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Abstract: This study looks to propose a hybrid soft computing approach that can be used to accurately
estimate the shear strength of reinforced concrete (RC) deep beams. Support vector regression (SVR)
is integrated with three novel metaheuristic optimization algorithms: African Vultures optimization
algorithm (AVOA), particle swarm optimization (PSO), and Harris Hawks optimization (HHO). The
proposed models, SVR-AVOA, -PSO, and -HHO, are designed and compared to reference existing
models. Multi variables are used and evaluated to model and evaluate the deep beam’s shear
strength, and the sensitivity of the selected variables in modeling the shear strength is assessed.
The results indicate that the SVR-AVOA outperforms other proposed and existing models for the
shear strength prediction. The mean absolute error of SVR-AVOA, SVR-PSO, and SVR-HHO are
43.17 kN, 44.09 kN, and 106.95 kN, respectively. The SVR-AVOA can be used as a soft computing
technique to estimate the shear strength of the RC deep beam with a maximum error of ±3.39%.
Furthermore, the sensitivity analysis shows that the deep beam’s key parameters (shear span to depth
ratio, web reinforcement’s yield strength, concrete compressive strength, stirrups spacing, and the
main longitudinal bars reinforcement ratio) are efficiently impacted in the shear strength detection of
RC deep beam.

Keywords: reinforced concrete; deep beam; shear strength; support vector regression;
metaheuristic optimization

1. Introduction

In many high-rise reinforced concrete (RC) buildings, as the use of areas is changed
from one story to another, some columns in the upper stories are not permitted to reach
the foundation. To solve this conflict, transfer girders with a considerable thickness named
deep beams are required [1,2]. Furthermore, deep beams are used in many other critical
structures and play a significant role in delivering heavy loads to the bearing elements [2,3].
Deep beams have high flexural stiffness, and the shear diagonal failure is the predominant
mechanism as the loads are mainly transferred from their action points to the supports
locations through a direct diagonal strut [1–4]. Concrete compressive strength, the provided
top/bottom reinforcements, and web reinforcements in terms of amount and spacing all
form the shear resistance of these deep beams [1,2,4,5]. In literature, plenty of analytical
and numerical studies have been focused on the ultimate shear strength assessment of such
beams with large depths compared to their spans [2,3,6–9]. Unavoidable discrepancies
were found with the implementation of both analytical/numerical methods compared to
the experimental results [4]. This study aims to propose a novel soft computing approach
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that can be used to predict an accurate shear strength of RC deep beams based on a wide
range of test results collected from different experimental studies.

Many researchers have used different regression methods to estimate the shear
strength of RC deep beams [8,10]. Recently, soft computing techniques have been proposed
and improved the prediction techniques of shear strength of beams [3,7,11–15]. A con-
ventional artificial neural network (ANN) was applied to estimate the shear strength of
the RC deep beam, and the accuracy of the designed model was high [7]. The ultimate
shear strength of the RC deep beam was also estimated using ANN and compared to
different building codes, and the proposed model provided an accurate prediction of shear
capacity [6]. ANN, adaptive network-based fuzzy inference system (ANFIS), and group
method of data handling (GMDH) approaches were used in predicting the shear strength
of RC beam-column joints, and the performance of these models was high at a different
range of shear strength [15]. A probabilistic model was applied to estimate the shear
strength of beams, and the determination of shear strength was shown to be accurate [14].
Integrated genetic programming and simulated annealing (GSA) outperformed American
concrete institute (ACI) and Canadian standard association (CSA) codes in modeling the
shear strength of RC deep beams [2]. The shear strength of beams reinforced by fiber was
calculated using hybrid support vector regression (SVR) and firefly optimization algorithm
(FFA), and the designed model was shown to be robust in shear strength prediction [13].
ANN was integrated with the adaptive harmony search optimization (AHS) technique for
modeling the shear strength of RC walls, and the proposed model accuracy was high [12].
Multivariate adaptive regression splines (MARS) and artificial bee colony (ABC) were also
integrated to design a model for predicting the shear strength of RC deep beams, and the
performance of MARS-ABC was higher than different building codes in shear strength
estimation [16]. Generally, parameters of machine learning (ML) models are tuned using
metaheuristic algorithms to improve the prediction efficiency of ML models [17–22].

Meanwhile, novel optimization algorithms have recently been developed, such as
the African Vultures optimization algorithm (AVOA), particle swarm optimization (PSO),
and Harris Hawks optimization (HHO). Although these techniques are used in different
engineering applications [17–19], the AVOA optimization technique is not applied yet in
shear strength prediction based on our literature. PSO was integrated with an adaptive
neuro-fuzzy inference system (ANFIS) to predict the shear strength of high strength concrete
for a slender beam, and the ANFIS-PSO attained the best modeling accuracy over ANFIS
-ant colony optimizer (ANFIS-ACO), -differential evolution (ANFIS-DE), and -genetic
algorithm (ANFIS-GA) [20]. Teaching–learning-based optimization (TLBO), PSO, and
HHO were integrated with SVR, and the results of SVR-PSO, SVR-HHO, and SVR-TLBO
were robust and can be used to estimate an accurate shear strength prediction of RC shear
walls [21].

Based on the above literature, the hybrid SVR models are more robust for predicting
the shear strength of RC deep beams [3,16,21,23]. This study aims to evaluate a new hybrid
technique (SVR-AVOA) in predicting the shear strength of RC deep beams. To benchmark
the proposed SVR-AVOA model, the hybrid known models SVR-PSO and SVR-HHO are
proposed and compared; in addition, the recent mathematical studies and building codes
are compared to the proposed model to assess its accuracy of it in modeling shear strength
of RC beam. SVR-AVOA, SVR-PSO, and SVR-HHO are developed using different scenarios
of input variables. For this study, 202 datasets, including 19 variables of experimental
studies, were collected from literature to design and evaluate the proposed models. The
sensitivity analysis of optimum input variables is proposed and evaluated.

2. Background of Variables Impacts the Shear Strength of RC Deep Beams

Figure 1i presents a real case of deep beam function in load transfer of buildings and
variables that impact the shear strength value. Figure 1ii demonstrates the main parameters
of the deep beam. Figure 1iii illustrates the failure mode of deep beams. In the figures, V
represents the deep beam shear capacity, a is the horizontal distance from the load to the
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support, and d denotes the deep beam depth. Here, V depends on (1) Concrete quality
f ′c (for the diagonal strut), (2) Main steel yield strength fy (for the main tie), and (3) Web
reinforcement (horizontal and vertical). As some variables have a big role in forming the
deep beam’s shear strength, the main variables considered in this study are the shear span
to depth ratio, the main reinforcement, ratio and yield strength, concrete compressive
strength, and web reinforcement characteristics.

Figure 1. (i) Real case of using deep beams (left) and deep beam terminology (right); V: Shear
strength, a: Shear span, d: Effective depth of beam. (ii) Basic reinforcement details of simple RC
deep beam. (iii) Failure pattern in deep beam (left), Different mechanism components (middle), and
Flow of forces in deep beam (right); where, C = compression force in concrete, T = tensile force in
the main steel, Hs = tensile force in horizontal web reinforcement, Vs = tensile force in vertical web
reinforcement; 1: Main diagonal strut, 2: Splitting tension force, 3: Main tensile force.

3
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Many researchers investigated the deep beam’s shear strength evaluation and predic-
tions [1–4,24,25]. They concluded that the compressive strength of concrete ( f ′c), the shear
span to the beam’s depth ratio (a/d), bottom longitudinal reinforcement ratio (ρ), and web
reinforcement ratio (both vertical ρv and horizontal ρh) are the main key parameters. The
previous analytical/experimental studies focused on the role of f ′c in forming V. In the
case of beams with smaller a/d ratios, the role of the truss mechanism in transferring loads
to the support location diminishes, and the direct diagonal strut is the main transferring
load mechanism to the support’s location. The effectiveness of such struts has a significant
impact on V values [3]. Smith and Vantsiotis [26] and Ahmed [27] observed an increase
in V of the deep beam with increasing fc of concrete, but the relationship was not linearly
proportional. In addition, they observed no improvement in V if fc was above a certain
limit. The non-proportional increase in shear strength compared to the increase in concrete
compressive strength can be attributed to two reasons. First, the limited contribution of
the aggregate interlock mechanism in members with high strength concrete compared
to the one with normal strength concrete, as the cracks cross the aggregate particles in
high strength concrete and do not go around them as in normal strength concrete. Second,
the formed tensile strains perpendicular to the main diagonal strut work on reducing the
benefits of using high strengths. Oh and Shin [28] noticed a brittle failure of deep beams
with concrete of 74 MPa without any warning, which is different from the failure of other
beams with 23 MPa. They also observed a decrease in the rate of increase in the ultimate
strength of beams with high-strength concrete.

The inclination angle of the main diagonal strut plays a significant role in determining
the concrete efficiency in the diagonal strut. This angle is directly dependent on the shear
span to depth ratio a/d. As this angle increases, the forces can go directly inside the
diagonal strut to the support. The previous studies [3,29] noticed that the increase in shear
strength could be detected by decreasing the a/d ratio. Kim and Park [30] found a trivial
impact of this ratio on the shear strength of beams with ratios greater than three, and the
contrary was noticed for beams with ratios less than three. Oh and Shin [28] concluded
that the ratio of a/d is the governing key parameter in determining the shear strength of a
deep beam with high-strength concrete. In addition to resisting the induced tensile force of
the main horizontal tie, the main reinforcement bars play an important role in controlling
the width enlargement of the diagonal main cracks by dowel action mechanism and enable
the aggregate interlock to work more effectively. Many researchers investigated the impact
of the main reinforcement ratio on the deep beam’s shear strength [3,31,32]. They observed
a significant increase in the shear strength with increasing the main reinforcement ratio
but up to a certain limit. Above a ratio of 1.5%, Ashour et al. [33] noticed a local concrete
crushing damage due to compressive stress concentration at the top strut far from the main
diagonal strut without enabling the diagonal strut to reach its ultimate resistance.

Web reinforcement has an important role in confining the concrete and delivering the
tensile stresses at the main shear diagonal crack to the intact zones around the crack, which
consequently increases the deep beam’s shear strength [2]. Both vertical and horizontal web
reinforcement has a key role in resisting shear stresses and limiting the enlargement of the
width of the main diagonal crack [3]. In deep beams with higher a/d ratios, the contribution
of vertical reinforcement is more obvious than the horizontal reinforcements, and the
contrary is noticed for beams with a/d less than 1.0. As the deep beam’s shear strength
is dependent on many parameters, the increase of horizontal and vertical reinforcement
above a certain limit does not influence the ultimate shear strength as other parameters
may govern the situation without reaching the maximum capacity of the provided web
reinforcement.

Table 1 presents the existing models used in this study compared to the developed
models. The performance of these models was used significantly in shear strength determi-
nation for the RC deep beams of structures.
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Table 1. Summary of existing models.

Ref. Equation Explanation

ACI [10] Vu = 0.17
√

f ′cbd +
Av fyd(sin θ+cosθ)

s

θ is the angle between the stirrups and the beam
longitudinal axis

Russo [8] Vu = 0.545
(

kX f ′c cosα + 0.25ρh fyhcotα + 0.35 a
d ρv fyv

)

bd

k =
√

(nρ)2 + 2nρ − nρ

tan α = a
0.9d

X = 0.74
(

f ′c
105

)3
− 1.28( f ′c

105 )
2
+ 0.22

(

f ′c
105

)

+ 0.87

Liu [4] Vu = VCLZ + Vci + Vs + Vd

VCLZ is the shear resisted at the critical loading zone, Vci

represents the contribution of aggregate interlock, Vs is
the shear resisted by web reinforcement and Vd is the

dowel action in the main longitudinal bars.

where: f ′c is the compressive strength of concrete, b is the beam width, d is the beam effective depth, Av is
the vertical web reinforcement, fyv and fyh are the yield strength of vertical and horizontal web reinforcement
respectively, s is the spacing between the vertical web reinforcement, ρh and ρv are the ratio of horizontal and
vertical web reinforcement respectively, n is the modular ratio, ρ is the ratio of the main longitudinal bars.

3. Material and Data Collection

The Supplementary Material (Table S1) presents the data collected from the litera-
ture. For this study, 202 datasets were collected from the literature. In the current study,
19 input variables were used and divided into two categories, the main (8 variables) and
other (11 variables) variables, as presented in Table S2. Here, the main variables were
considered based on our literature in the previous section, Section 2; the other variables
were considered while the impact on shear strength calculation was high. The direct rela-
tionship between each variable and the ultimate shear strength (Vu) of the RC deep beam
is presented in Figure S1. Exponential, linear, logarithmic, and power functions were used
to estimate the best direct relationship equation between Vu and input variables. Table 2
presents the summary of these functions.

Table 2. Direct relationship functions between Vu and input variables.

Variable Equation (R2) Variable Equation (R2) Variable Equation (R2)

a/d y = 358.43x−0.803 (0.26) b y = 117.38 × 100.0052x (0.21) Ag y = 476.32x−0.164 (0.03)

ρ y = 65.95ln(x) + 345.74 (0.01) d y = 0.7899x + 35.304 (0.35) Std y = 165.06 × 100.0731x (0.05)

fy y = 396ln(x) − 2024.7 (0.16) h y = 0.6985x + 32.425 (0.33) Bd y = 524.3x−0.262 (0.03)

f ′c y = 495.94ln(x) − 1234.7 (0.39) a y = 259.88 × 100.0003x (0.015)

where:
y represents the Vu

x represents input variables
R2 is the coefficient of determination

ρv y = 325.96 × 10−0.159x (0.01) Lp y = 169.42 × 100.0054x (0.15)

s y = 0.2678x + 344.21 (0.06) Sp y = 169.42 × 100.0054x (0.15)

fyv y = 19.734x0.4588 (0.07) V/P y = 199.58x + 199.66 (0.010)

ρh y = −371.18x + 429.11 (0.10) # bars y = 483.29ln(x) − 199.43 (0.37)

From Table 2, it can be observed that the power function has the best correlation
with Vu in the case of using a/d and fyv of the main variables. The relationship of ρv

with Vu is exponential. The linear correlation can be detected between Vu and (s and
ρh). ρ, fy, and f ′c are correlated with Vu based on logarithmic functions. The best R2

between Vu and the main variables is 0.39 for the f ′c variable. These results indicate that
the relationship between the main variables and Vu cannot be estimated directly, and a
complex relationship may be detected by using all main variables. Similarly, for the other
variables, the relationship between Vu and variables varies. The best R2 is estimated using
a number of main bars, R2 = 0.37. The variation in R2 indicates the complex relationship
between Vu and all variables. Table 2 and Figure S1 show the increase of the resistance
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with beam effective width and height, number of main bars, and concrete strength up to a
certain limit.

The statistical evaluation, range (RA), average (M), standard deviation (SD), kurtosis
(KU), and skewness (SK) of the used datasets is presented in Table 3. From the table,
the range of datasets varies and will affect the models’ performances, so the normalized
datasets are used to overcome the range change of variables. The data is normalized
between 0 and 1 in this study. In addition, in the proposed models, it is recommended to
use the given ranges of input variables. The average and standard deviation values show
that the distortion of datasets is high. The kurtosis and skewness values indicate that the
distribution of datasets is not normal. Figure 2 presents the histogram and distribution of
main variables and Vu. The figure shows positive skewness for whole variables is observed;
the distribution is also supported by the presented values in Table 3.

Figure 2. Cont.

6
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Figure 2. Distribution histogram of input and output variables.

Table 3. Statistical analysis of input and output variables.

Variable RA M SD KU SK Variable RA M SD KU SK

a/d 1.93 1.28 0.46 −0.03 0.38 b (mm) 200.00 188.18 66.50 −0.94 0.28

ρ (%) 3.50 2.00 0.82 0.16 0.65 d (mm) 1374.00 443.74 212.19 11.52 3.14

fy (MPa) 502.00 459.71 147.09 0.50 1.26 h (mm) 1550.00 505.91 235.73 12.91 3.32

f ′c (MPa) 66.10 28.33 13.75 7.04 2.64 a (mm) 1600.00 543.97 242.31 2.87 1.09

ρv (%) 1.25 0.29 0.32 0.69 1.10 Lp (mm) 210.00 113.11 45.63 3.05 2.04

s (mm) 330.00 155.33 80.63 0.54 1.07 Sp (mm) 210.00 113.11 45.63 3.05 2.04

fyv (MPa) 791.00 430.68 171.05 6.12 2.55 V/P 0.50 0.93 0.16 2.96 −2.18

ρh (%) 0.91 0.12 0.24 3.58 2.15 #bars 10.00 3.61 1.70 10.50 2.95

Vu (kN) 1869.00 385.80 285.02 6.25 2.09 Ag (mm) 22.00 14.20 5.67 0.53 1.29

Std (mm) 12.70 8.67 2.42 −0.38 −0.11

Bd (mm) 6.20 7.66 2.08 −0.74 −0.65

4. Methods and Development Models

4.1. Support Vector Regression

Pal and Deswal [23] and Mozumder et al. [34] proposed the SVR formulas and theory
in shear strength to predict RC beams. It was found to be a powerful computation technique
for predicting the shear strength of deep beams [3,23]. Here, a summary of SVR is presented.
SVR is the regression category of support vector machine (SVM), aiming to find a function
that represents the relationship between inputs features to forecast the corresponding
value when a new input is used. In SVR, “a fixed mapping procedure to map its input to
n-dimensional feature space; then nonlinear functions are used to fit the high-dimensional
features [35]”. Vapnik [35] proposed a loss function to allow the concept of SVM margin
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to be used for regression solutions. The following equation represents the mathematical
formula for the SVRs’ approximation function [23,34]:

f (x) = wϕ(x) + b (1)

C =
1
2

w + C
1
n

n

∑
i=1

L(x, d) (2)

where w and ϕ represent the weight vector and transformation functions, respectively; x
and d are the input and output vectors, and b denotes a scalar. In Equation (1), the w and b
are used to determine the normal and scalar vector, respectively, for the high-dimensional

space, which is determined through ϕ(x). Terms 1
2 w and C 1

n

n

∑
i=1

L(x, d) in Equation (2)

are the standard error and the penalty terms, respectively. The ε-insensitive loss function
introduced by Vapnik [34] is commonly used to estimate the Equation (1) parameters
through the following minimization function [23,34]:

minimize 0.5‖ w ‖2 + C
n

∑
i=1

(ξi + ξ∗i ) subjected to







di − (wxi)− b ≤ ε + ξi

(wxi) + b − di ≤ ε + ξ∗i
ξi, ξ∗i ≥ 0

(3)

where C > 0, which controls the trade-off between the model complexity and the amount up
to which deviations larger than ε are tolerated. Equation (3) can be transformed to a dual
space using Lagrange multipliers solution. This solution can be expressed as follows [23,34]:

maximize L = −ε
n

∑
i=1

(

α∗i + αi

)

+
n

∑
i=1

di

(

α∗i − αi

)

−0.5
n

∑
i=1

n

∑
j=1

(

α∗i − αi

)

(

α∗j + αj

)

(

xi − xj

)

subjected to















n

∑
i=1

(

αi − α∗i
)

= 0

0 ≤ α∗i ≤ C
0 ≤ αi ≤ C

(4)

where L denotes the Lagrangian and αi and α∗i represent the Lagrange multiplier. Once
Equation (4) is used to estimate the parameters of Equation (2), Equation (1) can be rewritten
as [23,34]:

f (x) = ∑
nsv

(α∗i − αi)(xk.x) + b (5)

where nsv represents the number of support vectors (xr, xs). Here, the solution of this
equation depends on the training pattern of Lagrange multipliers, which are only applied
to estimate the w and b. Therefore, the kernel function is commonly used to solve the
nonlinear regression problems in SVR. The Kernel functions can transform the nonlinear
problems into linear problems, as presented in Yaseen et al. [36], which allows the SVR to
solve more complex problems. The nonlinear SVR can be expressed as follows:

f (x) = ∑
nsv

(α∗i − αi)K(xix) + b (6)

where K is the kernel function; K(xix) = (ϕ(xi)ϕ(x)). In the current study, the radial basis
kernel (RBF) is applied.

It should be mentioned that the SVR is built with statistical theory and based on the
minimization of structural risk principle [37]. It is a popular method for a small count
of data, high dimensional, and non-linear problems. Therefore, SVR is used in many
applications [13,38,39] for prediction tasks. Generally, SVR is a type of convex optimization
technique to search a local solution within a problem domain [37]. The tuning of learning
parameters of SVR greatly impacts the evaluation quality. Therefore, finding optimal
values of SVR parameters from global searched cost is a difficult task [40]. Nature-inspired
algorithms are proved to be successful in finding the local best solution from the global one.
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This work applied and showed PSO, HHO, and AVOA for optimizing SVR parameters
with faster convergence capability to provide better prediction accuracy of the SVR model
in the deep beam’s shear strength prediction.

4.2. Optimization Methods

To optimize the best parameters (C, ε, and KernelScale (γ)) of SVR, the PSO, HHO,
and AVOA algorithms are used separately in the current work.

4.2.1. PSO

Kennedy and Eberhart (1995) proposed a metaheuristic population-based optimization
algorithm named particle swarm optimization (PSO). The mechanism of the PSO is inspired
by the fish schooling and foraging of the flock of birds while exploring an unknown region.
Further, PSO is defined as a swarm of particles moving nearby the problem space by the
influence of its global (Gbest) and local best (Pbest) position [41]. Therefore, a population
search algorithm is used in PSO in a nature-inspired manner to analyze the input data
features. The best position of the whole swarm is required to optimize the parameters.
These can be performed through nature-inspired behaviors and learning experiences of
population particles. PSO was found to be a robust integrated technique with SVR and
ANN to model the shear strength of concrete [36,41,42]. PSO algorithm may be summarized
as follows:

• First, it initializes the particle of the swarm, then defines the maximum number of
iterations, and finally defines the cost function.

• After defining the cost function, it evaluates the swarm in order to identify the global
and local best.

• Lastly, it calculates the velocity of each particle and then updates its position using the
following equations:

vik = wvik + coe f1rand1(Pbest,ik − yik) + coe f2rand2(Gbest, ik − yik) (7)

yik = yik + vik (8)

where yi denotes the i-th particle, k = the k-th dimension of the particle, coe f 1 and coe f 2
represent the acceleration coefficients, w refers to the inertia weight, rand 1 and rand 2
represent the random coefficients, which are randomly limited between zero and one. More
details for PSO theory can be found in [43,44].

4.2.2. HHO

Heaidari and Mirjalili (2019) proposed a gradient-free, population-based optimization
technique named Harris hawks optimization (HHO) [45]. The main inspiration behind
HHO is surprised pounce, i.e., the chasing style and cooperative behavior of Harris’ hawks
in nature. According to the HHO optimization technique, numerous hawks cooperate to
surprise a prey by pouncing it from multiple directions. They display a variety of pursuit
patterns based on different scenarios and escaping patterns of the prey. The mechanism of
HHO is that it mimics the Harris’ hawk behavior in that trace, encircle, flush out, and attack
the prey. It has been integrated with SVR and ANN to model the concrete characteristics
and other engineering applications [21,46–49]. The main phases in the attacking of hawks
are exploration (phase 1), transferring (phase 2), and exploitation (phase 3). In phase 1, the
hawk depends on its position from the prey based on his waiting, seeking, and discovering;
this can be expressed as follows:

Y(iter + 1) =

{

Yranm(iter)− r1|Yranm(iter)− 2r2Yranm(iter) i f n ≥ 0.5
(

Yprey(iter)−Ym(iter)

)

− r3(LB + r4(UL − LL)) i f n < 0.5
(9)
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where Yranm and Yprey indicate the random position for the selected hawk and prey’s
position, respectively. UL and LL indicate the upper and lower range; ri indicates a random
number, having a value between 0 and 1; and Ym = 1/N ∑

N
1 Yi(iter).

In phase 2, the prey energy is modeled as E = 2E0

(

1 − iter
T

)

, where T and E0 ∈ (−1, 1),
and they indicate that energy falls for the prey with their escapes. Thus, the hawk can
decide the solution based on the E computation and starting in phase 3 when |E| ≥ 1, and
exploiting the neighborhood when |E| < 1. Once starting phase 3, hawks decide to apply
a soft or hard besiege. |E| ≥ 0.5 indicates the prey still has enough energy to escape, but
maybe some misleading jumps occur in it to fail, so a soft besiege works. On the other
hand, in the case of |E| < 0.5, the prey is too fatigued to escape, so hard besiege works.
Here, the HHO is used to optimize the SVR parameters.

4.2.3. AVOA

Abdollahzadeha and Gharehchopogh (2021) recently introduced a metaheuristic al-
gorithm named African vultures’ optimization algorithm (AVOA) [17]. The inspiration
behind the development of the AVOA algorithm is the competing and searching behavior
of vultures to acquire a large amount of food. To acquire a large amount of food, these
vultures, ‘N’ (N denotes the population of vulture), were divided into categories based on
their fitness to find food and eat. The solution with the highest fitness value is treated as
the first-best vulture and the second-best solution as the second-best vulture. The rest of
the vultures were trying to approach the best vulture. This is formulated as follows.

Step 1: To determine the best vulture in the group. Fitness of all solutions is determined,
and the best solution is selected as the best vulture of the group and other solutions will
move towards the best solution using:

R(i) =

{

vulturebest1 i f pi = K1
vulturebest2 i f pi = K2

(10)

where the value of K1 and K2 lies between 0 and 1 with their sum equal to 1.
Step 2: Starvation rate of vultures. The starvation rate is the rate at which the vultures

are satiated or hungry. The satiated rate has a declining trend, and to model, behavior
Equation (11) is used,

F = (2ranm1 + 1)P

(

1 − iteri

itermax

)

+ t (11)

t = h

(

sinw

(

0.5π
iteri

itermax

)

+ cos
(

0.5π
iteri

itermax

)

− 1
)

(12)

where F indicates the vultures are satiated. If the value of |F| is greater than 1, vultures
search for food in different areas, and the algorithm enters the exploration phase, whereas
if the value is less than 1, AVOA enters the exploitation phase, and vultures search for food
in the neighborhood. iteri Indicates the iteration number, itermax indicates the total number
of iterations, ranm1 has a random value between 0 and 1. Here, z and h indicate random
numbers with values lying between −1 to 1 and −2 to 2, respectively. If the value of z is
less than 0, it indicates the vulture is starved, and if it increases to 0, it indicates the vulture
is satiated. Here, w indicates the optimization operation disrupts the exploration and
operation phases. By increasing the value of w, the probability of entering the exploration
phase in the final optimization stages increases, and vice versa for decreasing the value of w.

Step 3: Exploration phase. In this phase, different random areas can be examined
using two different strategies. To select the strategies in the ranm1 exploration phase, a
random number between 0 and 1 is generated. This procedure is shown in Equation (13).

P(i + 1) =
{

R(i)− |XR(i)− P(i)|F i f P1 ≥ ranmP1
R(i)− F + ranm2((UB − LB)ranm3 + LB) i f P1 < ranmP1

(13)

10
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where P(i + 1) indicates the vulture position vector in the next iteration, F indicates the rate
of vulture being satiated, and R(i) indicates one of the best vultures, which is selected at
step 1 in the current iteration. X indicates a coefficient vector that increases the random
motion by changing in each iteration and is obtained using the formula X = 2 × ranm,
where ranm is a random number between 0 and 1.

Step 4: Exploitation phase. In this phase, the efficiency stage of the algorithm is
investigated. If the value of |F| is less than 1, the algorithm enters the exploitation phase.
Here, the exploitation phase is categorized based on the |F| value. If |F| is between 1 and
0.5, the rotating flight strategy of the vulture is processed based on parameter P2. This can
be processed as follows:

P(i + 1) =







|XR(i)− P(i)|(F + ranm4)− (R(i)− P(i)) i f P2 ≥ ranmP2

R(i)−
[(

R(i)(cos(P(i)))
(

ranm5P(i)
2π

))

+
(

R(i)(sin(P(i)))
(

ranm6P(i)
2π

))]

i f P1 < ranmP2
(14)

If |F| is less than 0.5, the two vultures’ movements accumulate several types of vul-
tures over the food sources, and the siege and aggressive strife to find food are implemented
using parameter P3. This can be defined as follows:

P(i + 1) =

{

A1+A2
2 i f P3 ≥ ranmP3

R(i)− (|R(i)− P(i)|)(F)(LF(d)) i f P3 < ranmP3
(15)

where,

A1 = vulturebest1(i)− F
vulturebest1(i)P(i)

vulturebest1(i)− P(i)2 ; and A2 = vulturebest2(i)− F
vulturebest2(i)P(i)

vulturebest2(i)− P(i)2 (16)

LF(x) = 0.01
µσ

|v|1/β
, σ =

(

Γ(1 + β) sin(πβ/2)
Γ(1 + β2)β2((β − 1)/2)

)1/β

(17)

In which, vulturebest1(i) and vulturebest2(i) are the best vulture of the first and second
groups, respectively, in the iteration i; d is the problem dimensions, µ and v denotes a
random number between 0 and 1, and β = 1.5.

In this work, AVOA is used to tune the SVR parameter set to find the efficient perfor-
mance of the SVR model.

4.3. Models’ Development and Accuracy Assessment

This study proposed a new hybrid AVOA metaheuristic algorithm-based SVR model
to find the optimal parameters (C, ε, and γ) of SVR and compare its performance with
other two metaheuristics nature-inspired algorithms (called PSO and HHO)-based SVR
model. Generally, the robustness of the SVR model depends on an appropriate selection
of the parameters named as the penalty parameter/”BoxConstraint” (C), insensitive loss
function/”epsilon” (ε), and the kernel parameter/”KernelScale” (γ/gamma). The range
of these parameters is large, and it is difficult to search for the optimal set of values for
these three parameters. Therefore, this optimization task may be solved using optimization
algorithms. The authors of this article used three metaheuristic algorithms (AVOA, PSO,
and HHO) to find the optimal parameter set of the SVR model. Figure 3 shows the process
flow of the proposed technique. Initially, the missing value from the dataset is replaced
using the k-nearest neighbor (KNN) imputer method. This study used a Euclidean distance
measure to fill the missing value. The whole dataset is bifurcated into a train (80%) and
test (20%) set. The three-metaheuristic algorithm is used to train SVR parameters for
all/selected featured datasets separately. Root means squared error (RMSE) is selected
as the fitness function of all algorithms. Metaheuristic algorithms are sensitive to their
different parameter set. The Hit and trail approach is used to select the initial parameter
set of metaheuristic algorithms. Table 4 shows the initial value of all parameters of three
algorithms for SVR training. Since the number of epochs and population size affect the
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convergence rate of metaheuristic algorithms, this research work aims to find a faster
convergence rate of metaheuristic algorithm with 15 epochs and five population sizes
(Table 4).

Figure 3. Process flowchart of the proposed method.

Table 4. Initial parameters of metaheuristic algorithms to train the SVR model.

Metaheuristic Algorithm Parameters Value

AVOA

Population 5
Iteration 15

P1 0.9
P2 0.3
P3 0.6

Alpha 0.8
Beta 0.2

Gamma 2.5
Range of C [103, 10−3]
Range of ε [103, 10−3]
Range of γ [103, 10−3]

PSO

Population 5
Iteration 15

C1 1
C2 2

Range of C [103, 10−3]
Range of ε [103, 10−3]
Range of γ [103, 10−3]

HHO

Population 5
Iteration 15

N 3
Range of C [103, 10−3]
Range of ε [103, 10−3]
Range of γ [103, 10−3]

To evaluate the accuracy of the proposed models, eight statistical indices are used:
coefficient of determination (R2), variance account factor (VAF), variance inflation factor
(VIF), mean absolute error (MAE), root mean square error (RMSE), performance index (PI),

12



Sustainability 2022, 14, 5238

mean bias error (MBE), and percentage error (PE). The R2 and VAF are used to measure
the correlation between the measured and predicted values. VIF is used to evaluate the
collinearity between the measured and predicted values; VIF > 10 indicates high collinearity.
The models’ errors are evaluated using MAE, RMSE, and MBE, and the PE is used to
estimate the accuracy of the proposed model error in predicting the shear strength of RC
deep beams. The mathematical expression of these indices can be expressed as follows:

R2 =
∑

N
i=1(Vi − Vmean)

2 − ∑
N
i=1
(

Vi − Vpi

)2

∑
N
i=1(Vi − Vmean)

2 (18)

VAF = 100

(

1 −
var
(

Vi − Vpi

)

var(Vi)

)

(19)

VIF =
1

1 − R2 (20)

RMSE =

√

∑
N
i=1
(

Vi − Vpi

)2

N
(21)

MAE =
∑

N
i=1

∣

∣

(

Vi − Vpi

)∣

∣

N
(22)

MBE =
1
N

N

∑
i=1

(

Vi − Vpi

)

(23)

PI = adj R2 + (0.01VAF)− RMSE (24)

PE = 100
RMSE

Vmax − Vmin
(25)

where Vi and Vpi represent the measured and predicted shear strength, Vmean, Vmax, and
Vmin are the average, maximum, and minimum, respectively, of measured values, adj R2 is
the adjustment R2, and N is the number of the data sample.

4.4. Sensitivity Analysis

Cosine Amplitude Method (CAM) is used to analyze the strength of the relation
between input the parameter and power factor [50]. It can also be used to determine the
express similarity relation between correlated parameters. To apply CAM, all the data pairs
were stated in common X-space. The data pairs used to construct a data array defined K as:

K = {K1, K2, K3, . . . , Kn} (26)

Every elements i.e., Ki, in the data array K is a vector of lengths j, i.e.,:

Ki =
{

ki1, ki2, ki3, . . . , Kij

}

1 (27)

Therefore, each of the data pairs is represented as a point in m-dimensional space,
where each point requires j-coordinates for its complete description.

5. Results and Discussion

Two scenarios are presented in this section. The first is the evaluation of the proposed
models based on all variables and the study of the effect of all variables on Vu estimation.
Second, the main variables are considered in modeling and evaluating the sensitivity of
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input variables on the best selection model. The best solution is compared to existing
models in the shear strength determination of RC deep beams.

5.1. All Variables Impact on Vu Estimation

Table 5 presents the statistical indices of the proposed models. The numerical inves-
tigation of the statistical indices shows that the performance of the AVOA-SVR model
is better to estimate Vu with R2 = 0.98 and RMSE = 32.20 kN in the training stage. The
comparison between all models using performance indices of all statistical indices in the
training and testing stages shows that the AVOA-SVR model has a high index. However,
the performance of HHO-SVR is better in terms of PI, RMSE, and PE in the testing stage.
Moreover, Figure 4 illustrates the linear correlation between experimental and predicted
Vu values for the proposed models. From Figure 4, it is shown that the performance of the
AVOA-SVR model is more accurate than other proposed models in the training and testing
stages. The distortion of data points around best fitting is small in modeling Vu with the
AVOA-SVR model, and the VIF is higher than in other models, as presented in Table 5. This
means that when we used all variables, the AVOA-SVR model can be used to estimate Vu
with a model error approach of 6.95%.

Table 5. Statistical evaluation of the proposed models.

Training R2 VAF VIF PI RMSE MAE MBE PE

AVOA-SVR 0.984 97.330 64.510 −30.241 32.198 24.377 −0.047 1.723

PSO-SVR 0.813 78.261 5.358 −89.973 91.568 31.605 26.960 4.899

HHO-SVR 0.818 66.278 5.500 −62.003 63.483 105.885 −6.032 3.397

Testing R2 VAF VIF PI RMSE MAE MBE PE

AVOA-SVR 0.756 67.921 4.102 −76.076 77.505 101.702 −13.001 6.949

PSO-SVR 0.630 52.981 2.706 −75.687 76.837 106.357 17.850 6.889

HHO-SVR 0.715 45.786 3.514 −46.690 47.856 162.579 −56.320 4.290

The comparison between the AVOA-SVR model and previous studies is presented in
Table 6. The statistical evaluation of relative predicted shear strength (Vu measured/predicted
(Vm/p)) is presented in Table 6; COV is the coefficient of variation. From this table, it can be
observed that the AVOA-SVR model performance is better and slightly better than ACI and
Russo algorithms, respectively. Although the distortion around the mean for the proposed
model is lower than for the Russo technique, the range of datasets for Russo is better than
the proposed models. The Liu technique is better than previous and proposed models when
considering the whole variables in modeling shear strength through the AVOA-SVR model.
The selected variables are used and evaluated in the next section to estimate more accurate
Vu values.

Table 6. Vm/p statistical evaluation for AVOA-SVR and previous studies.

Model M Maximum Minimum SD COV

Liu [4] 1.10 1.54 0.65 0.15 0.13

Russo [8] 1.00 1.63 0.48 0.19 0.19

ACI [10] 0.59 2.06 0.09 0.41 0.69

AVOA-SVR 0.95 1.87 0.34 0.16 0.17

14



Sustainability 2022, 14, 5238

Figure 4. Scatter plot of model’s performances in the training (upper row) and testing (lower row) stages.

5.2. Selected Variables Impact on Vu Estimation

Table 7 and Figure 5 present the performance evaluation of the proposed models. The
performance of AVOA-SVR is high in the training stage. A high correlation, R2 = 0.97, and
low model error, PE = 2.25%, are observed. In the testing stage, a low distortion around
best fitting is observed with the AVOA-SVR. In addition, the statistical correlation factors
are high, R2 = 0.97 and VAF = 94.46, as presented in Table 7 and Figure 5. The VIF values of
AVOA-SVR in the training and testing stages are higher than other models. This means
the accuracy of AVOA-SVR is acceptable with low distortion around the observed values.
Although the PI and RMSE of the HHO-SVR models are lower than for the AVOA-SVR
model, the distortion of HHO-SVR datasets is high, as presented in Table 7 and Figure 5.
Meanwhile, the performance of the proposed models is shown to be low to estimate the
high shear strength (as presented in Figures 4 and 5). However, the performance of AVOA-
SVR is seen as more robust. This indicates that AVOA-SVR can overcome the variation
change in the data used. Figure 6 also shows a faster convergence rate of the AVOA-SVR
model compared to the other two hybrid models. Therefore, the AVOA-SVR can be used to
estimate the shear strength of RC deep beams with 3.4% model accuracy. The statistical
comparison indices in Tables 5 and 7 show that the performance of proposed models with
the selected variables is better than that for using all variables in modeling the proposed
techniques. This means that the selected variables are more influential in the shear strength
of RC deep beams.
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Figure 5. Scatter plot of model’s performances in the training (upper row) and testing (lower row) stages.

Table 7. Statistical evaluation of the proposed models.

Training R2 VAF VIF PI RMSE MAE MBE PE

AVOA-SVR 0.974 96.726 39.202 −40.095 42.036 26.728 −0.360 2.249

PSO-SVR 0.834 81.625 6.042 −90.753 92.402 32.755 18.958 4.944

HHO-SVR 0.816 71.805 5.427 −72.442 73.975 92.860 −7.926 3.958

Testing R2 VAF VIF PI RMSE MAE MBE PE

AVOA-SVR 0.970 94.460 33.512 −35.876 37.790 43.168 −7.149 3.388

PSO-SVR 0.950 91.774 20.118 −45.091 46.958 44.085 0.475 4.210

HHO-SVR 0.948 79.860 19.147 −33.841 35.586 106.952 −50.633 3.190

Figure 6. Convergence rate of three models.
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5.3. Comparison with Previous Studies and Codes

Table 8 and Figure 7 show the performance of the proposed model compared to the
previous studies’ formulas. As seen in Table 8, the used selected variable improved the
AVOA-SVR performance by 60% in terms of COV. This indicates that the selected variables
are significantly affected by the Vu values of the RC deep beams. The comparison between
previous formulas and AVOA-SVR shows that the proposed model accuracy is high in
estimating the shear strength of RC deep beams. The small range is estimated with AVOA-
SVR, and the range is 0.57 kN. The small SD and COV of the statistical indices are observed
with AVOA-SVR. This means the accuracy of AVOA-SVR is high compared to other models.

Table 8. Vm/p statistical evaluation for AVOA-SVR and previous studies.

