechanical processes to deliver 
realistic game experiences. Physics engines employ a variety of ways to simulate 
physical processes in games, such as stiff bodies (like rocks and dirt), soft bodies 
(like clothes), fluids (like water), and their interactions. PhysX can simulate realistic 
particles (Mirinavičius et al. 2010). It’s used to produce physics-based visual effects 
and animations in movies. NASA’s tensegrity robotics simulator (He et al. 2019) and 
BBZ medical technologies’ robotic surgical simulation (National Aeronautics and 
Space Administration 2022) use its application. 

13.2.3 Blender Softwares 

Blender is a free 3D modelling programme that allows user interactivity. It’s related 
to the physics engine and allows modelling and simulation visualisation. It was 
NeoGeo’s 1995 proprietary application. This programme has gained game logic, 
real-time physics simulation, powerful texture mapping, video editing, route tracing 
rendering, sculpting, and animation capabilities. Blender’s functionality is regularly 
improved by programmers and users. Blender allows interactive "walkthroughs" of 
simulation results with lighting, texturing, and realistic shading. It covers cavity 
identification and victim tracing in a collapse situation. Custom extensions can be 
utilised using a Python script interface. 

13.2.4 BCB 

RBD was created to imitate moving things. Rigid bodies must be linked to 
show building members. Because rigid bodies don’t include material behaviour, 
components must be connected by constraints to define the material’s strength. 
BCB enhances Blender’s Bullet physics. It combines discrete rigid entities with 
advanced constraint arrangements to simulate complex collapses by considering
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the materials’ mechanical characteristics. The BCB’s fundamental principles are as 
follows: Multiple Constraints, Precise Placement of Constraints and Calculation of 
Admissible Forces. 

13.2.5 Fracture Modifier 

The DEM approach aims to solve “real-time” simulation challenges quickly. Despite 
using RBD, which reduces computation time, Blender’s current simulations fall short. 
The Northridge earthquake model with 625 simulation frames took 13,620 seconds 
to bake (actual simulation time) (almost four hours). Discretized models and their 
restrictions clutter Blender scenes, making them difficult to handle. Blender’s object 
management performance diminishes as the scene’s object count rises. Cameras, 
lighting, limitations, and rigid bodies are examples of Blender objects. Fracture 
Modifier (FM) is a custom-made Blender mode. 

13.3 Collapse Visualization and Conclusion 

For this study, a half-scaled masonry structure was utilized. The half-scale masonry 
model is made from perforated engineering brick. Brick measures 102 mm, 215 
mm, and 65 mm. Figure 13.1 shows the masonry model with unit geometry. The 
Turkish Building Earthquake Code (2019) requires that 23% of bricks be hollow. 
Construction used stretcher bond with toothing texture. The mortar is 7.5 mm thick 
and 1:3. (cement: sand). 1800 mm square and 1600 mm height. The north and south 
masonry apertures have RC supports. The South door measures 100 mm × 45 mm. 
From the first block, it’s 65 mm above the notch. The north window is 55 mm by 45 
mm. The opening supports are 650 mm long, 75 mm tall, and 8 mm thick. Overhead 
was an 1800 mm RC square slab. It’s 100 mm thick 25-grade concrete reinforced 
in both directions with 8 mm steel. Masonry was built on RC squares. 35-grade 
concrete with 14 mm rebar is used for the base. The base is 2100 × 200 mm. Bricks 
at a building’s base slip, shear, or bounce away. To avoid this, the base has a 100 
mm wide, 30 mm deep slot for brickwork (Figs. 13.2, 13.3, 13.4, 13.5, 13.6 and 
Table 13.1).

The structure was modelled using mesh cubes and rigidity was enabled during 
the preprocessing of the model. However, BCB uses a “convex hull” as a standard 
collision shape for all elements which does not allow for concave shapes like the notch 
presented in the base. Hence, the base was split into blocks so that every sub-element 
is convex and can easily be discretized. This topology modification was necessary 
to avoid problems with the shape collision. Also scaling of objects (Ctrl + A) was 
applied since Boolean operations in the preprocessing stage work better when the 
scaling is unity. The ground motion was added as a “.csv” file in the preprocessing
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Fig. 13.1 The masonry model utilized as a case study 

Fig. 13.2 An illustration of Visual Simulation in comparison to Experiment result-1

stage. To reduce the computational time the FM version of the blender was used for 
the simulation (Ghezelbash et al. 2020; T. B. institute 2021; Wikipedia xxxx). 

The proposed DEM system cannot visualise internal forces because Blender’s 
Python API links add-ons like BCB to core Blender functionalities and data. Hence, 
there’s no way to access the Bullet engine’s simulation forces directly. Conversely, 
the displacements of neighbouring rigid bodies caused by these forces may be exam-
ined by using a python script. Blender’s deformation visualizer v1.10 python script 
(written by Kai Kostack) generates element displacements relative to start frame 
coordinates. It is important to note that displacement values aren’t accessible due 
to the aforementioned reasons, and hence could only be visualized using the defor-
mation visualizer. Bodies with low relative displacements are represented with blue 
colours, whereas those with high displacements are represented in red. Figure 13.7 
shows the model’s relative displacement.
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Fig. 13.3 An illustration of Visual Simulation in comparison to Experiment result-2 

Fig. 13.4 An illustration of Visual Simulation in comparison to Experiment result-3 

Fig. 13.5 An illustration of Visual Simulation in comparison to Experiment result-4
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Fig. 13.6 An illustration of Visual Simulation in comparison to Experiment result-5 

Table 13.1 Values used for 
analysis Parameter Unit Value 

Discretization Size m 0.3 

Connection Type – 15 

Compressive N/mm2 10 

Tensile N/mm2 0.1 

Shear N/mm2 0.1 + abs (1.85 − z) × 0.1 
Bend N/mm2 0.1 

Density kg/m3 1800

Fig. 13.7 A visualization of the relative displacement 

13.4 Conclusion 

The primary goal of the method presented in this study is to provide a visual repre-
sentation of the effects of the EQ on the structure. This method not only allows 
us to recreate past earthquakes but also to foresee the devastating effects of quakes 
yet to come. Using the methods outlined in this study, one may visualise the struc-
tural behaviour in advance of seismic movements. The simulation was carried out by
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subjecting a half-scale model of the stone building to escalating seismic activity until 
it collapsed, and it was found to be both realistic and effective. The damage pattern 
seems to be a perfect match, although the debris formation slightly differs. For this 
reason, this method may help engineers make better decisions on reinforcement and 
retrofitting. This approach might potentially be expanded to landslide effects on engi-
neering structure as well as explosion analysis for investigation of various risk/threat 
situations (although not explored within the scope of this paper). Important factors 
like Elasticity modulus, Poisson ratio, Shell object, etc. should be incorporated into 
the streamlined programme to maximise its exploitation for structural application. 
The relative displacement visualisation python script also needs an update to allow for 
the extraction of displacement data, which will be further extended to the extraction 
of force and stress values. 
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Chapter 14 
FRP-RC Slabs Under Punching Shear: 
Assessment of Existing Models 

Maged Tawfik, Taha Ibrahim, Mahmood Ahmad, Ahmed F. Deifalla , 
Ahmed Awad, and Amr El-Said 

Abstract The purpose of this study is to examine the punching shear behavior of 
concrete slabs reinforced with FRP. We compared and quickly described 21 strength 
models. In addition, based on overall performance, strength models were contrasted 
with one another in terms of the experimentally observed strength. Conclusions were 
made and discussed, which may help future design codes evolve more effectively, It 
was decided where to focus future studies. This might aid in the development of future 
design codes. The ACI is the least realize model, although taking into account the 
effects of size, dowel action, depth-to-control perimeter ratio, concrete compressive 
strength, and shear span-to-depth ratio. 
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14.1 Introduction 

Figure 14.1 depicts the victims of a parking garage collapse in 2021 that happened 
unexpectedly on a playground in Spain. Additionally, much of the reinforced concrete 
(RC) slab Punching shear design is empirical or semi-empirical. As a result, extensive 
research is being conducted to better understand the punching shear. However, the 
process of the slabs’ punching shear is intricate, making further research into it neces-
sary (Deifalla 2020, 2021a, b; FIB  2007). The following list of resistance mechanisms 
makes up the punching shear resistance of concrete slabs lacking shear reinforce-
ments: Flexural reinforcements, aggregate, and uncracked concrete are resisting the 
shear in different ways. Flexural reinforcements resist the shear by dowels shear, 
aggregate resist the shear across the sides of diagonal concrete cracks through the 
aggregate interlock, and uncracked concrete resists the shear through direct shear 
(Yooprasertchai et al. 2021a, b; Wu et al.  2022; Bywalski et al. 2020). 

Fiber-reinforced polymer (FRP) reinforcements are frequently used in place of 
traditional reinforcement in concrete slabs to prevent corrosion issues (Ebid and 
Deifalla 2021). FRP reinforcements also offer a good strength-to-weight ratio and 
are magnetically neutral. As a result, it is the greatest option for structures exposed 
to harsh weather factors, including freeze thaw cycles, deicing salts, and wet dry 
cycles. Numerous researchers have examined, mostly through experimental studies, 
the behavior of brand-new and preexisting beams and slabs reinforced with FRP 
bars or textiles under one-way and punching shear as well as torsion (Ali et al. 
2021; Hassan and Deifalla 2015; Deifalla 2015; Deifalla et al. 2014, 2015). Punching

Fig. 14.1 Parking garage atop a playground collapsed (Deifalla 2022) 
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shearing of concrete FRP reinforcements was the subject of several research projects, 
but very few mechanical models were created for this situation (Wu et al. 2022). 
Because the FRP failure is brittle, the fissures in FRP-reinforced concrete are larger 
before failure than in traditional RC (Elmeligy et al. 2017; Failed 2021), or (Deifalla 
et al. 2021). Wider fractures have a considerable impact on the different punching 
shear strength processes. 

The early 1960s ideas served as the foundation for the conventional punching shear 
design formulae for RC slabs. These models were based on time tested specimens, but 
extensive testing over the last few decades has shown various flaws in this approach, 
including, and not limited to the effect of size and the models’ extreme lack of 
conservatism in many circumstances (Shen et al. 2022). Because of this, there is 
opportunity for advancements in the punching shear design models, which could aid 
in design code development (Kuchma et al. 2019; Collins 2001). 

In this work, the punching shear strength of concrete slabs reinforced with FRP 
will be evaluated using the methods currently in use. The punching shear strength of 
FRP-reinforced concrete slabs was reviewed using the most recent design regulations, 
manuals, and models. A detailed analysis of slabs made of FRP reinforced concrete 
that were subjected to two way load during experimental testing. The strength esti-
mated using each model is contrasted with the strength determined through testing. 
There was a discussion and sketch of the closing comments. 

14.2 Simplified Strength Models 

Several streamlined strength models have been put up for the Punching shear strength 
of FRP and RC slabs, either via adaptations for ordinary concrete slabs or empirical 
based on scant tested data. The North American design codes’ punching shear design 
requirements ignored the impact of flexure reinforcement on strength. They concen-
trated on the compression zone’s direct shear resistance. This could make sense for 
traditional steel reinforcements that are substantially stiffer than FRP ones. There-
fore, the Punching shear strength is governed by the direct shear component. Dowel 
motion, however, could be a bigger contributor to the strength because the FRP is 
substantially less rigid than the steel one. In this section, many models’ specifics and 
histories are detailed. 

V is the failure load for punching shears. E Is the modulus of elasticity for FRP. 
Effective depth is d. Compressive strength of concrete is f

′
c . The dimensions of 

the slab are A and B, the dimensions of column are c, b, and the ratio of flexure 
reinforcement is ρ. The modulus of elasticity of the steel is Es . The control perimeter 
at 0. 5d, denoted as b0.5d , is equal to 2(b + c + 2d). The control perimeter at 1. 5d, 
denoted as b1.5d , is equal to 2(b + c + 6d). The control perimeter at b2.0d , denoted 
by the symbol 2.0d, is equal to 2(b + c + 8d). 

The models included the following: Gardner (1990), JSCE (1997), El-Ghandour 
et al. (2003); Mattys and Taerwe (2000), Ospina et al. (2003), Zaghloul and Razaqpur 
(2003), Jacbson et al. (2005), ACI (2015), El-Gamal et al. (2005); Zhang (2006a, b);
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Theodorkopoulos and Swamy (2007), CSA-S806-12 (2012), Nguyen and Rovnak 
(2013), Hassan et al. (2017), Kara and Sinani (2017), Oller et al. (2018), CCCM 
(Kara and Sinani 2017), Hemzah et al. (2019), El-Gendy and El-Salakawy (2020), 
Ju et al. (2021), Alrudaini (2022). 

Table 14.1 compares the different design models, and it is evident that there 
is no consensus among researchers on the factors that should be considered and the 
approach to do so. The impact of compressive strength of concrete in terms of

(
f

′
c

)1/3 

or
(
f

′
c

)1/2 
was considered in all design methodologies. For flexure reinforcement, 

the majority of systems used a dowel action.
It was seen as (ρ)1/3 or (ρ)1/2 . In terms of modulus of elas-

ticity, which was regarded as (E)1/3 , or  (E)1/2 . More than half of the 
approaches contained the FRP type. In terms of the size effect, almost 
half the ways (1/d)1/4 , (1/d)1/5 , (1/d)1/2 , or 2 √

1+d/200 
. included the ratio 

of (0.44 + 20.8d/b0.5d ), (1 + 8d/b0.5d ), (0.19 + 4d/b0.5d ), (0.65 + 4d/b0.5d ), 
(1 + 8d/b0.5d ), (0.65 + 4d/b0.5d ), (d/b0.5d )

1/2 , or  (d/b0.5d )
1/5 . between the critical 

perimeter and depth, the compression zone and the shear span to depth ratio were 
two highly restricted models. 