Model M Maximum Minimum SD COV

Liu [4] 1.10 1.54 0.65 0.15 0.13

Russo [8] 1.00 1.63 0.48 0.19 0.19

ACI [10] 0.59 2.06 0.09 0.41 0.69

AVOA-SVR 0.98 1.33 0.76 0.07 0.07

The boxplot in Figure 7a shows that the median, red horizontal line of Russo, is close
to the true value “1”, followed by the AVOA-SVR and Liu models, respectively. The
low interquartile range (IQR) value, the height of the box, is observed to be small with
the AVOA-SVR model, followed by Liu and Russo models, respectively. The maximum
and minimum quartiles, the black horizontal solid lines, are small with the AVOA-SVR
model, followed by Liu and Russo models, respectively. The outliers are observed near the
median of the AVOA-SVR and far to the median of the ACI model. From the visualization
of boxplot results, it can be concluded that the performance of the AVOA-SVR model
is more accurate than the previous studies for modeling the shear strength of RC deep
beams. In addition, the following model is the Liu model, as this model considers more
shear resistance mechanisms and shows a higher normal distribution and lower error than
Russo’s and ACI’s models. The quantile-quantile (Q-Q) plot is presented in Figure 7b for
the Liu and AVOA-SVR models for further investigation. The relative shear strength is
presented versus the standard normal distribution. From this figure, both models have
approximately followed the normal distribution; this indicates that both models can be
used to estimate the shear strength of the RC deep beam. The AVOA-SVR model has
more correlation with the standard normal distribution, and the VAOA-SVR model is more
accurate than the Liu technique in modeling the shear strength of RC deep beams. The
scatter plot presented in Figure 7c,d shows that the worst model for estimating the shear
strength is the ACI’s model. The variation in the best solution “1” is shown as small for
Russo, Liu, and AVOA-SVR models, respectively. The most of relative shear strength of
the AVOA-SVR model falls within ±20%. The comparison of the AVOA-SVR model and
previous models shows that the developed model can be used accurately to model the
shear strength of the RC deep beams. Therefore, the AVOA-SVR model is a potential soft
computing technique that can be used in predicting the shear strength of RC deep beams.
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Figure 7. Comparison of model’s performances, (a) boxplot, (b) Q-Q plot, (c) scatter plot of relative
shear strength with measured shear strength, and (d) zoom in for upper plot with +20% limits for the
best models.

5.4. Sensitivity Analysis of Input Variables

Figure 8 presents the most influential input variables in modeling the shear strength
of the RC deep beam. The impact of the input variables is presented for the three models.
From Figure 8, it can be noticed that the significant impact of the ratio of vertical and
horizontal web reinforcements is low compared to other variables. The sensitivity of the
shear span to depth ratio is high, followed by the yield strength of the main steel, the ratio
of the main tensile bars, yield strength of vertical web reinforcement, stirrups spacing, and
concrete compressive strength, respectively. The impact of the input variables on output
for the other developed models is similar. These results imply that the shear strength of
the RC deep beam is highly influenced by the beam geometry, concrete strength, and yield
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strength of the steel bars. The stirrups spacing also has a large effect on the shear strength
of RC deep beams.

Figure 8. Sensitivity of input variable on model’s prediction.

6. Conclusions

This study investigated the use of new metaheuristic optimization algorithms inte-
grated with SVR to model the shear strength of RC deep beams and evaluate the sensitivity
of input parameters. SVR-AVOA, -PSO, and -HHO were designed and compared to ex-
isting models in the current study. In this study, 202 datasets, including 19 variables of
experimental studies, were collected from literature to design and evaluate the proposed
models. The common eight parameters (shear span to depth ratio, the ratio of the main
tensile bars, yield strength of main bars, concrete compressive strength, the ratio of vertical
web reinforcement (stirrups), stirrups spacing, yield strength of vertical web reinforcement,
and the ratio of horizontal web reinforcement) are also used to evaluate the performance
of the proposed models’ in predicting the shear strength of RC deep beams. The perfor-
mance of SVR-AVOA is high in the cases of the used 19 and 8 parameters for modeling the
shear strength. The accuracy of SVR-AVOA is improved by 60%, in COV terms, using the
common input variables. Thus, other parameters were found less significant in modeling
the shear strength of RC deep beams. The comparison of the SVR-AVOA and the previous
studies shows that the accuracy of the proposed model is higher than Liu [4], Russo [8],
and ACI [10] by 46%, 63%, and 90%, respectively, in terms of COV. This indicates that
SVR-AVOA is the more robust model and can be accurately used in modeling the shear
strength of RC deep beams. The sensitivity of the input variables in modeling the shear
strength of RC beams with the SVR-AVOA was assessed. This investigation shows the
impact of the shear span on the beam’s depth ratio, yield strengths of vertical and horizontal
web reinforcement, concrete compressive strength, stirrups spacing, and the ratio of the
main longitudinal bars on the deep beams’ shear strength.

Furthermore, the sensitivity of AVOA algorithm parameters can be tested to balance
between exploitation and exploration side for enhancing the SVR performance. In the
future, to check the efficiency of the proposed model should be tested on other datasets
and other civil engineering application areas. The AVOA algorithm can be combined with
other machine learning models like an extreme learning machine, random forest, etc., for
prediction tasks.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14095238/s1, Figure S1: Direct relationship between inputs
and output; Table S1: Data used in Modeling; Table S2: Modeling variables.
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Abstract: Beam-column joints constructed in the pre-seismic building code do not provide transverse
reinforcement and good reinforcement detailing within the region. These cause the occurrence of
brittle shear failure, which is one of the factors affecting the number of reinforced concrete (RC)
moment resistance building structures collapsing during an earthquake. Therefore, in this study
a brittle beam-column joint with a non-seismic building code was designed and strengthened by
a ferrocement. Four layers of wire mesh with a diameter of 1 mm and a mesh size of 25.4 mm
were installed on both sides of the beam-column joint and cement mortar was cast on it. As a
comparison, a ductile beam-column joint was also designed following the current building code,
which considers seismic effects. The test results by applying reversed cyclic loading at the beam tip
showed that strengthening using ferrocement prevents crack propagation, increasing the deformation
capacity, ductility, stiffness, and energy dissipation of beam column joint which are higher than
those of the beam-column joint which is designed following the current building code. However, the
strengthening does not improve the load carrying capacity significantly.

Keywords: beam-column joint; ferrocement; crack; ductility; displacement

1. Introduction

Reinforced concrete (RC) buildings constructed in the 1970s and 1980s or earlier lacked
transverse reinforcement installations in the beam-column joint region. Furthermore, they
did not adhere to the requirements of a detailed reinforcement to withstand seismic loads
because the building code at that time did not accommodate these effects on the beam-
column joint structures. In Indonesia, the building code used to design certain structures
during that period was NI-2 [1]. The absence of special provisions regarding reinforcement
detailing and transversal reinforcement in beam-column joint region due to the ductile
design philosophy has not been adopted yet, led to the failure of the beam-column joints.
Globally, it is one of the causes of collapsed buildings during earthquakes [2–14]. During
that era, many buildings were also designed without the strong column–weak beam design
philosophy which results in the appearance of column hinges in their collapse pattern.
However, the column hinges were also found although the structures are designed based
on the strong column–weak beam criterion [15].

Generally, the beam-column joint experiences a brittle shear failure. Therefore, efforts
are needed to strengthen the structures that were built in the 70s and 80s for their sustain-
ability [16–19]. Several structural strengthening methods have been proposed to withstand
seismic loads. These include the use of Fiber Reinforced Polymer (FRP) [20–40], steel jacket-
ing [20,41–44], pre-fabricated composite blocks [45], diagonal steel bars [46], steel haunch
strengthening and confining joint reinforcement [44,47], injection of cracks with epoxy and
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concrete jacket [20,48,49], textile-reinforced engineered cementitious composites [50,51],
installing reinforced concrete wing walls [52], and modified reinforcement technique [53].
However, those strengthening systems are expensive and need to be professionally installed.

Ferrocement is a type of thin reinforced concrete usually made of hydraulic cement
mortar reinforced with a metallic mesh or similar materials [54] and has been used as
a material for the strengthening of reinforced concrete structures. It possesses greater
tensile strength and resistance to cracking than conventional reinforced concrete. Despite
having similar durability, ferrocement is extremely elastic. In this study, ferrocement was
used to strengthen the beam-column joint, because this method is cheap compared to
the above-described methods, and its materials are always available, simple, and easy to
install. Several studies have been carried out on its use as a beam strengthening material,
and it was discovered to increase flexural capacity, stiffness, ductility, and energy dissipa-
tion [55–61]. Similarly, as a column strengthening material, it also significantly increases
ductility and energy dissipation as well as load-bearing capacity and stiffness [62–65].
However, very limited studies have been carried out on beam-column joint strengthening
using ferrocement [66–68].

This study was carried out with the aim to understand the deformation capacity
of a beam-column joint designed with a non-seismic building code strengthened with
ferrocement under reversed cyclic loading. The reversed cyclic loading was chosen to
simulate the earthquake action in building structures since the strengthening method
proposed in this study will be applied in building structures in a seismic prone area.
The strengthened beam-column joint performance is then compared to the unreinforced
one and used to ascertain the increase in its deformation capacity. Furthermore, it is also
compared with the performance of beam-column joint designed with the current Indonesian
building code [69], which considers the seismic loads effect to discern the strengthening
efficiency to withstand such impacts. Therefore, it is expected that this study recommends
an economical and practical structural strengthening method that is applicable when
strengthening existing buildings. It is important to note that the behaviors of strengthened
beam-column joint presented in this paper are only based on the experimental results. The
numerical analysis with reliable models of such structure is considered for further study.

2. Experimental Program

2.1. Detail of Specimens

Three beam-column joint specimens were prepared as shown in Table 1. The beams
and columns are designed to have similar cross-sectional width and longitudinal rein-
forcements. The beam cross-section is 300 mm × 400 mm with 8D14 mm longitudinal
reinforcements. Furthermore, the transverse reinforcements is in the form of D10 mm
stirrups, which are installed every 100 mm distance from the column face to as far as
200 mm in its front. In the other part of the beam, D10 mm stirrups are installed within
a distance of 50 mm. The column cross-section is 300 mm × 300 mm with longitudinal
reinforcements of 8D14 mm. Conversely, the transverse reinforcements in the form of D10
mm stirrups are installed every 100 mm distance from the beam face to as far as 200 mm in
its front. In the other part of the column, D10 mm stirrups are installed within a distance of
50 mm. The installation of a tighter stirrup in those areas is to ensure that cracks do not
occur in this area when a load is applied. This is due to the fact the beam-column joint
is the only part observed in this study. The weak column–strong beam was selected to
represent buildings constructed in the 70s and 80s. The mix proportion and the concrete
compressive strength as well as reinforcing bar yield strength and Young’s modulus used
for the beam-column joints are shown in Tables 2 and 3. The concrete compressive strength
presented in Table 2 is the average compressive strength tested on 20 cylinder specimens
with diameter of 150 mm and height of 300 mm at the age of 28 days, while the yield
strength and elastic modulus of steel bars presented in Table 3 were obtained from the test
results on one specimen for each bar diameter.
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Table 1. Detail of specimens.

Specimen Description

BCJ1 Beam column joint designed based on NI-2 [1]
BCJ2 Beam column joint designed based on SNI 2847:2020 [69]
BCJ3 Beam column joint designed based on NI-2 [1] and strengthened with ferrocement

Table 2. Mix proportion of concrete.

Materials Quantity

Cement (kg) 317
Water (kg) 205

Fine sand (kg) 365
Coarse sand (kg) 729

Split stone dmax 20 mm (kg) 729
w/c 0.65

Slump (mm) 12
Compressive strength (MPa) 24.8

Table 3. Yield strength and Young’s modulus of reinforcing bars.

Bar Diameter (mm) Yield Strength, fy (MPa) Young’s Modulus (GPa)

14 310 200
10 375 200

BCJ1 is a beam-column joint specimen designed according to NI-2 [1] without using
transverse reinforcement in the joint region. The beam longitudinal reinforcing bars are
not continuously bent towards the upper and lower columns. Figure 1 shows details of
specimen BCJ1. Specimen BCJ2 has a similar size and longitudinal reinforcement as BCJI.
The difference is that specimen BCJ2 added stirrups in the joint region using bars with
a diameter of 10 mm placed at a spacing of 100 mm according to the current Indonesian
building code [69]. The beam longitudinal reinforcing bars are also bent towards the
upper and lower column with a length of 500 mm therefore their functions as anchors.
Comprehensive details of specimen BCJ2 are shown in Figure 2. The specimen BCJ3 was
designed in a similar manner as BCJ1. However, it was strengthened using ferrocement on
both sides of the beam-column joint, as shown in Figure 3. Subsequently, the strengthening
was provided in the following way. The first step involves disassembling the concrete
cover of the specimen in the joint area, up to 400 mm in front of the beam and column,
with a thickness until the reinforcing bars of the specimen is visible with the thickness of
40 mm. Furthermore, a T-shaped wire mesh with 1 mm diameter and 25.4 mm mesh size,
similar to the beam-column joint area was cut. Four layers of wire mesh were installed
and mounted on both sides of the specimen with the orientation angle of 0◦ to beam and
column longitudinal axis as shown in Figure 4. Afterward, the wire mesh was anchored to
the specimen using 4 dynabolts. Finally, a cement mortar was re-cast (Figure 5). Cement
and sand with a volume ratio of 1:4 and water to cement ratio of 0.5 was used for the
mortar mixture. A polycarboxylate-based superplasticizer having a specific gravity of 1.06
with a content of 1% of cement weight was also added to the mixture thereby enabling it
flows easily when filling the cavities of the wire mesh during casting. Furthermore, the
strengthening of the beam-column joint with ferrocement was carried out on both sides of
the specimen by strengthening it on one side first, and after the mortar has hardened, the
same procedure was performed on the other side.
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Figure 1. Detail specimen BCJ1.

Figure 2. Detail specimen BCJ2.
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Figure 3. Detail specimen BCJ3.

 

Figure 4. Wire mesh already installed on one side of the beam-column joint.
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

Figure 5. Re-casting the beam-column joint after installing the wire mesh.

2.2. Loading Procedure

The specimen was first set on the loading frame, as shown in Figure 6. The column was
placed horizontally above the loading frame by anchoring it at a distance of 200 mm from
both ends using bolts. Furthermore, at both ends of the column, L shape steel is installed,
welded to its longitudinal reinforcement, and anchored to the loading frame using bolts.
The load is applied through an actuator driven by a hydraulic jack placed on the beam tip.
A steel plate is installed on the beam surface to fasten the actuator and specimen, thereby
providing a reversed cyclic loading under deformation control. Unloading and reloading
were performed at the displacement of 0.75 mm, 1.5 mm, 3 mm, 6 mm, 12 mm, and 24 mm
while two loading cycles were applied for each displacement as shown in Figure 7. After
12 cycles, the loading was continued with monotonic until the specimen failed.

 

column 

beam 

anchors 

L shape steel 

 gages 

transducer 

actuator 

600 

Figure 6. Loading set up.
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tance of 600 mm from the column face, as shown in Figure 6. In the joint area, two π gages 
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Figure 7. Displacement controlled loading history.

Beam displacement was measured by installing 2 transducers on both sides at a dis-
tance of 600 mm from the column face, as shown in Figure 6. In the joint area, two π gages
were mounted to measure the width of the crack that occurs. Furthermore, strain gages
were installed at the longitudinal reinforcement as well as on the stirrups of the beam and
column to measure the strains. Moreover, the applied load was measured with a load cell.
All information acquired during loading was recorded with a data logger and entered into
a computer. In addition, the crack pattern during the loading process was also observed
and drawn until the failure of the specimen.

3. Results and Discussion

3.1. Crack Propagation and Failure Mode

Figure 8 clearly shows an image of the cracks that occurs at the BCJ1 specimen when
the displacement was relatively 3 mm, 6 mm, 12 mm, and 24 mm. The crack did not occur
until the displacement was approximately 1.5 mm. The first crack occurred at the beam-
column joint corner in the longitudinal direction of the column towards the center of the
beam in the direction of the push load. Furthermore, when the displacement was relatively
2.3 mm, the length of the first crack was increased to 300 mm. Another crack appeared at the
same corner, however it was directed towards the center of the beam-column joint (inclined
crack). When the displacement was approximately 3 mm, the crack that appeared first has
turned towards the center of the column with a crack length of 100 mm and the inclined
crack has reached the center of the beam-column joint as shown in Figure 8a. Figure 8b
illustrates that when the displacement has reached 6 mm, 3 more cracks appeared, and with
one starting at the corner of the beam-column joint in the longitudinal direction of the beam,
it reached the other side of the column. Furthermore, another one started from the opposite
side of the column in a slightly inclined direction, and the final crack appeared in the beam
on the opposite side with the load applied and propagated to its center. Meanwhile, the first
and second appeared cracks only increased in width. Consequently, when the displacement
is relatively 12 mm, the second crack, which was an inclined crack, was propagated to the
other side of the column until relatively 150 mm in front of the beam, as shown in Figure 8c.
This inclined crack, as well as the horizontal one at the column face, increased in width with
increasing in displacement. In addition, when the displacement was approximately 24 mm,
another inclined crack appeared at another beam-column joint corner and propagated to
the reverse side of the column until it was relatively 150 mm measured from the face of
the beam. This crack formed an X shape together with the previously occurred inclined
crack as shown in Figure 8d. Furthermore, lack of stirrups in the joint region led to a
rapid increase in the width of the X crack and horizontal cracks that first appeared, thereby
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causing a decrease in load when the displacement reached 25.27 mm and structural failure
in the subsequent cycle at 32.58 mm. The failure mode of the specimen BCJ1 is shown in
Figure 9. This is a typical shear failure in the beam-column joints.
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Figure 8. Crack propagation of specimen BCJ1 at displacement of: (a) 3 mm; (b) 6 mm; (c) 12 mm;
and (d) 24 mm.

 

Figure 9. The failure mode of specimen BCJ1.
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Crack propagation of specimen BCJ2 at a displacement of 3 mm, 6 mm, 12 mm, and
24 mm is shown in Figure 10. A crack occurred when a displacement exceeded 1.5 mm
at the beam-column joint corner on the opposite side of the applied loading side. The
crack propagated parallel to the longitudinal direction of the column. However, when
the displacement was approximately 3 mm, the crack length was relatively 190 mm, as
shown in Figure 10a. Another crack with a length of 30 mm simultaneously appeared on
the side of the beam opposite the load. The application of a compressive load in the same
cycle led to the formation of new cracks at an opposite corner which was also horizontal
towards the previous one, thereby causing the two cracks to meet. At the time of applying
the tensile load for the next cycle, a new crack with a length of 220 mm occurred, starting
from the first one, which was located 50 mm from the face of the beam towards column’s
longitudinal axis. Meanwhile, when the compressive load was applied in the same cycle,
a similar incident where another crack occurred in the longitudinal axis direction of the
beam leading to the inner joint, which started at the previous one with a length of 190 mm,
as shown in Figure 10b. Besides, when the displacement was greater than 6 mm, inclined
cracks started to occur at the joint. Furthermore, there were also cracks on the other side of
the column and jointed with previous cracks in the column axis at the joint region when the
displacement is relatively 12 mm, as shown in Figure 10c. In addition, when the crack in the
beam propagated, its length was relatively 180 mm apart from the appearance of the other
two cracks with similar lengths. Subsequently, when the displacement was approximately
24 mm, the cracks at the joint formed the X shape, as shown in Figure 10d. However, those
X shape cracks did not increase in width when the displacement was greater than 24 mm,
due to the stirrups provided in the joint region. This was different from specimen BCJ1,
where the crack got wider and caused structural failure. In the BCJ2 case, the structure
was still capable of deforming up to 52.39 mm and had only failed recently. Structural
failure was also not caused by X-shaped cracks that occurred in the joints. However, it was
caused by the widening of the cracks at the beam-column joint corner. The failure mode of
specimen BCJ2 is shown in Figure 11.

Crack propagation of the specimen BCJ3 at displacement of relatively 3 mm, 6 mm,
12 mm, and 24 mm are shown in Figure 12. The first crack started immediately after the
displacement exceeded 1.5 mm. Cracks also started from the beam-column joint corner on
the loading side. In contrast to the BCJ1 and BCJ2 specimens, which the first crack was
initially directed horizontally, in the BCJ3 specimen, the first crack had an inclined shape
directed towards the center of the beam-column joint. Changes in the load direction led to
the formation of a second crack on the other beam-column joint corner, which also had an
inclined shape towards the beam-column joint center. In the next cycle a displacement of
3 mm was reached, and the 2 inclined cracks met at the middle of the column, in a vertical
direction, away from the center of the beam-column joints. There was a cracked branch at
a depth of approximately 1/3 of the column height in a horizontal direction towards its
center as shown in Figure 12a. This crack failed to propagate and increase its width until
the displacement was relatively 6 mm due to the presence of wire mesh. This was installed
as a strengthening to prevent the propagation and widening of the crack as shown in
Figure 12b. However, when the displacement was approximately 6 mm, another fine crack
with a length of 5 mm appeared on the side of the column. As the displacement increased,
the newly emerged inclined crack propagated towards the center of the beam-column
joints. The initial crack also propagated towards the other side of the column. Furthermore,
2 other inclined cracks were formed, starting with the horizontal one that appeared first.
Additionally, vertical and horizontal cracks appeared on the side of the column and beam
respectively. There were also 2 vertical cracks in the beam ferrocement section. The shape
of the crack when the displacement was relatively 12 mm is shown in Figure 12c. The crack
pattern remained the same as shown in Figure 12d till the displacement was relatively
24 mm. There was an increase in the number of cracks on the beam and an additional
vertical one on the side of the column. In the beam-column joint area, there was no increase
in the length and width of the cracks. It was due to the presence of wire mesh installed
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on the beam-column joint as a strengthening way to prevent crack growth. This condition
occurred in the next load cycle until the connection between the ferrocement and the old
concrete surface was damaged at a displacement of 51.37 mm. This is almost similar to the
maximum displacement of the BCJ2 specimen. The failure mode of the beam-column joints
strengthened with ferrocement was delamination of the ferrocement from the old concrete
as shown in Figure 13. Supposing the bond between the old concrete and ferrocement is
made stronger, it is believed that the displacement achieved by this beam-column joint may
increase, because at the time of failure the crack width in the joint area was less than 1 mm,
thereby improves its deformation capacity and ductility.
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Figure 10. Crack propagation of specimen BCJ2 at displacement of: (a) 3 mm; (b) 6 mm; (c) 12 mm;
(d) 24 mm.

 

Figure 11. The failure mode of specimen BCJ2.
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Figure 12. Crack propagation of specimen BCJ3 at displacement of: (a) 3 mm; (b) 6 mm; (c) 12 mm;
(d) 24 mm.

 

Figure 13. The failure mode of specimen BCJ3.

3.2. Load and Displacement Relationship

The relationship between the load and displacement measured with transducers
mounted on the beam for specimen BCJ1 is shown in Figure 14. The maximum load of
this specimen is 73.95 kN at a displacement of 25.74 mm. When displacement was 24 mm,
there was an extremely wide crack on the column face with a length has reached along the
beam height. This also includes an X-shaped crack in the beam-column joint area, as shown
in Figure 8d. Therefore, in the next cycle, the load only reached approximately 51.6 kN,
and the specimen failed at the displacement of 32.58 mm. The absence of the anchorage
of beam longitudinal reinforcement to column as well as no transverse reinforcement in
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beam-column joint region of this specimen led to the easy of crack propagation in this
specimen, thereby leading to a small deformation capacity and ductility index. The first
yield of beam’s longitudinal reinforcement of specimen BCJ1 occurred at a displacement of
12.07 mm.
yield of beam’s longitudinal reinforcement of specimen BCJ1 occurred at a displacement 

placement at the first yield of beam’s longitudinal reinforcement of specimen BCJ2 was 13.55 
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Figure 14. The hysteretic load-displacement curve for specimen BCJ1.

The hysteretic load-deflection curve for specimen BCJ2 is shown in Figure 15. The
displacement at the first yield of beam’s longitudinal reinforcement of specimen BCJ2 was
13.55 mm, which is similar to that of BCJ1. This is because both specimens have similar
cross-sectional size and reinforcement. Due to the fact that specimen BCJ2 has a stirrup in
the beam-column joint region, the maximum load is greater than that of the specimen BCJ1,
which is 83.48 kN at a displacement of 23.15 mm. It is important to note that the presence
of stirrups in the joint region and the anchorage of beam’s longitudinal reinforcement to
relatively 560 mm into the column, causing delays in the widening and propagation of
cracks, therefore the specimen was able to withstand any suddenly load drop as in the
case of BCJ1. As a result, this specimen was able to sustain the maximum load in the next
cycle. Furthermore, the specimen failure occurred at a displacement of 52.39 mm with a
maximum load at failure of 77.89 kN, which was decreased by 6.7%. Therefore, the presence
of transverse reinforcement in the beam-column joint region and the anchorage of beam’s
longitudinal reinforcement in the column cause the deformation capacity to increase.
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Figure 15. The hysteretic load-displacement curve for specimen BCJ2.
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Figure 16 shows the hysteretic load-deflection curve for specimen BCJ3, which is a
strengthening of the BCJ1 model using ferrocement. Similar to the cases of specimens BCJ1
and BCJ2, BCJ 3 experienced its first yield of longitudinal reinforcing bars at a deformation
of 12.00 mm. Installation of wire mesh in the beam-column joint area had an insignificant
effect on the maximum load, although it increased the deformation capacity of specimen
BCJ3. The maximum load was similar to BCJ1, namely 75.64 kN at a displacement of
16 mm. In addition, this load remained constant until the displacement was 24 mm. There
was no increase or decrease in load after a displacement of 16 mm because the specimen
had significant number of cracks without any crack propagation and widening. The
propagation and widening of cracks was prevented by wire mesh which was installed as
a structural strengthening. As a result of the ferrocement strengthening, in the following
cycle, the load did not decrease immediately as was the case of BCJ1, rather BCJ3 was
able to undergo deformation even without increasing the load till a failure occurred at
displacement of 52.04 mm with a load reduction of only 5%, which was equivalent to
71.86 kN. However, in the opposite direction, the maximum load of BCJ3 was 81.68 kN,
which exceeded that of BCJ2 relatively 74.56 kN in the same loading direction. Therefore,
the strengthening of beam-column joint designed with non-seismic building code using
ferrocement improves the deformation capacity and ductility. The deformation capacity
and ductility of strengthened beam-column joint even was higher than those of beam-
column joint designed with current code. However, in this case, as previously reported, a
failure occurred due to the delamination of the ferrocement from the old reinforced concrete
beam-column joint. Furthermore, it is necessary to establish a good bond between the
old concrete and the ferrocement, either by increasing the dynabolt anchor numbers or by
providing a bonding adhesive between these old concrete and new mortar. Cases with a
higher number of anchors and bonding adhesive between the old concrete and new mortar
were not reviewed in this study and need to be further investigated.
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Figure 16. The hysteretic load-displacement curve for specimen BCJ3.

The maximum loads, loads at first crack, loads at first yield of beam’s longitudinal
reinforcing bars, and loads at failure together with their corresponding displacements
of all specimens tested in this study are summarized in Table 4. Table 4 shows that the
strengthening of beam-column joint with ferrocement did not improve the load carrying
capacity, but enhanced the ability to deform after peak load. Therefore, the deformation
capacity of strengthened beam-column joint was increased by 60%, which was almost
similar to that was designed with current building code. To improve the load carrying
capacity as well as the deformation capacity, it is recommended to use high strength heat-
treated steel with fine grains for wire mesh in the future study since such steel has better
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performance in carrying static and dynamic loads [70,71]. This type of steel may be welded
to reinforcing bars using welding heat input [72], so that the delamination of ferrocement
that occurred in this study may be prevented.

Table 4. Maximum loads (Pmax), loads at first crack (Pcr), loads at first yield of reinforcing bars (Py)
and loads at failure (Pfail) and their corresponding displacements (∆).

Specimen

Load (kN) and Displacement (mm)

Ratio of ∆fail to ∆fail,BCJ1At First Crack At First Yield Maximum At Failure

Pcr ∆cr Py ∆y1 Pmax ∆m Pfail ∆fail

BCJ1 22.68 1.80 56.85 12.07 73.95 24.01 51.6 32.58 1.00
BCJ2 29.53 1.57 68.38 13.55 83.48 23.15 77.89 52.39 1.61
BCJ3 34.14 1.55 65.14 12.00 75.64 24.00 71.86 52.04 1.60

The enveloped load-displacement curves of the 3 specimens tested in this study were
compared as shown in Figure 17. It also shows that strengthening the beam-column joints
designed with a non-seismic building code using ferrocement increases the deformation
capacity. Therefore it is similar to a beam-column joint designed with a new building code
that takes into account the effects of seismic.
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Figure 17. Envelope load-displacement curves.

3.3. Structural Ductility

Structural ductility is defined as the ability of a structure to undergo large inelastic
deformation without experiencing significant loss of strength. In this study displacement
ductility index was used for assessing the structural ductility. The displacement ductility
index (µ) is defined as the ratio of ultimate displacement (∆u) to yield displacement (∆y) as
follows [73]:

µ =
∆u

∆y
(1)

For specimen BCJ1, ultimate displacement is defined as displacement corresponding
to 15% drop of maximum load [37,74–77]. Since the maximum load for specimens BCJ2 and
BCJ3 at failure dropped only by 6.75 and 5%, respectively, then the ultimate displacement
for those specimens is given as failure displacement.

The yield displacement was assessed by three different methods. For the first method,
the yield displacement is defined as the displacement at the first yield of reinforcing bars
as presented in Table 4. The second method is based on balance of energy. The detail
description on how to calculate the yield displacement based on the balance of energy can
be found in the references [68,74,75]. The third method is based on the general yielding.
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The detail description on how to calculate the yield displacement based on the general
yielding can be found in the references [68,74]. Since the yield displacement obtained
by those three different methods was almost similar, then the average value was used in
calculating the displacement ductility index.

Table 5 presents the yield displacement, ultimate displacement, and displacement
ductility index of all specimens tested in this study. The table shows that the structural duc-
tility of the ferrocement-strengthened beam-column joint was improved by 91% which was
higher than the ductility of beam-column joint designed with the new seismic building code.
This significantly ductility improvement is due to the inhibition of the crack propagation by
the resistance of the installed wire mesh. As a result, the failure of the beam-column joint,
which was originally brittle, becomes more ductile. These results indicate that the structures
constructed before the implementation of the seismic building code may be strengthened
by using ferrocement. Therefore it is presumed to have a similar deformation capacity and
ductility as building structures designed with the new seismic building code. This aids in
preventing sudden collapse due to failure of the beam-column joint during an earthquake.

Table 5. Displacement ductility index.

Specimen ∆u (mm) First Yield, ∆y1 (mm)
Balance of Energy,

∆y2 (mm)
General Yielding,

∆y3 (mm)
∆y,avg (mm) µ Ratio of µ to µBCJ1

BCJ1 27.60 12.07 12.42 12.65 12.38 2.23 1.00
BCJ2 52.39 13.55 13.65 13.78 13.66 3.84 1.72
BCJ3 52.04 12.00 12.26 12.43 12.23 4.26 1.91

3.4. Stiffness Degradation

Stiffness is one of the parameter that can show the seismic performance of reinforced
concrete members which is the ability to resist deformation [75,76]. In this study, the
stiffness was calculated as secant modulus of envelope load-displacement curves in positive
direction shown in Figure 17. Figure 18 shows the comparison of the stiffness of all beam-
column joint specimens tested in this study. It further shows that the presence of wire-mesh
in the beam-column joint strengthened with ferrocement tends to increase its initial stiffness
due to the higher elastic modulus of wire-mesh compared to the elastic modulus of concrete.
Since there was no crack and the linear load-displacement relationship at the initial stage of
loading, the stiffness was constant until the displacement of around 1.5 mm. The presence
of cracks that occurred due to loading leads to stiffness degradation along with an increase
in beam displacement, as shown in the figure. The stiffness degradation of all tested
specimens is similar and closely related to the existent crack propagation.
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Figure 18. Degradation of stiffness.
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3.5. Energy Dissipation

The total energy given to a structure under loading is called the input energy. Some
of the input energy given to a structure is absorbed (dissipated) by the structure. Energy
dissipation is described as the ability of a structure to absorb energy through the yielding
process in the plastic hinge region. It is used in designing an earthquake-resistant building
structure that is ductile in the plastic hinge area. This, therefore, leads to plastic deformation
that occurs before failure. The greater the energy dissipation of a structure, the greater it is
able to withstand earthquake loads.

Energy dissipation at each cycle can be calculated from the enclosed area within
load-displacement loop at this cycle. The cumulative energy dissipation is calculated by
summating energy dissipated in previous cycles [68]. Figure 19 shows the cumulative
energy dissipation of all beam-column joint specimens tested in this study as a function of
displacement. Furthermore, when there was slight deformation, the energy dissipation of
all the specimens was similar. As the displacement increased, the beam-column joint speci-
men strengthened with ferrocement provided greater cumulative energy dissipation than
the unreinforced. The energy dissipation of ferrocement-reinforced specimens was almost
similar to the specimens designed with the new seismic building code. Even at the displace-
ment greater than 20 mm, the strengthened beam-column joint had a greater cumulative
energy dissipation, which shows the effectiveness of beam-column joint strengthening
using ferrocement in resisting earthquake loads.
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Figure 19. Cumulative energy dissipation.

3.6. Comparison with Previous Studies

Table 6 presents the comparison of improvement of maximum displacement, ductility,
initial stiffness, and energy dissipation obtained from this study and the previous stud-
ies [66,68] with the difference in strengthening scheme. This table shows that the different
strengthening scheme affects the improvement of deformation capacity. The number layer
of wire mesh and its orientation angle affect the improvement of maximum displacement
and ductility significantly. Meanwhile, the addition of diagonal reinforcement improves
energy dissipation significantly.
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Table 6. Comparison of improvement of maximum displacement, ductility, initial stiffness, and
energy dissipation obtained from this study and the previous studies [66,68].

Strengthening Scheme Improvement in (%)

Orientation Angle Number Layer of Wire Mesh Maximum Displacement Ductility Initial Stiffness Energy Dissipation

0◦ (Present study) 4 60 91 29 71
45◦ [66] 3 18 NA * 12 16
60◦ [66] 3 20 NA * 68 21

0◦ with addition of diagonal
reinforcement [68] 2 22 17 19 154

NA * = not available.

4. Conclusions

In this research, the deformation capacity of the reinforced concrete beam-column
joint designed with a non-seismic building code was investigated. In addition, structural
strengthening was analyzed and compared with the deformation capacity of a similar
structure designed with the new seismic building code. Strengthening was carried out
using ferrocement provided on both sides of the beam-column joint using 4 layers of wire
mesh with a diameter of 1 mm and mesh of 25.4 mm. The reversed cyclic loading test
results show that the beam-column joint strengthened with ferrocement improved the
deformation capacity and ductility. The beam-column joint, which initially experienced
brittle shear failure after being strengthened, increased its ductility index from 2.23 to
4.26. This was greater than the ductility index of the beam-column joint designed with
the new seismic building code, which was 3.84. The beam-column joint, which initially
failed at a displacement of 32.58 mm after being strengthened with ferrocement, failed
at a displacement of 52.04 mm and was almost the same as the displacement, which
was designed with the new seismic building code. Moreover, the strengthening also
significantly improved its stiffness and energy dissipation. Meanwhile the load carrying
capacity of the strengthened beam-column joint was 75.64 kN, a slight higher than that of
non-strengthened one which was 73.95 kN, but still lower than that was designed with
new seismic building code which was 83.48 kN. The failure of the beam-column joint
strengthened with ferrocement occurred due to the delamination of ferrocement from the
old reinforced concrete beam-column joint.
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Abstract: Using a significant number of transverse hoops in the joint’s core is one recognized way for
achieving the requirements of strength, stiffness, and ductility under dynamic loading in a column
joint. The shear capacity of a joint is influenced by the concrete’s compressive strength, the anchoring
of longitudinal beam reinforcement, the number of stirrups in the joint, and the junction’s aspect
ratio. Seismic motion on the beam may produce shear capacity and bond breaking in the joint,
causing the joint to fracture. Furthermore, due to inadequate joint design and details, the entire
structure is jeopardized. In this study, the specimens were divided into two groups for corner and
interior beam–column joints based on the joint reinforcement detailing. The controlled specimen has
joint detailing as per IS 456:2000, and the strengthened specimen has additional diagonal cross bars
(modified reinforcement technique) at the joints detailed as per IS 456:200. The displacement time
history curve, load-displacement response curves, load-displacement hysteretic curve, and load cycle
vs. shear stress were used to compare the results of the controlled and strengthened specimens. The
findings show that adding diagonal cross bars (modified reinforcing techniques) to beam–column
joints exposed to cyclic loads enhances their performance. The inclusion of a diagonal cross bar
increased the stiffness of the joint by giving an additional mechanism for shear transfer and ductility,
as well as greater strength with minimum cracks.

Keywords: beam–column joints; shear capacity; cyclic loading; joint’s numerical modeling; interior
joint; corner joint; modified reinforcement technique (MRT)

1. Introduction

The beam–column joint is the crucial zone in a reinforced concrete (RC) frame subjected
to large forces during several ground shaking events, and its behavior has a significant
influence on the response of the structure. Beam–column joints are the link between
horizontal and vertical structural elements, and therefore, the joints are directly involved in
the transfer of seismic forces [1]. The strength of the joint’s component materials is restricted,
and the joint’s force-carrying capacity is also restricted. As a result, joints can be severely
damaged or even destroyed during an earthquake [2,3]. The primary cause of joint failure is
insufficient joint shear strength, which occurs due to insufficient and inadequate reinforcing
details at the junction region [4]. Since fixing a fractured joint is challenging, the damage
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level needs to be minimized at the construction stage using a variety of techniques. An
earthquake-resistant frame’s column should be stronger than its beam. Joint panel stirrups
contribute to the confining pressure and shear strength required to prevent early brittle
collapses; the movement between the columns and beams can be transmitted correctly with
enough transverse reinforcement [5]. However, structural elements constructed against
gravity loads or in line with seismic standards in the Mediterranean region usually lack
transverse reinforcements in the junction [6–9].

Consequently, beam–column junctions have been recognized among the principal
causes of damage in pre-existing reinforced concrete (RC) structures in various studies
conducted in the context of prior significant earthquakes. In most countries vulnerable to
seismic events, pre-seismic codes do not meet present standards for reinforced concrete
structures [10]. Earthquakes that have occurred recently (e.g., M7.4 Oaxaca (Mexico),
M7.0 Aegean Sea (Turkey–Greece), M6.4 Croatia) have mostly caused failures of masonry
buildings, but RC buildings were also, in some cases, heavily damaged [11–13]. One reason
is that the beam–column joints in moment-resisting RC frame constructions have enough
shear strength and ductility [14].

A design guideline for achieving the appropriate strength for beam–column joints is
included in the existing standards. These specifications include enough anchoring for both
beam and column bars traveling through or terminating in the joint area, and appropriate
flexural strength for the beam and column to ensure beam-failure mechanisms [15,16].
Tsonos et al. [17] gave an overview of modern design codes (Eurocode family of codes)
for the seismic performance of RC beam–column joints and compared them with the
older standards. A simplified model for strengthening RC beam–column internal joints
is given by Bossio et al. [1], which could be used by designers of new joints to quantify
the performance of new structures, as well as by designers of external strengthening of
existing joints to compute the benefits of the retrofit and shift the initial failure mode to a
more desirable one.

In order to improve the structural behavior of precast beam–column connections, Hanif
and Kanakubo [18] studied the use of fiber-reinforced cementitious composite (FRCC) to
grout the joint region. Under reversed cyclic stress, two full-scale internal beam–column
junctions were evaluated. In the joint region of the first specimen, aramid fibers cementi-
tious composite was used. At the same time, polypropylene fibers cementitious composite
was utilized to grout the junction in the second specimen. The findings were compared
to previous research (no fibers, PVA fibers, and steel fibers). In contrast, steel fibers had
considerably increased shear capacity and the largest hysteretic region. According to the
test findings, PVA fibers outperformed others in terms of fracture width. In contrast, steel
fibers had considerably increased shear capacity and the largest hysteretic region.