14.3 Tested Database Profile 

Punching shear has caused a considerable number of experimentally tested specimens 
to fail during the past 30 years. the largest experimental database in comparison to 
earlier research (Deifalla 2022; Marí et al.  2015; El-Gendy and El-Salakawy 2020; 
Alrudaini 2022). 248 slabs reinforcement with FRP in all were gathered from 50 
distinct research trials. All the grouping slabs were loaded with punching shear, and 
they all abruptly failed. The database’s specifics are covered in other publications. 
Although FRP reinforcements can take various forms and arrangements, these differ-
ences were considered in terms of ρ and E . All variables are regularly distributed and 
have a large range of values. Table 14.2 shows RC slabs with FRP reinforcements 
under two way shear loads for experimental database. The tested column and slab 
connections’ frequencies and ranges when using FRP is shown Fig. 14.2.

14.4 Evaluation of Chosen Models 

The strength of the slab-column connection in the experimental data base was calcu-
lated using all the gathered models. The terms are graphical, statistical goodness, 
and central tendency of fit were used to define three areas of comparison. The safety 
ratio (SR) was determined as the difference between the measured and calculated 
strengths. A SR value that is almost one indicates that the estimate is correct. A SR
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Table 14.1 Comparisons between designed models 

Model 
designed 

Location of 
critical 
perimeter 

Effect of size Dowel action Modulus of 
elasticity 

Strength of 
concrete 

G 1.5d (d)−1/4 (ρ)1/3 –
(
f

′
c

)1/3 

JSCE 0.5d (d)−1/4 (ρ)1/3 (E)1/3
(
f

′
c

)1/2 

Gd 1.5d (d)−1/4 (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

MT 1.5d (d)−1/4 (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

O 1.5d – (ρ)1/3 (E)1/2
(
f

′
c

)1/3 

Z 0.5d – (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

Jb 1.5d (d)−1/4 (ρ)1/2 –
(
f

′
c

)1/2 

ACI 0.5d – – –
(
f

′
c

)1/2 

EG 0.5d – (ρ)1/3 (E)1/3
(
f

′
c

)1/2 

Zg 1.5d (d)−1/5 (ρ)1/2 (E)1/2
(
f

′
c

)1/3 

TS 0.5d (d)−1/6 – –
(
f

′
c

)2/3 

CSA 0.5d – (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

NR 0.5d (d)−1/2 (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

H 0.5d (d)−1/6 (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

KS 1.5d – (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

CCCM 0.5d 2/ 
√
1 + d/200 (ρ)1/3 (E)1/3

(
f

′
c

)2/3 

Hz 0.5d – (ρ)0.39 (E)0;3 (
f

′
c

)1/6 

EE-(a) 0.5d – (ρ)1/3 (E)1/3
(
f

′
c

)1/2 

EE-(b) 0.5d (d)−1/6 (ρ)1/3 (E)1/3
(
f

′
c

)1/3 

Ju 0.5d – (ρ)1/2 (E)1/2
(
f

′
c

)1/2 

A 0.5d – (ρ)1/3 (E)1/3
(
f

′
c

)1/3
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Fig. 14.2 The tested column-slab connections’ frequencies and ranges when using FRP

value greater than unity implies a conservative estimate. If the SR value is less than 
1.0, the prediction is cautious, and the shear strength was underestimated. 

As indicated in Table 14.2 and Fig. 14.3, lower values with a 95% accuracy level 
(lower 95%), maximum values, and minimum–maximum values were applied to the 
SR for each model that was chosen. For furthering the development of the design
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Fig. 14.3 The effectiveness of chosen models 

models, Table 14.2 displays the statistical goodness and central tendency of fit of 
all chosen models. With an average value of 2.71, 2.16, and 2.18 respectively, the 
JSCE, H models, and ACI, are overly cautious. In comparison to other models with 
coefficients of variation of 35%, 35%, 36%, and 36%, respectively, the models, and 
Zg, EE-b, Ju are more consistent. 

For each of the chosen models, a box plot is shown in Fig. 14.2. Extreme values 
and a wide range are shown in the ACI. Furthermore, when the GD and NR were used, 
extremely un-conservative predictions were produced. The strength (Mean near to 
1.0) is accurately predicted by the current models (i.e., Ju, EE-a, Hz, and A) as illus-
trated in Fig. 14.3. As indicated in Table 14.3, the consistency is still deficient (i.e., 
C.O.V. is higher than 35.0%). In comparison to mechanically based models (CCCM) 
and fracture-based models, models that consider fundamental factors in a power form 
equation appear the most exact and consistent (NR). Furthermore, it is evident from 
Fig. 14.3 that each technique was created or calibrated with a nonsystematic margin 
of safety determined by the discretion and expertise of each develop. d NR. An eval-
uation of dependability that takes resistance and load uncertainty into account should 
be used to control this. Although it is a fascinating issue, it is outside the purview of 
this study and may be explored further. Further enhanced mechanically based models 
that make physical sense and are easy to construct are also required.

14.4.1 Effective Depth 

Figure 14.4 plots the computed SR value against the effective depth using the Amer-
ican code model, the CSA model, the Ju model, the JSCE model, the model of CCCM, 
and the model of EE-B. Additionally, the slopes of the best fit line were presented 
for the JSCE model, the ACI model, the CSA model, the CCCM model, the EE-B 
model, and the Ju model, respectively. These slopes were 0.0011, 0.003, 0.0016,
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Table 14.3 For all strength in models, statistical measurements 

Model 
designed 

Determination 
coefficients 
mean 

Error of 
mean 
square 
root 

Mean 
error 

C.O.V Average Min Max Lower 
95% 

G 0.66 205 143 0.37 0.81 0.15 1.85 0.78 

JSCE 0.69 335 237 0.38 2.7 0.69 8.07 2.58 

Gd 0.7 775 653 0.37 0.35 0.08 0.78 0.35 

MT 0.68 182 120 0.36 1.18 0.24 2.93 1.12 

O 0.71 171 110 0.38 1 0.17 3.02 0.94 

Z 0.68 201 125 0.38 0.95 0.16 2.8 0.91 

Jb 0.66 181 110 0.38 1.15 0.2 2.6 1.1 

ACI 0.69 273 194 0.45 2.18 0.37 6.9 2.05 

Eg 0.68 222 136 0.36 0.85 0.14 2.6 0.83 

Zg 0.71 166 105 0.35 1 0.18 2.44 0.95 

TS 0.7 255 175 0.35 1.78 0.34 3.95 1.7 

CSA 0.72 165 111 0.4 1.2 0.2 3.18 1.15 

NR 0.55 360 253 0.45 0.64 0.15 1.6 0.6 

H 0.7 291 205 0.36 2.16 0.4 5.55 2.08 

KS 0.72 165 104 0.38 1.06 0.18 3.06 1.03 

CCCM 0.66 198 127 0.44 1.06 0.22 3.47 1 

Hz 0.73 166 105 0.45 1 0.19 3.55 0.95 

EE-a 0.66 302 195 0.37 0.75 0.12 2.27 0.7 

EE-b 0.71 232 160 0.35 1.6 0.3 4.25 1.55 

Ju 0.7 173 118 0.35 1.25 0.22 3.6 1.2 

A 0.71 164 105 0.36 1.15 0.2 3.2 1.08

0.0019, 0.0003, and 0.0025. Except for the JSCE, the safety of the chosen models 
declines as depth increases. The SR value that was determined using the EE-B model 
has the lowest best fit line, making it the most consistent regarding depth. The ACI 
model, however, produced the greatest SR value, making it the least consistent. This 
could be because the American code model doesn’t account for size effects.

14.4.2 Concrete Compression Strength 

Figure 14.5 compares the computed SR value to the concrete compressive strength 
using the American code model, the CSA model, the JSCE model, the Ju model, 
the CCCM model, and the EE-B model. The best fit line was also displayed, and its 
slopes for the JSCE model, the CSA model, the ACI model, the EE-B model, the
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Fig. 14.4 The impact of depth on the SR value

CCCM model, and the Ju model, respectively, were 0.0019, 0.0174, 0.0046, 0.0017, 
0.0031, and 0.0027. The CCCM model, the EE-B model, and the Ju model are less 
safe as concrete compressive strength increases. On the other hand, if compressive 
strength of concrete grows, the safety of the JSCE, ACI, and CSA models also does. 
It is most consistent with the concrete compressive strength since the more fit line 
for the SR value that was determined using the EE-b model is the lowest. Though it 
is the least reliable, employing the CSA model produced the greatest SR value.

14.4.3 Ratio of Flexure Reinforcement 

In comparison to the flexure reinforcement ratio, Fig. 14.6 displays the value of SR 
estimated using the Ju model, American code model, the CSA model, the JSCE 
model, the CCCM model, and the EE-B model. The best fit line was also displayed,
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Fig. 14.5 The impact in compressive strength of concrete on the value of SR

and its slopes for the JSCE model, the ACI model, the CSA model, the Ju model, 
the EE-B model, and the CCCM model, respectively, were 0.2529, 0.6244, 0.1844, 
0.0328, 0.1817, and 0.2229. Except for the JSCE model, the safety of the chosen 
models declines as the flexural reinforcement ratio increases. It is most consistent 
with the flexure reinforcement ratio that the more fit line for the SR value that 
was determined using the CCCM model is the lowest. The least consistent model, 
however, is the one that used the American code model since it produced the greatest 
value of SR. This may be because of the American code model leaving out the flexure 
reinforcement ratio.

14.4.4 Young’s Modulus 

In contrast to the Young’s modulus, Fig. 14.7 displays the value of SR estimated 
using the EE-B model, the American code model, the JSCE model, the CCCM
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Fig. 14.6 The impact of the reinforcement in flexural ratio on the value of SR

model, the CSA model, and Ju model them. Additionally, the slopes of the best 
fit line were presented for the JSCE model, the American code model, the CSA 
model, the CCCM model, the EE-B model, and the Ju model, respectively. Slopes 
0.0002, 0.0012, 0.0013, 0.002, 0.0011, and 0.0075were used. Except for the EE-b 
model and the CCCM model, the safety of chosen models rises as Young’s modulus 
increases. The value of SR that was estimated using the Ju model has the lowest 
best fit line, making it the Young’s modulus most consistently constant. The least 
consistent model was the one that used the JSCE model since it produced the greatest 
SR value.

14.4.5 Ratio of Depth to Control Perimeter 

The SR value estimated using the American code model, the CCCM model, the CSA 
model, the JSCE model, the Ju model, and the EE-B model is displayed in Fig. 14.8
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Fig. 14.7 The Young’s modulus’ impact on the value of SR

in comparison to the depth-to-control perimeter ratio. For the JSCE model, the ACI 
model, the CSA model, the CCCM model, the EE-B model, and the Ju model, the 
best fit line was also drawn. Its slope was 8.5935, 2.4433, 6.8699, 13.86, 0.8117, 
and 1.6327, respectively. As the depth-to-control perimeter ratio rises, the safety of 
the EE-b model, the CCCM model, and the Ju model also declines. However, when 
the ratio of depth to control perimeter grows, the safety of the ACI, JSCE, and CSA 
models also rises. It is most consistent with the depth to control perimeter ratio since 
the more fit line for the value of SR that was derived using the EE-b model is the 
lowest and is as a result. The American code model, however, produced the greatest 
SR value, making it the least consistent. The American code model might not have 
taken this parameter’s influence into account, for whatever reason.
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Fig. 14.8 The impact of the between depth and control perimeter on the value of SR 

14.4.6 Span-to-Depth Ratio for Shear 

Figure 14.9 compares the computed the value of SR to the shear span-to-effective 
depth ratio using the American code model, the JSCE model, the CSA model, the 
EE-B model, the Ju model, and the CCCM model. The slope of the best fit line, 
which was plotted separately for the JSCE model, the American code model, the 
CSA model, the CCCM model, the EE-b model, and the Ju model, was 0.0507, 
0.0475, 0.0224, 0.0213, 0.023, and 0.1353. With an increase in the shear span-to-
effective depth ratio, the safety of the JSCE model, the ACI model, and the CSA 
model declines. On the other hand, when the ratio of shear span to effective depth 
rises, the safety of the CCCM model, the EE-b model, and the Ju model also rises. 
They are the most consistent regarding the shear span-to-effective depth ratio since 
the CSA model, the Ju model, and the EE-b model have the lowest best fit line for 
the SR value. However, the CCCM model produced the greatest results; hence, it is 
the least consistent.
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Fig. 14.9 The impact of the shear depth-to-span ratio on the value of SR is determined 

14.5 Future Research 

Future research studies might focus on a number of these areas, which were noted: 
(1) A reliability-based examination of the design’s safety that takes into account the 
loads’ variability as well as that of the geometry, the materials, and the constructions; 
(2) A simple-to-design mechanical model that is more dependable and consistent and 
makes sense in terms of physics. 

14.6 Conclusions 

Twenty-one concrete slabs chosen approaches for expected punching shear strength 
were evaluated for accuracy. Comparisons between forecasts and measured strengths 
from a large experimental database, including 248 slabs from more than 50 research
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papers, were used to examine for the method’s capacity to predict the two way 
strength in un-reinforcement concrete slabs in shear. 

1. In terms of the effect of size, concrete compressive strength, depth to control 
perimeter ratio, and shear span-to-depth ratio, the EE-B model exhibits the 
greatest consistency. This is because it is based on the mechanical principles 
and uses empirically observed behavior. 

2. A number of statistical techniques were used, and the impact of the different 
fundamental factors was explored. Because of this, the JSCE, ACI, and H models, 
which have average values of 2.71, 2.18, and 2.16, respectively, are too cautious. 
In comparison to other models, where the variational coefficients are 35%, 35%, 
36%, and 36%, respectively, the Ju, Zg, EE-b, and A models are more consistent. 

References 

A. C. I. ACI-440 (2015) Guide for the design and construction of concrete reinforced with FRP 
bars (ACI 440.1R-15). ACI, Farmington Hills, Michigan, USA 

Abduljaleel MT, Mahmoud AS, Yousif A (2017) Experimental investigation of two-way concrete 
slabs with openings reinforced with glass fiber reinforced polymer bars. J Eng Sci Technol 
12:889–912 

Ahmad HS, Zia P, Yu TJ, Xie Y (1993) Punching shear tests of slabs reinforced with 3-dimensional 
carbon fiber fabric. Concr Int 16:36–41 

AlHamaydeh M, Orabi MA (2021) Punching shear behavior of synthetic fiber-reinforced self-
consolidating concrete flat slabs with GFRP bars. J Compos Constr 25:04021029 

Ali AH, Mohamed HM, Chalioris CE, Deifalla A (2021) Evaluation of the shear design equations 
of FRP-reinforced concrete beams without shear reinforcement. Eng Struct 235. Elsevier 

Alrudaini TMS (2022) A rational formula to predict punching shear capacity at interior columns 
connections with RC flat slabs reinforced with either steel or FRP bars but without shear 
reinforcement. Structures 37:56–68 

Bank L, Xi Z (1995) Punching shear behavior of pultruded FRP grating reinforced concrete slabs. 
In: Proceedings of the non-metallic (FRP) reinforcement for concrete structures. CRC Press, 
Boca Raton, FL, USA, pp 360–367 

Banthia N, Al-Asaly M, Ma S (1995) Behavior of concrete slabs reinforced with fiber-reinforced 
plastic grid. ASCE J Mater Civ Eng 7:252–257 

Bouguerra K, Ahmed EA, El-Gamal S, Benmokrane B (2011) Testing of full-scale concrete bridge 
deck slabs reinforced with fiber-reinforced polymer (FRP) bars. Constr Build Mater 25:3956– 
3965 
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Chapter 15 
Assessment of Compression Design 
of CFST 

Ibrahim S. Hussein, Mona M. Fawzy, M. F. Shaker, Ahmed F. Deifalla, 
and Gouda M. Ghanem 

Abstract Design codes disagree on the design of Concrete filled steel tubes (CFST). 
Thus, in this current study, a comparison between the main international design codes 
for the design of CFST is presented. The considered codes include: AIJ 1997, AISC, 
EC4, ECP (ECP 205-2007 in Design of steel structures. National research center 
for housing and construction, Cairo, Egypt). Concluding remarks are outlined and 
discussed. 

Keywords AIJ · AISC · EC4 · ECP · CFST 

15.1 Introduction 

Design codes in different countries provide general provisions for the design of 
concrete filled tube columns which are extended from traditional design provisions 
for concrete or steel structures. Thus, the main aim of this chapter is to provide a clear 
comparison between different codes from the obtained experimental results. In the 
late 1870’s, the first CFST was used as axially loaded columns for the construction of 
road bridges in Great Britain. Later in 1967, the Architectural Institute of Japan, (AIJ) 
recommended CFST columns (AIJ 2008). The standards for composite sections were
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written for circular composite sections, and then it was revised in 1980 to include 
the square composite sections. In 1987, a revised design method was included in AIJ 
standards that accounts for the strength of the confined concrete and the width-to-
thickness ratio, Nishiyama et al. (2002). The first high-rise building in U.S. used CFT 
columns was First Street Plaza in San Francisco, California. The building consisted 
of 27 stories and the lateral bracing system consisted of a braced frame with moment 
connections and CFST columns at the four corners of the braced core. 

Most design codes introduced specific formulas which helped in predicting the 
axial capacity and strength of composite steel–concrete columns. The formulas 
depend on both analytical and experimental studies. Leon et al. (2007, 2011) provided 
an overview of the historical development of the design of CFST in the American 
codes. The work of Kloppel and Goder in 1970 was the base for the first design equa-
tion for CFST columns. Their work reported the detailed the internal strain and stress 
in both the concrete and steel for a series of CFST tested until collapse. Roik and 
Bergmann (1989, 1990) collected the experimental data from 208 tests, which were 
implemented for the calibration and development of the Eurocode provisions for 
CFST (Eurocode 4 2004). The work of Wakabayashi, Roik and Bergman is the base 
for the J11apanese provisions (Roik and Bergmann 1989). Leon et al. (2007) evalu-
ated the CFST provisions for CFST in AISC (2010), and EC4 (2004). The authors 
concluded that in general EC4 give good predictions for CFST columns. While AISC 
design method performs well for beam columns. Potty et al. (2009) conducted 36 
tests to investigate the effect of using high strength concrete in CFT columns. The 
authors recommended modifying the formulas given in EC4 to consider the confine-
ment effect in circular CFST columns. Roik and Bergmann (1990) extended the 
design method in EC4 to account for unsymmetrical CFST. The proposed design 
method was verified via an experimental program of 6 specimens (Deifalla et al. 
2019; Shaker et al. 2022). Thus, in this current study, a comparison between the 
main international design codes for the design of CFST is presented. The considered 
codes include: AIJ 1997, AISC, EC4, ECP (ECP 205-2007 2007). 

15.2 Brief Recount of Experimental Testing 

15.2.1 General 

Steel plates longitudinally welded with electric welding were used to fabricate 
circular steel sections. The external diameter of pipes was 127 mm and D/t ratios are 
equal to 63.5 and 31.75, to avoid the local buckling effect according to the limitation 
of different codes as shown in Table 15.1. (EC4, AISC, AIJ, ECP).
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Table 15.1 Tested CFST (Deifalla et al. 2019; Shaker et al.  2022) 

Sample name D/t H/D Nu (kN) 

C40-2 63.5 3.14 860 

C100-2 7.87 743 

C200-2 15.75 724 

C40-4 31.8 3.14 1260 

C100-4 7.87 1098 

C200-4 15.75 1078 

Table 15.2 Comparisons of ultimate axial loads between measured and calculated using AISC 

Sample name D/t H/D Nu (kN) AISC 

P (KN) Ratio 

C40-2 63.5 3.14 860 743.8 0.87 

C100-2 7.87 743 707.8 0.95 

C200-2 15.75 724 593 0.82 

C40-4 31.8 3.14 1260 980 0.78 

C100-4 7.87 1098 939 0.86 

C200-4 15.75 1078 807 0.75 

15.2.2 Studied Parameters 

Specimens were characterized with letters and numbers as per load application, 
length, steel pipe thickness, extra parameter and its positioning along the length is 
shown inTable  15.2. The main parameter was the impact of utilizing shear connectors 
and through bolts on the behavior of CFST. Three different groups were prepared; 
each one had three various H/D proportions. Different studied lengths were 400 mm, 
1000 mm, and 2000 mm, corresponding to H/D proportions 3.14, 7.874, and 15.748, 
respectively. Also, the D/t proportion was equal to 63.5 and 31.75. Subgroup A 
specimens were utilized as control groups with neither shear connectors nor thorough 
bolts. Loading was at either steel only or loaded on both the concrete core and the 
steel pipe sections. 

15.2.3 Testing Program 

The loading frame comprised fundamentally of horizontal I–beam fixed to two 
vertical column I–beams by bolts. The I–beam column was placed on the floor. 
The columns were vertically placed, and the upper and lower ends were hinged at a 
solid frame. The upper end of column was laterally supported by elastic anchors just
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Fig. 15.1 Specimens 

to stop the drop of samples while testing as appeared in Fig. 15.1. Table 15.1 shows 
the configuration of the six CFST subjected to compression loading. 

15.3 Comparisons of Axial Loads of CFST Columns 

Tables 15.2, 15.3, 15.4 and 15.5 show the values of ultimate axial loads for both 
the measured axial strength and that calculated using various design. As the values 
presented in Tables 15.2, 15.3, 15.4, 15.5 and 15.6, a significant variation between 
the predicted and test results values are found. At D/t 63.50, the average values of Pn 
decrease by 14%, 5% and 18% for H/D 3.14, 7.87 and 15.75 respectively compared 
with the experimental test results. As well as, At D/t 31.75, the average values of 
Pn decrease by 22%, 14% and 25% for H/D 3.14, 7.87 and 15.75, respectively, with 
respect to the experimentally measured strength. Generally, the predicted values 
of the slender steel wall sections (D/t = 63.50) are acceptable than those of the 
compact sections (D/t = 31.75). This is because confinement of slender steel wall 
sections is less than that of compact sections. These findings agree with neglecting the 
confinement in AISC. From the axial strength previous outputs, it can be concluded 
that, generally EC4 gives good predictions for CFST circular columns. These findings 
are consistent with that of Leon, where the measured strengths are compatible with 
the predicted AIJ code values for short columns (H/D < 4) and (4 < H/D < 12). They 
are non-compatible for long columns (H/D > 12). This is due to the consideration 
of confinement effect in circular short columns as presented in Tables 15.2, 15.3, 
15.4 and 15.5. In case of using AISC and ECP, the predicted values of the slender 
steel wall sections (D/t = 63.50) are acceptable than those of the compact sections



15 Assessment of Compression Design of CFST 213

(D/t = 31.75) due to the confinement consideration. Finally, the confinement has 
a significant influence for the estimated values of ultimate loads using all codes 
specifications. So, effect of confinement in AISC and improvement the equations 
in long CFST columns in AIJ codes should be considered. In case of combined 
bending moments and axial forces, the AIJ concerns a wide criteria and factors leads 
to provide accurate predicted values compared with other selected codes. 

Table 15.3 Comparisons of ultimate axial loads between measured and calculated using ECP 

Sample name D/t H/D Nu (kN) ECP 205-2007 

P (kN) Ratio 

C40-2 63.5 3.14 860 768 0.89 

C100-2 7.87 743 726 0.98 

C200-2 15.75 724 576 0.79 

C40-4 31.8 3.14 1260 1002 0.80 

C100-4 7.87 1098 954 0.87 

C200-4 15.75 1078 783 0.73 

Table 15.4 Comparisons of ultimate axial loads between measured and calculated using EC4 

Sample name D/t H/D Nu (kN) EC4 

P (kN) Ratio 

C40-2 63.5 3.14 860 768 0.90 

C100-2 7.87 743 658 0.90 

C200-2 15.75 724 655 0.91 

C40-4 31.8 3.14 1260 1119 0.89 

C100-4 7.87 1098 913 0.85 

C200-4 15.75 1078 899 0.85 

Table 15.5 Comparisons of ultimate axial loads between measured and calculated using AIJ 

Sample name D/t H/D Nu (kN) AIJ 

P (kN) Ratio 

C40-2 63.5 3.14 860 851 0.99 

C100-2 7.87 743 670 0.90 

C200-2 15.75 724 477 0.66 

C40-4 31.8 3.14 1260 1159 0.92 

C100-4 7.87 1098 970 0.88 

C200-4 15.75 1078 698 0.65
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Table 15.6 Comparison between design provisions 

Item AISC-LRFD EC4 AIJ-SRC 

Concept Determine the axial 
load using a column 
curve 

Determine the axial load 
using a column curve 

Uses the superposed 
strength method 

Confinement effects Effect of confinement 
is neglected 

Considered only if the 
following conditions are 
satisfied: 
a. Compact circular 

sections 
b. The normalized 

stiffness (λ) ≤ 0.5 
c. The eccentricity of 

loading (e) ≤ D/10 

Considered for short 
circular columns 

15.4 Discussion 

Design provisions and standards of CFST sections under axial and flexural loadings 
have been analyzed and compared. The comparisons usually include the design 
assumptions, design capacities, in addition to the experimental and numerical basis 
for the design formulas. Table 15.6 shows the comparison between design provisions 
for different codes. This inconsistency has alerted researchers to conduct studies on 
various issues concerning compression of columns (ECP 205-2007 2007; Khan et al. 
2022; Li et al.  2022; Nazar et al. 2022; Shen et al. 2022). 

15.5 Conclusions 

Six CFST were tested under compression, where the results were compared with the 
ones calculated using various design codes. it can be concluded that: 

• EC4 gives good predictions for CFST circular columns, which is in good 
agreement with Leon et al. (2007). 

• For short column, the strength calculated using the AIJ code is closer to that 
measured. On the other hand, for long columns, the strength is not accurate with 
respect to the experimentally measured strength. This is due to the consideration 
of confinement effect in circular short columns. 