Li et al. [19] studied the cyclic behavior of joints built using prefabricated beams and
columns composed of engineered cementitious composite (ECC). Two large-scale joint
specimens made of conventional concrete and three large-scale joint specimens constructed
of ECC were fabricated and tested under cyclic stresses till failure. One specimen was
manufactured monolithically and served as a control. The effects of bar splicer sleeves
and the connection location on the load-carrying capacity, failure mode, and ductility of
produced joints were evaluated using three alternative assembly strategies. ECC enhanced
the load-carrying capacity and ductility of constructed joints, according to the findings.
The inclusion of longitudinal bars and splicer sleeves increased the load-carrying capacity
but reduced ductility because the failure mechanism shifted from flexural to shear. The
cyclic behavior was indifferent to connection location when ECC was employed.

The volume percentage of steel fibers in concrete and the detailing of reinforced steel
in external beam–column joints were studied by Oinam et al. [20]. Regardless of transverse
reinforcement in the joints, specimens of longitudinal beam bars positioned diagonally in
the beam–column joints revealed interfacial shear fractures, according to the test findings.
Those with a straight longitudinal bar in beams, on the other hand, showed a flexural plastic
hinge away from the joint location. Steel fiber-reinforced concrete (SFRC) in the joint’s
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region demonstrated outstanding ductility, energy absorption, and consistent hysteresis
response, despite increasing the spacing of the hoops in the beam–column joints region.

Ravichandran [21] tested fourteen specimens under cyclic loads, one of which was built
according to seismic code IS 13920 [22]. In contrast, the others were built without seismic
details according to American Concrete Institute (ACI 318) [23], with HyFRC substituting
regular concrete in the joint’s location. For each volume fraction, two specimens were cast
using the same concrete grade with hybrid fibers (80% steel + 20% polyolefin and 60%
steel + 40% polyolefin) (0.5%, 1%, 1.5%, and 2%). The findings revealed that high-strength
concrete containing 80% steel and 20% polyolefin improved ductility, energy absorption,
and overall strength across all volume fractions. However, when compared to the seismic
detail specimen, the hybrid fibers specimen with a volume fraction of 2% (80% steel/20%
polyolefin) outperformed the seismic detail specimen in terms of energy absorption capacity
and ductility.

Six beam–column knee joint specimens were constructed utilizing five created hybrid
synthetic fibers, and one control specimen was evaluated under lateral cyclic stress by
Zainal et al. [24]. Ferro-Ultra (F6U3), Ferro-Super (F6S3), Ferro-Econo (F6E3), and Ferro-
Nylo (F6N3) were used to cast the hybrid fiber-reinforced concrete (HyFRC) joint area (FFC).
According to the findings, the HyFRC joints showed substantial improvements in energy
dissipation capacity, stiffness degradation rate, and displacement ductility. Compared
to the reference specimens, the F6U3 generated the most augmentation, while the FFC
produced the least. All hybrid specimens were numerically simulated using the finite-
element method. The average margin error for peak load capacity, peak load displacement,
and maximum displacements was 25.89%, 3.45%, and 0.18%, respectively.

Dehghani et al. [25] built a 3D finite-element model to analyze the impact of employing
ECC in various patterns of beam–column connections. The model’s validity was deter-
mined based on Yuan et al.’s findings [26]. The ECC material enhanced the load-carrying
capacity and ductility of the beam–column connections but did not affect their initial stiff-
ness. Furthermore, employing ECC outside of the plastic hinge areas was useless, as most
tensile and shear cracks are found within the joints. The findings also showed that ECC was
ineffective for preventing the diagonal shear crack in the joint area. Alwash et al. [27] and
Bossio et al. [28] studied the corrosion of RC joints when exposed to bending moment and
axial forces. Their study was oriented on the loss of integrity, a decrease of load-bearing
capacity, stiffness, and serviceability due to corrosion, and the on joints’ rehabilitation with
the patch repair technique (PRT).

The steel plate energy absorption device (SPEAD) system, presented by Giuseppe
Santarsiero et al. [29], is a revolutionary strengthening approach that aims to boost the
flexural strength of beam and column components in RC frame constructions. The updated
SPEAD model produced a 50-percent increase in strength, as well as a significant reduction
in bond-slip effects in the joint panel region. This, in turn, resulted in an increase in ductility,
which was good.

The concrete compressive strength, joint aspect ratio, and a number of lateral connec-
tions inside the joint are the most critical parameters determining the shear capacity of
RC beam–column joints. A modified reinforcing technique to increase the shear capacity
of cyclically loaded RC beam–column junctions is a viable option. The primary concerns
discovered in the literature examined are the anchoring length requirements for beam
bars, the provision of transverse reinforcements, and the involvement of stirrups in shear
transmission at the joint. Research evaluating the use of extra cross-inclined bars at the joint
core found that the inclined bars contribute a novel method of shear transfer, reducing the
risk of a diagonal cleavage fracture at the joint. According to major international standards,
diagonal cross bars have no effect on the shear strength of a joint. The goal of this study
was to enhance core concrete confinement while avoiding reinforcing congestion in joints.
The inclusion of diagonal bars adds another mechanism for shear transmission.
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1.1. Interior Beam–Column Joint

In most instances, the breakdown of inner beam–column junctions triggered the
failure mechanism in buildings. The statement mentioned above is proven by a thorough
analysis of numerous collapsed or seriously damaged pre-seismic code-designed RC-
framed structures after moderate or major earthquakes [2,3]. As a result, the weakest
connection in existent RC movement-resistant frames was identified as the beam–column
joints. These joints’ inadequate shear strength has been established as the primary cause of
joint failure. This lack in strength is commonly caused by insufficient and poorly specified
joint reinforcements [30–32].

Furthermore, joint brittleness develops due to deficient reinforcement, especially
the joint’s transverse reinforcement causing a reduction in the overall ductility of the
construction. The modified reinforcing technique aids in transferring shear or provides an
extra shear-transfer mechanism at the joint. The force exerted on bars at the column faces
causes the bond force to be dispensed by one of the top beam bars.

Bond Force =
Πd2

4

(

fy + f′s
)

(1)

where f′s is the compression steel stress at the far face of the joint, fy is the yield stress of
steel, and d is the diameter of steel.

1.2. Corner RC Beam–Column Joint

The joints are usually situated near the roof level in movement-resistant RC structures.
Suppose these joints are simply intended for gravity loads and are built according to
pre-seismic regulations. In that case, they may sustain significant harm during seismic
events because of insufficient shear strength in the corner beam–column junction [10,33,34].
Internal forces created at corner joints may induce joint failure before the beam or column—
whichever is weaker—reaches its maximum strength. In earthquake-prone nations such
as Japan, Mexico, and China, several approaches for repairing and strengthening corner
beam–column joints that earthquakes have damaged have been documented [35].

Only the following requirements may be expected to provide appropriate strength for
the corner joint [35]:

i. Around the corner, the tension steel is persistent, i.e., there is no lapping in the joint;
ii. The tension bars have to be curved into a radius that prevents the bars from bending

or breaking. Nominal transverse bars are placed beneath the bent bars;
iii. Only a certain quantity of tension reinforcement is allowed [32].

ρ ≤ 6
√

f′c/fy (2)

The stresses are measured in pounds per square inch (psi).

2. Detailing Recommendations for Joints

The below suggestions are provided in regard to the need for anchorage, confinement,
and shear inside the core of joints in earthquake-resistant structures [22]:

i. Anchorage: Due to loss of bond at the inner face of an exterior joint, the development
length of the beam reinforcement should be computed from the beginning of the
90◦ bend, rather than the face of the column. In wide columns, any portion of the
beam bars within the outer third of the column could be considered for the computed
development length. For shallow columns, the use of stub beams will be imperative.
A large-diameter bearing bar fitted along the 90◦ bend of the beam bars should be
beneficial in distributing bearing stresses. In deep columns, and whenever straight
beam bars are preferred, mechanical anchorage could be advantageous. Joint ties
should be so arranged that the critical outer-column bars and the bent-down portions
of the bars are held against the core of the joint;

46



Sustainability 2022, 14, 1918

ii. Shear Strength: When the computed axial compression on the column is small, the
contribution of the concrete shear resistance should be ignored, and shear reinforce-
ment for the entire joint-shearing force should be provided. In exterior joints, only
the ties that are situated in the outer two-thirds of the length of the potential diagonal
failure crack, which runs from corner to corner of the joint, should be considered to
be effective. The joint shear to be carried by the ties is calculated as:

Av =
1.5 VsS

dFy
, (3)

where Vs = joint shear carried by the ties, Av = the total area of tie legs in a pair that
makes up one layer of shear reinforcement, and d = the beam’s effective depth. For
preventing the excessive diagonal compression of core concrete, an upper bound for
joint shear, usually stated as a nominal shearing force, must be imposed. The value
between 10

√
f′c and 11.5

√
f′c (psi) is recommended for beams;

iii. Confinement: Horizontal tie legs are ineffectual for providing constraint against
the concrete core volumetric expansion, while shear reinforcement restricts only the
joint’s corner regions. As a result, extra confining bars at right angles to the shear
reinforcement are required. The distance between these bars should not exceed
150 mm.

The IS 13920:1993 (Ductile Detailing) [22] gives the following provisions:

i. Cl-7.4.1 Special confining reinforcement (lo) (unless shear strength considerations
demand a larger amount of transverse reinforcement) should be provided across a
span of every joint face, towards the mid-span, and on each side of any area where
flexural yielding may occur owing to earthquake pressures. The length ‘lo’ should not
be less than (a) the member’s greater lateral dimension at the section where yielding
occurs, (b) 1/6 of the member’s clear span, and (c) 450 mm;

ii. Cl-8.1 Unless the joint is confined, the special confining reinforcement necessary at
the column end must also be carried through the joint;

iii. Cl-8.2 A connection with beams framing all vertical sides, with each beam having a
width of at least 3/4 of the column width, may be given half of the special restricting
reinforcement needed at the column’s end. The hoops’ spacing shall not be more than
150 mm;

iv. In the joint region, diagonal cracking and concrete crushing can be managed by
providing large column dimensions and densely packed closed-loop steel ties sur-
rounding the column bars. The ties help resist the shear stress and hold the concrete
in the joint, hence preventing concrete cracking and crushing;

v. The transverse loop should continue around the joint region around the column bars.
This is cultivated by setting up the instance of all bar supports (both longitudinal bars
and stirrups) on top of the shaft formwork at that level and lower into the case;

vi. The building columns in seismic zones III, IV, and V are to be at least 300-mm wide in
each direction of the cross-section when the column support beams are longer than
5 m or when these columns are taller than 4 m between floors;

vii. A piece of the top pillar bar is consolidated in the segment that is projected up to
the soffit of the bar, and a piece of it overhangs in segments with short widths and
huge-breadth shaft bars;

viii. Beam bars may not reach past the soffit of the pillar if the section width is extensive;
ix. Interior joints need the top and base bars to go through the intersection without being

cut, and these bars should be set inside the section bars without any twists;
x. The American Concrete Institute suggests a segment width that is no less than multi-

ple times the distance across the longest longitudinal bar in the adjoining pillar.
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3. Experimental Program

Interior and corner beam–column joint specimens were divided into two groups: one
with changed reinforcing techniques and another without. For both reinforcement frame-
works, the specimens were cast with reinforcement details according to IS 456:2000 [36],
including extra diagonal cross-bracing reinforcement at the two faces of the joints for joint
confinement, in accordance with the reinforcement category.

Details of Specimens

The beam and column dimensions at the corner and interior beam–column joints were
similar. The columns were 300-mm deep and 400-mm broad, while the beams were 400-mm
deep and 300-mm wide. The beam’s span was 3000 mm, while the column’s height was
3500 mm. Figure 1 shows the inner beam–column joint reinforcement detailing without
changed reinforcement techniques, whereas Figure 2a,b shows the interior beam–column
joint reinforcement detailing with modified reinforcement techniques at the joint location.
The concrete mix consisted of ordinary Portland cement (43 grade), sand passing through
a 4.75-mm IS sieve, and coarse aggregate ranging in size from 10 to 18 mm. The concrete
cube’s compressive strength after 28 days was 25 N/mm2. The main reinforcement was
made of steel bars with a yield stress of 415 N/mm2. To account for the pull-out force, the
longitudinal beam bars and cross-bracing bars were given enough development lengths, as
required by the code. Inside a steel mold, the specimens were cast horizontally.

Figure 1. Reinforcement details of controlled specimens.

All of the specimens were put through their paces with a constant axial load and cyclic
loading at the beam’s end, as shown in Figure 2c. To duplicate the gravity force on the
column, a 0–500-kN hydraulic jack was attached vertically to the loading frame and applied
a constant column axial load, as shown in Figure 2d. The external hinge support was
attached to one end of the column and anchored to the strong reaction floor, while the other
end was restrained laterally by roller support. To apply reverse cyclic loading, two 200-kN
hydraulic jacks were employed, one connected to the loading frame at the top and the other
to the strong reaction floor. At a distance of 50 mm from the free end of the beam section
of the assembly, the cyclic load was applied. In a load-controlled test, the specimen was
exposed to an increasing cyclic load until failure. The load increment was set at 1.962 kN.
The specimens were equipped with a linear variable differential transformer (LVDT) with a
least count of 0.1 mm to measure the deflection at the loading point [10]. Figures 1 and 2a,b
illustrate the schematic diagrams of the controlled and reinforced specimens, respectively.
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Figure 2. (a) Schematic diagram of strengthened specimens; (b) reinforcement detailing of strength-
ened specimens; (c) schematic diagram of test set-up; (d) specimens loading.

4. Numerical Modeling and Analysis of Beam–Column Joints

In order to appropriately replicate the tested joint sub-assemblies, symmetry boundary
conditions are used. Solid 65, Solid 45, and Link8 elements were used to model the beam–
column junction. The concrete was modeled with the Solid 65 element, while the hinge
support at the base was modeled with the Solid 45 element. There are eight nodes in these
elements, each with three degrees of freedom-translations in the nodal x, y, and z directions.
The reinforcement was modeled using the Link8 element. There are two nodes in this
three-dimensional spar element, each with three degrees of freedom-translations in the
nodal x, y, and z directions. For this, the finite-element software ANSYS Workbench V12
was employed [37]. Following that, each material’s element specifics are introduced in
Tables 1 and 2. The major goal is to stiffen the column to emulate the beam–column junction
behavior on the beam under cyclic loads. The finite-element method [30] converts partial
differential equations into a series of algebraic linear equations:

[K]{q} = {F}, (4)

where K = stiffness matrix, q = the nodal displacement vector, and F = the nodal force vector.

Table 1. Concrete characteristics.

Uniaxial Tensile
Strength (MPa)

Poisson’s Ratio
Value

Ultimate Uniaxial
Compressive Strength (Mpa)

Modulus of
Elasticity (Mpa)

0.62
√

fc 0.2 25 5000
√

fc

Table 2. Steel characteristics.

Poisson’s Ratio
Value

Transverse Steel
Yielding Stress (Mpa)

Longitudinal Steel
Yielding Stress (Mpa)

Modulus of
Elasticity (Mpa)

0.3 250 415 200,000
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Concrete: An 8-noded solid element, or Solid 65 element, is used to simulate the
concrete [38]. Every node in the corner and inner beam–column junction solid elements
have translations in the nodal planes x, y, and z with a degree of freedom of three. Therefore,
plastic deformation, three-dimensional cracking, and crushing are all possible with this
element. The concrete’s characteristics are shown in Table 1, below.

Steel: Standard Grade Fe 415 Mpa steel is used for the steel reinforcement in both the
corner and interior beam–column connections. A Link8 component characterizes the steel
reinforcement. This element necessitates the use of two nodes. Every node has a degree
of freedom of three that correlates to the translations of the node’s x, y, and z coordinates.
Table 2 shows the characteristics of the steel.

In the engineering data utilized for the FE analysis of corner and interior joints, the
geometric properties were as stated in Table 3.

Table 3. Geometric properties of the corner and interior joints.

Parametric Specifications
of Beam

Measurements
(mm)

Parametric Specifications
of Column

Measurements
(mm)

Concrete cover 30 Concrete cover 30
Span 3000 Column’s depth 300

Depth 400 Width of column 300
Width 300 Column height 3500

Steel at bottom 4–10 Floor-to-floor height 3250
Steel at top 4–10 Longitudinal steel 4–12

Diameter of Transverse steel 6 Diameter of Transverse steel 6
Spacing of Transverse steel 220 Spacing of Transverse steel 200

ANSYS software’s geometry tools model the interior and corner beam–column junction
specimens as a 3D model. Figures 3a,b and 4a,b demonstrate the developed geometry
as well as usual reinforcing (with steel) details of regulated and strengthened specimens,
respectively, where Figure 3a,b represents an interior joint and Figure 4a,b represents a
corner joint. In an ideal circumstance, the true binding force between reinforcing steel and
concrete needs to be envisioned. However, a perfect bond between the two materials is
postulated in this investigation. The Link8 component symbolizes the reinforcing steel bars
connected to the nodes of each adjacent solid component of concrete to provide a consistent
bonding; hence, both the materials contribute to the same node. A square mesh is used
to obtain good results from the Solid65 element. As a result, the meshing is configured to
produce square or rectangular mesh segments. This ensures that the dimensions of the
components in the concrete support are compatible with the components and nodes in the
model’s concrete sections. The specimen is modeled with a square concrete element and a
mesh size of 50 mm [35].

Figure 3. Geometric model and detail of reinforcement for interior joint; (a) controlled specimen,
(b) strengthened specimen.
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Figure 4. Geometric model and detail of reinforcement for corner joint; (a) controlled specimen,
(b) strengthened specimen.

5. Results Obtained by Numerical Modeling

FE analysis findings for controlled and strengthened specimens were obtained utilizing
ANSYS Workbench [37]. The specimens were subjected to cyclic loads ranging between
0–500 kN. For both specimens, maximum strain, shear stress, and total deformation are
compared. According to the results, the above three interior and corner beam–column
junction parameters are managed with improved reinforcing methods at the joint region
(Tables 4 and 5). At the joint, the deformation that occurred in the controlled specimen is
reduced in a strengthened specimen (Figure 5b), and the same is also transmitted to the
CB1 beam of the corner beam–column junction, according to the controlled specimen’s
overall deformation model (Figure 5a).

Table 4. Analyzed findings of interior beam–column joint.

Measured Parameter
Highest Value with

No MRT
Highest Value Using

MRT
Variation in%

Overall deformation (mm) 0.87369 0.09106 89.5
Maximum Shear stress (MPa) 19.92 9.0418 79.3

Maximum Shear strain (mm/mm) 0.0065 0.00062 90.4

Table 5. Post analysis findings of corner beam–column joint.

Measured Parameter
Highest Value with

No MRT
Highest Value Using

MRT
Variation in%

Overall deformation (mm) 5.7922 0.13358 97.7
Maximum shear stress (MPa) 52.112 10.808 79.3

Maximum shear strain (mm/mm) 0.0009396 0.0003444 63.3

Figure 5. Total deformation for (a) control specimen with four beams (ICS) and (b) strengthened
specimen with four beams (ISS).
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From the total deformation model of the control specimen of an interior joint (ICS)
(Figure 5a), it is observed that the minimum deformation is in the column and the maximum
deformation is in the beam with no modified reinforcement techniques. Furthermore, the
total deformation after strengthening with the modified reinforcement technique (ISS) was
controlled, as shown in Figure 5b.

From Figure 6a, the maximum shear stress for the control specimen (i.e., without
MRT) is observed to be equal in all sections of the interior joint. On the other hand, for the
strengthened specimen, as shown in Figure 6b, it is found that there is minimum stress in
the column and maximum stress in the beam; the stress in the beam–column joint was also
controlled using the MRT technique.

Figure 6. Maximum Principal stress in the interior joint; (a) control specimen with four beams (ICS)
and (b) strengthened specimen with four beams (ISS).

From Figure 7a, the maximum principal strain for the control specimen on the interior
beam–column junction (without MRT) is observed at the center of the column; while the
minimum strain at the bottom support of the column is the strengthened specimen from
Figure 7b, it is observed that the maximum principal strain for strengthening the specimen
(with MRT) is at the support of the beam and the minimum principal strain is in the column.
The strain in the joint is controlled by introducing MRT at the joint.

Figure 7. Maximum principal elastic strain in the interior joint for (a) the control specimen with four
beams (ICS) and (b) the strengthened specimen with four beams (ISS).

Figure 8a shows that the highest deformation is at the corner joint and the minimum
deformation is at the bottom support of the column for the controlled specimen. Figure 8b
shows that the total deformation in the corner joint is controlled, compared to the controlled
specimen after being strengthened with the modified reinforcement technique.
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Figure 8. Total deformation in the corner joint for (a) the control specimen (CCS) and (b) the
strengthened specimen (CSS).

From Figure 9a, it is observed that the maximum principal stress for the control
specimen in the corner joint (without MRT) is at the support of the beam, and for the
strengthened specimen from Figure 9b, the maximum and minimum stress is found at the
support of the beam. It can also be observed that the stress in the beam–column junction
is controlled.

Figure 9. Maximum shear stress in the corner joint for (a) the control specimen (CCS) and (b) the
strengthened specimen (CSS).

In Figure 10a, the maximum shear strain for the control specimen of the corner beam–
column junction (without MRT) is observed at the support of the beam, while the minimum
strain is at the corner joint. For the strengthened specimen, it is found that the strain in the
corner joint is controlled by introducing MRT at the joint.

Figure 10. Maximum principal strain in the corner joint for (a) the control specimen (CCS) and (b)
the strengthened specimen (CSS).
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5.1. Validation of Results

The results obtained through finite-element analysis for interior and corner beam–
column joints were validated with experimental results in load-deformation behavior,
as shown in Figures 11a,b and 12a,b, for the control and strengthened specimens. The
load-deformation behavior found in the simulation was very similar to the findings of the
experimental studies, with the variation of load ranging from 3% to 5%.

Figure 11. (a) Load-displacement response of controlled specimen (ICS). (b) Load-displacement
response of strengthened specimens (ISS).

5.2. Load-Displacement Behaviour for Beam–Column Joints

In Figures 11a and 12a the load-displacement behavior curves are used to compare the
results obtained through experimental and finite-element analysis of controlled specimens.
The comparison of strengthened specimens of interior and corner beam–column joints are
shown in Figures 11b and 12b, respectively. The results obtained through finite-element
analysis were in great concurrence with the experimental results. The load-deformation
behavior shown in the simulation was extremely close to that observed in experimental
studies, with load variations ranging from 3% to 5%. Compared to the controlled specimens,
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the strengthened specimens displayed elastic behavior at the beginning stage in both the
cases (interior and corner joint). Analysis determines the load-displacement characteristics
indicated the better performance of strengthened specimens featuring cross-inclined rein-
forcement at the junction, which resulted in overall managed deformation and raised the
ultimate loading capability compared to the controlled specimen in both types of joints,
whether corner or inner.

Figure 12. (a) Load-displacement response of controlled specimen (CCS). (b) Load-displacement
response of strengthened specimens (CSS).

Thus, considering the ultimate load-carrying capacities from numerical studies, the
specimens with diagonal confining bars (modified reinforcement technique) performed well
for both cases of column axial loads. Furthermore, it can be observed that the displacement
is more controlled for the ISS and CSS specimens by using cross-inclined bars at the joint
than that of the ICS and CCS specimens for both the column axial load cases.

6. Results and Discussions

Though the reinforcement detailing of structures conform to the general construc-
tion code of practice, it may not adhere to modern seismic provisions. Current seismic
code specifications for reinforced concrete-framed constructions are frequently deemed
unrealistic by structural experts. They lose structural efficiency when a beam–column
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junction is subjected to significant lateral stresses, such as strong winds, earthquakes, or
explosions. To satisfy the requirements of strength, stiffness, and ductility under cyclic
loading, significant percentages of transverse hoops in the cores of joints are required in
these locations. Provisions with a high percentage of hoops generate steel congestion,
which causes construction difficulties.

On three fronts, researchers are looking into both kinds of beam–column joints (corner
and interior).

The factors influencing the behavior of cyclically loaded corner and interior beam–
column junctions are examined in the first approach. IS 456:2000 [36] was used to detail the
joints. This method measures the maximum principal elastic strain and shear stress and
overall deformation of controlled specimens (without MRT) under cyclic loading.

The controlled specimens are strengthened at the joint area in the second approach
by using a modified reinforcement method (MRT) on both sides of the column, having a
12-mm diameter crossbar of length 450 mm (as per IS 456:2000) [36] installed. Testing of the
joints under the same cyclic loads as the controlled specimens was performed. According
to the findings, the improved reinforcing approach boosted the joint’s shear resistance
capability while simultaneously limiting overall deformation.

Comparison of all the FEM findings of both the control and strengthened specimens
of corner and interior beam–column junctions is completed in the third approach. The
cyclic response of the corner, as well as the inner beam–column connection, is found to be
improved by utilizing updated reinforcing techniques concerning the maximum principal
elastic strain and stress as well as overall deformation. The findings are compared using
the lateral-loading vs. lateral-displacement curve, loading vs. deflection hysteretic curve,
and deflection time history curve along with shear stress vs. load-cycle curve. The findings
of the examination of the corner and interior joints are displayed in Table 6.

Table 6. Comparison of specimens with and without MRT.

Specimen ID
Overall Deformation

(mm)
Maximum Shear Stress

(Mpa)
Maximum Principal Elastic

Strain (mm/mm)

CS4 0.873 19.92 0.00062
SS4 0.091 9.924 0.00018
CS5 5.7922 52.11 0.00093
SS5 0.1336 10.81 0.00034

6.1. Hysteretic Behavior of Corner and Interior Beam–Column Junctions

In consideration of shear capacity and deformation capability, the stress-strain behav-
ior of both beam–column junctions, i.e., corner and interior, is investigated. Hysteretic
curves in Figure 13a–d depicts load-displacement equations for fixed and strengthened
specimens. The overall deformation in controlled specimens of both the interior and corner
junctions (ICS and CCS) is higher than strengthened specimens (ISS and CSS). The loading
capacities of ISS and CSS are significantly higher than ICS and CCS, as per the findings
of the hysteretic analysis. The ductility is increased without compromising the stiffness.
In general, specimens with diagonal crossbars perform better than their conventionally
detailed counterparts.

6.2. Shear Stress vs. Loading Cycle Behavior of Joints

The ductility of specimens reinforced using the cross-inclined bar, as per IS 456:2000,
at the corner and interior beam–column junctions outperforms the regulated specimen
with no cross-inclined reinforcement. The addition of cross-inclined reinforcement boosted
both the ultimate load-bearing capacity and ductility of the interior as well as of the corner
junction in both load circumstances (downward and upward), according to the numerical
investigation. The inclusion of slanted bars creates a new shear-transmission mechanism.
The corner and interior beam–column junctions using the modified reinforcement method
(MRT) have better strength, as shown in Figure 14a,b.
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Figure 13. (a) Load vs. total deformation hysteretic graph for the controlled specimen (ICS) (without
MRT) and (b) the strengthened specimen (ISS) (with MRT). (c) Load vs. total deformation graph for
the controlled specimen (CCS) (without MRT) and (d) the strengthened specimen (CSS) (with MRT).

Figure 14. (a) Shear stress vs. load cycle for the controlled specimen (ICS) and the strengthened
specimen (ISS). (b) Shear stress vs. load cycle for the controlled specimen (CCS) and the strengthened
specimen (CSS).
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6.3. Displacement Time History Curve for Beam–Column Joints

Figures 15a and 16a illustrate the lateral load-displacement time histories curve ob-
tained through numerical analysis for the controlled specimens. Figures 15b and 16b rep-
resent the numerical findings that strengthened the specimen’s lateral load-displacement
time histories. All of the cycles progressed to the push motion after being started with the
pull motion. Adopting cross-inclined bars at the joint location to reinforce beam–column
joints offers more strength than the controlled specimen in both cases.

(a) (b) 

1 2 3 4 5 6 7 8 9 10 11 12 13
Shear Stress (CCS) 46.29 46.58 46.82 47.05 47.29 47.77 48.24 48.74 49.19 49.79 50.56 51.33 52.11
Shear Stress (CSS) 0.42 0.87 1.36 1.88 2.40 3.45 4.50 5.55 6.60 7.65 8.70 9.76 10.81
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Figure 15. (a) Displacement time history of the controlled specimen (ICS) and of (b) the strengthened
specimen (ISS).
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Figure 16. (a) Displacement time history of the controlled specimen (CCS) and of (b) the strengthened
specimen (CSS).

7. Conclusions

The behavior of beam–column joints in RC structures is of great importance for the
seismic behavior of a whole structure. Hence, the investigation and research in the field is
beneficial, and new methods, techniques, and procedures can help achieve a better under-
standing of the complex behavior of the joints themselves. Strengthening and upgrading
such elements can be completed, e.g., by high-strength steel bars [39], steel jacketing [40],
cementitious composites [41], FRP ropes [42], self-centering friction haunches [43], etc. The
RC beam–column joints can also be predicted by using modern techniques such as machine
learning [44]. In this study, the performance of interior and corner beam–column joints
were analyzed through an experimental program, and the results obtained through tests
were validated using finite-element software ANSYS. Similar studies were performed by
Santarsiero [45]. The following findings may be derived:

i. Based on the present research, the most critical parameters influencing joint shear
capacity are the stirrups quantity, the aspect ratio of the joint, the beam longitudinal
reinforcement anchorage, and the compressive strength of concrete;
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ii. The results obtained through the experimental studies were validated with numerical
analysis in terms of load-deformation behavior, and the numerical results were in
great concurrence with the experimental data;

iii. The findings of the finite-element model are compared to the controlled and strength-
ened specimens, and it is discovered that adding diagonal cross bars (modified
reinforcing techniques) to beam–column joints exposed to cyclic loads enhances their
performance more than using a controlled specimen in both interior and corner
beam–column joints;

iv. The corner beam–column joint models for the controlled and strengthened specimens
are analyzed for similar loadings with different reinforcement arrangements. The larger
deformations and stresses, which are reported in the controlled specimen, are reduced
in the strengthened specimens after employing modified reinforcement techniques;

v. When the controlled and strengthened specimens for the interior beam–column joint
are analyzed, it is found that the maximum stress and deformation caused in the joint
are controlled by using additional diagonal cross bars at the joint region;

vi. Modified reinforcement techniques with the diagonal cross bar at the joint region is a
viable option for enhancing the shear capacity of beam–column joints. The diagonal
cross bars help to create an extra shear-transfer mechanism;

vii. A beam–column junction loses structural efficiency when it is exposed to large lateral
stresses, such as high winds. Therefore, against such stresses, the specimens with a
diagonal crossbar at the junction work best;

viii. In both upward- and downward-load situations, the introduction of cross-inclined
bars at the junction area of a strengthened corner and an interior beam–column
junction maximizes the joint’s stiffness, enhances its load-carrying capacity, as well as
its ductility, according to an improved reinforcing approach.
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MRT Modified reinforcement technique
ICS Controlled specimen of interior joint without MRT
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ISS Strengthened specimen of interior joint with MRT
CSS Strengthened specimen of corner joint with MRT
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Abstract: The basic concept of seismic building design is to ensure the ductility and sufficient energy
dissipation of the entire system. The combination of wood and bearing glass represents a design
in which each material transmits the load, and with the mutual and simultaneous interaction of
the constituent elements, it is also earthquake resistant. Such a system has been developed so that
the glass directly relies on the wooden frame, which allows the load to be transferred by contact
and the friction force between the two of materials. Within the seismic load, friction between glass
and wood is an important factor that affects both the behavior and performance of a wood–glass
composite system. The set-up system consists of a single specimen of laminated or insulating
glass embedded between two CLT elements. The friction force was determined at the CLT–glass
contact surface for a certain lateral pressure, i.e., normal force. Friction depends on the way the
elements (especially glass) are processed, as well as on the lateral load introduced into the system.
Conducted experimental research was accompanied by numerical analyses. Experimental research
was confirmed by numerical simulations.

Keywords: composites; timber; CLT; load-bearing glass; earthquake; friction; FEM analysis

1. Introduction

In the current situation of increasingly acknowledging climate change as a threat to
our environment and human society, binding agreements have been made during the
COP26, taking place in Glasgow in 2021. The building sector has a huge impact and
must provide answers on how to tackle climate change, develop a circular economy, and
provide a sustainable environment. The building sector should base future technologies on
environmentally friendly materials and construction processes. Timber is the leading bio-
based material and, through newly designed engineered wood-based materials, the material
of the future. One innovative engineering wood product, known as cross-laminated
timber (CLT), was introduced in the early 1990s in Austria and Germany. Due to its good
mechanical properties, good fire resistance as well as advanced durability, and rheological
properties, it has been seen as a potential material to replace reinforced concrete in low-
and high-rise buildings. On the other hand, there has been significant development and
increase in the use of glass as a load-bearing material. Rajčić et al. concluded that load-
bearing glass combined with a timber frame represents a load-bearing composite element,
which has very good potential for excellent behavior under normal and seismic loads; it is
cost-effective, energy-efficient, and aesthetically acceptable [1–3]. The lack of experience
and scientific research as well as non-existing standards and codes covering the design of
structural components made as composites from laminated glass and laminated timber
limit the implementation of such structural elements in practice. Admittedly, there is a
national guideline for the design of glass elements [4]. The purpose of these instructions is
to seek to provide an overview that is as complete as possible for the various aspects that
must be considered in the design, construction, and control of glass elements with regard
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to verifying their mechanical strength and stability. There are some existing harmonized
standards for glass products, for instance [5,6], necessary for their CE marking, but there
are no European harmonized standards that can serve as codes needed for the design of
glass structures. Therefore, the European Committee for Standardization (CEN) started
the preparation of a new code in the series of Eurocodes in order to clarify the design of
safe glass-based structures [7]. Currently, they are in the form of technical specifications
(CEN/TS 19100-1–CEN/TS 19100-3). Regarding composite elements of cross-laminated
timber and laminated glass, extensive research work should be carried out, which will be a
basis for implementation in code. Although there is a limited amount of research dealing
with timber-glass composites, the need for large transparent surfaces led architects to use
such elements. Adding the aesthetic value of timber and glass and the environmental
friendliness of materials that can be fully recycled at the end of their life cycles, a new type
of structural element was introduced as timber–glass composite structural systems. These
types of structures are also built-in earthquake-prone areas (south Europe, Japan, China,
USA). There is a significant concern that should be overcome. Generally, the opinion is
that the glass has brittle behavior and cannot be used as a structural element in seismic
zones. Antolinc, with his research [8], has contributed to the understanding of the behavior
of hybrid structural components based on laminated glass and cross-laminated timber
frames. Such a structural component, made of a cross-laminated timber frame infilled with
load-bearing laminated glass, has a high potential for various applications. It may be used
as for façade element timber houses, as a bracing element for newly built or existing frame
structures, as a strengthening structural component in existing timber buildings, or as a
supporting structural component in historic buildings during and after their retrofitting
and restoration.

During the project financed by the Croatian scientific fund “VETROLIGNUM”, led by
Prof. Vlatka Rajčić, the system was analyzed in terms of load-bearing capacity, stability,
seismic performance, energy efficiency, water tightness, and airtightness. Building with
wood is very fast and completely suitable for prefabrication in factories. The LCA (cradle
to cradle) shows extremely good results in terms of cost-effectiveness and sustainable con-
struction and a reduced CO2 footprint [9]. Considering the complexity of the wood-bearing
glass composite system and the intentions of presenting the most realistic performance and
characteristics of such systems, the research is divided into two sections: laboratory testing
and research on numerical models.

The contact between glass and wood, as well as a type of connection in the angles
of the wooden frame, are the details that need to be given the utmost attention since it
is precisely the manner of joining these elements that greatly determines the behavior
of the entire composite system [10]. The most usual way of joining load-bearing glass
and wooden structures is by adhesives and different types of mechanical fasteners [3].
Using steel mechanical fasteners results in complicated design solutions and details that
damage the edge of the glass, which is the most sensitive part of the glass element. Using
adhesives can provide a good connection, but that poses the question of the durability of
such systems. In addition to said problems, the seismic load causes damage to the structure
at the joint positions, and consequently, the failure of the entire load-bearing system [2,3].
In order to solve that problem and maximize energy dissipation during earthquake loading,
a system was developed where the load-bearing glass was inserted into the wooden frame
without additional mechanical fasteners and adhesives. The system is designed to allow
the glass to move freely in a wooden frame while securing glass stability with additional
wooden slats. Therefore, the load is transmitted by direct contact, i.e., friction between two
elements [3,8,10,11].

During the experimental campaign, 45 cyclings (racking tests) of the composite panels
were performed with four different types of connectors in the laminated timber frame.
Tests have shown that failure of a composite panel occurs in a corner of a wooden frame [3].
Due to the partly free movement, the load-bearing glass panels remain intact, which is very
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important in such a composite system since the wooden elements are easily replaceable,
while the mechanical characteristics and properties of the load-bearing glass are retained.

The problem of friction was investigated and discussed in the already mentioned
project “Vetrolignum” led by Prof. Vlatka Rajčić Ph.D. The results of the research are
presented here.

2. Timber–glass Hybrid Elements: A Brief Literature Overview

When designing hybrid timber–glass structural systems, special attention should be
paid to the appropriate type of connectors to use. The main goal when choosing a connector
and type of connection is to avoid the concentration of stress, such as the local crushing
of glass on the edges as well as the occurrence of tensile stresses in the glass, which can
lead to sudden failure. The usual way to deal with this problem is through the use of
soft coating materials on the metal connectors. An overview of possibly used systems for
joining laminated glass structural components is contained in Stepinac et al.’s research [12].
Hamm [13] discussed possible solutions for connecting timber with glass in a composite
structural component as well as variants of possible practical application in buildings.
Niedermaier, in his research [14], presented the connection of timber frame and glass sheets
in a hybrid structural panel using two types of adhesives. In the first case, the glass panels
were glued to the timber frame with polyurethane and silicone adhesive. In the second case,
the bonding was achieved with an epoxy adhesive. The results of the panel racking test
are also presented. The test results show that the distribution of tensile stresses and strains
depends on the type of adhesive as well as the geometry of the specimens that are tested.
Wellersho et al. [15] presented methods to stabilize the building envelope using glazing.
A hinged steel frame was used in which a stabilizing glass sheet was inserted in the first
case. The second model used the same steel frame but the glass sheet, in this case, was
glued with acrylate and polyurethane adhesives. Weller et al. [16], along with Mocibob [17],
further continued to examine the behavior of structural components composed of glass
sheets inserted in steel frames using different types of adhesives. It was concluded that
the thickness of the glass panel is very important because it determines the lateral in-
plane stiffness of the hybrid structural component. Different authors (Hochhauser et.al,
Neubauer, and Winter et al.) [18–20] examined a hybrid panel in which the main timber
frame is connected with a timber subframe by screws and the glass is glued to the subframe.
An analysis of the in-plane loaded hybrid systems by using mechanical modeling was
carried out and described by Cruz et al. in [21].