• For slender steel wall sections (D/t = 63.50), the strength calculated using AISC 
and ECP is accurate. In the contrary, for the compact sections (D/t = 31.75), the 
predicted values are less accurate, which is due to the confinement consideration.
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Chapter 16 
Evaluation of Early-Age Cracking 
in Arch Feet of PC Girder-CFST Arch 
Rib Composite Bridge 

Xu Huang, Huaqian Zhong, Shaohua He, Ayman S. Mosallam, 
and Ashraf Abdelkhalek Agwa 

Abstract The prestressed concrete (PC) girder-to-concrete filled steel tubular 
(CFST) arch composite bridge has increasingly become popular in recently 
constructed railway bridges. The CFST arch feet connecting the PC girder and CFST 
arch rib are commonly cracked during bridge construction. This paper performs 
experimental and numerical studies on CFST arch feet to uncover the reasons behind 
the early-age cracking of the arch feet’ concrete. Firstly, the prototype bridge was 
briefly introduced, and a finite element (FE) model using beam element was estab-
lished to determine internal forces at the arch feet. Then, a solid FE model was 
established for the arch-to-girder joint structure, and the procedure of hydration heat 
for the CFST core concrete was simulated and presented. The accuracy of the solid 
model was calibrated using the experimental results obtained from the arch feet of 
the actual bridge. Critical factors that cause tensile stress in the concrete abutment 
are determined based on the results. It shows that concrete hydration heat caused 
significant temperature differences between the CFST core and abutment concrete, 
triggering large tensile stress in the concrete arch feet. The maximum tensile stress 
measured at the abutment surface was 2.3 MPa on average, which was beyond the 
concrete cracking strength. Furthermore, recommendations for lowering the risk of 
concrete cracking are suggested. The outcome of this study is supposed to provide 
a reference for optimizing the early-age cracking performance of CFST arch feet 
(CFSTAF) in PC girder-to-CFST arch composite bridges.
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Keywords Composite bridge · Arch foot · Concrete-filled steel tube · Cracking 
performance · Numerical simulation 

16.1 Introduction 

Prestressed concrete (PC) girder-to-concrete filled steel tubular (CFST) arch 
composite bridges, using CFST arch ribs to strengthen the main girders, is consid-
ered to be a competitive alternative for constructing large-span bridges. The merits 
of such bridges include the smaller height, larger spans, convenient construction, and 
economic cost (Zheng and Wang 2018; Chen et al. 2017; He et al.  2022; Nakamura 
2000). The steel arch rib and the concrete girder are usually connected with the arch 
foot, mostly in the structural form of the CFST arch rib that is typically inserted 
into a concrete abutment. For the construction of the CFST arch feet (CFSTAF), 
the pre-buried hollow steel tube is usually filled with concrete that is pumped after 
completely folding the steel tubular arch rib. The pumping pressure and hydration 
heat cause the steel tubular expansion, which inevitably extrudes the surrounding 
concrete, resulting in advanced abutment cracks (Zhou and Li 2013; Lin et al. 2014). 

Over the past few years, many scholars conducted various studies that focused 
on assessing the numerically local stress status of the CFSTAF. The unneglectable 
impact of pumping pressure and hydration heat generated from CFST core concrete 
on early-age cracking of arch feet has been reported in several publications (e.g., Ma 
et al. 2011; Cao  2015; Deng 2016; Emborg and Bernander 1994; Liu et al. 2013). 
Previous studies indicated that early cracking of concrete abutment in CFSTAF may 
be attributed to the following reasons: (i) expansion of tubular steel subjected to 
pumping pressure of CFST core concrete that squeezes abutment concrete and gener-
ating tensile stresses in arch feet concrete; (ii) heat generated from the hydration of 
core concrete that causes the temperature difference between the inner and outer 
concrete, resulting in the tensile stress on abutment surface; and (iii) the different 
Poisson ratios of steel and concrete causing a different amount of expansion the two 
materials when subjected to axial compression that leads to an increase of extruding 
actions in the tubular-concrete interface and tensile stress in abutment concrete. 
Despite the importance of the numerous numerical studies related to the structural 
performance of CFSTAF under external loadings, qualitative analysis and exper-
imental tests in assessing the early-age performance of abutment concrete during 
bridge construction are scarce. 

This paper presents a summary of an experimental and numerical investigation 
that was performed on CFSTAF to identify reasons that contribute to and cause 
early cracking of abutment concrete. In this study, a long-span continuous PC girder-
CFST arch composite bridge, the Liuxi River Bridge located in Guangdong Province, 
China, is selected as the background project. With the help of Midas Civil software, 
a finite element (FE) model using beam element was developed for the entire bridge 
to determine internal forces at the arch feet when the core concrete generated hydra-
tion heat. Then, a solid FE model using ANSYS® FE code was established for the
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arch feet structure, and the concrete hydration process was simulated and calibrated 
via experimental results. Furthermore, recommendations for lowering the risk of 
concrete cracking are provided. The outcome of this study provides a reference for 
optimizing the anti-cracking performance of CFSTAF in PC girder-to-CFST arch 
composite bridges in early-age. 

16.2 Prototype Bridge Description 

The Liuxi River Bridge in Guangdong Province, China, is a continuous PC box 
girder-CFST arch composite bridge. Figure 16.1 shows the arrangement and main 
dimensions of the bridge. The PC girder and steel arches are made of C55 normal 
concrete and Q345 steel, respectively. The cross-section of the PC box girder is in 
the form of a single box with a double chamber. The CFST arch rib is in a dumbbell 
shape. The PC box girder connects the CFST arch ribs through two CFSTAF. The 
span arrangement of the bridge is 90 m + 180 m + 90 m, and the sectional height 
of the PC box-girder is 4.5 m at the mid-span point and 10.0 m near piers. The 
embedment depth of the CFST arch rib in concrete abutment ranges from 3.5 to 
5.5 m. The arch rib height is 36.0 m, and the rise-span ratio is 1:5. Figure 16.2 shows 
the sectional form of the arch rib at the arch foot. The following steps are concrete 
casting sequences in the steel arch rib tubular: (i) filling the upper steel tubular with 
pumping concrete; (ii) filling the lower steel tubular with pumping concrete; and 
finally, (iii) filling the patch between the upper and lower steel tubular with pumping 
concrete.

16.3 Determinations of Internal Forces in CFST Arch Feet 

As mentioned earlier, the internal forces of the arch feet were determined using a 
FE model for the bridge based on the Midas Civil software (Yang 2009). The PC 
girder, steel arch rib, and transverse brace are simulated using beam elements, while 
vertical suspenders are modeled using truss elements. Figure 16.3 shows the numer-
ical model of the entire bridge. Numerical simulation results demonstrated that the 
abutment’s concrete experienced the most severe stresses when concrete hydration 
heat proceeded. The corresponding internal forces are presented in Table 16.1. As  
can be seen, the arch feet are mainly subjected to the axial loads from CFST arch 
ribs, and the shear force at the arch feet is minor and insignificant.
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Fig. 16.1 Overview of bridge arrangements (Unit: cm) 

Fig. 16.2 Dumbbell shaped 
CFST arch ribs (Unit: cm)
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(a) Midas rod structure (b) Finite element blanking of full bridge 

Fig. 16.3 Midas civil model of liuxi river bridge 

Table 16.1 Internal force of arch ribs 

Axial force (kN) Shearing force (kN) Bending moment (kN m) 

12,052.0 257.0 4,183.0 

16.4 Assessment of Early-Age Cracking Performance 
of CFST Arch Feet 

16.4.1 Simulation of Temperature Field in CFST Arch Field 

16.4.1.1 FE Model Establishment 

The FE solid model used to calculate the local temperature field of the arch foot under 
core concrete hydration heat was developed by the thermal analysis module of the 
ANSYS® software. Using the temperature field analysis model, one can analyze the 
stresses in the arch feet resulted from the hydration heat of core concrete (Lin et al. 
2007, 2009, 2011; Zhang et al. 2009; Du and Liu 1994). In developing the thermal 
analysis model, Solid 70 thermal analysis solid elements are used for the concrete 
abutment and CFST core concrete, while Shell 157 thermal analysis shell element 
is used for modeling the steel tube. Figure 16.4 presents the thermal analysis model 
and the details of the prestressed reinforcement in the arch feet structure.

The thermal properties of materials are critical for calculating the temperature 
field at the arch feet zone. For temperature field analysis conducted in this study, 
the thermal properties of steel and concrete are defined using the thermal conduc-
tivity (λ), specific heat (c), and density (ρ) that were specified in specification 
GB50936-2014 (2014) and reference (Zhu 1999). Table 16.2 provides a summary of 
the parameters.

Temperature calculations focus on the CFST core concrete’s hydration devel-
opment. The definition of material modulus, thermal expansion coefficient, initial 
temperature, and hydration heat is indispensable and introduced as follows:
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(a) Thermal analysis model  (b) Arrangement of prestressed reinforcements 

Fig. 16.4 Local FE model of arch foot

Table 16.2 Thermal performance parameters of materials 

Material Density kg/m3 thermal conductivity J/(h m °C) Specific heat capacity J/(kg °C) 

Concrete 2,400 9,750 480 

Steel 8,005 172,800 920

i. Materials elastic modulus 

The following composite exponential formula expresses the relationship between 
elastic modulus and curing age in the FE model (Sun and Xie 2019). 

E(t) = E0(1 − e−atb ) (16.4.1) 

where: t is the concrete age; E0 is the final elastic modulus of concrete; and a and b 
are constants. The elastic modulus of steel, Es , is  2.06 × 105 N/mm2 . 

ii. Thermal expansion coefficients 

The thermal expansion coefficient of concrete, αc, is  1.0 × 10−5 (0 ≤ ◦C ≤ 100) 
(GB 50010-2010 2010). The thermal expansion coefficient of steel, αs , is  1.2× 10−5 

(GB 50017-2017 2010). 

iii. Initial temperature 

The initial temperature of the core concrete is calculated according to the following 
expression: 

Tp = T1 + (Ta − T1)(φ1 + φ2 + φ3 +  · · ·  +  φn) (16.4.2) 

where: Tp is concrete pouring temperature; T1 is concrete mixing temperature; Ta 
is the environmental temperature during concrete transportation and pouring; and
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φ1, . . . , φn are the temperature loss coefficients described in reference (Li and Liu 
2009). 

iv. Cement hydration heat 

In this analysis, the double exponential formula is used as the cement hydration heat 
calculation model (Zhu 2014). The expression of the double exponential calculation 
model is: 

Q(t) = Q0(1 − e−atb ) (16.4.3) 

where: Q(t) is the hydration heat generated at the age t (kJ/kg); Q0 is the final 
hydration heat of cement, unit (kJ/kg); t is curing age (d); and a and b are constants. 

Prior to analyzing arch feet members’ stresses, the thermal analysis model should 
be converted into a structural analysis model. In the process of model conversion, the 
loading conditions of the structural analytical model are defined based on the internal 
forces listed in Table 16.1, in addition to the temperature force from the transformed 
thermal analysis model. The elements defined in the structural analysis model are 
as follows: the PC girder, concrete abutment, and steel tubular are simulated using 
the transformed Solid 185 structural element. The steel tubular is modeled using the 
transformed Shell 63 structural plate-shell element. The prestressed tendons, steel 
reinforcements, and tension rods are simulated using the Link8 structural element. 
The tendons are prestressed through the temperature reduction method. 

16.4.1.2 Temperature Field Results 

The key nodes of the arch rib and concrete abutment surface are selected for temper-
ature–time history analysis. The distribution of section nodes is shown in Fig. 16.5, 
and the temperature–time history curve of each node is shown in Figs. 16.6 and 16.7, 
respectively. Figure 16.8 presents the temperature nephogram of the arch foot model.

As shown in Fig. 16.6, the cement hydration heated the core concrete rapidly, 
and the peak temperature of concrete occurred 12 h immediately after casting the 
concrete in the upper tubular. The upper arch rib’s temperatures at points A, B, 
and C (refer to Fig. 16.5) are 48.7 °C, 43.3 °C, and 45.1 °C, respectively. The 
peak temperature of core concrete in the lower arch rib occurred 18 h after casting 
concrete in the lower tubular portion. The development of concrete temperature in 
the lower arch rib is similar to that of the upper rib. The lower arch rib’s temperatures 
measured at points D, E, and F (refer to Fig. 16.5) are 48.8 °C, 42.9 °C, and 44.9 °C, 
respectively. One can see from Fig. 16.7 that after reaching the highest temperature, 
the concrete temperature decreases to the ambient temperature and the drop rate 
gradually decreases. 

Concerning the temperature nephogram of the arch foot, Fig. 16.8 shows that 
the temperature followed the distribution principle of A > C > B and D > F > E. 
As shown, the temperature at the core concrete center was high and showed an
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Fig. 16.5 Temperature measuring point arrangement 

Fig. 16.6 Time history curve of temperature measuring points A–F of arch rib

obvious temperature gradient from the center to the edges. It is observed that the 
core concrete’s temperature increases after completely pumping the core concrete. 
Under the temperature gradient, the temperature of arch foot concrete increases and 
reaches a peak value of 33.1 °C after 44 h of pouring the concrete. One can also see 
that the temperature of concrete abutment along the upper arch rib axis is high in 
the middle and low on the edges, while the temperature near the arch rib surface is 
low due to the large heat dissipation surfaces. Due to lower hydration heat, surface 
temperature near the main beam is found to be low.
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Fig. 16.7 Time history curve of G–U temperature at measuring point of arch foot 

Fig. 16.8 Temperature nephogram of arch foot model in main time

16.4.2 Local Temperature Stress in CFST Arch Foot 

As stated earlier, the CFSTAF’s thermal stress was obtained from hydration heat by 
transforming the thermal analysis model into a structural analysis model. To verify 
the accuracy of the thermal stress analysis, thermal strain in the actual arch feet of the 
Liuxi River Bridge due to hydration generated heat of core concrete was measured
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using intelligent vibrating wire strain sensors. The test arrangement of sensors at the 
bridge construction site is shown in Fig. 16.9. A comparison between numerically-
predicted strain–time curves and corresponding experimental results is shown in 
Fig. 16.10. 

Figure 16.10 shows that the predicted strain–time curve correlated well with the 
measured strain–time curves. The strain–time curves at points G and M are consistent 
with the measured values, and the relative error of peak strain is below 5%, indicating 
that the analytical model can simulate the concrete stress development in CFSTAF 
under hydration heat. Based on the temperature–time curve and thermal stress anal-
ysis results, the thermal stress-time curves for points G and M are obtained (see 
Fig. 16.11). The temperature stress-time curves of the abutment concrete are shown 
in Fig. 16.12. The main tensile stress nephogram of the abutment concrete is shown 
in Fig. 16.13.

(a) Pumping pipe concrete construction stage site (b) Arrangement of steel string strain gages 

Fig. 16.9 Site construction, instrumentation and testing 

Fig. 16.10 Comparison 
between measured and 
calculated strain time history 
curves 
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Fig. 16.11 Temperature stress-time curve of points G and M 

Fig. 16.12 Eight-hour and sixteen-hour S1 stress at each measuring point of the arch foot
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ssertselisnetniamh61)b(ssertselisnetniamh8)a( 

Fig. 16.13 Eight-hour and sixteen-hour S1 stress nephogram of concrete outside arch foot 

As shown in Fig. 16.11, the hydration heat caused a significant temperature differ-
ence between the inner and outer surfaces of the arch foot. The thermal tensile stresses 
at points G and M increased with increasing the hydration heat in the upper arch rib 
processed. The maximum stress at point G was 2.2 MPa after 8 h of pouring the 
concrete, while the maximum stress at point M reached 2.41 MPa after 16 h of the 
concrete cast. Figure 16.12 shows that the tensile stress in abutment concrete is higher 
near the upper rib arch axis and that the tensile stress at point I after 8 h is 2.48 MPa. 
Also, results showed that the tensile stress at point G near the vault is 67% higher than 
at point L. In Fig. 16.13, the stress concentration occurs at the arch foot boundary 
parallel to the arch rib. Similar to the lateral surface, the abutment concrete’s upper 
surface has a large tensile stress area. An explanation is the thermal expansion of 
the core concrete and the temperature difference. The large tensile stress in concrete 
abutment would inevitably cause a crack of the arch feet in the early construction 
stage. 

In terms of reducing the risk of cracking in CFSTAF, it is critical to improve 
the concrete strength and eliminate the steel tubular expansion in early-age. Elimi-
nating tubular expansion at the construction stage may be practical for preventing the 
cracking of concrete abutments. As the steel tubular expansion was determined by 
pumping pressure and hydration heat of the lately cast concrete, it is recommended 
to optimize the structural form of CSFTAF and fabricate core concrete with the 
surrounding concrete.
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16.5 Conclusions 

This paper focused on assessing the cracking performance of CFSTAF during the PC 
bridge construction stage. Midas Civil software was used to determine the internal 
forces at the CFSTAF, while ANSYS® FE software was employed to develop numer-
ical models to analyze the temperature field and thermal stresses in the arch feet struc-
ture. Based on the temperature field and temperature stress analysis, the following 
conclusions can be drawn: 

(1) The hydration heat of tubular core concrete generates a thermal expansion of 
the CFST arch rib that dominates the early-age cracking of the arch foot. The 
temperature at the center point A of the upper arch rib increased to 48.7 °C after 
12 h, while the center point D at the lower arch rib reached a peak temperature 
of 48.8 °C after 18 h. 

(2) The use of dumbbell-shaped CFST arch rib results in a lower heat dissipation 
coefficient of the steel tube surface in the region that creates a thermal insulation 
effect for the steel tube surface. 

(3) A good correlation between numerical simulation results and field measured 
data was achieved with a peak strain error of less than 5%, which confirms the 
validity and reliability of the arch foot’s proposed model. 

(4) Hydration heat of the lately cast concrete determined the steel tubular portion 
expansion of the CFSTAF. Also, optimizing the CFSTAF’s structural form and 
fabricating core concrete with the surrounding concrete is recommended. 
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Chapter 17 
Torsion Strength of Concrete Beams 
with Steel Fibers, Lightweight, or FRP: 
Data Driven Code Appraisal 

Ahmed Awad, Jawad Ahmed, Ahmed F. Deifalla , Maged Tawfik, 
and Amr El-Said 

Abstract Despite extensive research efforts directed toward the shear and torsional 
behavior of concrete elements, torsion strength remains an unexplored area. 
Numerous new materials are being used in construction as a result of advances in 
concrete technology. The use of lightweight concrete, steel-fiber reinforced concrete, 
and FRP-reinforced concrete are all kinds of advancements. The objective of the 
current work is to enhance torsion strength prediction for these three aspects. A 
summary of a series of power equation models for torsion strength based on a massive 
experimental database of 346 beams tested under torsion is outlined. The model vali-
dation is discussed. The developed models are accurate while remaining simple for 
design purposes. 
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fibered concrete
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17.1 Introduction 

A reliable design necessitates a thorough understanding of the characteristics of 
concrete components subjected to torsion (ACI-445 2013). Recently, the ACI exam-
ined torsion of all cases, including high-strength concrete (HSC), prestressed concrete 
(PC), and normal weight concrete (NWC) (ACI-445 2013). However, steel fiber 
reinforced concrete (SFRC), concrete with Fiber reinforced polymer (FRP), and 
lightweight concrete (LWC) were not discussed. Researchers all over the world are 
investigating the design and behavior of elements subjected to shear, torsion, and 
punching shear (ACI 213R-03 2014; Muttoni 2018; Kuchma et al. 2019; Deifalla 
et al. 2021; Deifalla 2020a, b, 2022, 2023; Badra and Deifalla 2022; Graybeal 2014; 
Greene and Graybeal 2013, 2015). Especially, torsion design and analysis of NWC 
beams require simplified, accurate, and unified approaches (Deifalla and Ghobarah 
2014; Chalioris 2008; Chalioris and Karayannis 2009; Deifalla 2015; Deifalla et al. 
2014; Deifalla et al. 2015; Hassan and Deifalla 2016; Rahal 2013; Deifalla 2020, 
2021; ACI-318-19, ACI Committee 318 2019; prEC2: PT1prEN 1992-1-1/2018-04 
2018). Although combined loading is the most common situation, most research 
studies have focused on pure torsion to distinguish the torsion effect (ACI-445 
2013; Deifalla and Ghobarah 2014; Chalioris 2008; Chalioris and Karayannis 2009; 
Deifalla 2015; Deifalla et al. 2014; Deifalla et al. 2015; Hassan and Deifalla 2016; 
Rahal 2013; Deifalla 2021; Deifalla 2020c; ACI-318-19, ACI Committee 318 2019; 
prEC2: PT1prEN 1992-1-1/2018-04 2018). Very little guidance is offered by Design 
Codes and guides regarding the design of LWC, SFRC, and FRP reinforced beams 
(ACI 213R-03 2014; MC  2010; CSA  2004; EC2 2004; JSCE  2007; Nawaz et al. 
2019; Khaloo and Sharifian 2005a). 

For over two millenniums, the popularity of Lightweight concrete (LWC) in 
construction is growing (ACI 213R-03 2014). It has several advantages over NWC, 
including better insulation, and lower weight. On contrary, it had more cracking 
due to lower concrete stiffness. However, the experimentally observed behavior of 
LWC was found to be like that of the NWC (ACI 213R-03 2014). Recently, LWC is 
implemented in construction applications as it is considered a good alternative for 
NWC. These applications are as follows: (1) the walls whether curtain or structural; 
(2) marine structures or offshore; (3) folded plates and shell roofs; (4) bridge girders 
and decks; (5) beams and slabs that are precast, pre-tensioned, or post-tensioned; and 
(6) High-rise buildings elements walls, columns, and floors. LWC is helpful for the 
optimization of the reinforced concrete (RC) structures’ construction process, self-
weight, and member sizes (ACI 213R-03 2014). Using the LWC is better than NWC 
in achieving functional and architectural design (ACI 213R-03 2014). Thus, many 
extraordinary structures made of LWC are spread all around the world (ACI 213R-03 
2014). The ACI Guides do not offer any recommendations for the torsion design of 
beams for LWC; instead, it directs practitioners to the ACI design codes, which are



17 Torsion Strength of Concrete Beams with Steel Fibers, Lightweight … 233

primarily developed for NWC (ACI 213R-03 2014). Although LWC design guide-
lines are generally conservative, the design’s consistency and economy are question-
able. Since the economic factor governs the world directions towards all life aspects 
including RC structures. 

With the economical aspect of design, thus, reducing safety factors, and improving 
the accuracy of the design models is the researcher’s goal (ACI 213R-03 2014). 
Worldwide, FRP bars are noncorrosive; thus, used in many projects (ACI-445 
2013; Muttoni 2018). The available design codes and guidelines, except the Cana-
dian Standards Association (CSA), include detailed provisions only for shear and 
bending design of beams. While CSA includes torsion design. Thus, an objective 
for researchers is to provide practitioners with reliable design methods in torsion 
(Muttoni 2018). The design codes torsion provisions are lacking due to the following 
reasons: (1) shear and bending are more frequent compared to torsion; (2) if the 
applied torque is less than cracking torque, it can be neglected, and (3) Shear and 
bending are investigated much more than that for torsion. For the economy and safety 
of RC members. Since the complete comprehension of the torsion design is of the 
utmost importance, thus, it is still under investigation. 

The design of FRP-RC beams under shear is attracting the core of research studies; 
thus, it is beneficial to examine the torsion behavior versus the shear behavior. 
Although shear and torsion strength in beams are formed by a set of diagonal and 
orthogonal internal forces, one of which is in compression and the other in tension, 
there are several distinctions between the two exist as follows: (1) Parallel pattern 
propagation for the shear cracks, while spiral pattern propagation for torsion cracks; 
thus, shear cracks spread in the same direction while torsion cracks spread in two 
opposite directions; (2) the torque strain varies in the three dimensions and it is non-
uniform, while shear force strain varies in the two-dimension plane and it is uniform 
as well as perpendicular to the plane of applied shear; (3) mostly uniform stresses 
are developed due to shear forces, while in torsion cause bending on beam sides and 
thus the stress varies both horizontally and vertically across the cross-section. (4) the 
equivalent hollow tube thickness, which is resisting the applied torsion. In addition, 
it varies with the applied load. This is like the compression zone effective thickness 
in the case of bending moment; and (5) In flanged beams, the web mainly carries the 
shear forces, while the torque moments are carried by the flange and the web. The 
addition of steel fibers, which are available in various shapes and cross-sections, to 
the concrete mix leads to the creation of FRC. The characteristics are enhanced by 
the addition of steel fiber. Many researchers have extensively studied the behavior 
of this composite material. This current study aims at improving the torsion strength 
prediction for these three problems. A summary of a series of power equation models 
for torsion strength based on a massive experimental database of 346 beams tested 
under torsion is outlined. The model validation is discussed. Concluding remarks are 
outlined.
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17.2 Model Development 

17.2.1 Lightweight Concrete 

Based on the existing previous investigations regarding the cracking torque, the 
following form is proposed as follows: 

Tcr = c1
(
1 + 0.004d 

2

)c2(3γc 
64

)c3 

Fc4
(
f '
c

)c5(A2 
c 

Pc

)c6 

(17.1) 

Thus, using the multi variable nonlinear regression using the gathered database, 
the following formula is proposed such that: 
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where d is the distance between the extreme compression fibers to the centroid of 
longitudinal tensile reinforcements (mm). 

Ac is the total area of the concrete cross-section (mm2). 

pc is the perimeter of the concrete section (mm). 

γc is the unit weight of concrete (kN/m3). 

f '
c is the cylinder concrete compressive strength (MPa). 

F is the fiber index. 

17.2.2 Steel Fibered Concrete 

Using multivariable nonlinear regression, the strength predictions of the strength of 
beams under torsion (T ) for SFRC beams, can be such that: 

T = 

⎧⎨ 

⎩ 
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(17.3) 

While for SFRC beams, the torsional strength (T) can be such that: 

T = 0.2
∑

x2 y 
√
fcu + 0.13F 

xoyo 
xo + yo 

xy 
√
fcu + kAsfty 
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(17.4) 

where x is the cross-smaller section’s dimension.
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x0 is the smaller center-to-center dimension of the thin wall tube analogy, which is 
roughly equal to (5/6)x. 

x1 is the smaller dimension of the steel stirrup, which is taken approximately as 0.9 
x. 

y is the cross-bigger section’s dimension. 

y0 is the bigger center-to-center dimension of the thin wall tube analogy, which is 
roughly equal to (5/6)y. 

y1 is the bigger dimension of the steel stirrup, which is roughly equal to 0.9 y. 

As is the cross-sectional area of the stirrup. 

fty is the yield strength of transverse reinforcement. 

f cu is the cubic compressive strength of the concrete. 

F is the fiber index. 

17.2.3 FRP Reinforced Concrete Beams 

For torsion, Deifalla adapted the power-law equation, which was first proposed by 
Rahal with respect to the beams with Glass FRP. In addition, experimental investiga-
tions by Belarbi and Hsu were implemented. Thus, implementing the multi-variable 
non-linear regression, a model for the ultimate and cracking torsion was proposed. 
Thus, to capture nonuniform strain and stress distribution across the stirrups and the 
cross section (Deifalla 2022; Deifalla et al. 2015; Noshy et al. 2017). For cracking 
torque, all effective variables were included as follows: the concrete compression 
stress (f '

c ), perimeter of cross section (pc), area of cross section (Ac), such that: 

T =
{
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c
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(17.5) 

While for ultimate torsional moment, Nonlinear Multi-variable Regression was 
employed with the inclusion of all effective variables as follows: longitudinal rein-

forcement forces (fFuAl), transversal reinforcement ratio
(
fyAt 

s + fFuAt 

s

)
, cross section 

perimeter (pc), the concrete compression stress (f '
c ), and area of cross section Ac; such 

that: 
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where Aoh is the enclosed area within the outermost closed stirrup’s centerline (mm2).
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Al is the torsion-resistant longitudinal reinforcement (mm2). 