It was discussed that glass sheets significantly participate in the transfer of hori-
zontal and vertical loads. Additionally, they participate in the prevention of excessive
deformations and may substitute the usual type of bracings of steel and timber frames.
Blyberg et al. [22], along with Nicklish et al. [23], presented the test results of timber-
laminated glass panels where the connection was made by gluing. The authors present the
characteristics of adhesives that may be used for structural bonds. A special focus on the
analysis of failure mechanisms of timber–glass glued composite wall panels was presented
by Ber et al. [24]. Amadio et al. [25] discussed the problem of glass panel buckling. It was
analyzed using extended finite-element (FE) investigations and analytical methods for the
effect of circumferential sealant joints and metal supporting frames. In [26] Štrukelj et al.
presented results of the racking experimental tests of hybrid walls consisting of a timber
frame and glass infill connected using polyurethane sealing. Ber et al. [27] used a parametric
numerical analysis in their research. The racking stiffness of timber–glass walls is affected
by different parameters, and their influence was reported in this study. In [28] Santarsiero
et al. analyzed the potential use of glass in earthquake-prone areas as well as the lack of
design codes and standards for the design of earthquake-resistant structures designed with
glass. This paper concludes that during the design of the earthquake-resistant structures
from glass it is necessary to ensure high ductility and dissipation capacity to glass compo-
nents in buildings. In [29] Bedon et al. reported and demonstrated how the optimal design
of glass components can be efficient and beneficial for multiple design configurations.
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Special mechanical joints were introduced to enhance the dynamic performance of the glass
façade. It was reported that well-designed fasteners can introduce additional flexibility
and damping capacities when using hybrid panels in a strengthening traditional building.
The first published paper with results from the design and analysis of the innovative
laminated timber frames infilled by the laminated glass, which is the main subject of this
paper, was presented at the WCTE 2012, or the World Conference on Timber Engineering,
2012 [1]. The innovation in this hybrid element is the contact connection between the timber
frame and the glass panels without an additional adhesive layer. The research started in
2007, and it was a collaborative research project between the University of Zagreb and
the University of Ljubljana. Žarnić et al., in their research, followed the conclusions of
the EU JRC ELSA Italy feasibility study [30]. The cooperation was established within the
former CEN TC250/WG3 and the current TC250/SC11 and is still ongoing. Stepinac et al.
recently introduced glued-in steel rods as a standard connector because of their wide use
all around the world [31]. Since the innovative element showed very good performance,
further cooperation on new parts of structural glass codes and the new parts of the timber
structure design will be necessary to upgrade Eurocode 8 to introduce such a new type
of hybrid structure for retrofitting and strengthening the existing structures made from
various materials (masonry, concrete, etc.). Generally, Neugebauer et al. emphasized that
emerging laminated materials and hybrid structures are not sufficiently covered in the
Eurocodes [32].

3. Prototype of a Multifunctional Wood–Bearing Glass Composite System

The main objective of the research was to develop, design, and construct a new
composite system that will be used as an independent prefabricated structural component
for construction in seismically active areas. The solution, in this case, is simplicity, where
the desired behavior of the system is achieved by friction, and therefore, without the use of
mechanical connectors or adhesives. The purpose of the research was to design composites
and construct details of joints that do not adversely affect the load-bearing glass and to
develop systems with a high degree of energy dissipation exclusively by friction between
wood and glass. Preliminary research shows that certain composite systems can be used
in seismically active areas (such as Croatia) [2,3,10,33–35], but system optimization and
parameter analysis have not yet been carried out.

In recent years, thanks to the collaboration of the University of Zagreb and the Uni-
versity of Ljubljana, preliminary testing of the wood–bearing glass composite system at
monotonous static and cyclic loading has been carried out. The research and develop-
ment of energy-efficient composite systems are planned in a three-year project entitled
VETROLIGNUM (prototype of a multifunctional wood–bearing glass composite system)
funded by the Croatian Science Foundation. This project will build on structure dimension-
ing knowledge and explore new ways to connect load-bearing elements and prepare a study
on optimizing certain parts of the panel to maximize energy efficiency. Žarnić et al. [36]
concluded that it is required to build a prototype of the wood–bearing glass composite
system, which could be installed in a real building. Additionally, this type of hybrid ele-
ment can be used as an independent element in the construction of wooden structures, as a
temporary or permanent reinforcement, or to stabilize the elements of existing facilities
and cultural heritage sites, and as an element for the construction of multi-purpose and
adaptive façade systems (Figure 1).

One of the most important parameters when using the modal analysis is the horizontal
stiffness of a building. Stiffness and mass determine the structure’s vibration periods and
hence the influence of an earthquake’s frequency content on a structure’s response. If a
low-rise (only ground floor) building’s vibration periods are overestimated (too long) the
resulting seismic forces are too conservative. If the periods are underestimated (too short),
the results are on the non-conservative side. The situation is just the opposite for higher
buildings where the overestimated periods are on the non-conservative side and vice versa.
Hence, great care must be taken in assigning the wall’s correct stiffness. In the case of a
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timber–glass panel, the stiffness is predominantly dependent on the shear and hold-down
behavior of joints in frame corners. However, glass infill greatly increases panel stiffness,
whereby the influence of friction between timber and glass also needs to be considered.
For the static calculation of frame building reinforced with a timber glass panel, the whole
system could be replaced with only one element.
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Figure 1. 3D—the prototype of a composite system: (a) timber frame; (b) timber—glass system.

The basic principle of panel installation is to connect the beams of timber frame with
horizontal structural elements of the building. A connection derived by angular brackets
has a higher bearing capacity than connections in frame angles (single glued-in rod). By
such a solution horizontal force is transmitted directly to the panel without compromising
the link between panel and frame structure. According to the analysis of the different types
of frames with infill, such as concrete or steel frames with different types of infill (masonry
infill as well as concrete, steel, and timber panels as infill), there are not many similarities
to describe this system. However, certain similarities between the behavior of CLT panels
and timber frame composite systems were found, where one of the important parameters
is shear stiffness. The shear stiffness kc, shear of timber frame connections can be expressed
with Equation (1) from [37]:

kc,shear = 4 · Kc,shear +
0.6 · qvert · L2

glass · dglass · c

uslip,Rd
(1)

where Kc, shear is shear stiffness of a glued-in rod, qvert, is the vertical line load at the top
of the panel, uslip, Rd is the slip of the weakest connector at the design strength, c is the
dynamic friction coefficient of timber–glass contact, Lglass is the length of the glass panel,
and dglass is total glass panel thickness. In order to confirm this hypothesis, it is necessary
to know each of the above parameters. Because there is a lack of data in the literature on
the value of these stiffnesses, as well as friction coefficients, the main goal of further studies
is to determine them experimentally [37].

Based on reverse-cyclic lateral loading tests on structural timber–glass panels [3], the
data show a great way of spending seismic energy which contributes to the development
of the forces of friction between wood and glass (Figure 2). The failure occurred in the
timber frame corner, followed by the friction force between timber and glass, taking over a
considerable amount of horizontal load, i.e., the seismic energy was dissipated through the
sliding of glass on timber and activation of the joint in the corner of the timber frame.
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Figure 2. The relationship between the friction force and the bearing capacity of frame angles in
horizontal loading (for a double-glazed panel). Reprinted with permission from Ref. [3]. Copyright
2015 Ph.D. thesis “Spojevi kompozitnih sustava drvo-nosivo staklo u potresnom okruženju” by Asst.
Prof. Mislav Stepinac, Ph.D.

4. Materials and Methods

Examining the friction between wood and glass is crucial to understanding the opera-
tion of the entire timber–bearing glass composite system, in which the glass panel can slide
in a wooden frame. It is the sliding, that is, the friction between glass and wood, that is one
of the factors that transfers part of the horizontal load [10]. The set-up system consists of a
single specimen of laminated or insulating glass embedded between two CLT elements.
The positioning of the glass was achieved by making additional wooden slats that prevent
the lateral displacement of the glass but do not press it laterally, and therefore, do not affect
the force of friction. Based on the test, the friction force was determined at the wood–glass
contact surface for a certain lateral pressure, i.e., the normal force). As a result, a coefficient
of friction was obtained, which could be used to numerically model the contact between
wood and glass in a calculation model. Numerical analysis was carried out with “Ansys”
software support.

Description and Preparation of Specimens

The friction testing system consists of CLT elements, glass specimens, and steel el-
ements (lateral force introduction). In order to optimize the system, glass specimens of
various types and thicknesses were prepared.

Laminated safety glass is a “sandwich” of two or more glass surfaces that are glued
together. “Glue” is a special transparent layer (PVB—polyvinyl butyral, EVA—ethylene
vinyl acetate) with a thickness of 1–2 or sometimes more millimeters. In the event of
glass breakage, shards and pieces of glass do not scatter but remain retained in the frame
thanks to the plastic interlayer. This glass, too, absorbs wide-range sound vibrations and
provides better sound insulation than float glass with the same thickness. It is most often
single-laminated glass, which does not exclude the possibility of multiple laminating,
i.e., joining several glass surfaces between which there is a transparent PVB (or some
other) foil. Lamination is performed with PVB (polyvinyl butyral), EVA (ethylene vinyl
acetate—transparent or opal), and TPU (thermoplastic polyurethane) foils. In our case, it
was lamination with PVB foil.

Insulating glass consists of two or more glass panels that are interconnected at the edge
(spacing 6 mm, 9 mm, 12 mm . . . ). The connection allows for a flawless and long-lasting
seal, and the interspace is filled with dry air or gas. The distance between the glass plates is
provided by aluminum holders that are filled with drying agents. Insulating glass can be
produced in combination with tempered or laminated glass. The properties of insulating
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glass are that it reduces heat exchange, reduces energy consumption, and does not allow
drafts or condensation, so larger glass surfaces can be used for a given room temperature
without increasing energy costs.

For this research, 21 glass specimens measuring 200 mm × 400 mm were prepared
(Table 1). The specimens were as follows: 3× laminated glass 2 mm × 6 mm, 3× laminated
glass 2 mm × 10 mm (Figure 3), 3× insulating (IZO) glass with double-laminated glazing
of 6 mm and a cavity width of 12 mm (Figure 4), 3× insulating (IZO) glass with double-
laminated glazing of 10 mm, and a cavity width of 12 mm, 3×—Laminated glass and
wooden slat (2 mm × 6 mm) × 2, 3×—Laminated glass and wooden slat (2 mm × 10 mm)
× 2, and 3× laminated glass 2 mm × 10 mm smooth ground edges.

Table 1. Specimens.

Specimen Type Dimensions (mm)
Edge Processing

Acc. To DIN 1249-11
Number of
Specimens

Laminated glass—2 mm × 6 mm 200 × 400 Bordered edge 3

Laminated glass—2 mm × 10 mm 200 × 400 Bordered edge 3

Insulated (IZO) glass—4 mm × 6 mm 200 × 400 Bordered edge 3

Insulated (IZO) glass—4 mm × 10 mm 200 × 400 Bordered edge 3

(2 mm × 6 mm) × 2—Laminated glass and wooden slat 200 × 400 Bordered edge 3

(2 mm × 10 mm) × 2—Laminated glass and wooden slat 200 × 400 Bordered edge 3

Laminated glass—2 mm × 10 mm smooth ground edges 200 × 400 Smooth ground edge 3                   
 

 
         

Figure 3. Laminated glass panel.

69



Sustainability 2022, 14, 1102                   
 

 
         

      ‐             ‐      
                        ‐

                           
                                   

                             
                         
             

           

   
         

       
μ      

α           −  
ρ      

       
       

                        ‐
                             

                               

Figure 4. Insulating glass panel.

All specimens were ESG-toughened glass according to the EN 12150-1 standard [38].
The manufacturing tolerance was within the permissible limits according to the EN 14179-8
standard [39]. The edges of the specimens were roughly sanded [40]. Laminated glass
panes were bonded with a 0.76 mm thick PVB membrane. A total of 90% of the cavity in
insulating glass was filled with argon. The spacer was 12 mm wide and made of aluminum
with respective DC 3363 butyl and silicone layers. Mechanical characteristics of the glass
panels can be seen in Table 2.

Table 2. Mechanical characteristics of glass.

Properties Value

E—Young’s elasticity modulus 70,000 N/mm2

G—Shear modulus 28.689 N/mm2

µ—Poisson’s ratio 0.22
α—thermal expansion coefficient 8.8 × 10−6

ρ—density 2.5 g/cm3

Compressive strength 700–1000 N/mm2

Tensile strength 30–45 N/mm2

The timber CLT elements (Figure 5) were processed in the structural testing laboratory
of the Faculty of Civil Engineering, University of Zagreb. The CLT consisted of 3 layers, and
each layer was 30 mm thick. The timber was class CL24h according to [41]. The additional
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wooden beams that support the glass were 30 mm × 30 mm. The material and mechanical
properties (acc. to [42,43]) of CL24h timber are shown in Tables 3 and 4.
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Figure 5. CLT specimen: (a) wooden slats; (b) assembled CLT sample.

Table 3. Material properties of CL24h timber.

Properties Index Value

Density ρ 420 kg/m3

Young’s modulus of elasticity
Ex 11,000 Mpa

EyEz
600 Mpa
580 Mpa

Shear modulus
Gxy 600 Mpa
Gxz 690 Mpa
Gyz 580 Mpa

Poisson’s ratio
νxy 0.3
νxz 0.25
νyz 0.6

Table 4. Mechanical properties of CL24h timber.

Strength Index Value

Bending fm,k 24 Mpa

Tension (parallel to the grain) ft,0, k 14 Mpa

Tension (perpendicular to the grain) ft,90, k 0.5 Mpa

Compression (parallel to the grain) ft,0, k 21 Mpa

Tension (perpendicular to the grain) ft,90, k 2.5 Mpa

Shear fv,k 2.5 Mpa
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5. Experimental Work

The experiment was carried out by inserting a laminated or insulating glass specimen
between two wooden elements. Before starting the experiment and introducing the vertical
force, i.e., the force acting in line with the glass pane, it was necessary to secure certain
lateral pressure between the glass and the wood. This way we could directly determine the
contact point between wood and glass. The lateral force introduction system consists of six
steel plates, four threaded rods with nuts, and four springs (Figure 6).
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Figure 6. Specimen set-up: (a) laboratory; (b) 3D model.

The system, dimensions, and positions of the elements are shown in Figure 7.
The introduction of lateral pressure of the desired amount (1 kN, 2 kN, or 3 kN) was

achieved over a certain amount of spring displacement. Springs were positioned between
metal plates. The spring displacement itself was achieved through the displacement of the
metal plates that push the springs, that is, by controlled tightening and releasing of the nuts
on the threaded rod. Such a system allows constant lateral pressure. In order to determine
and control the lateral force that was introduced, a preliminary test was conducted to
determine the spring stiffness, i.e., to obtain a force-displacement diagram. The diagram
represents the force-displacement ratio for all four springs. The spring stiffness can be
seen in Figure 8. The stiffness of one spring was determined in such a way that 25% of the
amount of force in the diagram was read. The advantage of this system is its simplicity
and accuracy. The distance between the two metal plates, that is, the length of the spring,
determines the lateral force. The distance was controlled using a sliding caliper with an
expanded measurement uncertainty of 20 µm. The simplicity was manifested in the ability
to make spacers in desired dimensions that we could place between the two metal plates
and then tighten the bolts.
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Figure 7. Dimension and positions of the test set-up.
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Figure 8. (a) Spacer position; (b) spring stiffness.
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After achieving the desired lateral force (Fn) and centering the specimen, the force was
introduced to the glass panel. In order to prevent direct contact between the press (steel)
and the glass, a thin rubber washer was placed on the edge of the glass, i.e., at the point of
load introduction. The load was applied using a universal electromechanical Zwick/Roell
testing machine equipped with force sensor class 0.5 in the range from 1 kN to 50 kN
according to EN ISO 7500-1:2018 [44] and displacement sensor class 1 according to EN ISO
9513:2012 [45]. The load was applied by displacement control at a speed of 1 mm/min.

The specimen differed in the thickness and type of glass elements (Table 1). Eighteen
samples had rough edges, while three samples had smooth ground edges. The sample
with smooth ground edges was tested subsequently to see the impact of the glass treatment
itself. Each of the samples was tested with a lateral compressive load of 1 kN, 2 kN,
and 3 kN. Figure 7 schematically shows the dimensions of the sample and the place of
load input. During the experiment, the relative displacement of the glass panels was
measured, regarding the fixed CLT elements. Displacement was measured using two
LVDTs (Figure 6a) with an expanded measurement uncertainty of 5 µm. The load on the
glass panel tangentially to the contact between CLT and glass was measured for a certain
normal force Fn. In all experiments, unloading (and then re-loading) was performed in
order to eliminate local defects, irregularities, and gaps in the timber material, until the
samples fit on the machine surface perfectly, in order to avoid the noise in the data results.
The result can be graphically represented as a ratio between the friction force Ft and the
longitudinal displacement at a certain normal force (Fn), as shown in Figures 9–15. The
friction force (Ft) is half of the force F required to move the glass panels. The coefficient of
friction µ was obtained as the ratio of normal (lateral) force (Fn) and frictional force (Ft).
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Figure 9. Laminated glass 2 mm × 6 mm.
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Figure 10. Laminated glass 2 mm × 10 mm.
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Figure 11. IZO glass 2 mm × 10 mm.
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Figure 12. IZO glass 4 mm × 10 mm. 
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Figure 12. IZO glass 4 mm × 10 mm.
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Figure 13. (2 mm × 6 mm) ×2—Laminated glass and wooden slat.
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Figure 14. (2 mm × 10 mm) ×2—Laminated glass and wooden slat.
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Figure 15. Laminated glass 2 mm × 10 mm—smooth ground edges.

6. FEM Research

The experimental studies carried out were accompanied by numerical analyses. The
numerical analyses aimed to extend the knowledge of the behavior of the experimental
research. Furthermore, the numerical simulations were performed to confirm and com-
plement the experimental results. The analysis was conducted by Ansys software [46,47].
The entire geometry of the model was drawn by the software “Autodesk Inventor” and
imported into “Ansys”, where a finite element mesh was formed and in which further
simulations were carried out (Figure 16). Element geometry, boundary conditions, loads as
well as material characteristics were defined following the experiment.
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Figure 16. Schematic of numerical analysis procedures.

The model itself is composed of three different materials, namely CLT, glass, and PVB.
Boundary conditions and lateral pressure were defined as can be seen in Figure 17.
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Figure 17. Numerical model: (a) Normal force (lateral pressure-1 kN, 2 kN or 3 kN); (b) displacement
(0 mm-fixed).

To discretize the model, the following Ansys mesh tools [48] were used: “edge sizing”
and “sphere of influence”. The methods MultiZone (allows the creation of models with a
denser grid on the contacts) and Hex Dominant (allows the creation of models where the
finite element mesh consists mostly of hexahedrons). Both methods were used to model
the glass element (Figure 18).
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Figure 18. Finite element mesh.

For modeling contact surfaces, absolute stiffness for normal stresses was used, as
well as the possibility of the tangential sliding of two surfaces (CLT and glass) with the
corresponding coefficient of friction (Figure 19).

The load was introduced by displacement of the glass panel, according to the steps
and data obtained from the laboratory. The result of the experiment, i.e., numerical analysis,
is the friction stress that occurs on the contact surface.

FEM Results

The numerical analysis aimed to obtain a model and certain behavior legality, which
would help the prediction of the behavior of such a system during a seismic event. The
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main parameter for the control and comparison of numerical simulations and experimental
work is the frictional stress that occurs on the contact surfaces. The result obtained from
the laboratory was the frictional force required to shift the glass element. In order to
compare and evaluate the results of the FEM analysis, the frictional stresses occurring
at the contact surfaces were calculated manually, based on the frictional force obtained
from the conducted laboratory test. The friction force Ft is expressed as half the force F
required for moving the glass element, as the frictional force occurs on the two surfaces
where the glass and the timber connect. In addition to the results in the form of frictional
stresses, the behavior of the sample (sliding) was obtained by numerical simulations as
shown in Figure 20.
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Figure 19. Defining contact surfaces.
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Figure 20. Sample behavior.

For the 2 mm × 6 mm laminated glass sample with a lateral force of 2 kN, the mean
frictional stress calculated from the experiment data was 0.25 MPa, while the mean frictional
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stress obtained by numerical simulations was also 0.25 MPa (Figure 21a). The results of the
numerical analysis in form of frictional stress can be seen in Figure 21a. For the same type
of specimen, but with a lateral force of 3 kN, the maximum frictional stress was 0.38 MPa,
and the same value was obtained by numerical simulation (Figure 21b).
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Figure 21. Stresses on contact surfaces of laminated glass 2 mm × 6 mm: (a) lateral load 2 kN;
(b) lateral load 3 kN.

In order to confirm the FEM analysis, other types of specimens were subjected to
numerical modeling as follows; for the laminated glass specimen 2 mm × 10 mm and a
lateral force of 2 kN, the mean frictional stress calculated from the experiment data was
0.1 MPa, while the mean frictional stress obtained by numerical analysis was also 0.1 MPa.
The results of the numerical analysis can be seen in Figure 22. For the same specimen,
but with a lateral force of 3 kN, the mean frictional stress obtained by the experiment was
0.155 MPa, and the same value of frictional stress (0.155 MPa) was obtained by numerical
simulation in Ansys.
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Figure 22. Stresses on contact surfaces of laminated glass 2 mm × 10 mm: (a) lateral load 2 kN;
(b) lateral load 3 kN.

80



Sustainability 2022, 14, 1102

For all specimen types (lateral force of 2 kN), a comparative analysis is presented.
Frictional stresses calculated in Ansys were compared with those obtained from the ex-
perimental tests. The maximum deviation in the results was 3.3% (Table 5). Furthermore,
at different values of lateral pressure on specimens, an analogy can be established, which
confirms the validity of the FEM analysis.

Table 5. Comparison of normal stresses between experimental tests and ANSYS.

Specimen Type

Frictional Stress—Lateral Load 2 kN
(N/mm2) Deviation

(%)
Experimental Work ANSYS

Laminated glass—2 mm × 6 mm 0.25 0.25 0

Laminated glass—2 mm × 10 mm 0.10 0.10 0

IZO glass—4 mm × 6 mm 0.07 0.072 2.8

IZO glass—4 mm × 10 mm 0.04 0.041 2.5

(2 mm × 6 mm) × 2—Laminated glass and wooden slat 0.07 0.072 2.8

(2 mm × 10 mm) × 2—Laminated glass and wooden slat 0.05 0.051 2

Laminated glass—2 mm × 10 mm- smooth ground edges 0.09 0.093 3.3

7. Discussion

A comparison of the results of all samples is shown in Figures 23 and 24.
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Figure 23. Friction load—comparison.

Based on the presented charts, it was concluded that the friction force increases
linearly with increasing lateral force, as expected. Once the legality of the behavior has been
determined, a coefficient of friction can be determined for each of the samples. However,
to achieve the ultimate goal of the research, it is necessary to highlight and discuss the
following findings related to the global behavior of the final product.
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Figure 24. Friction coefficient—comparison.

The previous research [36] showed that the influence of glass infills on the lateral
load-bearing capacity is significant. Recommendations for further research should be based
on the following facts, taking into account the friction between the timber and the glass:

• Due to the vertical support of the timber frame lintel enabled by glass infill, frame joints
are loaded in pure shear for which they have the biggest load-bearing capacity [36].

• Vertical load positively influences the lateral strength of the specimens, by 40%, due to
the activation of friction between frame lintels and glass sheets.

• The number of glass sheets (single vs. double glazing) does not influence the lateral
strength. The reason is that the friction force acting along the horizontal edges of the
glass panel is almost the same.

• The intensity of vertical load influences strength degradation. In the case of specimens
with low vertical load, the strength degradation was on average twice as high as in
the cases of specimens with a high vertical load. The stiffness degradation was not
influenced either by the intensity of vertical load or by the number of glazing panels.

It is possible to formulate this phenomenon with a common equation, which is needed
for the definition of the future mathematical model of the tested type of structural hybrid
panel components.

Energy dissipation is possible through friction and ductility of the timber frame
angle joints. Ductility of the joints in timber structures is a prerequisite, especially in the
seismic zones.

8. Conclusions

Insight into the existing literature and the current state of the art reveals a gap in the
study of composite systems with load-bearing glass, especially on loads of horizontal forces
of variable amounts and directions that occur during seismic loading. In the range of larger
story drifts, the effect of glass-to-timber friction plays a major role in energy dissipation.
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During horizontal loading, friction between glass and timber is a factor that affects
the behavior of the timber—load-bearing composite system. Coefficients of friction were
determined for CLT on glass surfaces; in particular, the effects of different lateral pressure
levels were investigated. Friction depends on the way the elements (especially glass) are
processed, as well as on the load introduced into the system. The difference between the
coefficient of friction at rough and smooth ground edges is negligible. There are differences
in the coefficient of friction when insulating glass or glass with wooden slats is installed
instead of laminated glass, but it is not significant. The reason lies in the fact that samples
with wooden slats have a higher friction surface, and in addition, do not act as a singular
system, as is the case of insulated glass.

The investigation provided the necessary data for the development of design proce-
dures and computational model design guidance for the new design codes.

In the future, glass elements with polished edges could be investigated, thus expand-
ing knowledge about the behavior and interaction of these two materials. During load
transfer of such a composite system, the contact surface on the wooden element changes
and “disappears” over time. Furthermore, future considerations should include how
atmospheric factors affect changes in wood surfaces (swelling and shrinkage) and the
eventual deterioration of the wood surface, which would cause changes in the contact
zone between the two materials, and consequently friction between them. Analysis and
research of changes in the coefficient of friction over time and at cyclic loading would be of
great importance.

Obtaining realistic values of friction coefficients for different types of glass elements is
extremely important for numerical simulations. The use of extreme and theoretical values
of friction coefficients in numerical simulations often does not represent a real situation and
can lead to wrong conclusions and misinterpretation of results. This research emphasized
that the effects of friction should not be neglected. Consequently, neglecting the effects of
friction does not unavoidably produce a more conservative design situation by magnifying
the stresses. Experimental tests have been confirmed by numerical simulations, but there is
the possibility for a more detailed analysis of the system. The numerical analysis should be
extended to the whole composite framework and realistic conditions, and thus evaluate all
components and factors involved in load transfer
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Abstract: Current standards for seismic-resistant buildings provide recommendations for various
structural systems, but no specific provisions are given for structural glass. As such, the seismic
design of joints and members could result in improper sizing and non-efficient solutions, or even
non-efficient calculation procedures. An open issue is represented by the lack of reliable and general-
ized performance limit indicators (or “engineering demand parameters”, EDPs) for glass structures,
which represent the basic input for seismic analyses or q-factor estimates. In this paper, special care is
given to the q-factor assessment for glass frames under in-plane seismic loads. Major advantage is
taken from efficient finite element (FE) numerical simulations to support the local/global analysis
of mechanical behaviors. From extensive non-linear dynamic parametric calculations, numerical
outcomes are discussed based on three different approaches that are deeply consolidated for ordi-
nary structural systems. Among others, the cloud analysis is characterized by high computational
efficiency, but requires the definition of specific EDPs, as well as the choice of reliable input seismic
signals. In this regard, a comparative parametric study is carried out with the support of the incre-
mental dynamic analysis (IDA) approach for the herein called “dynamic” (M1) and “mixed” (M2)
procedures, towards the linear regression of cloud analysis data (M3). Potential and limits of selected
calculation methods are hence discussed, with a focus on sample size, computational cost, estimated
mechanical phenomena, and predicted q-factor estimates for a case study glass frame.

Keywords: seismic design; structural glass; q-factor; engineering demand parameters (EDPs); finite
element (FE) numerical models; non-linear incremental dynamic analyses (IDA); cloud analysis;
linear regression

1. Introduction

The large use of glass structures in civil engineering applications represents a chal-
lenging issue for designers. In addition to intrinsic mechanical features of the involved
load-bearing materials [1,2], careful consideration should be paid in earthquake-prone
regions to satisfy rigid resistance and displacement demands. This is the case of pri-
mary, stand-alone glass structures, but also secondary glass systems belonging to different
primary buildings and constructional assemblies [3–8].

According to various literature studies, the seismic capacity of glass structures can
benefit from innovative tools and special fasteners [9–11]. At the component level, refined
calculation approaches and investigations of literature have been dedicated to both the
pre- and post-cracked analysis of laminated glass (LG) elements [12–14], including con-
siderations of their residual strength [15]. In any case, glass structures are still a rather
new domain for several professional designers, and certainly require dedicated methods of
analysis [16]. Among others, an open issue is represented by the seismic design of glass
structures. Most of the available technical documents do not provide specific recommen-
dations for glass [17,18], but suggest the use of “reliable calculation methods” to verify
the seismic resistance/displacement capacity of glass components and restraints. Such a
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technical difficulty is further enforced by the need for a realistic calibration of the expected
q-factor [19].

The main goal of present study, in this regard, is to assess the sensitivity of q-factor
for glass structures based on simplified or more advanced calculation approaches. As
shown in Section 2, consolidated strategies are common for conventional constructional
typologies/materials. Moreover, the q-factor itself (with q > 1) is known to represent the
intrinsic dissipation capacity of the structure/material to verify. At the same time, estab-
lished performance indicators (or “engineering demand parameters”, EDPs) in support of
seismic analysis and design are available in literature for structural members and systems
made of steel, reinforced concrete, timber, or masonry, while such a calibration is missing
for glass. To summarize the present discussion, the numerical analysis is focused on a case
study glass frame that was earlier investigated in [19]. Differing from [19], however, the
attention was given to the seismic performance and capacity of the full-size frame, rather
than its key base connections only. To this aim, an original finite element (FE) numerical
model was developed and optimized to support the local/global analysis of the frame as a
whole. Extended sets of non-linear dynamic analyses were in fact carried out for the frame
under in-plane seismic lateral loads. In doing so, three selected methods of analysis that are
deeply consolidated for ordinary constructions (M1 to M3 in Section 3) were adapted to the
examined structural glass frame and assessed for the q-factor prediction. Basic comparative
calculations were first carried out with the support of the incremental dynamic analysis
(IDA) approach for the herein called “dynamic” (M1) and “mixed” (M2) procedures. The
cloud analysis procedure (M3), as shown, is characterized by high efficiency compared to
M1 and M2 methods, but requires the calibration of specific EDPs for glass, as well as an
accurate selection of input signals for the structural system to verify. FE comparative results
are thus discussed in Sections 4–7, showing the potential and limits of selected M1 to M3
calculation methods, in support of a realistic and computationally efficient estimation of
seismic behavioral trends for glass structures, thus resulting in their optimized structural
design.

2. State-of-Art and Literature Review on q-factor Methods

Following EC8 [17], the seismic design of buildings is today conducted by using
the so-called force-based design (FBD) method. The design base shear is conventionally
obtained as the ratio between the elastic base shear and the q-factor of the structure to verify
(Figure 1). The q-factor introduction, as such, simplifies its complex energy dissipation
capacity (by means of plastic deformations) to a linear elastic model. Due to its strategic
role, the q-factor definition is thus a topic which has been deeply discussed in the seismic
engineering field as a primary focus of several studies since the 1950s.

lished performance indicators (or “ arameters”, EDPs) in support of 

nalysis (IDA) approach for the herein called “dynamic” (M1) and “mixed” (M2) 

–

 
Figure 1. Examples of design spectra calculated for two different q-factor values.

A first simple formulation was proposed for the q-factor in the 1980s [20]. Further,
it was first recognized by the modern design strategy that structures able to resist severe
earthquakes are expected to experience permanent damage. As a matter of fact, design
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seismic actions are scaled by taking advantage of an intrinsic plastic capacity that is
correlated to irreversible deformations.

Typical q-factor values by EC8 are known to span in the range of 1.5 (inverted pendu-
lum systems), 2.0 (torsionally flexible systems), and 3.0 (frame systems), or even higher.
Due to this, these constant EC8 values should be generally treated as an upper bound, and
thus moving the decision on the acceptable level of damage becomes a designer responsibil-
ity. This decision is directly affected by structural features, details, and material properties.
In such a general discussion, the choice of standards to adopt constant q-factor values
looks very conservative. Several literature studies proved that the dissipative capacity of a
structure is generally greater than the recommended limit values. For example, as concerns
steel moment resisting frames (MRFs), the EC8 prescribes different q-factors for medium
(DCM, local plastic deformations) or high (DCH, global plastic deformations) ductility
classes. Macedo et al. [21] evaluated the consequences of adopting the EC8 recommended
q-factor and presented a more rational selection methodology based on the specific struc-
ture and the site seismic hazard. Costanzo et al. [22] discussed existing design provision for
both MRFs and chevron concentrically braced frames (CCBFs), giving evidence of a large
lateral overstrength due to the codified design requirements. Also for reinforced concrete
frames, studies by Kappos [23], Borzi and Elnashai [24], and Chryssanthopoulos et al. [25]
assessed the reliability of q-factor values by EC8, and emphasized their high conservativity.
Although the cited results from [23–25] looked conflicting, the joint EC8 conservatism was
jointly justified with either structural overstrength or ductility supply, or both the aspects.
In this context, it is thus recognized that the primary goal of standardizing committees
is to simplify, on the safe side, the computational burden for designers. Such a strategy
makes it possible to avoid performing complex non-linear analyses, but at the same time
can severely limit the actual structural plastic capacity of the examined building systems.

For glass structures, to date, legislative and research efforts have not provided a
general recommendation about realistic q-factor values that could be adopted in design.
Furthermore, it is already required to satisfy global and local verifications for resistance
and displacement capacities in seismic conditions [3]. As such, the typical effect often
takes the form of fully elastic design (q = 1). The present study aimed to investigate
further the expected structural behavior trends of seismically loaded glass members,
based on the observations of a case study frame. Calibrated parameters are presented to
possibly support the adaptation of consolidated general procedures to glass structures. The
potentials/issues of available methodologies are assessed towards the q-factor calculation
for similar structural typologies.

3. q-factor and Selected Calculation Methods

Different approaches can be used from literature to analytically or numerically predict
the q-factor of a given structural system [26]. As far as the computational effort and
accuracy of a method increase, and the reference EDPs are well defined, moreover, the
q-factor estimation is progressively more robust and reliable. Figure 2 shows a typical
push-over (PO) analysis result for a reinforced concrete building, in which the EDPs are
qualitatively pointed out, depending on various performance levels and limit states. As
usual, the most common EDPs are represented:

• for structural components, by inter-story drift ratios (IDR), with inelastic component
deformations and associated forces;

• for non-structural components (and contents), by inter-story drift ratios (IDR) or peak
floor accelerations (PFA), see [27–29].
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–

Figure 2. Expected building response and damage under seismic events. In evidence, the reference
limit states and EDPs for design.

It is worth noting that recommended EDPs are available for traditional construc-
tional materials and systems, but these parameters cannot be directly transferred to glass
structures.

It follows that secondary glass members that take place in a primary building must
necessarily accommodate the seismic performance and capacity of the building itself (and
thus satisfy the corresponding EDPs). For primary/stand-alone glass structures, otherwise,
no recommended parameters are available, and thus the present study tries to provide
some research developments in this direction.

The above issue arises for novel structural systems and/or innovative materials (glass
included), for which no or indicators are provided by design standards for earthquake
resistant buildings. Relevant examples of literature can be found in [30–35].

From a practical point of view, the flowchart in Figure 3 can be adapted to general
constructions/materials, once standardized procedures are established and a primary
calculation method is chosen. In case of structural glass (as well as other innovative
solutions), the critical step takes place in #2, as a direct/major effect of the analysis method
choice and its input basic assumptions (first of all, the reference EDPs).

–

 

Figure 3. Reference flowchart for the seismic assessment of novel structural systems/materials.
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In the present paper, such an issue is further discussed with a focus on the structural
glass frame described in Figure 4 and [19]. Three calculation methods (M1, M2, and
M3 from Figure 3) are compared in terms of predicted q-factor, computational efficiency,
accuracy, and sufficiency of results. In doing so, special care is taken for the detection of
reliable EDPs that could be used for design, especially with regard to the key configurations
of yielding and collapse. The so-called M1, M2, and M3 methods herein explored find
inspiration from literature, but in the current study are specifically adapted to glass frames.
Examples for traditional structures can be found in [36], as regards the M1 (Section 3.1)
and M2 (Section 3.2) methods whilst, for the M3 one (Section 3.3), the procedure in use for
the construction of fragility curves is adapted to glass. As such, the M3 q-factor is derived
from linear regression on a cloud of points that is obtained from non-linear time-history
analyses.

 

 

(a) (b) 

“collapse” or “first yielding” respectively:𝑞 =  PGA𝑢PGA𝑦

𝑞 =  PGA𝑢PGA𝑦 ∙ 𝑉𝑦𝑉𝑑

Figure 4. Reference structural glass frame (adapted from [19]) for the q-factor estimation, based on
(a) non-linear incremental dynamic analyses (IDA) or (b) push-over (PO) numerical procedures.

3.1. Dynamic (or PGA) Method (M1)

The dynamic (or PGA) method (M1) conventionally defines the q-factor as the ratio
between PGAu and PGAy, that is the peak ground acceleration values corresponding to
“collapse” or “first yielding” respectively:

q =
PGAu

PGAy
(1)

In accordance with Equation (1), IDA were thus carried out in this paper. Based on
Figure 4a and a set of input accelerograms, sequential non-linear time-history numerical
analyses were performed to estimate the PGAu and PGAy values of interest. A minimum
set of 7 input signals was taken into account [17].

3.2. Mixed Method (M2)

The mixed (M2) method examined in this paper still takes advantage from efficient FE
simulations. The q-factor estimation was based in this case on two different contributions,
that is:

q =
PGAu

PGAy
·Vy

Vd
(2)

In Equation (2), PGAu and PGAy values agree with the definition in Section 3.1, and
can be derived from the non-linear IDA for the structural system object of analysis.
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At the same time, Vy and Vd in Equation (2) denote the base shear load corresponding
to “first significant yield strength” and “allowable design strength”. These base shear values
were conventionally derived from non-linear PO simulations according to Figure 4b.

3.3. Cloud Analysis (M3) with Linear Regression

The q-factor of the examined frame was finally estimated in this paper by using the
inelastic response spectrum, with the support of the so-called cloud analysis and the
spectral acceleration (Sa) definitions [36]. Successful cloud analysis applications can be
found in [37–39] for various structural typologies and materials.

Differing from Sections 3.1 and 3.2 (IDA procedure), the cloud analysis is carried out
with the support of a set of unscaled accelerograms. The set of input signals (60 in the
present study, Table A1 [40]) must be established to ensure an appropriate distribution
of cloud data [41,42]. It is in fact known that the major issue of IDA method may consist
of a significant computational cost, and most often a marked scaling of original records
to various intensity levels, before the desired EDPs could be achieved. This effort is
not required in cloud analysis. Moreover, the use of unscaled natural accelerograms in
cloud analysis allows to keep all the information related to the event, also known as
“record-to-record variability”. From unscaled signals and non-linear dynamic analyses, the
correlation is established between selected EDPs and some intensity measure (IM) values
of the imposed signals by taking advantage of linear regression [37]. As in case of IDA,
however, the unscaled signals require an accurate definition of reference EDPs and are
also expected to cover a useful range of values for identifying the required limit states.
These signals are thus sensitive to the fundamental vibration period T1 (to predict) and the
characteristics of the structure to verify (material properties, damage mechanisms, etc.).
Moreover, the input signals should be selected to be representative of the seismic hazard
of the site under investigation. When appropriate signals are not available, site-specific
ground motion modeling techniques can also be used [43–45]. Based on EC8, the q-factor
can be finally calculated as:

q =
Sa(T1)u

Sa(T1)y

(3)

where Sa(T1) is the spectral ordinate corresponding to the characteristic period of the
design spectrum. The subscripts “u” and “y” in Equation (3) refer to the “collapse” and
“first yielding” configurations.

4. Case-Study Glass Frame

4.1. Geometrical and Mechanical Properties

The current research study follows and extends the analytical and numerical investiga-
tion reported in [19]. As such, some geometrical and mechanical features are summarized
herein for the system in Figure 5a. Each glass frames followed the layout in Figure 5b,
with H = 6 m and L = 8 m. Both the beam and column sections were composed of heat-
strengthened (HS) LG members, with uniform size (h = 600 mm high × ttot = 66 mm
thick) given by 5 × tg = 12 mm glass layers and tint = 1.52 mm thick ionoplast foils. The
mechanical connection at each beam–column interception took the form of an ideal pin,
see Figure 5b. Possible out-of-plane deformations of the frame were restrained, and the
related mechanisms (including lateral-torsional buckling for beams [46,47], or coupled
bending-compressive buckling for columns [48]) can be preliminarily disregarded. For
the base restraints of columns, stainless steel pins pass through two holes in the glass
(ϕg = 32 mm in diameter, with ϕ = 24 mm the nominal diameter of bolts and D = 500 mm
their distance). Four mild steel brackets (S235 steel) fix the columns to the foundation
(ts = 15 mm, Bs = 200 mm, bs = 165 mm, Hs = 300 mm and Ls = 200 mm). The restraint was
finally locked by nb anchoring bolts (Figure 5c).
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(a) (b) 

 

(c) 

𝐸𝑑 ≤ 𝑅𝑑
— —

𝐹𝑖 = 𝐹𝑏 𝑧𝑖𝑚𝑖∑ 𝑧𝑗𝑚𝑗𝑛𝑗

Figure 5. Schematic representation of the case study frame: (a) design concept (axonometry), with (b) static scheme of the
structural glass frame object of analysis and (c) detail view of a typical push-pull moment connection at the base of the
columns (adapted from [19]).