At is the transversal reinforcement area that is bearing the torsion (mm2). 

s is the spacing between stirrups. 

ffu is the FRP bar’s maximum tensile strength (MPa). 

fy is the yield strength of the longitudinal steel reinforcements (MPa). 

tw is the idealized hollow section’s wall thickness, which is supposed to be no larger 
than the ratio of Aoh/ph or two times the minimum c (mm). 

17.3 Model Validation 

17.3.1 Lightweight 

Table 17.1 shows the details and test results for the experimental LWC beams, while 
Table 17.2 and Fig. 17.1 show the ratio between the experimental torsional strength 
and that calculated using previous methods as well as the proposed model (PM1). 
For the cracking torque, the proposed model PM1 performance is more consistent 
and accurate but simple for design purposes compared to existing design codes. 
In addition, the coefficient of variation is 29% for the proposed model, while the 
existing model’s coefficient of variation is 33%, 36%, and 29% for the ACI, CSA, and 
EC2, respectively. Moreover, the average values of the ratio between the measured 
torsional strength and that calculated using the ACI, the CSA, and the EC2, and the 
proposed model are 1.47, 1.32, 0.88, and 1.04, respectively. For the ultimate torque, 
the proposed model performance is more accurate and consistent but simple for 
design purposes compared to existing design codes. In addition, the proposed model 
coefficient of variation is 23%, while the existing model’s coefficient of variation is 
31%, 21%, and 25% for the ACI, CSA, and EC2, respectively. Moreover, the average 
values of the ratio between the measured strength and that calculated strength using 
the ACI, the CSA, and the EC2, and the proposed model are 1.30, 0.96, 1.00, and 
1.21, respectively.

17.3.2 Steel Fibered Concrete 

Table 17.3 shows the details and test results for the experimental steel-fibered 
concrete beams, while Table 17.4 and Fig. 17.2 show the ratio between the exper-
imental torsional strength and that calculated using Nayraan and Karim model 
(NKPT) and the proposed models (PM2), and (PM3). The proposed model PM2 
based on the Nayraan model is more accurate and consistent than the proposed 
model PM3 based on the ACI. The proposed model PM2 coefficient of variation is
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Table 17.1 Details and test results for the experimental LWC beams database 

# ID Cross 
section 
(mm) 

Length 
(mm) 

γc 
kN/m3 

f '
c 
MPa 

f '
c 
MPa 

Tcr 
kN m 

Tu 
kN m 

Nawaz 
et al. 
(2019) 

LC-1–7 R200 × 
100 

700 15.45 6.97 1.21 0.71 0.71 

LC-1–14 15.45 7.17 1.21 0.72 0.72 

LC-1–42 15.35 8.18 1.31 0.75 0.75 

LC-1–90 15.27 8.38 1.31 0.77 0.77 

NC-2–7 16.46 12.22 1.62 0.87 0.87 

NC-2–14 16.51 15.25 1.72 0.97 0.97 

NC-2–21 16.36 16.67 1.82 1.00 1.00 

NC-2–42 16.31 18.69 1.92 1.03 1.03 

NC-3–7 15.96 11.62 1.52 0.85 0.85 

NC-3–42 15.66 17.78 1.92 1.02 1.02 

NC-4–21 15.15 14.75 1.72 0.96 0.96 

NC-4–42 15.20 16.67 1.82 0.99 0.99 

HC-5–7 18.18 48.58 3.13 1.65 1.65 

HC-5–14 18.08 50.00 3.23 1.67 1.67 

HC-5–21 18.13 55.95 3.33 1.85 1.85 

HC-5–42 18.08 59.09 3.43 1.79 1.79 

HC-6–14 18.08 57.17 3.43 1.91 1.91 

HC-6–21 18.03 60.60 3.54 1.84 1.84 

HC-6–28 18.08 66.36 3.64 2.09 2.09 

HC-7–3 19.19 27.67 2.42 1.49 1.49 

HC-7–7 19.24 42.52 2.93 1.58 1.58 

HC-7–21 19.19 58.58 3.43 1.92 1.92 

HC-7–42 19.17 66.46 3.74 2.09 2.09 

HC-8–7 17.13 21.21 2.12 1.26 1.26 

HC-8–14 17.07 26.56 2.32 1.28 1.28 

HC-8–42 17.07 36.66 2.73 1.49 1.49 

HC-9–7 20.72 52.82 3.33 1.74 1.74 

HC-9–14 20.63 68.28 3.74 1.92 1.92 

HC-9–28 20.63 78.28 4.04 2.29 2.29 

HC-10–7 20.36 48.58 3.13 1.72 1.72 

HC-10–28 20.30 74.44 3.94 2.16 2.16 

HC-10–42 20.30 82.21 4.14 2.16 2.16 

Khaloo 
and 
Sharifian 
(2005a) 

LC1 R200 × 
100 

700 17.85 9.09 1.41 0.73 0.73 

LC1-0.5–32 18.11 9.09 1.41 0.78 0.78 

LC1-1.0–32 18.37 9.09 1.41 0.81 0.81

(continued)
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Table 17.1 (continued)

# ID Cross
section
(mm)

Length
(mm)

γc
kN/m3

f '
c
MPa

f '
c
MPa

Tcr
kN m

Tu
kN m

LC1-1.5–32 18.63 9.09 1.41 0.86 0.86 

LC1-2.0–32 18.90 9.09 1.41 0.92 0.92 

LC1-3.0–32 19.42 9.09 1.41 0.92 0.92 

LC2 19.20 12.12 1.62 0.88 0.88 

LC2-0.5–25 19.38 12.12 1.62 0.87 0.87 

LC2-0.5–32 19.38 12.12 1.62 0.91 0.91 

LC2-1.0–25 19.68 12.12 1.62 0.97 0.97 

LC2-1.0–32 19.68 12.12 1.62 1.01 1.01 

LC2-1.5–25 19.98 12.12 1.62 1.11 1.11 

LC2-1.5–32 19.98 12.12 1.62 1.17 1.17 

LC2-2.0–25 20.27 12.12 1.62 1.22 1.22 

LC2-2.0–32 20.27 12.12 1.62 1.30 1.30 

LC2-3.0–25 20.87 12.12 1.62 1.25 1.25 

LC2-3.0–32 20.87 12.12 1.62 1.33 1.33 

NC 17.60 30.30 2.53 1.44 1.44 

NC-0.5–32 17.77 30.30 2.53 1.48 1.48 

Khaloo 
and 
Sharifian 
(2005b) 

NC-1.0–32 R200 × 
100 

700 17.95 30.30 2.53 1.62 1.62 

NC-1.5–32 18.13 30.30 2.53 1.84 1.84 

NC-2.0–32 18.30 30.30 2.53 2.26 2.26 

NC-3.0–32 18.64 30.30 2.53 2.26 2.26 

HC 20.06 61.61 3.54 1.93 1.93 

HC-0.5–25 20.28 61.61 3.54 1.94 1.94 

HC-0.5–32 20.28 61.61 3.54 2.05 2.05 

HC-0.5–50 20.40 61.61 3.54 2.12 2.12 

HC-1.0–25 20.50 61.61 3.54 2.13 2.13 

HC-1.0–32 20.50 61.61 3.54 2.34 2.34 

HC-1.0–50 20.62 61.61 3.54 2.68 2.68 

HC-1.5–25 20.73 61.61 3.54 2.30 2.30 

HC-1.5–32 20.73 61.61 3.54 2.76 2.76 

HC-2.0–25 20.95 61.61 3.54 2.69 2.69 

HC-2.0–32 20.95 61.61 3.54 3.02 3.02 

HC-3.0–25 21.38 61.61 3.54 2.64 2.64 

HC-3.0–32 21.38 61.61 3.54 2.98 2.98 

Yap et al. 
(2016) 

OPSC-0 R100 × 
100 

500 18.48 34.24 3.33 0.00 0.00 

OPSC-25 18.91 39.69 4.34 0.22 0.23

(continued)
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Table 17.1 (continued)

# ID Cross
section
(mm)

Length
(mm)

γc
kN/m3

f '
c
MPa

f '
c
MPa

Tcr
kN m

Tu
kN m

OPSC-50 19.33 41.61 5.45 0.25 0.26 

OPSC-75 19.78 46.36 6.77 0.29 0.30 

OPSC-100 20.22 47.77 8.28 0.29 0.31 

OPSC-0 R200 × 
150 

1500 19.90 33.13 2.83 5.54 5.56 

OPSFRC-55 20.89 34.74 3.64 7.35 7.43 

OPSFRC-65 20.61 35.86 3.94 7.85 7.96 

OPSFRC-80 20.91 37.37 3.94 8.67 8.69 

Yap et al. 
(2015) 

LR1 R300 × 
150 

2000 18.69 26.77 2.32 3.27 8.30 

LR2 18.69 29.29 2.42 4.36 9.27 

LR3 18.69 31.31 2.53 5.98 11.79 

LT1 T300 × 
400/150 
× 100 

18.69 29.80 2.42 5.25 14.62 

LT2 18.69 30.81 2.53 8.36 18.82 

Table 17.2 Model validation with respect to Lightweight concrete beams 

Statistical measure ACI 19 CSA EC2 PM1 

Cracking torsion moment Mean 1.47 1.32 0.88 1.04 

C.O.V (%) 33 36 29 29 

Ultimate torsion moment Mean 1.30 0.96 1.00 1.21 

C.O.V (%) 31 21 25 23

17%, while the existing model NKPT and the proposed model PM3 coefficient of 
variation are 22 and 19%. The average values of the ratio between the experimental 
torsional strength and that calculated strength using the existing NKPT model, and 
the proposed models PM2, and PM3 are 1.21, 1.01, and 1.02 respectively.

17.3.3 FRP Reinforced Concrete Beams 

Table 17.5 shows the details and test results for the experimental FRP reinforced 
concrete beams, while Table 17.6 and Fig. 17.3 show the ratio between the experi-
mental torsional strength and that calculated using the previous Hasan and Deifalla 
model (HD), the CSA, and the proposed model (PM4). For the cracking torque, the 
proposed model performance is more consistent and accurate but simple for design 
purposes compared to existing models. In addition, the coefficient of variation is 
24% for the proposed model, while the existing model’s coefficient of variation is
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Fig. 17.1 The relation between experimental versus calculated ultimate torsional strength using: 
a the ACI, b CSA, c EC2, d PM1

63% and 37% for the CSA, and HD, respectively. Moreover, the average values of 
the ratio between the measured torsional strength and that calculated using the CSA, 
the HD model, and the proposed model PM4 are 1.33, 1.2, and 0.95, respectively. 
For the ultimate torque, the proposed model PM4 performance is more accurate 
and consistent but simple for design purposes compared to existing design codes. 
In addition, the proposed model coefficient of variation is 36%, while the existing 
model’s coefficient of variation is 63% and 47% for the CSA, and HD, respectively. 
Moreover, the average values of the ratio between the measured torsional ultimate 
strength and that calculated using the CSA, the HD model, and the proposed model 
PM4 are 1.33, 1.65, and 1.24, respectively.

17.4 Conclusions 

Three massive experimental databases of a total of 346 beams were tested under 
torsional moments. Four models were proposed for predicting the torsional strength 
of lightweight concrete beams, steel fiber reinforced concrete beams, and beams 
with FPR reinforcements, which is based on the database and using Multi-linear 
regression. The present work can reasonably lead to the following conclusions:
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Table 17.3 Details and test results for the experimental steel-fibered concrete beams database 

References Cross section 
(mm) 

ρf 
(%) 

f cu 
(MPa) 

f ly 
(MPa) 

ρl 
(%) 

f ty 
(MPa) 

ρt 
(%) 

Tu 
(kNm) 

Noshy et al. (2017) R100 × 155 0.75 20.5 390 0.73 – – 1.3 

R100 × 155 0.75 20.5 390 0.73 371 1.14 1.75 

R100 × 155 1.25 21.4 375 0.73 – – 1.32 

R100 × 155 1.25 21.4 390 0.73 – – 1.37 

R100 × 155 1.25 21.4 450 1.3 – – 1.38 

R100 × 155 1.25 21.4 390 0.73 371 0.82 1.91 

R100 × 155 1.25 21.4 390 0.73 371 1.07 2.03 

R100 × 155 1.75 21.6 390 0.73 – – 1.43 

R100 × 155 1.75 21.6 390 0.73 371 1.14 2.27 

Sharma (1989) R152 × 310 0.5 40.2 350 1.26 400 1.1 13.95 

R152 × 310 1 40.2 350 1.26 400 1.1 15.67 

Kaushik and 
Sasturkar (1989) 

R125 × 300 0.5 24.2 400 1.1 400 2.34 7.5 

R125 × 300 1 26.6 400 1.1 400 2.34 9 

R125 × 300 1.5 25.5 400 1.1 400 2.34 8.5 

Al-Ausi et al. 
(1989) 

R85 × 178 1.34 43.1 314 1.35 – – 2.65 

R85 × 178 1.91 42.3 310 0.77 – – 2.63 

R85 × 178 0.9 42.3 314 1.35 368 0.45 2.8 

R85 × 178 1.34 41.8 314 1.35 – – 2.43 

R85 × 178 1.86 41.4 368 0.25 – – 2.31 

R85 × 178 0.59 51.3 310 0.77 310 0.77 2.74 

R85 × 178 0.82 49.1 310 0.77 310 0.54 2.56 

R85 × 178 1.09 46.1 310 0.77 368 0.25 2.6 

R85 × 178 1.16 48.6 310 0.77 368 0.18 2.76 

R85 × 178 0.52 48.6 368 0.25 310 1.34 2.18 

R85 × 178 1.11 46.1 368 0.25 310 0.77 2.18 

R85 × 178 1.42 44.9 368 0.25 368 0.45 2.67 

R85 × 178 1.61 47.5 368 0.25 368 0.25 2.63 

R85 × 178 0.84 49.1 339 0.48 310 1.34 2.74 

R85 × 178 1.59 48.4 339 0.48 – – 2.46 

R85 × 178 0.95 48.2 310 1.15 – – 2.76 

R85 × 85 1.06 48.2 310 1.61 – – 1.02 

R85 × 145 1.42 44.9 310 0.94 – – 1.83 

R300 × 300 0.5 25.8 380 0.7 380 0.79 27.34 

R300 × 300 1 21.4 380 0.7 380 0.79 29.01

(continued)
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Table 17.3 (continued)

References Cross section
(mm)

ρf
(%)

f cu
(MPa)

f ly
(MPa)

ρl
(%)

f ty
(MPa)

ρt
(%)

Tu
(kNm)

Narayanan and 
Kareem-Palanjian 
(1986) 

R300 × 300 1.5 28 380 0.7 380 0.79 34.67 

R300 × 300 1 21.4 380 1.05 380 1.18 36.46 

R300 × 300 1 21.4 380 1.4 380 1.57 40.86 

Mansur et al. 
(1989) 

R100 × 200 0.6 31.2 250 1.57 250 0 1.41 

R100 × 200 1.2 40.1 250 1.57 250 0 1.74 

R100 × 200 0.6 38.9 250 1.57 250 0.35 2.29 

R100 × 200 1.2 35.6 250 1.57 250 0.35 2.84 

R100 × 200 0.3 40.1 500 1.01 500 1.68 5.56 

El-Niema (1993) R100 × 200 0.6 41.1 500 1.01 500 1.68 5.69 

R100 × 200 0.9 42 500 1.01 500 1.68 5.73 

R100 × 200 1.2 43.3 500 1.01 500 1.68 5.82 

R100 × 200 0.3 41.3 500 1.57 500 0.85 4.11 

R100 × 200 0.6 42.2 500 1.57 500 0.85 4.19 

R100 × 200 0.9 43.4 500 1.57 500 0.85 4.23 

R100 × 200 1.2 44.1 500 1.57 500 0.85 4.23 

R100 × 200 0.3 41.5 500 0.57 500 1.51 3.85 

R100 × 200 0.6 42.8 500 0.57 500 1.51 3.93 

R100 × 200 0.9 43.1 500 0.57 500 1.51 3.98 

R100 × 200 1.2 43.9 500 0.57 500 1.51 4.02 

R100 × 200 0.3 35.2 500 1.57 500 0.02 2.01 

Rao and Rama 
Seshu (2005) 

R100 × 200 0.6 37 500 1.57 500 0.02 2.27 

R100 × 200 0.9 37.7 500 1.57 500 0.02 2.61 

R100 × 200 1.2 38.4 500 1.57 500 0.02 2.82 

R100 × 200 0.3 33.9 500 0.14 500 2.51 1.75 

R100 × 200 0.6 34.4 500 0.14 500 2.51 2.31 

R100 × 200 0.9 35 500 0.14 500 2.51 2.57 

R100 × 200 1.2 35.3 500 0.14 500 2.51 2.69 

Rao and Seshu 
(2006) 

R100 × 200 1 17 415 1.57 – – 2.41 

R100 × 200 3 16.4 415 1.57 – – 2.73 

R100 × 200 1 19 415 1.57 344 0.75 2.73

(continued)
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Table 17.3 (continued)

References Cross section
(mm)

ρf
(%)

f cu
(MPa)

f ly
(MPa)

ρl
(%)

f ty
(MPa)

ρt
(%)

Tu
(kNm)

R100 × 200 3 16.9 415 1.57 344 0.75 3.15 

Chalioris and 
Karayannis 
(2009b) 

R100 × 200 0.3 51 432 1.57 432 1.51 6.67 

R100 × 200 0.6 51.8 432 1.57 432 1.51 6.76 

R100 × 200 0.9 52.5 432 1.57 432 1.51 6.84 

R100 × 200 1.2 53.9 432 1.57 432 1.51 6.93 

R100 × 200 0.3 51.1 432 1.57 432 0.8 5.22 

R100 × 200 0.6 52.1 432 1.57 432 0.8 5.3 

R100 × 200 0.9 53.4 432 1.57 432 0.8 5.39 

R100 × 200 1.2 54.1 432 1.57 432 0.8 5.47 

R100 × 200 0.3 52.6 432 0.57 432 1.51 5.77 

R100 × 200 0.6 53.2 432 0.57 432 1.51 5.82 

R100 × 200 0.9 54.1 432 0.57 432 1.51 5.9 

R100 × 200 1.2 55.5 432 0.57 432 1.51 5.99 

Rao et al. (2010) R150 × 200 0.3 33.4 460 0.67 460 0.55 4.58 

R150 × 200 0.6 31.3 460 0.67 460 0.55 5.68 

R150 × 200 0.3 31 460 0.67 460 0.55 4.94 

R150 × 200 0.6 30.9 460 0.67 460 0.55 5.87 

R150 × 200 0.3 32.7 460 0.67 460 0.55 4.92 

R150 × 200 0.6 29.5 460 0.67 460 0.55 5.88 

R150 × 200 0.3 31.9 460 0.67 460 0.55 4.85 

R150 × 200 0.6 30 460 0.67 460 0.55 5.49 

R150 × 200 0.3 31.7 460 1.51 460 0.55 6.01 

R150 × 200 0.3 31.6 460 1.51 460 0.55 6.25 

Where ρf is the volume ratio of fibers 
ρl is the longitudinal steel reinforcement ratio 
ρt is the transversal steel reinforcement ratio 
f ly is The yield strength of longitudinal steel reinforcing bars 
f ty is The yield strength of transversal steel reinforcement 

Table 17.4 Model validation with respect to steel fibered concrete beams 

Statistical measure Existing model (NKPT) PM2 PM3 

Ultimate torsion moment Mean 1.21 1.01 1.02 

C.O.V (%) 22 17 19
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Fig. 17.2 Comparison of calculated and experimental ultimate torsion strengths for a L and  T-
beams and b R-beams

1. There is an absence of consensus among code provisions about many concepts, 
such as lightweight concrete, shear contribution for concrete, cracking torsional 
moment, size effect, angle of inclination of the strut, maximum nominal shear 
stress, and interaction between the torsion, shear, and moment. 

2. The proposed model PM2 based on the NKPT model proved notably high effi-
ciency in predicting torsional strength for steel fibered concrete beams and a lower 
coefficient of variation when compared to the NKPT model and the proposed 
model PM3 which is based on the ACI provisions. 

3. The proposed model PM4 outperformed the previous Hasan and Deifalla model 
HD and the CSA provisions in predicting ultimate and cracking torsional strength 
for FRP-reinforced concrete beams. 

4. The coefficient of variation and the average of the ratios between the experimen-
tally measured torsional strength and that calculated showed that all the proposed 
models PM1, PM2, PM3, and PM4 are simple, consistent, and accurate, which 
are suitable for the purpose of design. These models could be the base for future 
design code developments.
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Table 17.6 Model validation with respect to FRP-reinforced concrete beams 

Statistical measure CSA HD PM4 

Cracking torsion moment Mean 1.33 1.20 0.95 

C.O.V (%) 63 37 24 

Ultimate torsion moment Mean 1.33 1.65 1.24 

C.O.V (%) 63 47 36 
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Fig. 17.3 The relation between experimental versus calculated ultimate torsional strength using 
PM4, CSA, and HD
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Chapter 18 
Use of Recycled Waste Additives 
to Reduce Moisture Damage in Asphalt 
Mixes 

Ashraf Rahim, Anthony Boyes, and Shadi Saadeh 

Abstract It is evident that transportation has an enormous impact on the U.S. 
economy, and on the lives of its residents. Pavement conditions deteriorate over time 
because of the combined effects of traffic and climate. Exposure to moisture often 
causes premature failure of asphalt pavements as it reduces the stiffness of the asphalt 
and enable stripping of the asphalt from the aggregate. A laboratory study to evaluate 
the use of recycled waste additives in reducing moisture damage in Hot Mix Asphalt 
(HMA) was conducted. Two recycled waste additives (Fly Ash and Cement Kiln 
Dust) along with Hydrated Lime were investigated. These additives were added to 
the mix in three different application methods; namely Saturated Surface Dry (SSD), 
slurry and dry methods. The SuperPave mix design was adopted and moisture suscep-
tibility was tested by employing Modified Lottman Test (AASHTO T 283). For all 
the modified mix combinations tested in this study the standard Tensile Strength 
Ratio (TSR) ratio exceeded the 80% threshold. However, when TSR was calculated 
as a ratio of the Indirect Tensile Strength (ITS) of the unmodified/unconditioned 
mix, several mixes failed to pass the 80% TSR threshold. Peak amount of additives 
for both recycled waste additives and hydrated lime were observed in this study. In 
terms of TSR, mixes modified using the SSD application method performed the best, 
followed by mixes modified using the slurry application and dry application method, 
respectively. Cement Kiln Dust and Hydrated Lime proved to be cost effective as 
compared with Fly Ash additives investigated in this study.
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Keywords Recycled waste · Fly ash · CKD · Hydrated lime ·Moisture 
sensitivity · Antistripping 

18.1 Background 

Moisture damage in asphalt pavements, also known as stripping or moisture suscep-
tibility, can simply be defined as the breaking of the aggregate-binder bond by the 
intrusion of water. As water is exposed to asphalt pavements, it seeps through tiny 
cracks in the asphalt surface. Asphalt pavements that are exposed to water infiltra-
tion often begin losing aggregates, mainly due to the chemical attractiveness aggre-
gates have towards water, leading to the weakening of bond between asphalt binder 
and aggregates (Kringos and Scarpas 2008). With the continued action of moisture-
induced weakening and cyclic traffic loading, progressive dislodgement of aggregates 
becomes the dominant mode of failure in asphalt pavement which appears in the form 
of distresses such as rutting, shoving, raveling, or cracking (Esarwi et al. 2008). 

In a survey conducted by the National Cooperative Highway Research Project 
(NCHRP), seventy percent of state and province departments of transportation in 
North America that responded to the survey experienced moisture damage-related 
problems in their pavements (Hicks 1991). 

Adhesion is the attraction force that occurs between the interface of the bituminous 
film and aggregate surface. Loss of adhesion is the primary mechanism of moisture 
damage. Other mechanisms of moisture damage include loss of cohesion, when 
water weakens the intermolecular attraction between molecules; hydraulic scouring, 
when water rubs against pavement through cyclic pressure; and rupture of the bitu-
minous film surrounding the aggregates, when pore water pressure increases internal 
stresses; failure of the bond between the aggregate and the binder; and degradation 
of individual aggregate particles. For aggregates that have affinity for water absorp-
tion (hydrophilic aggregate), the binder is stripped off the aggregate surface. This 
eventually leads to potholes and a failure of the under-layers (Terrel and AL-Swailmi 
1994). 

Aggregate ranges from basic (limestone) to acidic (quartzite) in pH while asphalt 
binder has neutral to acidic tendencies (Santucci 2010). Therefore, the binder would 
most likely form a stronger bond with limestone. Also, the cleanliness of the aggregate 
is as aggregates coated with dust or fines create a barrier to the bonding between the 
asphalt binder and the aggregate. 

The result of pavement exposure to moisture is premature failure through stripping 
of the pavement. Stripping typically begins at the bottom layer of the hot mix asphalt 
(HMA) and progresses upward over time, though it can be difficult to detect since 
stripping can also cause cracking, rutting, and corrugations. Stripping that begins at 
the surface and progresses downward over time is known as raveling (Kennedy et al. 
1983; Roberts et al. 1996; Chakravarty and Sinha 2020). 

Various liquid antistripping and solid additives have been historically used to 
improve adhesion between the binder and aggregate. The effects of commercially
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available anti-stripping additives on the physical properties of the binder were 
reviewed through experimental studies (Anerson et al. 1982). A variety of liquid 
antistripping have been used to mitigate moisture sensitivity of hot-mix asphalt. 
These chemicals are added directly to the binder either at the refinery or binder 
terminal, or at the contractor’s facility during production of the mix (Tunnicliff and 
Root 1984). 

Solid additives have been used to provide resistance to moisture in hot-mix asphalt 
mixtures. Examples of these solid additives include, including hydrated lime, Port-
land cement, fly ash, flue dust, and polymers. These additives are typically added 
to the aggregate and mixed before mixing with the binder in the hot-mix asphalt 
production process. However, hydrated lime or Portland cement has been added in 
the drum mixing operation at the point of entry of the binder to the heated aggregate 
(Epps et al. 2003). 

Huang et al. investigated the impact of adding fly ash Class F on mitigating mois-
ture damage in HMA (Huang et al. 2010). It was reported that 1.0% concentration of 
class F fly ash resulted in a resilient modulus similar to that for the control mixture, 
but slightly lower than that for HMA treated with hydrated lime. In the same study, 
the TSR for mixes treated with fly ash class F showed a 15% higher ratio over the 
control mixture, although hydrated lime increased the TSR by 25% over that for the 
control mix (Huang et al. 2010). 