4.2. Preliminary Elastic Seismic Design of the Frame

For calculation purposes, the glazed assembly of Figure 5 is located in a high seismicity
region of Italy. Based on [17,49,50], its strength and stiffness should be verified to resist the
most unfavorable expected seismic combination of actions Ed, that is:

Ed ≤ Rd (4)

where Rd is the structural capacity.
A simple design of glass members should properly verify that LG columns and beams

are not subjected—due to the imposed in-plane seismic loads—to relevant stress peaks and

93



Sustainability 2021, 13, 9291

premature fracture. As for regular structures in plan and elevation, the input seismic force
Fi the frame should resist is given by:

Fi = Fb
zimi

∑
n
j zjmj

(5)

with i = 1, . . . n, mi, mj the story masses and zi, zj their height from the foundation, while
the base shear Fb is:

Fb =
Sd(T1) W λ

q
(6)

and:

• W the aboveground total mass of the building object of analysis,
• Sd(T1) the design acceleration from the reference spectrum, as a function of the vibra-

tion period T1, with Sd = 0.35 g the peak ground acceleration (high seismic region of
Italy),

• λ = 1 a correction factor for one-story buildings with T1 > 2TC (otherwise 0.85), and
• q ≥ 1 the behavior factor of the system.

Given the lack of more appropriate recommendations, the conventional design of the
case study columns suggests the assumption that q = 1. Disregarding the vertical loads that
the LG members must sustain (as a part of the framed system of Figure 5), the in-plane
lateral force affects the region of glass holes at the base connections, that is:

σt,max = Kt·σt = 2.71·77 ≈ 208.9MPa (7)

with:

Kt = 2 +
(

1 − φg

h/2

)3

= 2.71 (8)

the magnification factor for stresses [51–53], while the tensile stress σt in glass is given by:

σt =
Ft

(

h
2 − φg

)

·ttot

≈ 77MPa (9)

with:

Ft =
(0.5·Fb)·H

D
= 1236kN (10)

The resistance verification of the LG columns in seismic conditions requires that:

σt,max ≤ fg;d (11)

with:

fg;d =
kmodkedks f λgAλgl fg;k

RMγM
+

k′edkv

(

fb:k − fg;k

)

RM;vγM;v
(12)

the design resistance [49]. Among the coefficients in Equation (12), the short-term duration
of seismic events (conventionally set in 30 s [3]) suggests kmod = 0.78. Given that the
columns are composed of HS glass, Equation (12) results in f g;d ≈ 75 MPa, that is ≈ 1/3rd
the maximum stress from Equation (7), due to the seismic shear from Equation (6).

To avoid the improper sizing of load-bearing glass members, the design (with given
input parameters) would require the exploitation of a minimum qmin ≈ 3. In other words,
the ratio of Equation (7) to Equation (12) and combination with Equation (6) can be used
for simple analytical estimates of (minimum) required plastic capacities of the frame,
towards the seismic demand. In this regard, it is also worth noting that the analytical
model developed in [19] for the ductility estimation of base angle brackets (and properly
combined with the stress analysis in Equations (7)–(12)), would result in q = 4.58 (collapse
governed by stress peaks in the region of glass holes). However, such an analytical
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prediction is not able to account for complex mechanisms in the frame as a whole, under
dynamic seismic accelerations.

5. Finite Element Numerical Investigation

5.1. Numerical Model

The reference numerical analysis was carried out in ABAQUS/Standard [54] on a full
three-dimensional model representative of the glass frame object of analysis, inclusive of
LG members, and reproducing the geometrical details for base connections (Figure 6). For
symmetry, 1/4th the geometry was taken into account.

 

Figure 6. Numerical model of the case study structural glass frame under in-plane seismic loads (detail of the base region
and beam/column connection, ABAQUS).

Differing from [19], the seismic response of the frame as a whole was explored for the
purpose of this study. To this aim, a novel optimized FE model was developed to maximize
its computational efficiency.

Solid brick elements (C3D8R type from ABAQUS library) were used for rigid base
support, angular members, frictionless foils, and bolts. For the glass plate, a mix of brick
solid elements and shell elements was used to preserve the accuracy of stress distributions
in the regions of holes. Finally, the column in elevation (and top beam) were described as
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pinned rigid beams. The overall symmetry assumption resulted in 18,000 solid/shell ele-
ments and 75,000 DOFs for the frame model in Figure 6. After preliminary validation, such
a solution was used to replace the FE assembly from [19], in which a total of 45,000 solid
elements and 170,000 DOFs were used for half geometry of the base connection only.

5.2. Materials and Contact Interactions

Key mechanical assumptions for glass and steel members were derived from [19]. An
elastic-perfectly plastic law was used for mild steel, with Es = 210 GPa the modulus of
elasticity, νs = 0.3 the Poisson’ ratio, and σs,y = σs,u = 235 MPa the yielding/failure strength,
with corresponding strain values equal to εy = 0.112% and εu = 25%. The ductile damage
material option was also accounted for in FE analyses to detect the possible initiation of
ductile failure mechanism in angle brackets.

An elasto-plastic law was also used for steel bolts, with σb,y = σb,u = 1000 MPa the
yielding/ultimate resistance (8.8 resistance class). Finally, the rubber layers were described
in the form of an equivalent elastic-perfectly plastic material, with Er = 30 GPa and νr = 0.3.
The yielding/ultimate stress was conventionally set at 2.4 MPa [19].

The tensile brittleness of glass was included with the concrete damaged plasticity
(CDP) model from the ABAQUS library [19]. While the CDP model was primarily devel-
oped for concrete, literature studies show that the same model can be efficiently used for
structural glass members (under specific loading/boundary conditions), as in the present
application. From the post-processing of FE results, fracture initiation in glass was in fact
assumed as a reference for “failure”. This means that the overall post-cracked stage was
disregarded but the simulation was prevented from additional uncertainties that are typical
of the post-cracked response of glass under cyclic loads. In doing so, the nominal mechan-
ical properties for HS were taken into account (Eg = 70 GPa, νg = 0.23 and σtk =70 MPa).
Further, the characteristic compressive strength was set to σck = 300 MPa (350–500 MPa [19]
the reference strength).

A set of surface-to-surface contacts at the interface of adjacent FE components allowed
to reproduce the in-plane lateral response of the frame under seismic loads (with “penalty”
tangential characteristic (friction µ = 0.3) and “hard” normal features). “Tie” mechanical
constraints were also used to rigidly connect some FE components (i.e., the head of each
bolt and the corresponding angle bracket, or the frictionless layer and the adjacent angle
bracket).

5.3. Loading Strategy

The frame was investigated by taking into account the presence of in-plane seismic
loads and dead loads due to constructional members, plus a vertical accidental load
Qk = 3 kN/m2 (with i = 1 m). The FE assembly of Figure 6 was used for both the required
non-linear static PO and time-history dynamic analyses. As such, two different solving
procedures were taken into account, based on two separate steps representative of:

• S1 = an initial stage for introduction of dead and accidental loads (5 s), followed by
• S2 = seismic analysis of the pre-loaded glass frame (60 s).

In case of IDA, the main seismic input consisted in the selected accelerogram in
Figure 7 (acceleration-time history at the base of the frame for M1 and M2 methods). The
used earthquake records were derived from [55], that is considering a PGA of 0.35 g, with
type A soil (rock soil), topographic category T1, and a reference nominal life of 50 years. A
maximum lower and upper tolerance of 10% was also considered.

For the PO analyses (M2 approach), otherwise, the FE system of Figure 6 was subjected
to a linear increasing in-plane shear force in accordance to Figure 7 (base connection
rigidly fixed to ground). Finally, in case of cloud analysis (M3), a total of 60 unscaled
signals (Table A1 [40]) was taken into account to replace the 7 input signals of M1 and M2
procedures.
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Figure 7. Reference set of time-acceleration histories, as derived from REXEL [55] for the non-linear
incremental dynamic analysis (IDA) of the case study glass frame.

6. Discussion of M1 and M2 Results

6.1. Detection of First Yielding, Collapse, and Allowable Strength Parameters

Given the general definitions of calculation approaches in Sections 4.1 and 4.2 and
the structural system object of study, special care must be taken for the definition of
the key design configurations. Major design challenges derive from the lack of explicit
recommendations for glass structures in current design standards for seismic resistant
buildings. On the other hand, the in-plane seismic response of the frame is strongly affected
by the intrinsic mechanical properties of its basic components, namely:

• brittle elastic glass panels (with holes), and
• flexible angle brackets at the base of the frame.

In other words, the “first yielding” condition of the system of Figure 6 was defined in
this project as the first plastic deformation of angle brackets in tension (with σs,y = 235 MPa
the reference strength and δy = 0.677 mm the corresponding vertical deformation [19]).
Regarding the “collapse” damage state for the frame, maximum drift amplitudes (or
column rotations, or even vertical deformations of the steel angle brackets) should be
checked. Globally, for the parametric investigation herein summarized, the control of
local and global critical conditions for the frame was primarily based on local stress and
displacement controls, namely representing a potential:

• (C1) Tensile cracking of glass, close to the column base (region of holes),
• (C2) Compressive fracture of glass, close to the column base (region of holes),
• (C3) Ultimate deformation for steel angle brackets (plastic strain and vertical deforma-

tion, with δu =54.10 mm based on [19]),
• (C4) Possible yielding of steel bolts for the base connection.

In addition, for comparative purposes, conventional deformation limits available in
design standards were also taken into account. For the case study frame, as far as the glass
holes are properly protected from potential local damage, the seismic analysis could take
advantage of the intrinsic flexibility and dissipative capacity of angle brackets. In this
sense, the reliability of limit values of Table 1 from FEMA 356 [56], Vision 2000 [57], UBC
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1997 [58], EC8 [17], and NTC2018 [50] documents and their applicability to the examined
frame were taken into account in this study.

Table 1. Recommended limit configurations for the collapse prevention of steel structures, according
to selected international design standards.

Limit Drift Value
(u/H)

Column Rotation
(rad)

Structural system
FEMA 356

[56]
Vision 2000

[57]
UBC 1997

[58]
EC8, NTC2018

[17,50]

Steel braced frames 0.02
0.025 0.02 0.03Steel moment frames 0.05

Finally, the “allowable strength” condition required by the M2 approach should also
be defined. As far as the brackets are assumed responsible of the overall in-plane seismic
performance of the frame, the yielding stress of steel suggests that:

Vd = f (σs,adm) =
σs,y

γM
=

235
1.05

= 223 MPa (13)

with γM the partial safety factor, thus a minimum:

Vy

Vd
= γM = 1.05 (14)

to account in Equation (2).
Figure 8 shows the base shear-lateral deformation of the frame from PO analysis.

It is clear that the above assumption can strongly penalize the frame response, and the
critical glass members prove to offer a safety factor in the order of ≈2.1 against potential
tensile cracks. Moreover, it is possible to see that the compressive limit in glass holes is
not achieved, neither under large displacements. This results from the high deformation
capacity of the frame, thanks to detailing of base connections explored in [19].

Finally, the “allowable strength” condition required by the M2 approach should 

𝑉𝑑 = 𝑓(𝜎𝑠,𝑎𝑑𝑚) =  𝜎𝑠,𝑦 𝛾𝑀 = 2351.05 = 223 𝑀𝑃𝑎
γ 𝑉𝑦 𝑉𝑑 = 𝛾𝑀 = 1.05

ical glass members prove to offer a safety factor in the order of ≈2.1 

 

Figure 8. PO analysis of the frame, with evidence of relevant EDPs (ABAQUS).

6.2. Seismic Performance Assessment

The seismic response of the frame was found to agree with Figure 9, where the
typical IDA deformed shape (detail) is proposed for brackets under large in-plane lateral
displacements.
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from Figure 7 (with an average of ≈20 differently scaled simulations for each accelerogram). 

 

 

(a) (b) 

 

 

(c) (d) 

–

Figure 9. Example of IDA results (ABAQUS): (a) deformed shape (extruded axonometric detail, scale factor = 300, at a
total time of 15 s); (b) stress envelope in the glass holes; (c) Von Mises stress in the angle brackets; and (d) in-plane lateral
deformation. Results for the seismic record a#7 (×1, PGA = 5 m/s2).

A total of 140 non-linear analyses was carried out with the imposed scaled accelero-
grams from Figure 7 (with an average of ≈20 differently scaled simulations for each
accelerogram). The IDA results still confirmed the close correlation with PO results in
Figure 8, with a qualitative agreement of damage phenomena and maximum effects due
to the imposed design loads. Figure 9b, in this regard, presents the evolution of maxi-
mum stress peaks in the region of holes, while Figure 9c,d focus on the bracket and frame
responses, respectively.

A more detailed analysis of IDA results can be found in Figures 10 and 11, in terms of
relevant EDPs, as a function of the imposed PGA for each one of the input scaled signals.
It is worth noting that the parametric analysis was carried out in the ideal PGA range of
0–50 m/s2 to address the performance of structural components. In this regard, typical
PGA values can be seen as associated to limited stress levels in the structure, as is expected
due to the limited structural mass and high flexibility of the system. Key benefits derive
also from gaps in the region of glass holes to prevent premature stress peaks at the edges.
Such an approach is also in line with other studies on the seismic performance of structural
systems with flexible joints (see for example [59]).
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Figure 10. Selected IDA numerical results, as a function of the maximum imposed PGA (ABAQUS): (a) tensile and
(b) compressive stress in glass holes, with (c) Von Mises stresses and (d) plastic strain in the steel angle brackets.

As shown in Figure 10a,b, the compressive stress peaks were mostly observed to
double the corresponding tensile peaks in glass, due to a combination of in-plane lateral
and vertical loads. Otherwise, it is also interesting to notice that the LG members can
sustain relatively strong earthquake motions, before glass could fracture. A relevant aspect
is hence represented, in both figures, by the non-linear evolution of stress peaks with the
imposed PGA. A first linear trend of the charts can be observed for PGA up to ≈6 m/s2,
and such a slope change coincides with first yielding (and progressive plastic deformation)
of angle brackets. This limit condition was generally achieved for PGA in the order of
≈4 m/s2 (Figure 10c,d).

Compared to the stress evolution in the holes region, similar trends can also be
observed for the deformations of the frame in Figure 11.

The vertical displacement δ, in-plane lateral drift u / H and base rotation θ are
proposed, as obtained from IDA and maximum envelopes of selected EDPs. Under the
input assumptions of this study, the collapse condition is never achieved on the side of
angle brackets (Figure 11a). The limit drift of 2% or 5% is exceeded for PGA in the order of
≈10 m/s2 and 20 m/s2 (average value), see Figure 11b. The 2% drift, finally, is mostly in
line with the 0.03 rad rotation of the frame (Figure 11c).
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Figure 11. Selected IDA numerical results, as a function of the maximum imposed PGA (ABAQUS): (a) vertical displacement;
(b) lateral drift, and (c) base rotation of the frame.

6.3. q-factor Estimates

The analysis was first focused on the so-called M1 method. For the M2 case, the M1
value was adapted with the magnification factor in Equation (14). The so-calculated IDA
results are proposed in Figure 12.

Note that the attention was focused on the most unfavorable collapse mechanism for
the frame as a whole. This was generally observed to coincide with tensile glass cracking
(“glass”), while in two cases, only the deformability of the base joint allowed to reach a
lateral drift of 2% (“Drift 2%”). The corresponding q-factor values are presented for the M1
method (Equation (1)), in the range from 1 (a#1) to 5 (a#6). The average value of q = 2.59 is
compared with the corresponding M2 estimate from Equation (2), q = 2.72. The preliminary
analytical requirement (Equations (7)–(12) combined with Equation (6)) is also highlighted
(qmin = 3), while the analytical value based on local analysis (q = 4.58 from [19]) gives
evidence of intrinsic limits due to simple predictions carried out for the base connection
only (with collapse governed by stress peaks in the region of glass holes).
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Figure 12. M1 and M2 calculated q-factor from IDA (ABAQUS).

7. Cloud Analysis

7.1. Input Records and EDPs

The maximum inter-story drift (IDR) was chosen as reference EDP for the frame
(T1 = 0.3 s), with PGA and pseudo-spectral acceleration Sa(T1) being selected as IM pa-
rameters. While the PGA value is only related to the seismic ground motion, the Sa value
depends on the dynamic behavior of the structure; therefore, the performance to different
IMs depends on the type of structure and the governing failure mechanism.

The preliminary analysis was focused on the distribution of tensile stress peaks
in a glass column (with nominal height H) deprived of the angle brackets (rigid base
connection). Given the characteristic tensile resistance of HS glass (σtk = 70 MPa), an
inter-story displacement uu= 0.048 m was calculated as in Figure 13. The reference EDP
corresponds to contour plots in Figure 13a,b), while Figure 13c shows the data trend
obtained at the column base and in terms of maximum envelope.

It is worthy of interest that the so-calculated value corresponds to u/H ≈ 0.007 and is
in close correlation with consolidated limit values for constructional materials characterized
by typical brittle behavior in tension, such as, for example, masonry [50]. At the same time,
the calculated value significantly minimizes the expected seismic capacity of the frame,
thus confirming the key role of its base connections.

The total set of 60 unscaled ground motion records in Table A1 were chosen from [40],
depending on the possible collapse mechanism of the frame. According to procedures for
general buildings, special attention was paid to cover a wide range of spectral accelerations,
but also to respect the consistency between the characteristics of selected records and the
supposed classification for the site of interest. As a result, the selected accelerograms were
characterized by a moment magnitude (Mw) between 5.6 and 7.6, an epicentral distances
(R) ranging between 3.5 km and 62.9 km, and a soil class type A or B (EC8 classification).
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(a) (b) 

 
(c) 

Figure 13. Definition of the reference inter-story drift, based on the distribution of tensile stress peaks in glass (ABAQUS):
(a) stress analysis at collapse (legend values in Pa) and (b) corresponding in-plane lateral deformation (legend values in m),
with (c) calculated trends at the column base or from maximum envelope data.

7.2. Analysis of M3 Results with Linear Regression

The results of the cloud analysis method related to PGA and Sa(T1) are separately
collected in Figure 14, with attention to the measured inter-story displacement.

Differing from IDA, one of the potential intrinsic limits of the M3 method can manifest
in the availability of natural seismic records that possess sufficiently high accelerations to
reach the desired EDPs.

In this regard, Figure 15 gives evidence of the typical observed response for the case
study frame. As shown, the imposed records are able to lead the angle brackets to yielding
(Figure 15a), but still relatively smooth stress peaks are achieved in glass (holes), with
tensile and compressive stress peaks in Figure 15b,c. In the same way, the measured
in-plane deformations of the frame are still lower than the % limit values earlier discussed
for IDA.
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(a) (b) 

Figure 14. Cloud analysis results (M3) in the form of inter-story lateral displacement, as a function of (a) PGA and (b) Sa(T1).

 

(a) 

  

(b) (c) 

Figure 15. Cloud analysis results (M3) in the form of (a) Von Mises stress in the angle brackets, (b) tensile stress, and (c)
compressive stress in glass (hole region), as a function of Sa(T1).
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By considering the entire set of available data from the cloud analysis of the frame, an
ordinary least-square linear regression was thus performed. The analysis was carried out
in the logarithmic space, given that the use of logarithm of variables improves the fit of
the model by transforming the distribution of the features to a more normally shaped bell
curve. In order to control the skew and counter problems in heteroskedasticity, both the
dependent variable (IM) and the independent variable (EDP) were log-transformed. The
final result is proposed in Figure 16, where the linear fits of cloud data are obtained from
the least squares method.

 

 

(a) (b) 

The thresholds of “yielding” (EDP ) and “collapse” (EDP

as “A” and “B”) 

• 𝐸𝐷𝑃𝐶𝑃,50 = ≈ 0.007), as calculated by the preliminary PO analysis 

• 𝐸𝐷𝑃𝐶𝑃,50 ≈0.05), representative of IDR value corresponding to first 

“B” collapse value of displacement even if it is outside the available data cloud. Once the 

𝐼𝑀𝐶𝑃,50 = exp(𝑎 + 𝑏 ln(𝐸𝐷𝑃𝐶𝑃,50))𝐼𝑀𝑌,50 = exp(𝑎 + 𝑏 ln(𝐸𝐷𝑃𝑌,50))

Figure 16. Cloud analysis results (M3) in the form of lateral displacement of the frame, as a function of (a) PGA and
(b) Sa(T1).

The thresholds of “yielding” (EDPY,50 = 0.037 m) and “collapse” (EDPCP,50) perfor-
mance levels are indicated in Figure 16 by vertical lines. Two different thresholds (noted as
“A” and “B”) were used to identify the collapse prevention limit and to quantify further
the influence of the base steel connection in the seismic response of the frame, namely:

• (A) EDPCP,50 = 0.048 m (u / H≈ 0.007), as calculated by the preliminary PO analysis
of the glass column with rigid base connection (Figure 13), and

• (B) EDPCP,50 = 0.35 m (u / H≈0.05), representative of IDR value corresponding to first
glass cracking in the PO curve of the frame (Figure 8).

In this regard, it should be noted that the regression line was assumed to be valid
for “B” collapse value of displacement even if it is outside the available data cloud. Once
the regression line is found, the IM characterizing yielding and collapse prevention were
obtained in Figure 16 using the following relations:

IMCP,50 = exp(a + b ln(EDPCP,50)) (15)

IMY,50 = exp(a + b ln(EDPY,50)) (16)

The q-factor estimation can thus be based on Figure 16, for PGA and Sa(T1), respectively.
Certainly, the obtained results are affected by base steel joints and thus by EDPCP,50.

As such, the above outcome should be taken into account as a general approach for basic
design considerations of similar structures, given that the resistance and stiffness of joints
are strictly responsible for the final ductility of the frame, and thus for the possible fracture
initiation in glass.
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7.3. Comparative q-factor Predictions

In conclusion, Figure 17 shows the M3 calculated q-factor and a comparison of selected
methods (average). As expected, q significantly decreases as far as the M3 approach at
collapse disregards the beneficial effect of brackets in the post-yielded stage (collapse “A”).
At the same time, as far as the real ultimate inter-story displacement is considered for the
tensile fracture of the column (collapse “B”), Figure 17 proves a stable q-factor estimation
from M3 or M1–M2 methods.

“A”). At the same time, as far as the real ultimate inter
ure of the column (collapse “B”), Figure 17 proves a stable 

–

≈
–

 

Figure 17. Calculated q-factor for the examined frame, based on M1 to M3 methods and EDPs.

The positive outcome is confirmation of intrinsic ductility and post-yielding capacity
for the frame as a whole. This is in line with preliminary results from [19]. Moreover, the
local analysis of angle bracket ductility and stress peak estimation in the region of glass
holes was quantified in [19] up to q = 4.58 for the frame (collapse governed by tensile
fracture of glass). The present study, consequently, confirms the need for full-size structural
analyses for special structures and joint details.

Comparative data in Figure 17 are also a confirmation of simple analytical expectations
about the minimum plastic capacity of the frame from Section 4.2 (with qmin ≈ 3 from
Equations (7)–(12) combined with Equation (6)), so as to preserve the glass columns from
fracture. At the same time, it is necessary to highlight the relatively stable trend for the
q-factor numerical estimates from the M1 to M3 selected approaches. Most importantly, this
finding seems to confirm the potential of linear regression method based on cloud analysis,
thanks to the computational efficiency of the M3 method. The M1 and M2 procedures,
while limited in number of signals, are univocal in EDPs detection but could require
major calculation efforts compared to M3 (140 scaled simulations, in the present study).
Furthermore, the IDA calculated average q-factor can be highly sensitive to input signals
(7 minimum). While the present investigation suggests a very good correlation of M1 to
M3 average q-factor predictions, this could not be the case of different structural members,
thus requiring even more pronounced calculation efforts from IDA (M1 or M2). Finally,
compared to simple analytical estimates that are not able to account for complex mechanical
phenomena of the frame as a whole (i.e., q = 4.58 from [19]), all the numerical estimates in
Figure 17 are on the conservative side, thus confirming the need for refined models and
non-linear dynamic procedures in support of seismic design.
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8. Conclusions

Available design standards for seismic-resistant buildings provide various recommen-
dations in support of analysis and safe design of several structures subjected to earthquakes,
but no specific details are given for glass systems. Among others, major uncertainties de-
rive from the reliable calculation of the seismic performance and dissipation capacity of
glass structures, thus their q-factor.

In this paper, attention was focused on the local/global seismic analysis of a structural
glass frames under in-plane lateral seismic loads. Careful consideration was paid for the
development of efficient finite element (FE) numerical models in support of extended
parametric non-linear dynamic analyses that could be used to adapt/assess for glass some
consolidated procedures in use for structural systems composed of ordinary materials. For
most traditional materials and systems, reference engineering demand parameters (EDPs)
are recommended by standards or literature documents. On the other hand, reliable EDPs
are still lacking for the methods’ adaptation to glass structures.

Three numerical calculation methods were taken into account for q-factor estimates,
based on the parametric incremental dynamic analysis (IDA; dynamic “M1” and mixed
“M2” methods), and the cloud analysis based on linear regression (“M3”). Numerical
calculations were also compared to simple analytical estimates.

From the FE parametric outcomes, more in detail, it was proven that the metal joints
in use for structural glass applications were the major source of possible critical failure
mechanisms, but also a key source of enhanced ductility performances for glass members.
Such a finding was confirmed in line with ductility and flexibility capacities discussed
in [19], based on local analysis of the base connection of the frame. In addition, the present
study also confirmed the need of full-size FE models and non-linear dynamic procedures.

In terms of calculated q-factor values, more in detail, it was shown that:

• IDA-based approaches (M1 or M2) are univocal in damage detection, thus in the
corresponding estimation of reliable EDPs;

• Both M1 and M2 procedures are indeed strongly expensive in computational cost. The
present study, for example, was based on a minimum of 7 accelerograms and required
up to 140 non-linear dynamic analyses; and

• High sensitivity was observed for the predicted average q-values from M1 or M2, thus
recommending a careful selection of input signals, but also the possible use of largest
sets of scaled records.

At the same time, the adaptation of M3 method with linear regression to structural
glass frames:

• Confirmed the reduced computational cost of the approach, compared to M1 or M2
methods (60 unscaled signals and analyses in total for the present study, compared to
140 simulations); and

• Confirmed that reliable EDPs for special structures should be properly calculated,
with the support of refined numerical models or even experimental tests. Existing
consolidated EDPs of literature and standards for seismic-resistant structures can
hardly adapt to special glass systems and members.

• However, the M3 procedure also gave evidence of some difficulties of dataset inter-
pretation (due to limited stress/deformation levels in the load-bearing members, for
some simulations). The reason was found in the set of unscaled input accelerograms
that sometimes (when applied to structures characterized by limited self-weight and
high flexibility as in the present study) can hardly achieve the desired EDPs at collapse;
and

• Furthermore, the FE parametric study proved that—once EDPs and damage mech-
anisms for relevant limit states are established—the M3 approach can offer rather
accurate predictions for glass structures under seismic loads, and thus support as
an efficient tool the estimation of q-factor for the seismic design of similar structural
systems. For the present case-study frame, the calculated q-factor was in fact in line,
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but on the conservative side compared to simple analytical predictions from [19],
based on the local analysis of bracket ductility and stress peaks in the region of glass
holes. Such a finding also confirms the need for complex numerical models able
to capture dynamic mechanical phenomena in similar systems, as a more detailed
investigation to combine with simplified analytical procedures.
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Appendix A

Table A1. Reference parameters for the selected ground motions records.

Event ID Date Soil Type Mw
R

(km)
PGA

(m/s2)
Sa(T1)
(m/s2)

ME-1979-0003 15/04/1979 B 6.9 6.8 3.53 7.39
ME-1979-0003 15/04/1979 A 6.9 62.9 2.11 7.50
ME-1979-0003 15/04/1979 B 6.9 19.7 2.98 7.89
ME-1979-0003 15/04/1979 B 6.9 19.7 4.45 10.52
ME-1979-0003 15/04/1979 A 6.9 19.7 1.73 6.29
ME-1979-0003 15/04/1979 B 6.9 22 2.77 8.39
GR-1986-0006 13/09/1986 B 5.9 6.6 2.28 6.52
GR-1986-0006 13/09/1986 B 5.9 6.6 2.65 10.61
GR-1986-0006 13/09/1986 B 5.9 5.5 2.91 10.23

EMSC-20161030_0000029 30/10/2016 A 6.5 18.6 4.26 13.57
EMSC-20161030_0000029 30/10/2016 A 6.5 18.6 3.85 11.29
EMSC-20160824_0000006 24/08/2016 B 6 8.5 8.51 17.94
EMSC-20161030_0000029 30/10/2016 B 6.5 26.4 3.94 13.02

IT-2009-0009 06/04/2009 B 6.1 5 4.37 9.72
IT-2009-0009 06/04/2009 B 6.1 4.9 5.35 12.93

EMSC-20161030_0000029 30/10/2016 A 6.5 7.8 4.19 9.63
EMSC-20161030_0000029 30/10/2016 A 6.5 7.8 5.71 15.72
EMSC-20161026_0000095 26/10/2016 B 5.9 14 5.39 9.29
EMSC-20161026_0000095 26/10/2016 B 5.9 39.1 2.40 8.90
EMSC-20161030_0000029 30/10/2016 B 6.5 4.6 4.76 18.63
EMSC-20160824_0000006 24/08/2016 B 6 15.3 3.67 6.61
EMSC-20161030_0000029 30/10/2016 B 6.5 4.6 3.65 11.00

IT-1980-0012 23/11/1980 B 6.9 33.3 3.14 10.87
IT-1980-0012 23/11/1980 B 6.9 33.3 2.21 6.34

EMSC-20161030_0000029 30/10/2016 B 6.5 22.6 4.74 7.79
EMSC-20161030_0000029 30/10/2016 A 6.5 12 7.79 13.17
EMSC-20161030_0000029 30/10/2016 A 6.5 12 8.50 14.17
EMSC-20161030_0000029 30/10/2016 B 6.5 11.4 5.93 15.88
EMSC-20161030_0000029 30/10/2016 B 6.5 11.4 4.13 14.21
EMSC-20161030_0000029 30/10/2016 B 6.5 9.9 2.60 5.39
EMSC-20161030_0000029 30/10/2016 B 6.5 26.1 4.45 7.34
EMSC-20161030_0000029 30/10/2016 B 6.5 26.1 4.36 7.63
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Table A1. Cont.

Event ID Date Soil Type Mw
R

(km)
PGA

(m/s2)
Sa(T1)
(m/s2)

TK-2003-0038 01/05/2003 B 6.33 11.8 5.09 10.73
TK-1999-0077 17/08/1999 A 7.6 3.5 2.29 11.07
ME-1979-0012 24/05/1979 B 6.2 8.3 2.61 4.60
ME-1979-0003 15/04/1979 A 6.9 19.7 2.10 4.90
ME-1979-0003 15/04/1979 B 6.9 22 2.32 5.30
GR-1986-0011 15/09/1986 B - 14.2 1.38 4.68
GR-1993-0027 14/07/1993 B 5.6 4.9 3.95 4.33
GR-1990-0002 17/05/1990 B - 23 1.98 5.58
GR-1986-0006 13/09/1986 B 5.9 5.5 2.12 5.52
IT-1976-0002 06/05/1976 B 6.4 27.7 3.10 6.47

EMSC-20160903_0000063 03/09/2016 A 4.3 3.6 1.45 2.51
EMSC-20161030_0000029 30/10/2016 B 6.5 20 2.86 2.54
EMSC-20161101_0000060 01/11/2016 A 4.8 18.7 0.61 1.60
EMSC-20161030_0000029 30/10/2016 B 6.5 39.2 0.92 2.82
EMSC-20161030_0000029 30/10/2016 B 6.5 39.2 0.91 1.83
EMSC-20161030_0000029 30/10/2016 B 6.5 39.2 0.96 2.95
EMSC-20161026_0000077 26/10/2016 B 5.4 7.7 2.33 3.63
EMSC-20161026_0000095 26/10/2016 B 5.9 9.2 2.16 3.87
EMSC-20161030_0000029 30/10/2016 B 6.5 17.4 1.89 4.24

ME-1979-0012 24/05/1979 B 6.2 33.3 1.97 3.51
IT-2009-0102 07/04/2009 B 5.5 14.3 1.44 2.62

EMSC-20161026_0000095 26/10/2016 A 5.9 10.8 1.89 4.41
EMSC-20161026_0000095 26/10/2016 A 5.9 16.2 1.65 3.08
EMSC-20161030_0000029 30/10/2016 B 6.5 8.2 2.45 4.82

IT-1977-0008 16/09/1977 B 5.3 7.1 0.80 1.05
IT-1976-0024 11/09/1976 B 5.2 6.1 1.87 5.68

EMSC-20161026_0000077 26/10/2016 B 5.4 8.9 1.81 2.67
EMSC-20161026_0000133 26/10/2016 A 4.5 5.6 1.89 3.21
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Luka Lulić, Karlo Ožić, Tomislav Kišiček , Ivan Hafner and Mislav Stepinac *
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Abstract: In the wake of recent strong earthquakes in Croatia, there is a need for a detailed and
more comprehensive post-earthquake damage assessment. Given that masonry structures are highly
vulnerable to horizontal actions caused by earthquakes and a majority of the Croatian building
stock is made of masonry, this field is particularly important for Croatia. In this paper, a complete
assessment of an educational building in Zagreb Lower Town is reported. An extensive program
of visual inspection and geometrical surveys has been planned and performed. Additionally, an
in situ shear strength test is presented. After extensive fieldwork, collected data and results were
input in 3Muri software for structural modeling. Moreover, a non-linear static (pushover) analysis
was performed to individuate the possible failure mechanisms and to compare real-life damage to
software results.

Keywords: assessment; earthquake; Zagreb; case study; cultural heritage

1. Introduction

On 22 March 2020, at 6 h 22 min, Zagreb Metropolitan area was hit by an earthquake of
medium magnitude ML = 5.5, and intensity of VII, in the epicenter, according to the EMS-98
scale [1]. At 7 h 1 min followed the strongest subsequent earthquake of magnitude ML = 5.0
and intensity of VI. The main earthquake damaged most of the buildings in the Lower
Town, including residential buildings, universities, schools, kindergartens, hospitals and
public buildings. The vast majority of buildings built after the first mandatory earthquake
regulations in former Yugoslavia (1964) [2,3] either remained intact or suffered small
damage. Nonetheless, the larger part of the city’s historical center (Upper and Lower
Town) was severely damaged because the buildings in the center were built before any
seismic regulations. The damage to historical buildings is enormous. Numerous museums,
churches and university buildings have been severely damaged (Figure 1). At the end of
the year, Croatia was hit by another devastating earthquake with an epicenter in Petrinja,
located approx. 50 km from Zagreb (ML = 6.3). The quake caused subsequent damage to
already damaged buildings, but to a lesser extent.

As well as most parts of the European region, many existing buildings in Croatia
are built in masonry. Given that most of the so-called “strategic” buildings of cultural
significance and high historical importance are built using masonry, such a condition is
suggesting that the assessment and rehabilitation of existing masonry structures must be
conducted on a very high level [4–8]. An important part of the structural assessment is
numerical analysis. When it comes to existing buildings, a more refined non-linear analysis
should be adopted. Non-linear static analysis or pushover analysis is important and is
recommended in Eurocode 8-3 as a reference method for such situations.
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Zagreb’s historic urban complex is a protected area regulated by the Law on 

Figure 1. Typical damage to educational buildings after the Zagreb earthquake (photo credit: M. Stepinac).

After the earthquake, the first to respond to a disaster were civil engineers who led
and coordinated the entire organization of building assessment and damage detection.
Various similar post-earthquake assessment procedures are used worldwide [9–11].

In the first week, a large number of buildings were inspected, with a rapid post-
earthquake assessment. The most endangered buildings in the city’s center were the
ones under cultural heritage protection. The aim of a rapid assessment of buildings is
to determine the degree of damage to buildings concerning the protection of life and
property, that is, to determine if the buildings are usable, temporarily unusable or unusable.
Emerging technological advances allow the usage of artificial intelligence in the post-
earthquake assessment process in the form of machine learning methods for more efficient
and precise results [6,12–15].

Zagreb’s historic urban complex is a protected area regulated by the Law on the
Protection and Preservation of Cultural Heritage. The area is divided into two zones, zone
A and zone B (Figure 2) [1]. Zone A includes the oldest and most architecturally valuable
parts of Zagreb and is characterized by densely-built blocks of buildings made of stone,
brick or a combination of materials. Most buildings consist of massive longitudinal and
orthogonal walls and masonry ceiling vaults or wooden ceiling beams and wooden roofs
(Figure 3) [1]. Many hospitals, schools, business premises, residential and government
buildings, cultural institutions, monuments, churches and chapels are located in zone
A and are protected either as part of a historic urban complex or as individual heritage
buildings per se. A total of 72% [1] of buildings in zone A suffered major damage due to
the earthquake; to compare the damage suffered by this area is almost proportional to the
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value of its cultural heritage. Zone B consists of a variety of urban patterns and a large
number of immensely valuable buildings [16]. According to the World Bank report, in
the educational sector, 106 buildings intended for preschool education, 214 primary and
secondary school buildings and education centers, and 12 pupils’ dorms were damaged.
In the higher education subsector, the damage was reported to 152 buildings. In addition,
the buildings of 29 research institutes were also affected. The total value of damage and
losses to the education sector is estimated at EUR 1.8 billion at pre-disaster prices, with
97.9% affecting the City of Zagreb [1].

ondary school buildings and education centers, and 12 pupils’ dorms were damaged. In 

 

–

Figure 2. Protected zones A and B with the location of the case study inside the Lower Town of
Zagreb (yellow dashed line).

ondary school buildings and education centers, and 12 pupils’ dorms were damaged. In 

 

–

Figure 3. Typical Lower Town masonry building with timber floors and timber roof.

In 2020, there were destructive earthquakes all around the world, causing loss of lives,
building collapses, and severe structural and non-structural damage and economic losses
(e.g., M7.0 Aegean Sea (Turkey–Greece) [17], M6.7 Elazig (East Turkey) [18], M5.5 and M6.4
Croatia [1]). Identification of vulnerability characteristics and earthquake performance
assessment of existing structures are essential steps in reducing earthquake losses, and the
topic of seismic assessment of existing masonry structures is actual worldwide. Based on
the available state-of-the-art literature on assessment and rehabilitation of existing masonry
structures (e.g., [19–23]), this paper presents the Croatian perspective and shows it on an
actual case study.
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2. The Case Study

The subject of this paper is a building (Figures 4 and 5) located at Vlaška Street 38
as an attached building inside a block. Today’s building was built in 1895 by adapting
and upgrading two one-story buildings that were built in the early 19th century. The
building was upgraded in 1906, while the building’s current shape established complete
reconstruction in 1997. The building was retrofitted in 1997 for educational purposes and
seismic strengthening was not implemented. The building has a rectangular ground plan
with the main orientation, which is the longer side of the building in the east-west direction.
The building’s external dimensions are 12 × 53 m, with two wings: one, 4.4 × 7.6 m and
the other, 4.2 × 5.4 m located at the south side of the building. The total floor area of the
building is approximately 685 m2. The building consists of a basement, first, second, third
floor and attic. According to the Croatian seismic hazard map [24], the building is located
in the area of peak ground acceleration intensity of agR = 0.255 g for a return period of
475 years. The building serves as an educational-scientific institution. The condition of
the building before the earthquake, regarding the vertical loads, was satisfactory, and the
building was regularly maintained.

–

located at Vlaška Street 38 as 
. Today’s building was built in 

upgraded in 1906, while the building’s current shape 

The building’s external dimensions are 12 × 53 m, w

 

—
Figure 4. Aerial view of the building—north façade (photo credit: M. Stepinac).

 

—

(unusual for today’s standards) used in the 

Figure 5. Aerial view of the building—south façade (photo credit: M. Stepinac).
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The original drawings show foundations that are approximately 1.0 m wide and
1.15 m deep in relation to the surrounding terrain. They were probably built in brick or
stone, which is in line with the construction technology of the time. The building is built of
a solid brick of a standard format 30 × 15 × 6.5 (unusual for today’s standards) used in the
late 19th century. The load-bearing wall thicknesses vary throughout the building, reducing
with height, and are 51, 43, 28 cm (Figures 6 and 7). Plaster thickness also varies throughout
the building from 3 to 6 cm. The ceiling structures before the reconstruction in 1997 were
wooden beams, except for the basement ceiling and the first floor where the masonry vaults
are located. After the 1997 reconstruction, the attic and 2nd floor ceilings (Figures 8 and 9)
were replaced with reinforced concrete slabs, 12 cm and 16 cm, respectively. The 1st floor
ceiling is a semi-precast masonry/concrete floor system (Fert ceiling) inserted between
the existing wooden beams. In contrast, the ceilings on the ground floor and basement
remained masonry vaults. The building also has two auxiliary staircases at the ends of the
building made during the 1997 reconstruction and are made of reinforced concrete, and
the main central staircase is older and is made of prefabricated stone stairs supported by a
wall on one and a beam on the other edge.

—

(unusual for today’s standards) used in the 

 

Figure 6. Ground floor plan with load-bearing walls in red.

 

Figure 7. 1st floor plan with load-bearing walls in red. The floor plan of the 2nd floor is identical to the 1st floor plan.
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Figure 8. Longitudinal building section.

Figure 9. Transversal building sections.

3. Methodology

3.1. Assessment Procedure

The first step in a complete post-earthquake building assessment is a rapid, prelimi-
nary assessment of the usability [25,26] of all buildings damaged in the earthquake. Addi-
tionally, it is of great importance to preserve the three-dimensional data of the facades of
culturally-protected goods in the form of point clouds obtained by laser scanning or drone
imaging. The mentioned data can also be used to assess existing structures for the creation
of a 3D numerical model. Similar technology was used in the following papers [6,27,28]. In
cases where it is needed, detailed assessment and available Non-Destructive Testing (NDT)
assessment methods [29] are favorably used. A rapid preliminary assessment is conducted
as early as possible after the earthquake, bearing in mind the safety of civil engineers
in the field. In Croatia, this type of assessment consisted of a quick visual inspection
of individual elements of the load-bearing structure, stating the appropriate degree of
damage and deciding on the classification of the building into one of six possible categories
(Figure 10): U1 Usable without limitations (Green label), U2 Usable with recommendations
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(Green label), PN1 Temporary unusable—detailed inspection needed (Yellow label), PN2
Temporary unusable—emergency interventions needed (Yellow label), N1 Unusable due
to external impacts (Red label) and N2 Unusable due to damage (Red label).

—
—

 

Figure 10. Six categories of usability divided into three original labels (in Croatian) [30].

3.2. Rapid Preliminary Assessment Results

A rapid assessment of the building in question was conducted on 23 March 2020.
After a quick visual inspection of individual elements of the load-bearing structure, a
decision was made to classify the building as temporarily unusable (Yellow label) with
a recommendation for a detailed assessment (PN1). Basic conclusions of the preliminary
assessment are:

• There is visible damage in the form of cracks on the wall coverings, arches (Figure 11a),
vaults and ceilings (Figure 11b) on all floors;

• Separation and local decay of plaster;
• Minor local damage is visible on structural elements (walls, columns, arches);
• In the eastern part of the building, diagonal cracks are visible on the load-bearing walls.

•

•

•

•

  

(a) (b) 

Figure 11. Cracks on the 1st floor: wall, lintel (a) and ceiling (b) (photo credit: I. Hafner).

The second floor and attic suffered minor damage, while the most severe damage is
found on the eastern (Figure 12a,b) and central staircase wings (Figure 13a,b). Recommen-
dations were given that the building can be used with a restriction in the zones where there
is a danger of plaster falling. Additionally, the eastern and western staircase can be used
with a restriction in the number of people, while the central staircase is not to be used until
a detailed assessment is conducted.
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Figure 12. Cracks on the eastern staircase: exterior (a) and interior (b) (photo credit: I. Hafner).

  

(a) (b) 

—
–

—

Figure 13. Diagonal cracks on the central staircase: exterior (a) and interior (b) (photo credit:
I. Hafner).

3.3. Detailed Assessment Results

According to the current standards for the design of structures—a series of Eurocodes,
HRN EN 1990–1998 and the relevant national annexes, the building that is the subject
of this study is in the range of peak ground acceleration of 0.255 g; that is, the expected
earthquake intensity is IX according to EMS-98 scale for a return period of 475 years. No
geotechnical tests have been performed for the site in question for this article, but based on
empirical data, a category B foundation soil (deposits of very compacted sand, gravel or
hard clay, at least several tens of meters deep) or category C (deep deposits of compacted or
medium—compacted sand, gravel or hard clay with a thickness of several tens of meters to
several hundred meters) can be assumed. Moreover, based on the latest findings obtained
from the research of the Croatian Geological Institute in cooperation with the University of
Zagreb, a seismic microzonation map was prepared according to Eurocode 8 standards for
the Zagreb area [31]. According to the mentioned seismic microzonation (2017–2019), the

120



Sustainability 2021, 13, 6353

soil in the immediate vicinity of the assessed building belongs to the category of soil type
C. Soil type C causes a certain amplification of the soil shaking, which must be taken into
account when assessing the condition of the structure.

All damage, structural and non-structural, is photographed and described. They are
plotted in the floor plans of the building (Figures 14–16). The building was inspected
from the air by an unmanned aerial vehicle, and no damage was observed to the main
load-bearing structure or the building’s roof structure. Decorative crosses, statues and
reliefs were also inspected. For the purposes of digital preservation, the 3D model of the
building was made on the basis of photogrammetric images.

—

—

—

“ ”
“ ”

Figure 14. Ground floor of the building—damage scheme and shear strength testing positions.—

—

—

“ ”
“ ”

Figure 15. 1st floor of the building—damage scheme and shear strength testing positions.

—

—

 

—

“ ”
“ ”

Figure 16. 2nd floor of the building—damage scheme and shear strength testing positions.
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A detailed inspection of the building revealed the following damage: at the ground
floor, the damage is visible in the form of cracks on the wall coverings, arches, vaults and
ceilings, as well as separation and local decay of plaster. Cracks in the barrel vaults are
mostly parallel to the supporting joints, probably due to lateral movements during the
earthquake. They are the result of the occurrence of tensile stresses perpendicular to the
supporting joint. Such cracks can cause hinge formation and consequent loss of stability if
they propagate deep enough. Fortunately, the cracks in the assessed building are narrow
and mostly found in the plaster. Minor local damage to structural elements (walls, columns,
arches) is also visible. In the central core of the building where the main staircase is located
and in the eastern part of the building, diagonal cracks are visible on the load-bearing
walls, which can also be seen on the north side of the building. Damage is visible on all
floors in the form of cracks and falling plaster on the walls. Minor local damage to the
walls on the 1st floor is also visible, and cracks at the joints of partition walls and ceilings
are locally visible. In the central wing of the building where the main staircase is located
and in the eastern wing of the building, diagonal cracks are visible on the load-bearing
walls, which can also be seen on the north side of the building.

The 2nd floor and attic suffered minor damage. Particular attention should be paid to
the central part of the building, occupying the wing with the staircase. The formation of
cracks on the central wing transverse walls is clearly visible, indicating a possible failure
mechanism out-of-plane of the entire wing. A wedge was made, and the cracks were
interconnected and propagated inside the building (they also appear in the stair beams).
There was no displacement of the walls out-of-plane, but the preconditions for its failure
were met. The central wing needs to be strengthened as soon as possible as part of the
entire building’s renovation.

The east wing was also damaged at the ground floor and 1st floor level. The cracks
that appeared propagated were through the entire wall of the south facade of the wing. It
is unfavorable that the cracks are joined and continue to the transversely-joined walls and
lintels. The cause of such cracks can be the slight contribution of a torsional response of
the building as a whole, where the boundary elements are the most loaded ones, and their
failure occurs. Additionally, that part with the building is connected to the neighboring
building. Although this can generally have a positive effect on the whole building, in the
case of walls on the east wing, such a boundary condition can cause additional forces. If
the walls are not well connected to the diaphragms by a tensile compression connection,
this can cause them to fail. Since there has been no displacement of the wall out-of-plane,
it is not in danger of collapsing, but it should be strengthened soon, and further damage
propagation should be prevented. Minor damage in the form of cracks on the walls can be
seen on the west and east staircases.

The building can be used in its entirety except for the main staircase. Depending on
the possibilities in the future, a static and seismic analysis of the existing condition of the
building should be made, and regardless of whether the entire building will be reinforced,
the main staircase and other walls with cracks along the entire width of the walls must be
repaired and reinforced. Before that, it is necessary to do all the research work to determine
the characteristics of the masonry and other necessary data for the structural analysis.

3.4. In Situ Masonry Shear Strength Tests

In order to assess the condition of the structure after the earthquake and corresponding
analysis of the existing condition of the load-bearing structure, in situ tests were carried
out. Determination of shear strength (mortar in the composition of load-bearing masonry)
of solid brick masonry [32,33] was performed “in situ” using a small hydraulic press
“Holmatro” with a load capacity of 200 kN. The mortar was moved horizontally in the
vicinity of one brick in order to determine the shear strength. At the same time, the structure
of the existing wall was minimally damaged. A total of eleven positions on the load-bearing
walls were selected for testing the shear strength of the masonry (Figures 14–16): five
positions on the ground floor (PS-PR-1 to PS-PR-5), three positions on the 1st floor (PS-1-1
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to PS-1-3) and three positions on the 2nd floor (PS-2-1 to PS-2-3). The shear strength test of
the masonry was carried out in nine places. After removing the plaster, it was found that
due to the method of masonry (no bricks were found in the longitudinal direction—the
inner part of the wall is built of bricks “on edge”), conditions to perform the test were not
met for positions PS-PR-3 and PS-PR-4.

Results of the Shear Strength Tests

The shear strength of the masonry was obtained based on the registered horizontal
force Humax acting on one brick at the time of reaching the shear strength in that brick and
the corresponding mortar area on both sides of the shear is transmitted (Ag + Ad). The test
method can be seen in Figure 17 and photographs (Figures 18 and 19).

–

— “ ”

 

credit: L. Lulić)

Figure 17. Masonry shear strength test method.

–

— “ ”

  

(a) (b) 

credit: L. Lulić)
Figure 18. Masonry shear strength tests at measuring positions PS-PR-1 (a) and PS-PR-2 (b) on the ground floor (photo
credit: L. Lulić).
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Figure 19. Masonry shear strength tests at measuring positions PS-1-1 (a) and PS-1-3 (b) on the 1st floor (photo credit: L. Lulić).

The masonry shear strength test results in the load-bearing walls of the ground
floor, 1st floor and 2nd floor are shown in the following Table 1. The values from testing
site positions PS-PR-5, PS-1-1, PS-1-2 and PS-2-3 were disregarded because of significant
deviations from other results (Figure 20).

Table 1. Masonry shear strength test results in load-bearing walls.

Floor Testing Site h (cm) Ah (cm2)
Hu, max

(kN)
Shear Strength

fv (MPa)

Ground floor PS-PR-1 45 784 55.5 0.708
PS-PR-2 60 812 58.3 0.717
PS-PR-3 75 - - -
PS-PR-4 60 - - -
PS-PR-5 60 504 16.3 0.323

1st floor PS-1-1 50 448 17.6 0.393
PS-1-2 50 728 121.9 1.675
PS-1-3 70 526 24.4 0.464

2nd floor PS-2-1 45 783 44.7 0.571
PS-2-2 55 812 40.6 0.500
PS-2-3 55 840 94.8 1.129

Lulić)

 

—𝜎𝑜 Figure 20. fv(shear strength)—σ0 (vertical stress) diagram.
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It is the shear strength fv with the contribution of σ0—vertical stress. During the
test, each measuring position is precisely located to calculate the vertical load (G0), that is,
vertical stress (σ0) from the numerical model. Therefore, for each test site, in addition to
the floor plan position, the height of the measuring position from the upper edge of the
ceiling structure (h) is recorded. When analyzing the shear strength of mortar, the vertical
constant load is taken into account, that is, vertical stresses at a particular test position.
Shear strength according to Mohr–Coulomb law is calculated by Equation (1).

fvm = µ · σ0 + fvm0 (1)

It can be seen from the diagram that the shear strength without vertical pressure is
0.316 MPa and that coefficient of friction is 1.303. Due to the high value in comparison
to EC standard recommendation, the friction coefficient was taken as µ = 0.40 (according
to [34]). The obtained shear strength of masonry without vertical pressure, i.e., cohesion,
is higher than the one provided by the regulations for the case when there are no tests
(fvm0 = 0.32 MPa > 0.10 MPa). The results show that the quality of masonry is good in
contrast to similar buildings from that period.

3.5. Numerical Modeling

The 3D numerical model of the assessed building is obtained in 3Muri software. The
macro-element approach is adopted due to computational efficiency and high precision [35].
Its versatility in modeling (implementing elements of various materials, realistic floor
stiffnesses, strengthening and many more) makes it highly valuable in a region where a
vast majority of building stock is made of masonry. Similar case studies in 3Muri software
were used as a base for our research [36–38].

Macro-element approach implies equivalent-frame method which uses non-linear
beam elements. Macro-elements (or non-linear beam elements) are divided into three cate-
gories which are piers, spandrels and rigid nodes. In piers and spandrels, all deformation
is concentrated, and they are connected with rigid nodes. Figure 21 shows an equivalent
frame model made of mentioned macro-elements.

𝜎𝑜—𝜎𝑜
– 𝑓𝑣 𝜇 ∙ 𝜎𝑜 𝑓𝑣𝑚

𝜇

–

  

’

Figure 21. 3D model and 3D equivalent frame in 3Muri.

Non-linear static pushover analysis [39,40] allows us to check the overstrength ratio
used in linear analysis and it gives us more detailed insight into critical elements, possible
failure mechanisms, and global behavior of the building as a whole. Pushover analysis is
performed with constant gravity loads and monotonically-increasing horizontal loads. Two
different distributions of the horizontal loads along the structure’s height are used for the
pushover analysis. The first distribution has a uniform pattern where the horizontal load
is proportional to the mass of the building. The second distribution has a modal pattern
where the horizontal load is distributed along with the building’s height proportionally
to the first vibration mode shape of the building determined through elastic analysis
(Figures 22 and 23). These horizontal loads are applied at the location of the masses in the
model, i.e., at each floor level in the center of masses. Moreover, accidental eccentricity
is taken into account to cover uncertainty in the calculation of the center of masses of the
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building. The 5% of the building’s length perpendicular to seismic load direction is taken
into account on each side for both x (longitudinal) and y (transverse) directions.

’

’

 

– –

–

Figure 22. Mode shape used for pushover in y-direction, T = 0.37 s.

 

– –

–

Figure 23. Mode shape used for pushover in x-direction, T = 0.24 s.

In each incremental step, internal forces are redistributed according to the element
equilibrium, and stiffness is degraded in plastic range. Additionally, ductility is controlled
with maximum drift which is 0.004 for shear failure and 0.008 for bending failure [34,41].
Generally, masonry walls have three main failure modes as described in [41–44]. Turnsek–
Cacovic constitutive law is used as diagonal cracking is usually the dominant failure mode
for existing unreinforced masonry structures [45,46]. In the work of [47], diagonal failure
strength is correlated with shear strength used for Turnsek–Cacovic constitutive law. Shear
strength obtained by in situ testing is compared with shear strength approximation from
the visual MQI method which is explained in more detail in [48] and further developed
in [49,50]. Compared shear strengths are very close for this case study which implies good
precision of the MQI method. Cracked stiffness of vertical elements is used in a model
as recommended in [34], so that cracking that occurs during lifetime because of expected
earthquakes of a smaller magnitude is taken into account. Shear and flexural stiffness are
taken as half value of initial stiffness.

In a 3D model, floors are modeled as horizontally rigid diaphragms, which is precise
enough due to the real in-plane stiffness of the horizontal floor structures. Axial in-plane
stiffness of rigid diaphragms in software is infinite and the mass of the real slab is taken
into account. Many similar old masonry buildings have an unfavorable distribution of
seismic forces due to traditional flexible timber floors [22]. In seismic analysis, the roof
is excluded from the load-bearing structure because it does not significantly affect the
response of the structure and does not contribute to the global resistance of the structure.
Although it was left out of the structural part, its contribution in the form of load on the
structure itself was not neglected.

The mean values of material characteristics used in the numerical model (Table 2) are
a combination of the literature review [34,51] and on-site testing. Regarding experimental
in situ tests and detailed inspection of the structure knowledge level 2 (normal knowledge)
can be defined. Based on the achieved knowledge level, confidence factor was taken as 1.2.
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Table 2. Masonry material characteristics.

Material Characteristic Value

Modulus of elasticity 3000 N/mm2

Shear modulus 1200 N/mm2

Specific weight 18 kN/m3

Mean compressive strength of masonry 6.63 N/mm2

Shear strength 0.14 N/mm2

Characteristic compressive strength of masonry 5.53 N/mm2

Confidence factor 1.2
Partial safety factor for material 1

Shear drift 0.0053
Bending drift 0.0107

Final creep coefficient 0.5

According to the work in [52], the building is classified as regular in height but irregular
in floor plan, requiring 3D modeling. The building is classified as a torsional stiff system.

First, static analysis is performed according to [53]. Next, the seismic analysis is done.
The educational building belongs to importance class III because its seismic resistance is
of great importance given the consequences associated with a collapse. Hence, impor-
tance factor is γI = 1.2. Three PGA values are used for two limit states. According to
the new law “Law on the Reconstruction of Earthquake-Damaged Buildings in the City
of Zagreb, Krapina-Zagorje County and Zagreb County (NN 102/2020)” [54], ultimate
limit state return period can be different depending on the level of strengthening for old
masonry buildings damaged in the recent earthquakes. Limit state of significant damage
with a return period of 475 and limit state of damage limitation with a return period of
95 years were checked [55]. In the new law [54], the return period of 225 years which
corresponds to a probability of exceedance of 20% in 50 years is introduced for a limit state
of significant damage.

Elastic response spectrums for acceleration are calculated for all three return periods
taking into account parameters for soil type C, which is found on the location of the building.
Altogether, 24 pushover analyses are performed; for x- and y-direction in both orientation,
with two load distributions, without and with −/+ 5% of accidental eccentricity.

The result of the performed seismic analysis is a capacity curve that shows the ratio
of the shear force in the base of the structure and the displacement of the control node.
The control node was selected in the immediate vicinity of the center of mass and is
located on the top floor of the building. Obtained capacity curves for all 24 analyses can
be seen in Figure 24. Bilinearized pushover curves for the x- and y-direction are shown in
Figures 25 and 26. Total base shear in kN is plotted on the y-axis and the displacement of
the control nodes in mm is plotted on the x-axis.

 

Figure 24. Pushover curves for the x- (blue) and y- (red) direction.
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Figure 25. The most relevant pushover curve for the x-direction.

 

Figure 26. The most relevant pushover curve for the y-direction.

Figures 27 and 28 show the damaged state at the last step of the pushover curves
for the x- and y-direction where yellow color represents shear damage, and the red color
represents bending damage.

Γ

a parameter α here α is 

eration on type A ground. Parameter α is given for all limit states.

Figure 27. Damage at maximum displacement capacity for pushover in the x-direction.
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a parameter α here α is 
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Figure 28. Damage at maximum displacement capacity for pushover in the y-direction.

After the response of the structure, the capacity of the structure is obtained and checks
are carried out according to the basic requirements relating to the state of structural damage,
defined by limit states. Parameters for equivalent SDOF systems from Figures 27 and 28
are shown in Table 3. These parameters are obtained during bilinearization based on the
equivalent energy principal and are used for target displacement determination.

Table 3. SDOF parameters for pushover in x- and y-direction.

Parameter Value (x-Direction) Value (y-Direction)

T* (s) 0.411 0.433
m* (kg) 2,725,590 2,339,506
w (kN) 45,733 45,733
M (kg) 4,661,901 4,661,901

m*/M (%) 58.47 50.18
Γ 1.31 1.41

F*y (kN) 6719 3736
d*y (cm) 1.06 0.76
d*m (cm) 3.91 1.81

Results are also given in the form of a parameter α (Table 4), where α is the ratio
between the limit capacity acceleration of the building and reference peak ground acceler-
ation on type A ground. Parameter α is given for all limit states. A problem arises with
old masonry buildings that often cannot be strengthened to such an extent that today’s
building codes regarding seismic resistance are satisfied. Hence, a new legal document [54]
that followed recent earthquakes allows for different levels of earthquake resistance after
reconstruction.

Table 4. α values.

Return Period α (x-Direction) α (y-Direction)

475 0.633 0.291
225 0.894 0.411
95 0.560 0.363

For the return period of 475 years, none of the 24 analyses satisfies the limit state
of significant damage, while for the return period of 225 years, only 8 of the 24 analyses
satisfies the same limit state. For a return period of 95 years, none of the 24 analyses satisfies
the limit state of limited damage.

The target displacement is determined in accordance with Eurocode 8 (Appendix B) [52].
Since the building’s natural period of vibration is less than the period of TC, the target
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displacement is determined by the procedure for short periods shown in Figure 29. Buildings
with short natural periods of vibration do not comply with the equal displacement rule [56]
as buildings with medium-long and long natural periods of vibration.

extent that today’s

α values.

α (x α (y

, Since the building’s natural period of vibration is less than the period of T

Figure 29. Target displacement determination for short periods.

Since 3Muri does not consider the bending failure of walls out-of-plane during the
global non-linear static analysis, it is necessary to subsequently perform an analysis of the
bending of the walls out-of-plane. This takes into account the seismic action perpendicular
to the walls. The analysis is performed for the boundary condition near collapse. A return
period of 475 years is used. Walls are considered to have passed the out-of-plane bending
check if their MRd/MEd ratio is greater than or equal to 1.0. In Figure 30, walls that did not
satisfy the check are colored red.

’

Parameter α repre-

Figure 30. Bending out-of-plane results.

The 3Muri program does not consider out-of-plane loss of stability of local mechanisms
in the global analysis either. It assumes that proper connection is established between
walls and between walls and diaphragms. That way, out-of-plane local mechanisms
are prevented so that the global in-plane response of the building can be evaluated [43].
Therefore, the resistance to local losses of stability is checked in a special program module;
certain parts of a single wall are checked and the interaction of parts of several individual
walls that can together form different local mechanisms. Figure 31 shows an example of a
local mechanism where the kinematic block is colored red.

Local mechanisms are arbitrarily defined according to the structure’s shape, common
failure mechanisms and earthquake damage. The emergence of local mechanisms is often
due to the poor interconnection of walls and walls with floor structures. Linear kinematic
analysis is used. Defining a local mechanism consists of three steps. To begin with, it is
necessary to define a kinematic block that is a part of a wall that is considered absolutely
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rigid, and that is subject to movement or tilting relative to another block or the rest of the
wall. Then, the boundary conditions are defined and finally, the load needs to be set. Some
of the possible local failure mechanisms of the observed structure and its resistance to the
shown forms of failure are presented below (Figure 32 and Table 5). Parameter α represents
the ratio between the spectral acceleration of the activation of the mechanisms and spectral
acceleration of the seismic demand.

α

Figure 31. Example of a local mechanism.

 

’

α

– ’

’

(photo credit: T. Kišiček)

Figure 32. Local mechanism LM1 (east wing), LM2 and LM3 (central wing).

Table 5. Results for local mechanisms’ analysis.

Local Mechanism α

LM1 4.93
LM2 2.10
LM3 0.53

After the performed analyses, the real damage was compared with the damage
distribution previewed in 3Muri (Figures 33–36). Description of building’s capacity through
displacement rather than forces allows us to better understand and accurately predict a
building’s response in the form of a damage initiation and propagation throughout all
phases of analysis all the way until the formation of failure mechanism and collapse. That
is possible, thanks to incremental non-linear static pushover analysis that shows us damage
patterns for every macro-element in every step of the analysis. Compared results are very
similar to real damage, which implies good accuracy of the used analysis and software.
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(photo credit: T. Kišiček)Figure 33. First comparison (photo credit: T. Kišiček).
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Figure 34. Second comparison (photo credit: T. Kišiček).(photo credit: T. Kišiček)

(photo credit: T. Kišiček)Figure 35. Third comparison (photo credit: T. Kišiček).
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Figure 36. Fourth comparison (photo credit: T. Kišiček).

Another important piece of information is that the studied building is a part of a
masonry building aggregate, which is not rare in Zagreb and other European cities. The
behavior of buildings in the aggregate is extremely complex, where many parameters affect
their response during an earthquake. Moreover, buildings at the ends of aggregates are
often more severely damaged than those inside aggregates during earthquakes [57,58].
Modeling of the entire aggregate or, at least, adjacent buildings is recommended. Adjacent
buildings can be modeled as mutually independent, mutually interconnected by the same
walls, or mutually interconnected by various connections that accurately simulate real
coherence. Those connections transfer axial and/or shear load between adjacent buildings
in aggregate and they can be modeled as linear or non-linear elements [58–60]. Due
to the lack of data on neighboring buildings, modeling of only the observed building
is often resorted to. This is on the safe side in the case of a unit inside the aggregate
when deformations are observed, but there is a risk of misinterpretation of the failure
mechanism [61].

The observed building was modeled as an isolated unit due to insufficient data on
neighboring buildings. In order to roughly assess the effect of neighboring buildings on
the observed building, the vulnerability index proposed in the articles [62,63] is used. The
index is based on five categories depending on the height of the surrounding buildings, the
position of the building in the unit, the mismatch of floor heights, differences in material
characteristics between buildings and differences in the areas of openings on the facade
walls. This method was developed as an upgrade to the vulnerability index based on
the ten parameters described in [64]. According to the mentioned five parameters, the
buildings in the aggregate have a minimal impact on the observed building, and it can be
assumed that the modeling of the building is as isolated as on the safe side.

4. Discussion and Conclusions

Based on similar case studies from the recent earthquakes in Italy [37,38,65–69], the
assessment of the existing educational building is made in order to determine its seismic
resistance. The building was damaged in the recent earthquakes in Croatia. The building
was not constructed according to the principles of seismic design, but the reconstruction
in 1997 partially improved the condition of the structure by adding transverse walls and
replacing old wooden beams with reinforced concrete floors. Such rigid diaphragms enable
good connection of all walls and thus, better behavior of the building in an earthquake.
That is why increasing the stiffness of the traditional timber floors in old masonry buildings

133



Sustainability 2021, 13, 6353

is usually one of the first measures in seismic retrofitting. On the other hand, new research
suggests that replacing traditional wooden floors with rigid diaphragms, i.e., RC floors,
can induce some unwanted consequences such as cracks on the edges of the two materials
or, in the worst scenario, disintegration and collapse of the masonry walls. However, for
earthquakes with expected smaller magnitudes as the ones in Zagreb, this measure is
convenient and serves to reinforce the existing structure to horizontal actions.

The assessment of the existing unconfined masonry structure was performed using
3Muri with an equivalent frame method. Rather than linear analysis, non-linear static
(pushover) seismic analysis is used due to its various benefits. Limit state checks were
carried out for the return periods of 95, 225 and 475 years. The results are in line with
the expected behavior with respect to the existing wall distribution in the structure. The
structure is less rigid and has greater displacements in the y-direction. Additionally, the
capacity of the structure is smaller for the y-direction. There is also a small eccentricity
between the center of rigidity and the center of mass that causes a slight but negative
impact of torsion on the global behavior of the structure. The critical elements are the
walls of the central stairwell and the transverse walls on the west side of the building.
Additionally, bending failure out-of-plane was checked. Local failure mechanisms were
also analyzed using linear kinematic analysis. A comparison of the actual damage with
the damage obtained as a result of the conducted non-linear static seismic analysis in the
3Muri program was also conducted.

After assessing the building’s behavior in an earthquake, it is obvious that strengthen-
ing is needed to raise the seismic resistance level of the building. Damage caused by an
earthquake must be repaired to prevent the progression of damage and the possible threat
to the global resistance and stability of the building.

As Croatia was hit by two severe earthquakes last year, the knowledge of ‘build
back better’ is fully appreciated. That means that sustainable materials and innovative
concepts [70–73] should be used and energy efficiency ensured [74,75]. Various methods
are used for strengthening of masonry buildings [76–78] and materials such as FRP and
TRM will probably be adopted due to their compatibility and reversibility.

This study provides a detailed insight into the behavior of the building during the
earthquake, as well as the extent and distribution of damage and critical elements for
earthquakes of different intensities.
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Abstract: Alkali-activated products composed of industrial waste materials have shown promising
environmentally friendly features with appropriate strength and durability. This study explores
the mechanical properties and structural morphology of ternary blended alkali-activated mortars
composed of industrial waste materials, including fly ash (FA), palm oil fly ash (POFA), waste
ceramic powder (WCP), and granulated blast-furnace slag (GBFS). The effect on the mechanical
properties of the Al2O3, SiO2, and CaO content of each binder is investigated in 42 engineered
alkali-activated mixes (AAMs). The AAMs structural morphology is first explored with the aid
of X-ray diffraction, scanning electron microscopy, and Fourier-transform infrared spectroscopy
measurements. Furthermore, three different algorithms are used to predict the AAMs mechanical
properties. Both an optimized artificial neural network (ANN) combined with a metaheuristic Krill
Herd algorithm (KHA-ANN) and an ANN-combined genetic algorithm (GA-ANN) are developed
and compared with a multiple linear regression (MLR) model. The structural morphology tests
confirm that the high GBFS volume in AAMs results in a high volume of hydration products
and significantly improves the final mechanical properties. However, increasing POFA and WCP
percentage in AAMs manifests in the rise of unreacted silicate and reduces C-S-H products that
negatively affect the observed mechanical properties. Meanwhile, the mechanical features in AAMs
with high-volume FA are significantly dependent on the GBFS percentage in the binder mass. It is
also shown that the proposed KHA-ANN model offers satisfactory results of mechanical property
predictions for AAMs, with higher accuracy than the GA-ANN or MLR methods. The final weight
and bias values given by the model suggest that the KHA-ANN method can be efficiently used to
design AAMs with targeted mechanical features and desired amounts of waste consumption.

Keywords: fly ash; granulated blast-furnace slag; palm oil fly ash; ordinary Portland cement;
recycled ceramics; green mortar; alkali-activated mix design; compressive strength; embodied
energy; CO2 emission

1. Introduction

There is an environmental concern worldwide regarding the production of ordinary
Portland cement (OPC), as it is widely use in the construction sector. It is commonly
accepted that OPC manufacturing causes serious pollution issues, including a considerable
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amount of CO2 emissions. The majority of annually produced concrete (10 billion metric
tons of concrete) contains OPC [1]. Every ton of OPC generates approximately one ton
of CO2, and around 7% of all the global CO2 emissions are ascribed to OPC production
and its corresponding raw material extraction process [2]. It was also estimated that OPC
manufacturing would quadruple over the next three decades, which is expected to lead to
extensive environmental impacts [3]. To address this concern, using industrial by-products
(green concrete philosophy), instead of raw material extraction in conventional concrete,
is recognized as a practical solution for a sustainable and cleaner concrete production.
Meanwhile, the disposal of industrial waste materials is associated with undesirable
ecological impacts. In contrast, their recycling largely contributes to sustainable design,
saving natural resources and preventing waste dumping into landfills. The application of
industrial wastes with environmentally friendly (i.e., low energy consumption and low
CO2 emission) and inexpensive properties for partial or full replacement of OPC in concrete
have attracted the attention of many researchers [4–7]. Allalouex et al. [8] explored the
effects of calcined halloysite nano-clay (CHNC) on the physico-mechanical properties and
microstructure of high volume slag (HVS) cement mortar. The study in [9] investigated
the feasibility of novel industrial waste-co-fired blended ash (CBA) in the development of
alkali-activated masonry mortar and reinforced alkali-activated mortar. The design and
preparation of Mater-Bi/halloysite nanocomposite materials that could be employed as
bioplastics alternative to the petroleum derived products was investigated by Lisuzzo
et al. [10]. A novel green protocol for the consolidation and protection of waterlogged
archeological woods with wax microparticles has been designed in [11].

This research considers four different industrial waste materials, granulated blast-
furnace slag (GBFS), palm oil fly ash (POFA), fly ash (FA), and waste ceramic powder (WCP)
in ternary blended alkali-activated mortars. FA, burnt coal by-product, is among the most
attractive industrial wastes for producing AAMs because of several unique properties, such
as high levels of SiO2 and Al2O3, low cost and embodied energy, and availability at a large
scale in many countries. Ogawa et al. [12] investigated the contribution of fly ash to the
compressive strength development of mortars cured at different temperatures on the basis
of the cementing efficiency factor, they concluded that this factor is significantly affected
by the curing temperature. An experimental study on the stress-strain characteristics of
alkali-activated slag (AAS) and alkali-activated class C fly ash (FAC) mortars subjected
to axial compression was presented in [13]. The authors concluded that the brittleness
index estimated from the stress-strain characteristics increases with an increase of activator
concentration. In addition, Alkali-activated slag mortar displays highly brittle behaviour
marked by no softening behaviour followed by sudden and total failure.

POFA is a by-product mostly produced by various agriculture industries (by burning
agricultural waste) in Southeast Asia countries. There is no market value for POFA,
and its application is typically limited to landfilling in lagoons and ponds associated with
significant environmental pollution. POFA is classified as a pozzolanic substance that is
rich in silica content. Accordingly, such an abundant agricultural waste can be used as
a partial substitute for OPC, or as a concrete binder to improve strength and durability.
The use of an optimum level of POFA, ground granulated blast furnace slag (GGBS),
and low calcium FA with manufactured sand (M-sand) to produce geopolymer mortar was
investigated by Islam et al. [14]. They concluded that the increase in the POFA content
beyond 30% reduces the compressive strength. In another study, the effects of exposing
POFA/FA-based geopolymer mortar to elevated temperatures at an early stage in terms of
microstructural and compressive strength was investigated in [15]. They concluded that
that replacement of the 0–100% of POFA in FA-based geopolymer mortar expedites the
start of micro-pore formation, due to exposure to high temperatures and shifts the strength
peak from 300 ◦C to 500 ◦C.

Furthermore, WCP has high durability to harsh environmental (sulfuric acid or sulfate)
conditions. Generally, this material waste has mainly been recycled as a filler for applica-
tions such as gardening and tartan floors. To follow a sustainable design approach, several
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studies proposed the application of ceramic waste in concrete and mortar [16]. The main
drawback of using ceramic waste (fine or coarse aggregates) as a replacement of limestone
aggregates is its extensive water absorption. Therefore, the durability of such a mix may
turn out to be its major deficiency. Harsh environmental agents such as carbonation, chlo-
ride, and deleterious salts may easily penetrate the concrete and negatively influence its
mechanical properties. Samadi et al. [17] investigated the long-term performance, mechan-
ical properties, and durability of a mortar comprising ceramic waste as supplementary
cementitious material and ceramic particles as fine aggregates. In this study, the structure
morphology and thermal traits of the designed mixes were characterized using scanning
electron microscopy (SEM), thermogravimetric analysis (TGA), differential thermal analy-
sis (DTA), X-Ray Diffraction (XRD), and Fourier-transform infrared spectroscopy (FTIR)
measurements. Mechanical and microstructural properties of mortars incorporating ce-
ramic waste powder exposed to the hydrochloric acid solution was investigated in [18].
GBFS (a by-product of iron and steel production) has high SiO2, and CaO content levels in
GBFS provide mechanical properties similar to OPC. It can be used as an OPC replacement
producing calcium silicate hydrates (C-S-H), which are strength-enhancing compounds that
improve the concrete’s strength, durability, and appearance. The effect of granulated blast
furnace slag on the self-healing capability of mortar incorporating crystalline admixture
was investigated by Li et al. [19]. The results of this study indicated that the mortar with
crystalline admixture and 10 wt % GBFS has the highest self-healing capability, and the
healing product is mainly composed of calcium carbonate.

Several researchers proposed the consumption of industrial waste materials in AAM
designs as a sustainable substitute for OPC [20–22]. However, limited research has been
done about the mechanical properties of ternary blended alkali-activated mortars com-
posed of industrial waste materials. In this paper, the mechanical properties of zero cement
binder with ternary blended AAMs composed of industrial waste materials are investi-
gated using experimental tests at different ages (1, 3, 7, and 28 days of curing). The effects
of the SiO2, CaO, and Al2O3 contents of each binder mass on mechanical properties are
investigated using 42 engineered alkali-activated mixes (AAMs). The structural morphol-
ogy of AAMs is also investigated by the aid of X-ray diffraction (XRD), scanning electron
microscopy (SEM), and Fourier-transform infrared spectroscopy (FTIR) measurements.
Furthermore, an optimized artificial neural network (ANN) combined with a metaheuristic
Krill Herd algorithm (KHA-ANN) and an ANN-combined genetic algorithm (GA-ANN)
are developed and compared with a multiple linear regression (MLR) model. From the
three different models, the comparative analysis of collected predictions of mechanical
properties for the studied AAMs shows the potential of the KHA-ANN model.

2. Materials and Test Methods

2.1. Material Properties of Industrial Wastes

With the aid of the X-ray fluorescence spectroscopy (XRF) test, the chemical composi-
tions of the studied waste materials were determined, as shown in Table 1. It was revealed
that the main component in WCP, FA, and POFA was SiO2 (72.6%, 57.2%, and 64.2%,
respectively), while in the GBFS it was CaO (51.8%). SiO2, Al2O3, and CaO are important
oxides throughout the hydration process and production phases of the C-(A)-S-H gels.

However, the low contents of Al2O3 and CaO in WCP require adding materials
containing high amounts of Al2O3 (FA) and CaO (GBFS) to produce high-performance
alkali-activated binders. According to ASTM C618-15 [23], FA and WCP are classified as
class F pozzolans, due to the existence (higher than 70%) of SiO2 + Al2O3 + Fe2O3.

2.2. Design of AAMs

Ternary blended AAMs were examined to determine the influence of calcium oxide on
the geopolymerization process. Using trial mixes, the optimum values of sodium silicate
to sodium hydroxide ratio, sodium hydroxide molarity, binder to aggregate ratio, and
alkaline solution to binder ratio were selected as 0.75, 4 M, 1, and 0.4, respectively, where
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these values were fixed for all AAMs. Analytical grade sodium silicate solution (Na2SiO3),
comprised of H2O (55.80 wt %), SiO2 (29.5 wt %), and Na2O (14.70 wt %), was used as an
alkali activator to prepare the proposed AAMs. The sodium hydroxide (NH) pellet was
dissolved in water to make the alkaline solution with 4 M concentration. This solution was
first cooled for around 24 h and then added to sodium silicate (NS) solution in order to
make an alkaline activator solution with a modulus ratio (SiO2 to Na2O) of 1.02. This ratio
of NS to NH was fixed to 0.75 for all the alkaline mixtures.

Table 1. Physical and chemical features of waste materials.

Material GBFS FA POFA WCP

Physical characteristics

Specific gravity 2.9 2.2 1.96 2.6

particle size
(µm)

12.8 10 8.2 35

Chemical composition (% mass)

SiO2 30.8 57.20 64.20 72.6

Al2O3 10.9 28.81 4.25 12.6

Fe2O3 0.64 3.67 3.13 0.56

CaO 51.8 5.16 10.20 0.02

MgO 4.57 1.48 5.90 0.99

K2O 0.36 0.94 8.64 0.03

Na2O 0.45 0.08 0.10 13.5

SO3 0.06 0.10 0.09 0.01

Loss on ignition
(LOI)

0.22 0.12 1.73 0.13

Four ternary blended AAMs were investigated, where at each level, the GBFS per-
centage as a source of CaO remained constant to a minimum of 20% in the replacement
process and a maximum of 70%, as presented in Table 2. Using the SEM test, the effects of
each industrial waste replacement on the contents of SiO2, CaO, and Al2O3 and the AAMs
geopolymerization process can be seen.

Table 2. Ternary blended alkali-activated mixes (AAMs) and contents of constituents in each mix design.