The asphalt binder requirements can be significantly reduced by mixing CKD 
with asphalt binder before it is introduced to the aggregate. It also has the potential 
to replace hydrated lime and reduce moisture damage in pavements due to its high 
lime content (Siddique 2008). Huang et al. verified this in their study testing various 
mineral fillers. Adding 1.0% CKD to the asphalt mix produced a TSR within a few 
percent of the hydrated lime variations and nearly 25% higher than the untreated 
control mixture (Siddique 2008). 

Also, nanomaterials, have been recently investigated in the literature for better 
improvements in moisture resistance and the preliminary results showed somewhat 
improvement in resistance to moisture damage (Ameri et al. 2016; Yang et al. 2018). 

The objective of this research was to investigate the use of Fly Ash (FA), Cement 
Kiln Dust (CKD) and hydrated lime in mitigating moisture related damage in HMA. 
Three different methods of adding additives to the mix were investigated. An econom-
ical evaluation of the three agents used in this study was conducted to evaluate their 
cost-effectiveness.
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Table 18.1 Specific gravity of coarse and fine aggregates 

Aggregate type Bulk specific 
gravity 

Bulk specific 
gravity (SSD) 

Apparent specific 
gravity 

Absorption, % 

Coarse 2.52 2.54 2.60 1.40 

Fine 2.47 2.53 2.58 2.50 

18.2 Materials 

18.2.1 Aggregates 

Crushed stone aggregate commonly used on the Central Coast of California was 
used and Table 18.1 presents results for specific gravities and water absorption. The 
aggregate used in this study had a Sand Equivalent (SE) value of 85% and loss in 
Los Angeles abrasion test of 40%. 

18.2.2 Binder 

Binder Performance Grade 64-16 (PG 64-16) with 1.03 specific gravity was used 
in this study. The virgin binder was tested in the Dynamic Shear Rheometer (DSR) 
before and after being aged in Rolling Thin Film Oven (RTFO). The binder was 
heated and additives were thoroughly mixed into the asphalt binder before being 
poured into silicone specimen molds to be tested in DSR. Results for the DSR test 
for unaged and aged binder with antistripping additives at different percentages are 
presented in Table 18.2.

The rutting parameter (G*/sinδ) values for the binder under different aging condi-
tions and additive types/contents are presented in Figs. 18.1 and 18.2. As noticed 
in the figures, the rutting parameter (G*/sinδ) increases by adding additives which 
means more resistance to rutting deformation. From among the three recycled waste 
additives CKD resulted in the highest increase in G*/sinδ. Also, at the same additive 
content G*/sinδ for lime treated binder was higher than that for binder treated with 
recycled waste additive.

18.2.3 Hot Mix Asphalt 

The design of HMA was conducted in accordance with the SuperPave mix design 
procedure. The design procedure began with aggregate selection, followed by binder 
content selection. Three aggregate gradations (presented in Table 18.3) were consid-
ered for the study and Caltrans gradation requirements for 12.5-mm (0.50-inch)
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Table 18.2 Dynamic shear rheometer test results 

Treatment Additive content, % Complex modulus, kPa Phase angle, ° Shear stress, kPa 

Virgin binder 

Control 0.0 1.40 88.3 0.17 

Class C FAa 1.00 2.45 87.0 0.30 

3.00 2.35 88.2 0.28 

5.00 4.50 87.8 0.57 

7.00 8.30 87.2 0.90 

Class F FAa 1.00 1.94 87.7 0.23 

3.00 3.12 87.9 0.39 

5.00 4.05 87.8 0.54 

7.00 9.67 87.2 0.11 

CKDa 1.00 2.08 87.6 0.25 

3.00 5.90 87.4 0.72 

5.00 6.62 87.4 0.80 

7.00 9.50 87.1 0.12 

Limea 1.00 3.12 88.1 0.48 

1.50 4.84 87.0 0.61 

2.00 6.66 86.9 0.80 

RTFO aged binder 

Control 0.0 3.15 85.4 0.37 

Class C FAa 1.00 5.85 83.2 0.68 

3.00 8.25 84.5 0.98 

5.00 13.8 84.2 1.70 

7.00 19.5 84.6 2.30 

Class F FAa 1.00 4.74 83.9 0.57 

3.00 9.30 83.5 1.15 

5.00 12.85 84.4 1.55 

7.00 20.40 84.0 2.51 

CKDa 1.00 5.30 83.9 0.62 

3.00 11.45 83.1 1.36 

5.00 16.55 84.4 2.03 

7.00 25.30 84.1 3.10 

Limea 1.00 3.12 85.2 0.48 

1.50 11.85 83.7 1.47 

2.00 13.70 84.2 1.68 

a Percentage per aggregate weight
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Fig. 18.1 G*/sin(δ) for unaged binder mixed with different antistripping additives 

Fig. 18.2 G*/sin(δ) for RTFO-aged binder mixed with different antistripping additives

HMA, as shown in Table 18.3, were adopted. The SuperPave mix design resulted in 
an optimum binder content of 6.0% with blend 3 as the design blend.
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Table 18.3 Grain size distribution for different aggregate blends 

Sieve size, mm 19 12.5 9.5 4.75 2.38 0.60 0.075 

Caltrans specification range, % passing 100 95–99 75–95 55–66 38–49 15–27 2–8 

Blend #1 100 95 76 57 41 17 3 

Blend #2 100 96 82 60 43 18 5 

Blend #3 100 97 88 62 45 22 6 

18.3 HMA Testing and Results 

Four different additives, including Hydrated Lime normally used in California, were 
investigated in this study. The percentages at which additives were added to the 
mix are presented in Table 18.2. Additives were introduced to the asphalt mix by 
three different methods. In the first method, additives were added to the Saturated 
Surface Dry (SSD) aggregate. In the second method, additives were added in a slurry 
form according to Caltrans standard procedure in which one part of the additive was 
mixed with two parts of water forming a slurry. The slurry was then added to SSD 
aggregate and then the mix was left to marinate for 24-h period before being dried in 
oven before mixing with asphalt binder. The third introduction method investigated 
in this study was by adding additives directly to the asphalt binder. This was done 
by adding the correct amount of additive to heated asphalt binder and thoroughly 
mixing before being added to the aggregate and mixed. Note that the slurry and 
dry application methods were performed only for the optimum additive percentage 
determined based on the ITS for SSD prepared specimens. Table 18.4 presents the 
additive percentages used in the three different application approaches. 

Six specimens were prepared per each treatment combination and specimens were 
split into two sets; one set was sealed and placed in a water bath at 25 °C (77 °F) 
for two hours and the other set was conditioned in accordance with AASHTO T 
283. The tensile strengths for the conditioned specimens were then determined and 
the Tensile Strength Ratios (TSR) were calculated. Note that TSR was calculated 
by two different methods. In the first method the TSR was calculated as the ratio of 
ITS of the conditioned specimen to the ITS of the unconditioned specimen from the

Table 18.4 Additive percentages tested for different application approaches 

Application approach Additive content, % 

SSD FA-C FA-F CKD Hydrated lime 

1 1 1 1 

3 3 3 1.5 

5 5 5 2 

7 7 7 

Slurry 3 5 3 2 

Dry 3 5 3 2 
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same additive combination and is referred to as TSRstandarad. In the second method 
the TSR is calculated as the ratio of the ITS of conditioned specimens to the ITS of 
unconditioned unmodified (control) specimen/mix and is referred to as TSRunmodified 

throughout this paper. 

18.3.1 Tensile Strength Ratio (TSR) 

SSD Application Method. Tensile Strength Ratio (TSR) is used to present the results 
of the AASHTO T 283 test for HMA specimens after and before conditioning. TSR 
is normally calculated as the ratio of the ITS of conditioned specimens and that for 
unconditioned specimens and the minimum acceptable value is 80%. It can be seen in 
Fig. 18.3 that all mixes treated with recycled additives have exceeded the minimum 
TSRstandarad value of 80%. InFig.  18.3 and for the range of additives content evaluated, 
it is noticed that HMA treated with Hydrated Lime produced the best TSR values. 
HMA modified with Fly Ash (FA) Class C and Class F resulted in TSR values that 
are comparable to that for HMA treated with Hydrated Lime. However, these TSRs 
were achieved at higher additives content (3–5% for FA-C and 5–7% for FA-F). 

The ITS of conditioned modified specimens were compared to the ITS of uncon-
ditioned unmodified/control specimens to determine TSRunmodified. In this approach 
all ITS would be compared to the same reference ITS making the comparison more 
rational. It can be seen in Fig. 18.4 that at the lowest additive content (1%) investigated 
in this study all mixes treated with antistripping, with the exception of lime treated 
HMA, had TSRunmodified that were at or slightly below the 80% threshold. However, 
at 3% additive content HMA treated with FA-C produced the highest TSRunmodified

Fig. 18.3 TSR for HMA treated with different antistripping additives 
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Fig. 18.4 TSRunmodified for conditioned HMA treated with different antistripping additives 

as compared with all other mixes with different additive contents. Also, it is noticed 
that TSRs calculated following this approach differed from TSR values calculated 
following the standard approach. 

Slurry Application Method. The TSR values for HMA mixes modified using the 
slurry application method are presented in Table 18.4. Note that optimum addi-
tive content from Fig. 18.4 was used in the slurry and dry application method. In 
general, the TSRstandarad for mixes modified using the slurry application method were 
less than those for mixes modified using the SSD preparation method. However, 
TSRstandarad were significantly higher than the 0.80 threshold. Also, TSRunmodified 

for mixes modified using the slurry application methods were at or below the 0.80 
threshold. 

Dry Application Method. The TSR values for HMA mixes modified using the dry 
application method are presented in Table 18.5. In general, the TSRstandarad for mixes 
modified using the dry application method were higher than the 0.80 threshold. 
However, TSRstandarad for dry application specimens were slightly less than those 
for mixes modified using the SSD preparation method and almost comparable to 
TSRstandarad for slurry application specimens. Also, TSRunmodified for mixes modified 
using the dry application methods were all below the 0.80 threshold.
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Table 18.5 ITS for specimens with different preparation methods 

Additive 
type/ 
content 

Preparation method 

SSD Slurry Dry 

TSRstandarad TSRunmodified TSRstandarad TSRunmodified TSRstandarad TSRumodified 

Control 0.78 0.78 0.78 0.78 0.78 0.78 

FA C/ 
3% 

1.08 1.15 0.96 0.75 0.96 0.71 

FA F/ 
5% 

1.10 1.02 0.94 0.80 0.97 0.68 

CKD/ 
3% 

0.96 0.91 0.95 0.79 0.93 0.67 

Lime/ 
2% 

1.11 1.04 1.00 0.81 0.94 0.72 

18.4 Cost Analysis 

A brief cost analysis was conducted in this study. According to CalPortland Construc-
tion, the unit cost of hydrated lime was estimated at $45 per ton. At an optimum lime 
content of 2.0%, the material cost of lime would be $0.68 per ton of HMA mix. 
Also, CalPortland Construction suggested an $4.00 per ton of HMA to account for 
stockpiling, handling and mixing. This brings the final cost of adding lime to $4.68 
per ton of HMA, approximately. Headwaters Resources quoted a unit cost of $72 per 
ton for Fly Ash Class C. At an optimum Fly Ash Class C of 3.0%, the material cost 
for the additive would be $2.16 per ton of HMA. After considering the stockpiling, 
handling and mixing, the total cost added is assumed to be $7.60 per ton of HMA. 
Fly Ash Class F was quoted at $62 per ton, per Headwaters Resources, which results 
in an increase of $7.10, approximately, per ton of HMA containing 5% Fly Ash Class 
F. Note that Fly Ash is not produced locally in California at great quantities making 
it more expensive than other additives investigated in this study. 

CalPortland Construction priced CKD at around $20 per ton. Assuming 3% CKD 
concentration, the material cost is calculated to be $0.60 per ton of HMA. Considering 
material stockpiling, handling and mixing, the total increase in the cost is estimated 
at $4.6 per ton of HMA. 

According to this preliminary cost analysis and for the type of aggregate and 
binder tested in this study, it appears that CKD has the least cost of all additives 
investigated in this study.
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18.5 Conclusion 

The study evaluated the moisture sensitivity performance of HMA treated with three 
different waste recycled additives and hydrated lime. The following conclusions are 
drawn from the data collected and analyzed in this study:

• All additives had a stiffening effect on the asphalt binder according to results from 
DSR tests with the highest increase in the rutting parameter (G*/sinδ) for hydrated 
lime additive.

• Of the three waste recycled additives, CKD resulted in the highest increase in the 
rutting parameter (G*/sinδ).

• Tensile Strength Ratio (TSR) for all mixes treated with all four additives were 
higher than that for the untreated (control) mix. Waste recycled additives resulted 
in TSR as high as that for hydrated lime treated mixes.

• Mixes in which additives were added following the SSD application method 
produced TSRs that were higher than those for mixes treated following the slurry 
application method.

• TSRs calculated as the ratio of ITS of conditioned specimens to the ITS of uncondi-
tioned unmodified (control) mixes were different from those calculated following 
the approach that is normally used to calculate TSR.

• Mixes modified using the SSD application method outperformed those modified 
using the slurry and dry application methods.

• The authors recommend using the TSRunmodified approach since it compares the 
ITS for all mixes to the same reference value; namely ITS for unmodified (control) 
unconditioned mix.

• Based on the preliminary cost analyses conducted in this study recycled waste 
additives proved to be cost effective. However, more data is needed to draw a 
robust conclusion especially in areas where recycled waste additives, for example 
Fly Ash, are locally produced. 
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