High-Volume FA Mix Design

No.
Binder (% Mass) Ratio of Chemical Composition

FA GBFS POFA SiO2:Al2O3 CaO:SiO2 CaO:Al2O3

1
70

30 0 2.10 0.39 0.82

2 20 10 2.31 0.28 0.66

3
60

40 0 2.15 0.51 1.10

4 30 10 2.38 0.39 0.94

5 20 20 2.62 0.29 0.76

6

50

50 0 2.22 0.65 1.43

7 40 10 2.47 0.51 1.26

8 30 20 2.74 0.40 1.08

9 20 30 3.02 0.29 0.89
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Table 2. Cont.

High-Volume POFA Mix Design

No. POFA GBFS FA

1
70

30 0 8.63 0.42 3.61

2 20 10 7.04 0.32 2.23

3
60

40 0 7.32 0.53 3.86

4 30 10 6.13 0.41 2.54

5 20 20 5.33 0.31 1.66

6

50

50 0 6.25 0.65 4.08

7 40 10 5.34 0.52 2.80

8 30 20 4.72 0.41 1.94

9 20 30 4.27 0.31 1.31

High-Volume GBFS Mix Design

No. GBFS FA POFA

1

70

30 0 2.38 0.97 2.32

2 20 10 2.85 0.97 2.77

3 10 20 3.53 0.96 3.41

4 0 30 4.57 0.96 4.41

5

60

40 0 2.29 0.80 1.83

6 30 10 2.69 0.80 2.15

7 20 20 3.25 0.79 2.59

8 10 30 4.06 0.79 3.23

9 0 40 5.35 0.79 4.25

10

50

50 0 2.22 0.65 1.43

11 40 10 2.57 0.65 1.66

12 30 20 3.04 0.65 1.97

13 20 30 3.68 0.65 2.39

14 10 40 4.65 0.65 3.03

15 0 50 6.25 0.65 4.07

High-Volume WCP Mix Design

No. WCP FA GBFS

1
70

0 30 5.09 0.26 1.31

2 10 20 4.62 0.17 0.79

3
60

0 40 4.79 0.37 1.77

4 10 30 4.35 0.27 1.19

5 20 20 4.01 0.18 0.74

6

50

0 50 4.48 0.50 2.24

7 10 40 4.08 0.39 1.59

8 20 30 3.77 0.29 1.09

9 30 20 3.53 0.20 0.70

The essential features of Table 2 can be summarized as follows:
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• For AAMs with a high volume of FA, CaO content is observed to increase with
increasing GBFS content and decreasing FA and POFA contents. However, Al2O3
content decreases with increasing GBFS and POFA contents and decreasing FA content.

• For AAMs with a high volume of POFA, the reduction in the POFA content leads
to progressive reduction of the silicate content. Furthermore, the Al2O3 content
increases when the ratio of GBFS to FA increases, whereas the CaO content significantly
decreases.

• For AAMs with a high volume of GBFS, an increase in the GBFS content leads to an
increase in CaO content. However, by decreasing GBFS content and increasing POFA
content, SiO2 content increases.

• For AAMs with a high volume of WCP, finally, an increase in the content of WCP
leads to an enhancement of SiO2 content. Additionally, the replacement of WCP by
increasing the amount of GBFS results in an increased CaO content.

2.3. Experimental Test Procedure

After preparing the AAMs, the experimental program discussed herein involved the
casting process, where the resulting mortar was poured into the molds using the two-layers
pouring method. To eliminate air pockets within the mixture, each layer was subjected to
vibration for 15 s. After finishing the casting process, the AAMs were cured for 24 h in
an ambient atmosphere (with a temperature 24 ± 1.5 ◦C and a relative humidity of 75%).
Figure 1 illustrates the typical procedure to obtain AAMs with varying ratios of industrial
wastes.

 

 

π

Figure 1. Procedure of producing green alkali-activated mixes (AAMs) mortars.

A standard test rig was used for the experimental derivation of compressive strength
(CS), tensile strength (TS), and flexural strength (FS). All the mechanical properties were
recorded at the age of 1, 3, 7, 28 days, following ASTM C109-109M [24]. Cube molds
of the dimension (50 × 50 × 50) mm were prepared for hardened tests of compressive
strength. Prisms of the dimension (40 × 40 × 160) mm were used to prepare the samples
for flexural strength test, while for tensile strength tests, cylinders were prepared with a
diameter of 75 mm and depth of 150 mm. For the compressive test, a universal testing
machine was used, and a constant loading rate of 2.5 kN/s was applied to all tested
specimens. The equivalent compressive strength values were hence recorded automatically,
on the basis of the specimens’ size. A similar approach was applied to calculate the TS of

144



Sustainability 2021, 13, 2062

specimens in compliance with ASTM C496/C496M [25], in which the splitting TS can be
predicted as:

TS = 2P/πDL (1)

In Equation (1), TS is the splitting tensile capacity (MPa), P is the maximum axial load
resistance (N), D is the diameter of the cylinder (mm), and L is the length of the cylinder
(mm).

The flexural strength—also called modulus of rupture, bend strength, or fracture
strength—is another essential measure of the mechanical performance for brittle materials.
This is defined as the material’s ability to resist deformation under load. The flexural
strength test was carried out using the ASTM C78/C78M [26] procedure, where adequately
cured prismatic specimens were tested. Similar to CS and TS, the universal testing machine
was employed, in which the FS value is expressed as:

FS = 3FL/2bd2 (2)

where F is the applied load at the fracture point (N), L is length of the support span (mm),
b is the width (mm), and d is the thickness (mm).

All the CS, TS, and FS tests were performed on three specimens for each design mix,
after each curing age, and their average prediction was considered. Several test methods
such as X-ray diffraction (XRD) and scanning electron microscopy (SEM) were also adopted
to access the microstructural properties of alkali-activated binder incorporating industrial
wastes. The XRD test is a rapid and straightforward technique for the non-destructive
characterization of crystalline materials. It provides information on phases, preferred
crystal orientations, and structural parameters. In this research study, the alkali-activated
paste powders were scanned in the 2-theta range of 5 to 60 degrees at the step size of
0.02 degrees. To analyze XRD data, the MDI Jade software (version 6.5) and Match software
(version 3.10.2.173) were used to verify the glassy nature of the specimens. SEM with
high magnifications was finally used to examine the surface morphology of the tested
specimens. Operating conditions consisted in a beam energy of 20 keV, beam current of
726 pA, and count time of 10 s with 3500 counts per second, reported as relative atomic
concentrations.

At the first stage, the alkali-activated samples were collected from the specimens
subjected to the CS test setup, and then each sample was sowed on to the double cellophane
sheets followed by attaching to the coin. In the second stage, each sample was placed in
the brass stub holder and dried for 5 minutes using IR radiations before using a Blazer
sputter coater to cover with gold. The SEM was in fact performed by coating the mortar
samples with a thin layer of gold (1.5 nm to 3.0 nm its thickness) prior to the analysis.
The resultant patterns were thus monitored using 20 kV with 1000× magnification, at a
working distance in the range of 1 to 50 mm, depending on the operational conditions.
Significant morphology images were captured immediately after, by selecting reasonably
high image magnifications.

3. Test Results

3.1. Mechanical Properties

Table 3 shows the binder constitution and 28-day CS, FS, and TS for all 42 studied
AAMs. Table 3 shows that the highest mechanical properties were achieved by AAMs
with a high volume of GBFS, while the AAMs with a high volume of POFA resulted in the
lowest mechanical properties. The mechanical properties in AAMs with a high volume of
WCP also were not satisfactory.

However, increasing the GBFS percentage in the binder mass improved mechanical
behaviour in this category. The mechanical features in AAMs with a high-volume FA were
significantly dependent on the percentage of GBFS in the binder mass, where substituting
the GBFS by POFA significantly decreased the CS. Overall, the average CS of studied
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AAMs was 61.3 MPa, which is very satisfactory with much lower embodied energy and
CO2 emission compared to traditional cement-based mortar.

Table 3. Binder constitutions of AAMs, with the corresponding mechanical properties.

AAM
Design

Binder (% Mass) Mechanical Properties

FA GBFS WCP POFA
28-Day CS

(MPa)
28-Day TS

(MPa)
28-Day FS

(MPa)

High Volume FA

1 0.700 0.300 0.000 0.000 78.180 4.560 8.270

2 0.700 0.200 0.000 0.100 65.890 4.340 7.150

3 0.600 0.400 0.000 0.000 80.510 5.180 10.780

4 0.600 0.300 0.000 0.100 81.700 4.770 10.680

5 0.600 0.200 0.000 0.200 52.600 3.080 6.000

6 0.500 0.500 0.000 0.000 80.460 5.060 10.740

7 0.500 0.400 0.000 0.100 76.900 4.860 9.490

8 0.500 0.300 0.000 0.200 70.400 4.640 8.120

9 0.500 0.200 0.000 0.300 46.240 3.460 6.430

High Volume POFA

10 0.000 0.300 0.000 0.700 34.530 2.240 4.140

11 0.100 0.200 0.000 0.700 23.040 1.370 2.760

12 0.000 0.400 0.000 0.600 45.960 3.310 5.880

13 0.100 0.300 0.000 0.600 37.800 2.620 4.590

14 0.200 0.200 0.000 0.600 28.800 2.180 3.580

15 0.000 0.500 0.000 0.500 55.640 4.760 7.570

16 0.100 0.400 0.000 0.500 47.100 3.660 6.010

17 0.200 0.300 0.000 0.500 40.600 2.980 4.880

18 0.300 0.200 0.000 0.500 36.800 2.570 4.370

High Volume GBFS

19 0.300 0.700 0.000 0.000 85.090 5.800 10.860

20 0.200 0.700 0.000 0.100 97.750 7.160 12.180

21 0.100 0.700 0.000 0.200 86.400 5.670 10.770

22 0.000 0.700 0.000 0.300 70.530 5.440 10.260

23 0.400 0.600 0.000 0.000 80.680 5.560 10.710

24 0.300 0.600 0.000 0.100 72.440 5.140 9.540

25 0.200 0.600 0.000 0.200 71.930 5.040 9.560

26 0.100 0.600 0.000 0.300 70.840 4.890 9.360

27 0.000 0.600 0.000 0.400 70.220 4.770 9.140

28 0.500 0.500 0.000 0.000 80.460 5.060 10.740

29 0.400 0.500 0.000 0.100 80.430 5.110 10.540

30 0.300 0.500 0.000 0.200 67.220 4.810 8.530

31 0.200 0.500 0.000 0.300 65.140 4.420 7.980

32 0.100 0.500 0.000 0.400 56.340 4.360 7.540

33 0.000 0.500 0.000 0.500 55.640 4.280 7.570
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Table 3. Cont.

High Volume WCP

34 0.000 0.300 0.700 0.000 34.020 2.680 4.620

35 0.100 0.200 0.700 0.000 22.400 1.750 2.970

36 0.000 0.400 0.600 0.000 68.440 5.670 9.260

37 0.100 0.300 0.600 0.000 52.080 5.160 7.670

38 0.200 0.200 0.600 0.000 46.760 3.940 6.580

39 0.000 0.500 0.500 0.000 74.120 5.300 10.120

40 0.100 0.400 0.500 0.000 66.190 4.990 9.070

41 0.200 0.300 0.500 0.000 60.170 4.710 8.220

42 0.300 0.200 0.500 0.000 56.470 4.510 7.710

Average 61.3 4.33 7.927

ST.DEV. 18.70 1.23 2.47

3.2. Structural Morphology

The microstructure and composition of industrial waste hydration products are crucial
for defining the properties of hardened mortar. The main hydration products are calcium
silicate hydrate gels (C-S-H) and calcium hydroxide (CH), aluminate/aluminoferrite phases
(AFt and AFm type phases) [27]. Among these hydration products, the most important one
is C-S-H gel because it is the principal binding phase in cement-based systems, and it is
responsible for strength, density, and so forth. By using morphology tests, microstructure
and chemical composition define the final properties of the hardened mortar.

3.2.1. Scanning Electron Microscopy (SEM)

The high-resolution, SEM images are useful within materials science to test the quality
of materials, ensuring that they are an appropriate option for the required purpose and can
be used to predict and prevent material failure.

The SEM images showing the microstructure of AAMs with a high volume of FA
contents are shown in Figure 2a, b and c with 50%, 60%, and 70% FA, respectively. Figure
2a reveals that the microstructure of the sample containing a high amount of FA was
less dense compared to other matrices, due to a lack of C-S-H gel formation. Once the
content of FA was decreased and replaced by GBFS, the microstructure of AAMs was
enhanced and provided a denser surface, as shown in Figure 2b and c. The SEM images
also acknowledged that in AAMs with 70% FA, the gel structure and unreacted/partially
reacted particles were extensively distributed over the surface, whereas by decreasing the
FA content to 60% and 50%, a dense gel dominated the surface of AAMs.

Figure 3 shows the effects of POFA replacement by GBFS on AAMs with 60% FA.
The SEM image clearly indicates that the design mixes with zero POFA (60% FA and 40%
GBFS) have a dense structure (Figure 3a). On the other hand, once the POFA percentage,
replaced by GBFS, was increased from 0% to 20%, the dense gel phase was decreased, and
the AAMs enclosed unreacted/partially reacted phase (Figure 3b). Increasing the content
of POFA affected the calcium content and hence reduced the C-S-H product formation with
poor microstructure. This particular issue also negatively affects the mechanical properties,
where the CS decreased from 80.5 to 52.6 MPa by replacing POFA with GBFS from 0% to
20%, as shown in Table 3.
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Figure 2. Scanning electron microscopy (SEM) images of AAMs containing a high volume of fly ash (FA), with evidence of
(a) 70% FA, (b) 60 % FA, (c) 50% FA.

 

Figure 3. SEM images of palm oil fly ash (POFA) replacement by granulated blast-furnace slag (GBFS) in AAMs with 60%
FA, with evidence of (a) 0% POFA, (b) 20% POFA.

Figure 4 shows SEM images of AAMs with a high volume of WCP. The result in-
dicates the creation of a larger amount of crystalline Ca(OH)2 in hexagonal plate-like
structures (unreacted particles/partially reacted matrix) in AAMs with 60% and 70% of
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WCP (Figure 4a,b). This issue can be explained by the hydration process of an excess
amount of CaO in the GBFS and FA that produced an elevated amount of Ca(OH)2 crystals.
When GBFS was mixed with FA, it shaped a hydrated binding cement paste (HCP) of
calcium silicate hydrate (C-S-H). The formation of a massive amount of C-S-H crystals in
AAMs with 50% of WCP made it denser, and this was attributed to the pozzolanic reaction
of SiO2 with Ca(OH)2 during the hydration process (Figure 4c). Subsequently, such dense
microstructures contributed to enhancing the CS of mix designs.

 

Figure 4. SEM images of AAM designs with a high volume of waste ceramic powder (WCP), with evidence of (a) 70% WCP,
(b) 60% WCP, and (c) 50 % WCP.

3.2.2. X-ray Diffraction (XRD)

To identify the crystal phase of geopolymerization products and evaluate the effects of
silicate, Al, and Ca on the derived C-S-H gel, with different substitution ratios of industrial
wastes in the AAMs at the age of 28 days, XRD patterns were recorded between 0 and
60 degrees.

Figure 5 shows the XRD patterns of AAMs containing a high volume of FA, where the
peak intensity corresponds to crystalline quartz (SiO2) and mullite (3Al2O32SiO2 or 2Al2O3
SiO2) phases in AAMs with 60% and 70% FA. The crystalline phases’ peak intensity was
increased with an increasing amount of FA from 50% to 60% to 70%, and the C-S-H gel peak
was replaced by the quartz peak (SiO2), where more quartz appeared to be non-reactive
with 70% of FA content. The products formed due to the reaction between the glassy
fraction of FA and GBFS that consisted of very poor crystalline phases. Kumar et al. [28]
have reported that the FA consists of reactive and refractory glass, where the reactive glass
only participates in the geopolymerization. The broad and diffused background peak with
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a maxima of around 10 degrees emerged from the short-range order of the hydrotalcite
(Mg6Al2CO3OH16 4H2O) in all AAMs with different content of FA. The peaks around 24
and 33.8 degrees were also allocated to nepheline (Na3KAl4Si4O16).

 

−

Figure 5. X-ray diffraction (XRD) pattern of AAMs containing a high volume of FA and POFA
replaced by GBFS containing 50% FA.

Figure 5 also shows the XRD patterns of AAMs with 50% FA and a different GBFS
replacement ratio by POFA. Figure 5 indicates that peak intensity corresponds to the
quartz (SiO2) as the POFA replacement was increased in AAMs (with maxima around
28 degrees) while the peak intensity is dedicated to C-S-H in the design mix with 0% POFA.
Furthermore, the C-S-H gel peak intensity at 31 degrees was enhanced when the POFA
content was increased to 10% and 20%, improving the CS of AAMs. There is a reduction in
the C-S-H gel peak intensity in a design mix with a 30% POFA. In this particular design mix,
the quartz peak at 28 degrees showed low intensity with higher width. The low product of
C-S-H gel reduced the CS from 70.4 to 46.2 MPa as the POFA replaced by GBFS increased
from 20% to 30%, as shown in Table 3.

3.2.3. Fourier-Transform Infrared Spectroscopy (FTIR)

In various AAMs matrices, the formation of reaction products and geopolymerization
degree were identified using FTIR measurements. The FTIR test is a chemical analysis
method that searches for Si-O and Al-O reaction zones in AAMs. In such a matrix, the de-
velopment of C-S-H gel occurred with the dissolution of minerals, due to the alkaline
activators’ addition to the base materials. This resulted in the release of Al via the hydroxy-
lation, which in turn caused the attachment of OH− ions present in the alkali to form the
Al–O–Al bond by rupturing the weak bonds. Then, a negatively charged Al in IV fold
coordination was liberated. Finally, a charge balance was achieved by Ca, which reacted
preferentially over Na [29].

GBFS contains higher CaO than FA and POFA, leading to a high potential for Ca
solubility in the mixture. The quantity of soluble Ca depends on the volume of GBFS
present in the mixture, which directly affects the C-S-H gel. The unit oligomer of (Si–O–Al)
Ca could be built up in chains, sheets, or a three-dimensional framework through the
polycondensation process to result in the product hardening [30]. Furthermore, Davidovits
described the Ca-based AAMs as the condensation resulting from the hydroxylation of
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the gehlenite and akermanite phase to form cyclo Ca-ortho-sialate-disiloxo (C3AS3) and
Ca-disiloxonate hydrate C-S-H, respectively. Figure 6 shows the FTIR spectra and FTIR
fingerprint zone of AAMs with a high volume of FA.

 

(a) 

 

(b) 

Figure 6. (a) Fourier-transform infrared spectroscopy (FTIR) spectra and (b) FTIR fingerprint zone of
AAMs with a high volume of FA.

Following the information provided in Figure 6, Table 4 demonstrates the FTIR peak
positions and band assignments.

Table 4. Fourier-transform infrared spectroscopy (FTIR) peak positions and band assignments.

AAM Ratio ’
fc (MPa)

Band Position (cm−1) and Assignments

FA:GBFS:POFA Si/Al Ca/Si Al-O Si-O AlO4 CSH C(N)ASH

70:30:0 2.10 0.39 78.2 675.5 694.9 775.2 873.6 989.5

60:40:0 2.38 0.39 80.5 670.4 691.8 768.5 871.8 956.9

50:50:0 2.22 0.65 80.6 671.7 690.9 755.3 871.4 945.6

50:20:30 3.02 0.29 46.2 676.2 695.6 776.8 875.2 999.3
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The critical outcomes from Table 4 can be discussed as follows:

• By increasing the FA content from 50% to 70%, the band of the C(N)ASH gel product
increases from 945.6 to 989.5 cm−1.

• By increasing the FA content from 50% to 70%, the C-S-H and Si-O band frequency
increases, leading to a less homogenous structure of AAMs for 60% and 70% FA
content, and subsequently smaller silicate re-organization compares to the 50% FA
mix design.

• The band of 945.6 cm−1 presented in the AAMs containing 50% FA, 50% GBFS, and
0% POFA achieves the highest CS of 80.6 MPa.

• The broad band at 1647 cm−1 and a weak peak at 3353 cm−1 are allocated to the
stretching vibrations of O–H bonds and H–O–H bending vibrations of interlayer
adsorbed H2O molecules, respectively [31]. On the basis of these values, increasing
the FA content is found to cause structural changes in the examined mixes, which
can be attributed to the reduction of C-S-H formation with C(N)-A-S-H type gels
and to the increase of the amount of Si and Al. These changes slow down the rate of
geopolymerization and negatively affect the mechanical strength of AAMs.

• GBFS released soluble Ca that displaced the Si atoms from Si–O bonds, leading to
a reduction in the vibrational frequency. Therefore, it can be concluded that the
frequency of vibration decreases with the increase in the molecular molar mass of the
attached atoms.

• The addition of FA or POFA caused the increment in the SiO2/Al2O3 ratio and the
vibrational frequency of Si–O–Si (Al).

• The band corresponding to AlO4 shifted from 755.3 cm−1 to 768.5 to 775.2 cm−1 in
samples prepared with 50%, 60%, and 70% FA binder, respectively.

4. Prediction of Mechanical Properties Using ANN

4.1. Methods

4.1.1. Feed-Forward ANN and Krill Herd Algorithm

The multilayer feed-forward network provides a reliable feature for the ANN structure
and, therefore, was used in this research. The multilayer feed-forward network comprises
three individual layers: the input layer, where the data are defined to the model; the hidden
layer/s, where the input data are processed; and finally, the output layer, where the results
of the feed-forward ANN are produced. Each layer contains a group of nodes referred to
as neurons that are connected to the proceeding layer. The neurons in hidden and output
layers consist of three components; weights, biases, and an activation function that can be
continuous, linear, or nonlinear. Standard activation functions include nonlinear sigmoid
functions (logsig, tansig) and linear functions (poslin, purelin) [32]. Once the architecture
of a feed-forward ANN (number of layers, number of neurons in each layer, activation
function for each layer) is selected, the weight and bias levels should be adjusted using
training algorithms. One of the most reliable ANN training algorithms is the backpropaga-
tion (BP) algorithm, which distributes the network error to arrive at the best fit or minimum
error [33,34].

The Krill Herd algorithm is a smart group algorithm for optimization in engineering
disciplines [35]. This algorithm has been used to achieve more efficiency in civil engineer-
ing. It refers to a novel metaheuristic algorithm to determine the weight optimization of
each ANN model. In this algorithm, krill individuals search for food in different places
and are presented as different decision variables. The objective is to calculate the distance
between krill individuals and the availability of extra food, related to the cost. Therefore,
the time-dependent position of a krill individual is measured by functional processes,
which include the process of foraging, search displacement, and random physical diffu-
sion [36]. In the process of foraging motion, the individual krill velocity is always affected
by another krill displacement in the multidimensional search space, where the velocity
changes dramatically and dynamically on the basis of the internal influence parameters,
including the influence of the target group and the repulsive effect.
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Equations (3) to (8) can efficiently formulate the displacement description of a krill
individual [36]:

θnew
i = ǫiθ

max
i + µnθold

i (3)

ǫi = ǫlocal
i + ǫ

target
i (4)

ǫlocal
i =

Ns−1

∑
i=0

fijxij (5)

fij =
fi − f j

fw − fb
(6)

xij =
xi − xj

| fw − fb|rand(0.1)
(7)

ǫ
target
i = 2

(

rand(0.1) +
i

imax

)

f best
i xbest

i (8)

where θmax
i represents the highest motion created and θold

i is the motion created; µn repre-
sents the algebraic magnitude of the motion created, while the target effects are represented
by ǫlocal

i and ǫ
target
i .

Moreover, fw and fb are the worst and the best population positions, respectively; fi
and fj are the ith and jth krill individual proportions. The current number and the highest
number are provided by imax. To identify the neighboring members of each krill individual,
a sensor distance parameter (SDi) is used [36]:

SDi =
1

5np

np−1

∑
i=0

∣

∣xi − xj

∣

∣ (9)

where np represents the number of krill individuals in the population, while xi and xj are
the positions of ith and jth krill, respectively [36].

4.1.2. Input and Output Parameters

Considering the information about the contents of constituents in each AAM, as
provided in Table 2, and their mechanical properties at the age of 1, 3, 7, 28 days (as
summarized in Table 3), Table 5 defines the input and output parameters along with their
statistical properties that were used for training the ANN model.

Table 5. Statistical parameters of input and output parameters.

Statistical Index Average ST.DEV. Max Min Type

FA 0.25 0.21 0.7 0 Input
GBFS 0.41 0.16 0.7 0.2 Input
WCP 0.12 0.24 0.7 0 Input
POFA 0.22 0.23 0.7 0 Input

Si:Al (ratio) 4.03 1.58 8.63 2.1 Input
Ca:Si (ratio) 0.52 0.23 0.97 0.17 Input
Ca:Al (ratio) 2.05 1.09 4.41 0.66 Input

Age (day) 9.75 10.79 28 1 Input
Compressive Strength (MPa) 40.61 20.55 97.75 7.61 Output

Tensile Strength (MPa) 2.94 1.52 7.16 0.34 Output
Flexural Strength (MPa) 5.1 2.77 12.18 0.64 Output

Since the behaviour and number of input data should be statistically evaluated against
the output data, Figure 7 also shows the histograms of output data (CS, TS, and FS mechan-
ical properties).
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Figure 7. Histogram of output data for (a) compressive strength (CS), (b) tensile strength (TS), and (c) flexural strength (FS)
parameters.

4.1.3. Developing the Topology and Structure of Feed-Forward ANN

The ANN used in this study is a new feed-forward model. Up to 70% of input data
(out of 168 samples) was used for training, and the remaining 30% part was considered for
testing the network. According to the characteristics of the available input data and the
number of outputs, a two-layer ANN was proposed in the initial attempt, and its adequacy
was evaluated by using several measures. Table 6 shows the structure and topology of this
feed-forward ANN.

Table 6. Structure and topology of the proposed feed-forward artificial neural network (ANN).

Features of ANN

Number of
Input

Number of
Output

Neural
Network

Hidden Layer Node Learning Role Transfer
Function

8 3 newff 2 9-8 Levenberg–Marquardt tansig

To optimize the weights of the proposed ANN model, the Krill Herd algorithm was
used as a new metaheuristic algorithm in building materials technology. Table 7 shows the
features of KHA, once applied in the proposed feed-forward ANN.

Table 7. Properties of the Krill Herd algorithm.

Features of Krill Herd Algorithm

Number of
Krills

Minimum
Number of
Krill Herd

Maximum
Iteration

Maximum
Induced Speed

Dmax

10 2 200 0.01 0.005

Table 8 shows the statistical results of training and testing of the proposed ANN model
combined with the Krill Herd algorithm (KHA-ANN).

To evaluate the adequacy of the proposed KHA-ANN model, more in detail, the
comparative input of Table 8 is based on the following statistical indicators:

MAE =
1
n

n

∑
i=1

|Pi − Oi| Mean Absolute Error (10)
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MSE =
1
n

n

∑
i=1

(Pi − Oi)
2 Mean Squared Error (11)

RMSE =

[

1
n

n

∑
i=1

(Pi − Oi)
2

]
1
2

Root Mean Squared Error (12)

AAE =

∣

∣

∣∑
n
i=1

(Oi−Pi)
Oi

∣

∣

∣

n
× 100 Average Absolute Error (13)

EF = 1 − ∑
n
i=1(Pi − Oi)

2

∑
n
i=1
(

Oi − Oi

)2 Model Efficiency (14)

VAF =

[

1 − var(Oi − Pi)

var(Oi)

]

× 100 Variance Account Factor (15)

where Oi is an experimental observation and Pi is a prediction.

Table 8. Statistical results of training and testing the Krill Herd algorithm (KHA-ANN) model.

Statistical Index
Compressive

Strength
Flexural Strength Tensile Strength

Training

MAE 2.21 0.31 0.20

MSE 10.13 0.20 0.08

RMSE 3.18 0.45 0.29

AAE % 0.07 0.08 0.10

EF 0.97 0.97 0.96

VAF % 0.98 0.97 0.96

Testing

MAE 2.29 0.37 0.24

MSE 11.72 0.30 0.14

RMSE 3.42 0.55 0.37

AAE % 0.06 0.07 0.09

EF 0.97 0.97 0.94

VAF % 0.97 0.96 0.94

The results of Table 8 indicate that the proposed KHA-ANN model has an acceptable
error in the above-mentioned statistical indicators. Error criteria for training and testing
data are calculated using data values in the main range of variables and not in the normal
range. The preliminary results indicated that the average value of R2 for the compressive,
flexural, and tensile strength at the training and testing stage was equal to 0.975, 0.972, and
0.965, respectively, confirming the high accuracy of the proposed KHA-ANN model with
8-9-8-3 structure. Figure 8 shows the structure of the proposed KHA-ANN model.

Table 9 provides the final weights for both hidden layers estimated by the KHA-ANN
model. Using the values of the weights between the different ANN layers, the three
output parameters (compressive, flexural, and tensile strength) can be thus determined
and predicted.
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Figure 8. Feed-forward artificial neural network (ANN) with 8-9-8-3 structure.

Table 9. Final weight and bias values for the KHA-ANN model.

IW b1

−0.2316 −0.1623 −0.0825 −0.2644 −0.1643 −0.0004 −0.3556 −0.3701 0.1468

0.0154 −0.1933 0.2731 0.3086 −0.3697 −0.3144 0.4251 −0.0591 0.1912

0.3718 −0.0961 −0.0270 −0.3663 0.0026 −0.2619 0.3216 0.0096 0.3349

0.1158 −0.2180 −0.0022 −0.2767 −0.0707 0.2570 0.4840 0.1595 0.3154

0.3578 0.1603 0.0146 −0.3111 −0.2367 0.0690 0.0009 0.0303 0.2471

0.4683 0.1633 −0.0891 0.0365 0.0634 −0.3246 0.1379 0.3169 −0.2807

−0.1659 0.3423 −0.0292 −0.3112 −0.5617 −0.1967 −0.3909 0.0561 −0.1984

−0.1554 −0.1560 −0.2129 0.2389 −0.0872 −0.1272 0.1465 −0.0184 −0.1573

0.0656 0.3110 0.0569 0.2420 −0.2830 −0.1525 0.0169 −0.2753 0.1651

LW1 b2

0.0936 0.3101 0.4358 0.1354 0.1660 0.2729 −0.2360 0.2942 0.3647 0.4161

0.0232 0.0799 0.1747 −0.0157 −0.0259 −0.0059 −0.0148 0.2845 0.2798 0.2902

0.0508 −0.1987 −0.1151 0.2572 0.1240 0.1459 0.1177 0.1984 −0.2452 0.0451

0.0317 −0.2141 −0.0854 0.0013 −0.0459 0.0460 0.0470 0.0261 −0.0151 0.1342

0.1973 −0.0587 −0.0486 0.3834 −0.4181 0.0272 −0.1700 0.1561 0.0631 −0.0106

0.1484 0.2095 0.1868 −0.0200 0.4514 0.3818 −0.3466 0.1404 0.0909 0.3694

0.1452 0.1178 0.1755 0.1312 0.0498 −0.1287 0.0839 0.5858 0.1076 −0.2783

−0.2980 −0.1555 0.1522 0.2578 −0.3475 −0.0006 −0.2633 −0.0045 0.1366 −0.2593

LW2 b3

−0.6219 −0.4363 −0.0018 −0.7521 0.7479 0.1300 −0.5880 −0.7886 0.2419

−0.9147 0.0772 0.0716 −0.0193 −0.4594 0.2806 0.8959 −0.7159 0.1474

0.2704 0.3903 −0.1096 0.7060 −0.5831 −0.1659 −0.8359 −0.6671 −0.8958
IW: weight values for the input layer; LW1: weight values for the first hidden layer; LW2: weight values for the
second hidden layer; b1: bias values for the first hidden layer; b2: bias values for the second hidden layer; b3: bias
values for the output layer

4.2. KHA-ANN Model Validation

To validate the proposed KHA-ANN model used in this study, a multiple linear
regression (MLR) model and a genetic algorithm combined with an ANN (GA-ANN) are
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considered in this study. In an MLR model, two or more independent variables have a
major effect on the dependent variable, as shown in the following equation,

y = f (x1, x2, . . .)y = a0 + a1x1 + a2x2 + . . . (16)

where y is a dependent variable; x1, x2, . . . , are independent variables; a1, a2, . . . are
equation coefficients. In this paper, different models of MLR are examined for input
and output variables. The most suitable coefficients for the MLR model for each output
parameter are given as:

CS = −4.5 + 19.9 FA + 182.2 GBFS − 3.4 WCP − 0.74 Si : Al − 73.3 Ca : Si − 2.31 Ca : Al + 1.2338 Age (17)

FS = −0.75 + 1.99 FA + 22.95 GBFS + 0.10 WCP − 0.129 Si : Al − 8.75 Ca : Si − 0.294 Ca : Al + 0.16890 Age (18)

TS = −0.03 + 0.70 FA + 12.74 GBFS + 0.131 WCP − 0.100 Si : Al − 4.66 Ca : Si − 0.211 Ca : Al + 0.08493 Age (19)

For the second evaluation, a genetic algorithm combined with an ANN (GA-ANN) is
concerned, and its characteristics are summarized in Table 10.

Table 10. Characteristics of the genetic algorithm combined with an ANN (GA-ANN).

Parameter Value Parameter Value

Max generations 100 Crossover (%) 50
Recombination (%) 15 Crossover method Single point

Lower bound −1 Selection mode 1
Upper bound +1 Population size 150

Table 11 shows the statistical results for input parameters provided by all three
investigated models. The results of KHA-ANN, GA-ANN, and MLR models are also
shown in Figure 9 for all the three output parameter of CS, TS, FS. The collected results
indicate that the KHA-ANN model provides more accurate results, compared to the GA-
ANN and MLR models.

Table 11. Statistical results for input parameters.

Model Name Statistical Index Compressive
Strength

Tensile Strength Flexural Strength

KHA-ANN

MAE 2.24 0.21 0.33

MSE 10.60 0.10 0.23

RMSE 3.26 0.32 0.48

AAE % 0.07 0.09 0.08

EF 0.97 0.96 0.97

VAF % 0.97 0.96 0.97

GA-ANN

MAE 2.79 0.19 0.29

MSE 75.74 0.15 0.44

RMSE 8.70 0.39 0.67

AAE % 0.07 0.07 0.06

EF 0.82 0.93 0.94

VAF % 0.82 0.93 0.94

MLR

MAE 6.87 0.55 0.92

MSE 74.21 0.47 1.37

RMSE 8.61 0.68 1.17

AAE % 0.21 0.25 0.24

EF 0.82 0.80 0.82

VAF % 0.82 0.80 0.82
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Figure 9. Experimentally observed versus predicted values of (a) compressive strength (CS), (b) tensile strength (TS) and (c)
flexural strength (FS), using all the available data.

Given that all three outputs have nonlinear behaviour and are not a function of any
fixed trend, the MLR model is found not able to provide reliable results. Its R2 value and
EF index for all the CS, TS, and FS predictions is in fact characterized by the lowest value,
compared to KHA-ANN and GA-ANN models. Meanwhile, the estimated R2 value for the
GA-ANN model is also not satisfactory. However, the EF index predicted by this model
can be seen as more reliable, compared to the MLR model. Nevertheless, the KHA-ANN
model provides the most reliable results for both R2 and EF indexes, and thus indicating its
high potential and accuracy for the purpose of this study.
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Such a confirmation is also acknowledged in Figure 10, where the KHA-ANN model
estimates are shown to be more accurate for the ratio of observational to computational
values (for all the input parameters), compared to the other two approaches, GA-ANN and
MLR.

 

(a) 

 

(b) 

 

(c) 

 

Figure 10. Observational to computational values for the estimation of (a) CS, (b) TS, and (c) FS parameters (50 out of
168 samples).

5. Discussion

The overall analysis of mechanical properties and structural morphology of all alkali-
activated mix categories can be summarized in the following outcomes:

• The results indicate that AAMs with a high volume of GBFS provide the highest
mechanical properties. The SEM results also confirm that the alkali activation in this
category can produce hydration products in the form of C-S-H, which is the primary
reaction product for OPC strength development.

• In the design mixes with high volume FA, by replacing FA with GBFS, a dense gel
dominated the AAMs structure, and this results in the further improvement of the
observed mechanical properties. The fact is that GBFS has a significant contribution
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to the geopolymerization process in AAMs, thus leading the paste to reach higher
mechanical performances.

• An increase in the POFA content was found to reduce the mechanical properties of
AAMs. The morphology tests also confirmed that increasing the POFA percentage
in AAMs can be associated to the rise in the unreacted silicate and reduced the C-
S-H product, which significantly affected the CS and microstructure of AAMs. The
results show that the ratio of SiO2:Al2O3 above 3.5 negatively affects the overall AAMs
mechanical properties and microstructure.

• The mechanical parameters of AAMs containing high volume WCP was observed as
significantly lower than the other mixes. The ratio of SiO2:Al2O3 was relatively high in
this category, which negatively affected the forming C-S-H gels in geopolymerization
process. The sodium oxide content (Na2O) was also observed at a high ratio (13.5%)
in the WCP chemical composite, compared to 0.08% with FA and 0.45% with GBFS.
The negative effect of a high content of silica and low calcium content contributed to
the rather poor mechanical performance of these design mixes.

Different amounts of waste were investigated to optimize the mechanical properties
and consumption of waste materials in each ternary blended AAMs. Therefore, depending
on the availability of the particular waste material and required mechanical properties,
a proper design mix can be selected. While GBFS and FA are commonly used in the
concrete industry, WCP and POFA have lower interest. This research developed new
environmentally-friendly AAMs with WCP, as the main binder, combined by GBFS and FA
for various construction applications. The results confirmed that using 50% to 70% of WCP
in AAMs provided a considerable (36–70 MPa) CS for many building and construction
purposes. By exciding this value, the calcium oxide content was reduced and negatively
affected the formation of C-S-H gel. The mix prepared with 50% WCP, 40% GBFS, and 10%
FA (mix number 40) may represent optimum AAMs in this category, once the consumption
of WCP and relatively high CS are needed.

Furthermore, to take advantage of the plentiful amount of POFA as a waste by-
product provided by palm oil industries in several South-East Asian nations, this research
proposed ternary blended AAMs containing 50% to 70% POFA as the binder mass and
different amounts of GBFS and FA. FA is an abundant and cheap waste by-product, and its
application in the production of geopolymer and alkali-activated mortar/concrete could
lead to sustainable development. On the other hand, the inclusion of GBFS produces
secondary hydration that resulted in higher C-S-H formation. This research confirms that
the GBFS/FA ratio affects the structural morphology and mechanical properties in AAMs
containing high volume POFA. GBFS-rich AAMs had higher mechanical properties and
a more dense structure. Depending on the application and the availability of the waste
material, each of the AAMs can be selected. For instance, if a high CS is required, the mix
number 15 can be considered (around 55 MPa). On the other hand, if using FA has a high
priority, mix number 18 would be recommended, and mix number 10 consumes a high
amount of POFA with reasonable CS for many building and construction purposes.

From the developed algorithms to support the mix design, finally, it is also concluded
that the KHA-ANN model, on the basis of its final weight and bias values, can be efficiently
used to design AAMs with targeted mechanical properties, in which the desired amounts
of waste consumption can be optimized on the basis of available local waste materials.

6. Concluding Remarks

This study assessed the mechanical properties of ternary blended alkali-activated
mortars composed of industrial waste materials, using experimental tests and structural
morphology evaluation. To examine the effect of each binder mass percentage on the
compressive, tensile and flexural mechanical strength values, 42 engineered AAMs were
investigated. By using the available experimental test database, three different models
were presented to estimate the mechanical properties of AAMs depending on binder mass
constituents. The following provides the main findings of this research:
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1. Test results indicated that the highest mechanical properties were achieved by AAMs
with a high volume of GBFS, while the AAMs with a high volume of POFA resulted in
the lowest mechanical properties. Furthermore, the average CS, FS, and TS of studied
AAMs were predicted in 61.3, 7.92, and 4.33 MPa, respectively, which, compared to
traditional cement-based mortar, is highly satisfactory from a mechanical point of
view, but also characterized by reduced embodied energy and CO2 emission.

2. SEM images revealed that the microstructure of the AAMs containing a high amount
of FA was less dense compared to other matrices, due to lack of C-S-H gel forma-
tion, where, by the replacement of FA with GBFS, the microstructure of AAMs was
enhanced and provided a denser surface. Besides the SEM images have shown that
increasing the content of POFA has affected the calcium (CaO) content, as well as the
creation of a larger amount of crystalline Ca(OH)2 in hexagonal plate-like structures
(unreacted particles/partially reacted matrix) in AAMs with 60% and 70% of WCP,
both producing poor microstructure and mechanical properties.

3. The XRD pattern of AAMs containing a high volume of FA indicated that the peak
intensity corresponds to crystalline quartz (SiO2) and mullite (3Al2O32SiO2 or 2Al2O3
SiO2) phases, in which by increasing the FA content, the C-S-H gel peak was replaced
by a quartz peak where more quartz appeared to be non-reactive. Furthermore, the
XRD tests have shown that by replacing GBFS with POFA in AAMs containing 50%
FA, the peak intensity corresponded to the quartz, whereas the peak intensity was
dedicated to C-S-H gel in the AAMs with 0% POFA (50% FA +50% GBFS).

4. FTIR spectra and the FTIR fingerprint zone reveal that by increasing the FA content
from 50% to 70% in AAMs, the band of C(N)ASH gel product increased from 945.6 to
989.5 cm−1 along with increasing the C-S-H and Si–O band frequency, leading to the
less homogenous structure and smaller silicate re-organization, and subsequently
negatively affected the mechanical properties of AAMs. Furthermore, the results
indicated that GBFS released soluble Ca that displaced the Si atoms from Si–O bonds,
leading to a reduction in the vibrational frequency.

The ANN combined with the metaheuristic Krill Herd algorithm provided satisfacto-
rily results to estimate the mechanical properties of AAMs compared to the ANN combined
with the genetic algorithm and multiple linear regression models where statistical indexes
such as R2 value, EF, and VAF had higher values, indicating a lower error of this model.
Furthermore, the Krill Herd algorithm optimization can also be used as a powerful tool
in optimizing ANN weights. By using the optimized weight and bias of KHA-ANN, it is
possible to design AAMs with targeted mechanical properties and simultaneously manage
the consumption of waste materials depending on their availability.
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Abstract: Fire is a significant threat to human life and civil infrastructures. Builders and architects are
hankering for safer and sustainable alternatives of concrete that do not compromise with their design
intent or fire safety requirements. The aim of the present work is to improve the residual compressive
performance of concrete in post-fire exposure by incorporating by-products from urban residues.
Based on sustainability and circular economy motivations, the attention is focused on rubber tire fly ash,
aged brick powder, and plastic (PET) bottle residuals used as partial sand replacement. The selected
by-products from urban residues are used for the preparation of Cement-Based Composites (CBCs)
in two different proportions (10% and 15%). Thermal CBC behaviour is thus investigated under
realistic fire scenarios (i.e., Direct Flame (DF) for 1 h), by following the International Organization
for Standardization (ISO) 834 standard provisions, but necessarily resulting in nonuniform thermal
exposure for the cubic specimens. The actual thermal exposure is further explored with a Finite
Element (FE) model, giving evidence of thermal boundaries effects. The post-fire residual compressive
strength of heated concrete and CBC samples is hence experimentally derived, and compared to
unheated specimens in ambient conditions. From the experimental study, the enhanced post-fire
performance of CBCs with PET bottle residual is generally found superior to other CBCs or concrete.
The structure–property relation is also established, with the support of Scanning Electron Microscopy
(SEM) micrographs. Based on existing empirical models of literature for the prediction of the
compressive or residual compressive strength of standard concrete, newly developed empirical
relations for both concrete and CBCs are assessed.

Keywords: concrete; cement-based composites (CBCs); compressive strength; fire exposure;
thermal boundaries; finite element (FE) numerical modelling; empirical formulations

1. Introduction

A series of consistent unfortunate fire disasters has highlighted the need for safer structural
materials [1]. Concrete is safer under fire due to noncombustibility and low thermal conductivity in
comparison to other widely used construction materials, such as glasses [2,3], steel [4], composites [5],
and wood [6]. However, the physical, chemical and mechanical properties of concrete deteriorate due
to fire exposure [7,8]. The structural and occupant safety in fire depends on the behaviour of concrete;
thus, the performance of concrete under elevated temperature is extensively investigated [9–12].
The performance of concrete under elevated temperature deteriorates due to thermal incompatibility
of constituents, aggregate and cement paste interface debonding, aggregate deformation, calcium
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silicate hydrate (CSH) gel disruption, cement paste chemical transformation and internal pressure
resulted from entrapped steam [13]. The higher concrete grade suffers higher strength loss [14].
The heating rate and time of exposure affects concrete performance in fire [15]. The concrete suffers
negligible up to 200 ◦C as only free water evaporates (exceptions are also reported [16]), at 300 ◦C
bounded water starts evaporating; thus, CSH starts irreversibly dehydrating. At 400 ◦C, the strength
of concrete further deteriorates, however the residual compressive strength does not suffer much [17].
At 530 ◦C, Ca(OH)2 converts into CaO, which results in shrinkage of cement paste 33% by volume [18].
The compressive strength of concrete can hence reduce down to 90% at 750 ◦C [19]. A multitude
of parameters, however, like the nature and setup of the experiments, or the mix design parameters,
govern these findings [15].

The performance of concrete depends on fillers and adhesives at normal and elevated
temperature [20]. A number of supplementary cementitious materials (SCMs) can be used in
for improving the fire performance of concrete [21]. The inclusion of suitable filler may prevent
thermally induced explosive spalling if their melting temperature is lower than the temperature at
which explosive spalling occurs [15]. The melted fillers could be absorbed by the matrix resulting in
a conduit left for steam. A further permeable network could be created that would allow outward
migration of steam for sinking the pore pressure.

The first objective of the present study is to assess and support the use of waste and harmful
materials as fillers for improving the post-fire residual performance of standard concrete. Some studies
of literature [22–27] are dedicated to the assessment of specific properties and effects of concrete-based
solutions inclusive of PET residuals, with some efforts for the expected post-fire performance [28].
However, the cited documents are often related to standard methods and procedures, that often do not
reproduce a real boundary condition for the tested materials.

To this aim, rubber fly ash and Polyethylene Terephthalate (PET) plastic bottle residual and aged
brick powder are used in this paper for the prepared CBCs. Moreover, special attention is spent for
the realistic thermal exposure of cubic samples in fire conditions. In general, the standard ISO 834
thermal history (or a fixed rate of heating) is imposed for different time durations in dedicated furnaces
to expose the investigated specimens to elevated temperature [15,29]. In a few cases, the concrete
specimens were exposed to real flame [30].

As such, this research study focuses on the performance of CBCs to 1 h of Direct Flame (DF)
thermal exposure. A brief description of materials and methods is presented in Section 2. The final
objective of this work is in fact to compare the residual compressive strength of concrete and CBCs
specimens, after subjecting the samples to nonuniform, realistic fire exposure. To this aim, it is well
known that Finite Element (FE) numerical models can be used to realistically predict the thermo or
mechanical (and even combined) behavior of concrete (or other general materials in fire conditions).
Reliable modelling strategies for concrete in fire are reported in [31,32]. In this paper, with the support
of the ABAQUS/Standard computer software [33], the attention is focused on the thermal boundaries
and expected predictions for the tested cubic specimens, showing the potential and limits of the FE
method (Section 3). An additional support for the interpretation of test results is derived from Scanning
Electron Microscopy (SEM) images. Finally, based on the experimental observations, a set of empirical
formulations are proposed in Section 4, for a reliable and efficient prediction of the compressive
mechanical parameters of the tested materials under elevated temperatures.

2. Experiments, Materials and Methods

2.1. Preparation of the Specimens

A total of 126 cubical samples (three for every reading) were prepared for fire and compression
testing, by casting them in steel molds (150 mm × 150 mm × 150 mm their size) with the assistance of
a vibrator. The samples were removed from the steel molds after 24 h and cured in water for 28 days at
room temperature (26–32 ◦C).
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Some standard American Society for Testing and Materials, (ASTM) test procedures were thus
followed for evaluating the physical properties of concrete. The amount of ordinary Portland cement
(OPC) type I, natural sand, aggregate (19 mm) and water were 335 kg/m3, 871 kg/m3, 1083 kg/m3,
and 225 kg/m3 respectively for the concrete cubes. The water to cement ratio was 0.67. The OPC
purchased from the local vendor complies with ASTM C150 [34]. The natural sand and aggregate
conform to ASTM C33-16 [35]. The specific gravity, absorption, and loose density (kg/m3) of natural
sand and aggregate were 2.39 and 2.61, 1% and 0.39%, 2002.4 and 1818.1, respectively. The CBC
samples included of rubber fly ash or PET plastic bottle residual or aged brick powder as a replacement
for the natural sand in two different proportions, i.e., 10% or 15%. The particle size of the SCMs were
less than 1.18 mm for aged brick powder and plastic residual, and 90 µm for rubber fly ash obtained by
the sieve analysis.

Table 1 presents, in accordance with [36], some basic mechanical properties for the material
components in use.

Table 1. Basic mechanical properties of concrete and CBC components in use.

Material
Young Modulus

(GPa)
Density
(kg/m3)

Poisson’s Ratio

Cement 21.9 2050.3 0.279
Fine Aggregate 26.59 1472 0.24

Coarse Aggregate 23.49 1434 0.13

In this regard, it is worth mentioning that the PET residual was obtained from previous experimental
steps (Figure 1) in which bottles were burned for achieving added-value products (grease, useful
chemicals) [37]. The COH-RC method includes heating plastics into a close chamber having oxygen but
no oxygen supply during the process at different temperatures and directing the exhaust gases into
another container filled with water for condensation [37]. The residual in the reactor of Figure 1a was
thus converted into the powder before it could be used for the tested CBCs (Figure 1b). The rubber
tyre fly ash was then obtained after burning it, while the waste brick powder was used directly as
urban residual.

 

(a) 

 

(b) 

 

Figure 1. Production process for the PET bottle residual following constrained oxygen heating and
residual condensation Method [37]: (a) waste plastic treatment reactor and (b) PET (EC number:
607-507-1) bottle residual before crushing.
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2.2. Fire and Compression Testing

All the specimens were heated in the furnace under 1 h of DF exposure (Figure 2), following—even
for limited exposure time only—the general standardized provisions from the ISO 834 document [38].
This resulted in the time–temperature furnace variation that is shown in Figure 3, as well as in
a nonuniform temperature distribution on the surface and in the volume of each tested cube.
According to Figure 2c, it can be perceived that the lateral faces of each cube are also subject to
severe thermal exposure.

   

(a) (b) (c) 

 

(d) 

 

−

 
 
 

Figure 2. Selected photographs of fire testing for the CBC specimens: (a) furnace view; (b) setup and
(c) heating stage, with (d) thermal loading scheme.

 

−

 
 
 

Figure 3. Experimentally measured time–temperature history in the furnace (1 h in DF) and
corresponding standard ISO 834 fire curve.

The surface temperature of the specimens was measured using an infrared thermocouple, a thermal
imaging camera (Testo-868, Universal 16 channel, RS4R5, accuracy: ±2 ◦C) and some additional K-type
thermocouples (chromel/Alumel, range −200 to 1300 ◦C, accuracy: ±2.2 ◦C). The temperature increase
was recorded on all the faces of the tested cubes. For clarity of presentation, the nonuniform surface
temperature was then post-processed to obtain the average temperature at the center of each face.
This measure is thus reported in this paper in terms of (see also Figure 2d):

• T1, representing the average temperature in time at the center of the bottom (exposed) face;
• T2, T3, T4, T5, being representative of the four side cube faces;
• and T6, denoting the top face of each cube.
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Successively, standard compression tests were used for evaluating the compressive strength of
each cube in the post-fire scenario. As a reference, three cubes for each material type and composition
were also tested in compression at ambient temperatures and compared after different thermal scenarios.
During the compression tests, the imposed loading rate was set in 3 kN/min. The weight loss due to
fire exposure was also estimated.

Finally, SEM micrographs were collected for some of the fractured specimens, and used to
further explore and determine the reasons of failure, thus supporting the establishment of some
structure–property relationships.

2.3. Preliminary Numerical Assessment

At the preliminary stage of the study, some FE numerical simulations were carried out to estimate
the potential experimental outcomes. According to literature, FE models can represent an efficient
tool for the thermal and coupled thermo-mechanical analysis of various constructional materials
under elevated temperatures [2]. The real thermal boundaries, however, can be difficult to match
with taken in numerical models, due to the use of several idealized assumptions that do not reflect
an experimental setup with its uncertainties. Moreover, these thermal boundaries and their effects
are strictly responsible of the mechanical performance for the tested materials, thus represent a first
crucial step.

In this paper, for both the investigated concrete and CBC cube samples, a preliminary set of FE
analyses was thus carried out in ABAQUS/Standard [33]. The typical FE assembly, as proposed in
Figure 4, consisted of 1/4th the nominal geometry of each sample, thus was numerically described in
the form of a prismatic volume with total nominal height of 150 mm, and half base ×width dimensions
(75 mm × 75 mm). The transient “heat transfer” solver approach from ABAQUS/Standard was taken
into account, so that the temperature evolution in time could be monitored in the solid elements.
In doing so, the basic assumptions were represented by the use of three-dimensional, 8-node solid
brick elements (heat transfer DC3D8 type, from ABAQUS library), with a structured mesh pattern
(10 mm the size).

 
 

(a) (b) 

Figure 4. Reference numerical model for the analysis of thermal distribution in concrete or CBC cube
samples under direct flame exposure (ABAQUS/Standard): (a) global assembly and (b) local setup
(with evidence of the thermally exposed T1 bottom face).

The reference cube was hence exposed, on the bottom (T1) surface, to the temperature–time
history that was derived from the experimental records (Figure 3). In doing so, the thermal exposure
in time from the furnace was lumped on the T1 surface, as in the schematic representation of Figure 4b.

As a first attempt to investigate the thermal behaviour of the tested cubes, besides the intrinsic
approximation of this numerical approach [39], nominal thermophysical properties were considered for
modelling normal concrete. This numerical choice was intended to predict the temperature distribution
and evolution in the specimens, rather than a direct comparison with CBC experimental measurements.

169



Sustainability 2020, 12, 10548

As such, the emissivity was set in 0.7, while the heat transfer coefficient for the exposed surface was
defined in 25 W/m2K [40–42]. For the other surfaces not subjected to DF exposure, the heat transfer
coefficient was assumed in 8 W/m2K [40–42]. At the same time, the specific heat and the conductivity
variation with temperature was preliminary defined by accounting for nominal material properties
of standard concrete [40–42], given the lack of more refined material characterizations for the cubic
specimens object of study. These input data are shown in Figure 5.

.  

(a) (b) 

Figure 5. Reference input properties for the thermal numerical model: (a) specific heat and
(b) conductivity variation with elevated temperature. Figures reproduced with permission from [42],
under the rules of the Creative Commons Attribution License.

3. Results and Discussion

3.1. Experimental Fire Exposure

Figure 6 shows the average time–temperature variation of concrete, CBC with rubber fly ash, CBC
with brick powder, and CBC with PET bottle residual, respectively. From Figure 6a, more in detail,
the temperature evolution on the cube faces directly exposed or unexposed is emphasized.

  

(a) (b) 

 

(c) 

Figure 6. Average time–temperature histories on different faces of the cubic volume for the tested
specimens: (a) standard concrete, and (b) T1 bottom surface or (c) T6 top surface for all the specimens.
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Through the experimental investigation, a rather stable fire scenario was observed and measured
for most of the specimens. This is confirmed in Figure 6b,c, where the average time–temperature
records for different concrete and CBC cube types are proposed at the bottom (T1) or top surface (T6).
The exception was represented by PET bottle specimens, with a lower temperature peak for all the
reference control points, compared to other specimen types.

Moreover, the experimental setup typically coincided with a severe nonuniform temperature
distribution. This can be perceived from Figure 7a–c, where selected thermal images show the
temperature variation of CBC cubes under variable exposure time. In particular, it is worth mentioning
that the collected experimental measurements generally proved that the maximum and the average
temperatures of CBC cubes with PET bottle residuals were typically lower than other types of CBC
specimens. This was noticed on all the monitored faces for an identical exposure time. Such an effect
may be due to low thermal conductivity of the residuals in use (i.e., Figure 1).

  

(a) (b) 

  

(c) (d) 

 

Figure 7. Temperature variation of CBC cubes under DF (T1 bottom surface): experimental results
after (a) 20 min, (b) 30 min or (c) 40 min of heating and (d) corresponding numerical contour plot for
a nominal concrete cube (1/4th of the cube, ABAQUS/Standard, external view of the cube). Temperature
values in ◦C.

From the numerical analysis of a typical CBC cube, the temperature distribution was found to
agree with Figure 7d, where the contour plot of temperatures (external view of 1/4th of cube) is shown
after 1 h in DF. From the qualitative comparison of the experimental thermal images and the numerical
contour plot in Figure 7d, a partial agreement only for the proposed temperature distributions can
be seen. The numerical model, more in detail, lacks unsymmetrical effects due to the idealized
thermal exposure of the T1 bottom surface. In addition, the experimental temperature–time history of
Figure 2 is used for the FE numerical analyses; moreover, another weak point is represented by the
underestimation of thermal effects on the lateral faces of each cube, compared to the experimental
specimens. These are the results of the same idealized thermal loading condition for the FE model
in Figure 4, and namely neglecting the radiant heating effects on the lateral faces of the specimens.
As the temperature distribution is further explored in the volume of the FE model (see the view cuts
in Figure 8), it can be also perceived a progressive underestimation of thermal effects for the overall
compressive mechanical response of the tested specimens.
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(a) (b) 

   

(c) (d) (e) 

 

Figure 8. Temperature variation for concrete cubes under 1 h in DF (ABAQUS/Standard), with evidence
of section cuts in the height of specimens: (a) 25 mm, (b) 50 mm, (c) 75 mm, (d) 100 mm and (e) 125 mm.
Temperature values in ◦C. T1 bottom surface under uniform thermal exposure.

In order to further assess the effects of numerical thermal boundaries on the predicted temperature
distributions for the tested specimens, as a limit condition, the FE analysis was further repeated by
assuming replacing the T1 thermal exposure of Figure 4 with a uniform thermal exposure for the base
(T1) but also for the lateral faces of the cube. As such, the T1, and T2-to-T5 surfaces were uniformly
subjected to the experimental temperature–time history of Figure 2.

The final result is proposed in Figure 9, where it is possible to notice that such a limit thermal
boundary condition still does not march the experimental setup, and thus manifests in a severe
overestimation of the expected temperatures in the volume of specimens (with a consequent premature
degradation of material properties at elevated temperatures).

 

  

(a) (b) 

   

(c) (d) (e) 

Figure 9. Temperature variation for concrete cubes under 1 h in DF (ABAQUS/Standard), with evidence
of section cuts in the height of specimens: (a) 25 mm, (b) 50 mm, (c) 75 mm, (d) 100 mm and (e) 125 mm.
Temperature values in ◦C. T1 (bottom) and T2-to-T5 (lateral) surfaces under uniform thermal exposure.

3.2. Post-Fire Compressive Resistance

Tables 2 and 3 give the average compressive strength and residual compressive strength (with
negligible standard deviation) after 1 h heating of both concrete and CBC samples (with 10% and 15%
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the proportion of urban residues) following the ISO 834 under DF. In general, it is recommended by
the reference standards that the tested samples should be kept for a long thermal exposure (generally
2–3 h), so that they could be uniformly heated throughout. However, in the present study, the tested
samples were kept at 200, 400, 600, and 800 ◦C for 1 h in the furnace, under the heating rate schematized
in Figures 2 and 3. This allows for a comparison between different heating effects, especially in terms
of compressive strength of the CBC samples compared to the concrete specimens.

Table 2. Compressive strength (MPa) of concrete and CBC samples after heating following ISO 834 or 1
h in Direct Flame (DF).

Compressive Strength
(MPa)

Concrete CBC

Rubber Fly Ash Brick Powder PET Bottle

Temperature (◦C)/
Urban Residues Proportion (%)

- 10 15 10 15 10 15

27 (ambient) 19.51 18.64 18.2 19.33 19.11 18.68 18.64
200 18.44 18.2 17.9 18.4 17.96 17.4 17.11
400 15.24 15.62 15.55 15.11 15.02 16.78 16.63
600 10.78 11.01 10.66 10.66 9.99 13.21 13.11
800 6.11 7.9 7.3 6.2 5.86 12.99 11.87

1 h in DF 5.77 7.11 6.98 5.76 5.11 9.66 8.96

Table 3. Young’s modulus (MPa) of concrete and CBC-PET10 specimens after heating (following the
ISO 834 provisions and 1 h in Direct Flame (DF)).

Young’s Modulus MoE
(MPa)

Temperature (◦C) Concrete CBC-PET10

27 (ambient) 1,4941.75 1,4489.80
200 5311.78 5113.20
400 2803.67 3276.07
600 1773.64 2378.92
800 782.349 2182.86

1 h in DF 756.99 2101.76

Table 2 reflects that at the ambient temperature (27 ◦C, thus without heating), the compressive
strength of concrete was generally higher than that of the CBCs, which is followed in the order by
CBCs with aged brick powder, CBCs with PET bottle residual and CBCs with rubber tire fly ash.
Figure 10, accordingly, presents the percentage variation of compressive strength, under different
heating exposures, compared to the ambient condition.

The nonuniform fire exposure due to real flame resulted in a significantly higher reduction in
compressive strength, compared to the samples exposed to ISO 834 heating, and this outcome was
proved for every type of specimens. This difference should be due to higher temperature exposure
in certain region nearby bottom face of the samples in case of real flame exposure. Weakening of
directly exposed regions to fire caused higher damage due to loss of bounded water and conversion of
Ca(OH)2 into CaO. In case of furnace heating of the samples, the duration of high temperature heating
is lesser than the real fire exposure. Non uniform stresses and strain resulted due to considerable
thermal gradient could be an additional reason for lesser compressive strength in case of real flame
heating. It is worth mentioning that the residual compressive strength of concrete and CBC samples
are comparatively higher than the standard provisions, due to the shorter exposure duration that is
accounted in present work (Figure 10c,d). It is also evident that the residual compressive strength
for CBC samples having 15% proportion of urban residues have lower compressive and residual
compressive strength for all the types of samples. This can be seen in Figure 11 for 1 h of heating in DF.
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(a) (b) 

  
(c) (d) 

Figure 10. Variation of relative compressive strength for concrete or CBCs samples based on (a) 10%
or (b) 15% urban residues proportion, as a function of different heating conditions, and (c,d) typical
trend for normal/high strength concrete, as a function of temperature. Figure 10c,d are reproduced
with permission from [42], under the rules of the Creative Commons Attribution License.

 

Figure 11. Percentage variation of relative compressive strength for concrete or CBCs cube samples,
after 1 h in DF.

Table 3, finally, gives the values of Young’s Modulus MoE for concrete and CBC samples with PET
bottle residual at 10% (herein after defined as “CBC-PET10”), as calculated after heating the cubes
following ISO 834 or 1 h in DF. According to Figure 12, it is possible to perceive a MoE percentage
reduction in the order of 90% and 80% for concrete or CBC-PET10 specimens respectively, after 1 h in
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DF. The MoE variation with temperature is discussed in more detail in Section 4, with the support and
development of reliable empirical models.

 

Figure 12. Percentage variation of MoE for concrete or CBC-PET10 cube samples, after 1 h in DF.

3.3. Fracture Behaviour

Figure 13 shows the photographs of samples heated in furnace and real flame. CBCs having
PET bottle residual have shown considerably better performance and least weight loss due to fire.
For‘an insight into the reason for this behaviour and establishing a structure–property relationship,
the SEM micrographs of fractured samples were studied.

    

T = 200 °C 400 °C 600 °C 800 °C 

(a) 

    

(b) 

Figure 13. Photographs of (a) samples heated in furnace (b) samples subjected to direct flame exposure.

Figure 14 shows the SEM images of sample taken from the region near bottom face of fractured
CBC samples having rubber fly ash. The spherical-shaped particles of fly ash can be seen jointly with
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small and medium size bubbles. The SEM images clearly reflect the microcracks, deformed CH and
CSH, and dehydrated CSH phase. The pozzolanic reactivity between the paste and aggregate seems
higher at high temperature in these samples [26]. Figure 15 shows the SEM images of fractured CBC
with PET bottle residual. Irregular shaped particles of PET residue can be identified in a rather compact
matrix and the porous network did not show air bubbles. It is evident from the SEM micrographs
that the interface zone is constricted in these specimens. Moreover, the crackless interface between
different phases remains. However, microcracks are occasionally visible, but they are considerably
lesser and smaller in size than the cracks in CBCs with rubber tire fly ash.

  

  

 

 
Figure 14. SEM images of fractured CBCs having rubber fly ash at ×500, 200, 100, 50.
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Figure 15. SEM images of fractured CBCs with PET bottle residual at ×500, 200, 100, 50.

In earlier reported studies, PET waste inclusion resulted in the deterioration of mechanical
properties of concrete [27–31]. However, the performance of concrete with PET waste during ISO 834
exposure showed a comparable response but the temperature during heating was higher for CBC with
PET waste than the concrete due to porous network formation [32]. The usage of PET residual has
resulted in lesser deterioration in compressive strength and residual compressive strength in comparison
to PET waste due to ISO 834 heat exposure [32]. Figure 16 shows the SEM images of fractured CBC
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with brick powder. The compact matrix produced due to the pozzalinic capacity of brick powder is
scattered with many medium size air bubbles. Deformed and dehydrated microcracks in the CSH
phase are visible. A comparison of the SEM micrographs of three types of CBCs reveals the minimum
damage in the microstructure of CBC with PET bottle residual. However, further investigation is
required to determine most suitable proportion of the PET bottle residual in concrete. The SEM
micrographs establish the reasons of superior residual compressive strength of CBCs with PET but
physics and chemistry behind the lesser damage requires further intensive investigation.

  

  

 

Figure 16. SEM images of fractured CBCs having brick powder at ×500, 200, 100, 50.

4. Experimental Derivation of Empirical Formulations

4.1. Time–Temperature Evolution

In the literature, there are several models for predicting residual compressive strength, see for
example [43–46]. However, the common aspect of most of the cited models is that they have
been originally proposed for longer thermal exposure (>1 h), as also recommended by ISO 834 to
ensure uniform heating throughout the examined concrete samples. These literature models show,
consequently, a comparatively lower residual strength for the tested specimens, due to severity of the
heating stage. As far as different thermal boundary conditions are taken into account, their validity
is questionable.

In this regard, Figure 17a,b shows the empirical model for time–temperature (max.) prediction
during real flame heating for concrete and CBC with 10% PET residual specimens, respectively.
Equations (1)–(3) represent the best fitting curves for experimental data. These equations are derived
using a commercially available mathematical tool (LAB Fit Curve Fitting Software, www.labfit.
net) that allows an enhanced match with input data to be captured due to its extended library.
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The empirical variation of temperature in time is obtained from the average of the collected experimental
measurements, where the fitting curves are respectively proposed as:

T(t) =

{

0.0028 t3 − 0.353t2 + 22.90t + 39.63 f or concrete

0.0024t3 − 0.344t2 + 22.88t + 33.76 f or CBC− PET10
(1)

with T in ◦C and t in minutes.

 

𝑇ሺ𝑡ሻ = ൜0.0028 𝑡ଷ − 0.353𝑡ଶ + 22.90𝑡 + 39.63                         𝑓𝑜𝑟 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒0.0024𝑡ଷ − 0.344𝑡ଶ + 22.88𝑡 + 33.76               𝑓𝑜𝑟 𝐶𝐵𝐶 − 𝑃𝐸𝑇10 
 

  

(a) (b) 

Figure 17. Experimental derivation of an empirical model (Equation (1)) for the time–temperature
variation under DF heating for (a) concrete or (b) CBC-PET10 specimens (T1 bottom face).

4.2. Residual Compressive Strength and MoE

Among the available CBC specimens, the CBC-PET10 samples were found to have the maximum
residual strength, and thus were further assessed in their mechanical properties with respect to the
concrete specimens. The attention was focused on both the residual compressive strength and the
corresponding MoE.

Figure 18a,b, in this regard, show the empirical models for predicting the residual compressive
strength of concrete and CBC-PET10, after 1 h of thermal exposure. These models are valid for
temperature range and exposure time investigated in the present work. Any intermediate value can be
predicted efficiently with these models for concrete and CBC-PET10.

𝑓ሺ𝑡ሻ = ቐ 1ሺ2.88 − 1.52 × 10ି଺𝑡ଶሻିଶ.଼ଵ                          𝑓𝑜𝑟 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒19.35𝑡൫ିଵ.଻଼×ଵ଴షళ௧మ.బల൯               𝑓𝑜𝑟 𝐶𝐵𝐶 − 𝑃𝐸𝑇10 

  

(a) (b) 

𝑀𝑜𝐸ሺ𝑡ሻ = ൜ 55.75𝑡ି଴.ଶସ − 10.67                                           𝑓𝑜𝑟 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒31.34𝑒𝑥𝑝ሺ0.0024𝑡 − 0.16𝑡଴.ହሻ               𝑓𝑜𝑟 𝐶𝐵𝐶 − 𝑃𝐸𝑇10 

Figure 18. Experimental derivation of an empirical model (Equation (2)) for the compressive strength
variation under 1 h in DF (ISO 834), as obtained for (a) concrete or (b) CBC-PET10 specimens.
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The model established in the present work, in this regard, effectively predicts the residual
compressive strength for heating up to one hour. Figure 18 reflects that the models are a good match to
the available experimental data.

f (t) =















1
(2.88−1.52×10−6t2)−2.81 f or concrete

19.35t(−1.78×10−7t2.06) f or CBC− PET10
(2)

with f (t) in MPa and t in minutes.
Figure 19a,b give the empirical models for the MoE variation, for concrete and CBC-PET10

specimens in ISO 834 heating. The developed models are in line with the experimental data for concrete
and CBC-PET10.

MoE(t) =















55.75t−0.24 − 10.67 f or concrete

31.34exp
(

0.0024t− 0.16t0.5
)

f or CBC− PET10
(3)

with MoE in GPa and t in minutes.

𝑓ሺ𝑡ሻ = ቐ 1ሺ2.88 − 1.52 × 10ି଺𝑡ଶሻିଶ.଼ଵ                          𝑓𝑜𝑟 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒19.35𝑡൫ିଵ.଻଼×ଵ଴షళ௧మ.బల൯               𝑓𝑜𝑟 𝐶𝐵𝐶 − 𝑃𝐸𝑇10 

𝑀𝑜𝐸ሺ𝑡ሻ = ൜ 55.75𝑡ି଴.ଶସ − 10.67                                           𝑓𝑜𝑟 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒31.34𝑒𝑥𝑝ሺ0.0024𝑡 − 0.16𝑡଴.ହሻ               𝑓𝑜𝑟 𝐶𝐵𝐶 − 𝑃𝐸𝑇10 

  

(a) (b) 

Figure 19. Derivation of an empirical model for the MoE variation (Equation (3)) in ISO 834 heating for
(a) concrete and (b) CBC-PET10 specimens, respectively.

4.3. Compressive Stress–Strain Constitutive Laws at Elevated Temperatures

In the literature, several empirical models are available for predicting the stress–stain behaviour
of concrete at an elevated temperature, both in tension and compression [43–47]. However, most of
them are valid for specific design applications, or for particular composition of concrete constituents.
Finally, their common aspect is that all those models are calibrated and validated for longer heating
duration for concrete, as described in ISO 834.

In the present work, the established compressive stress–stain relations are thus modified and
adapted both to concrete and CBC-PET10 specimens for 1-h of ISO 834 heating. Among the
available literature models, the basic empirical equations are derived and further adapted to the
examined specimens.

In the proposed Equations (4)–(7), more in detail, for a given temperature T (in ◦C) the following
parameters are introduced:

• fcT represents the compressive stress at elevated temperature (in MPa),
• f ′

cT
is the compressive strength at elevated temperature (in MPa),

• ǫ0T and ǫcT the strain at ambient temperature or under elevated temperature, respectively, and
• f ′c is the compressive strength at ambient temperature (in MPa).

180



Sustainability 2020, 12, 10548

The result takes the form of an empirical model in which f cT can be expressed as:

fcT =



















f ′
cT

[

1−
(

ǫ0T −ǫcT
ǫ0T

)2
]

ǫcT ≤ ǫ0T

f ′
cT

[

1−
(

ǫ0T −ǫcT
3ǫ0T

)2
]

ǫcT ≥ ǫ0T

(4)

where:

f ′cT =



























f ′c (1− 0.0004 T) T ≤ 500 ◦C

f ′c (1.44− 0.00145 T) 500 ≤ T ≤ 900 ◦C

0 T ≥ 900 ◦C

(5)

and:

ǫ0T =
2 f ′c
Eci

+ 0.21× 10−4 (T − 20) − 1.1× 10−8 (T − 20)2 (6)

with Eci the MoE.
Figure 20 shows the stress–strain diagram for concrete at elevated temperature. The diagram

is in line with the collected experimental values of compressive strength and modulus of elasticity,
at different temperatures.

 𝑓௖்
 𝑓௖ᇱ்
 𝜖଴் 𝜖௖்
 𝑓௖ᇱ

𝑓௖் = ⎩⎪⎨
⎪⎧𝑓௖ᇱ் ቈ1 − ൬𝜖଴்  − 𝜖௖்𝜖଴் ൰ଶ቉                                             𝜖௖் ≤ 𝜖଴்𝑓௖ᇱ் ቈ1 − ൬𝜖଴்  − 𝜖௖்3𝜖଴் ൰ଶ቉                                             𝜖௖் ≥ 𝜖଴்

𝑓௖ᇱ் = ൝𝑓௖ᇱ ሺ1 − 0.0004 𝑇ሻ                                                            𝑇 ≤ 500 °𝐶𝑓௖ᇱ ሺ1.44 − 0.00145 𝑇ሻ                                      500 ≤ 𝑇 ≤ 900 °𝐶0                                                                                           𝑇 ≥ 900 °𝐶
𝜖଴் = 2𝑓௖ᇱ𝐸௖௜ + 0.21 × 10ିସ  ሺ𝑇 − 20ሻ − 1.1 × 10ି଼  ሺ𝑇 − 20ሻଶ

 

Figure 20. Compressive stress–strain curve for concrete under elevated temperature (1 h in DF, following
ISO 834 provisions). Marked with white diamonds, the maximum peak for each thermal scenario.

Further, the stress–strain relations for CBC-PET10 at elevated temperature (1 h heating in DF) are
given in Equations (7) and (8), where:

f ′cT =







































f ′c (1− 0.00038 T) T ≤ 500 ◦C

f ′c (1.44− 0.0012 T) 500 ≤ T ≤ 700 ◦C

f ′c (1.44− 0.00095 T) 700 ≤ T ≤ 900 ◦C

0 T ≥ 900 ◦C

(7)

and:

ǫ0T =
2 f ′c
Eci

+ 0.21× 10−4 (T − 20) − 1.2× 10−8 (T − 20)2 (8)

Figure 21 shows the stress–strain curve for CBC-PET10 at elevated temperature heated for one hour,
following ISO 834.
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thus suggesting their potential for safe fire design purposes.
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Figure 22. Post-fire compressive response of concrete and CBC-PET10 specimens under
elevated temperature. Evolution with temperature of the maximum stress–strain peaks for the
experimental/empirical constitutive laws.

5. Conclusions

The present work reported on the effects of fire on the residual compressive strength of concrete
and other sustainable alternatives of concrete, made of by-products urban residuals. The performance
of concrete and cement-based composites (CBCs) was investigated during nonuniform direct flame
and standard ISO 834 fire exposure. The thermal experimental findings were then further explored
with the support of Finite Element (FE) investigations. Following are the significant conclusions of
this work,

• Among the examined concrete or CBCs sustainable solutions, CBCs with PET bottle residual
(10% proportion) offered the lowest peak temperature compared to the other specimen types
under similar heating conditions.
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• The FE model developed for predicting the time–temperature variation on the exposed faces and in
the volume of the tested cubes further confirmed the critical role of input thermal loads but also of
the thermal boundaries. It was shown in particular that the actual experimental thermal scenario
for the testes specimens can be hardly predicted with refined FE methods. As such, the post-fire
mechanical response of the tested cubes necessarily requires the support of dedicated experiments.

• The CBCs specimens with PET bottle residual (10% proportion) were observed to have considerable
lesser reduction in their modulus of elasticity, in comparison to standard concrete samples,
thus resulting in improved post-fire capacity.

• The concrete and CBC samples damaged more while subjected to nonuniform fire exposure for
the same fire duration.

• Concrete has superior compressive strength compared to the CBCs with rubber tire fly ash,
PET bottle residual, and brick powder investigated in the present work.

• CBCs with PET bottle residual showed superior performance followed by CBCs with rubber tire
fly ash, concrete and CBCs with aged brick powder respectively.

• The SEM micrographs have shown minimum damage in the microstructure of CBC with PET
bottle residual.

• Empirical models for predicting time–temperature, modulus of elasticity, compressive strength,
and stress–strain constitutive laws at elevated temperatures were proposed.
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Nomenclature

f ′c compressive strength at ambient temperature
fcT compressive stress at elevated temperature
f ′
cT

compressive strength at elevated temperature
ǫ0T strain at ambient temperature
ǫcT strain at elevated temperature
ASTM American Society for Testing and Materials
Ca(OH)2 Calcium hydroxide
CaO Calcium oxide
CBC Cement-Based Composites
CSH calcium silicate hydrate
DF Direct Flame
Ec Young’s Modulus
FE Finite Element
ISO International Organization for Standardization
MoE modulus of elasticity
OPC Ordinary Portland cement
PET Polyethylene terephthalate
SCM supplementary cementitious materials
SEM Scanning Electron Microscopy
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Abstract: A consistent method to generate and measure deterioration by corrosion in transverse
reinforcements for concrete beams is presented and discussed in this work. This approach could
be applied in other circumstances, such as bending, compression or combinations of stresses,
with comparable results and therefore can be used to ensure sustainability. In marine environments,
macro-cells are produced primarily from a transverse reinforcement, which works as an anode and
therefore becomes a critical part of the structural analysis. To evaluate the adaptation efficiency
of our proposed method, the corrosion potential, mass losses and cross-section reductions of the
steel were measured. The shear stress behavior of the beams was investigated, including beam
responses to load deformations, failure modes and cracking. The method ensured that all the beams
exhibited a shear failure from diagonal stress with almost 50% less deflection when mechanically
tested. The critical cross-sectional area, calculated according to the experimental diameter with the
greatest cross-sectional loss due to the corrosion of the deteriorated stirrup, proved to be a reliable
value for predicting the ultimate shear strength of concrete beams deteriorated by severe corrosion.
A reduction of up to 30% in the shear strength of deteriorated versus non-deteriorated beams was
found. Additional results showed that there is a correlation between the experimental and theoretical
results and that the method is reproducible.

Keywords: corrosion; deterioration; stirrup; concrete; beams

1. Introduction

One of the primary problems associated with reinforced concrete elements exposed to marine
environments is the attack of the reinforcing steel by chloride ions. The chloride ions enter the concrete
either by diffusion, by absorption, by convection or by a combination of these processes [1]. Most often—and
whatever the mode of entry—the stirrup is the reinforcement that is initially affected because of its
proximity to the surface; however, the stirrup makes a significant contribution to the shear strength of
a reinforced concrete beam. Therefore, the corrosion of the transverse reinforcement in concrete is an
important topic for many researchers because of the mechanical impacts generated by the reduction
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in the cross-section of the stirrups resulting from deterioration by corrosion. In the literature [2–5],
several studies have focused on evaluating the mechanical properties and durability of this type of
structural element. Some of these studies have assessed the effects of deterioration caused by corrosion
in reinforced concrete beams over decades [6–8]. In most previous studies, the beams were exposed to
aggressive environments for more than 20 years, which promoted the generalized corrosion of the
reinforcements. These studies showed that modifying the rigidity and ultimate deformations has a
significant impact on the mechanical behavior, decreasing the ductility of the beams [9]. However,
because the entire reinforcement is affected, it is difficult to extract discriminated information from
the existing mechanical phenomena. In this regard, studies have been performed to determine the
effect of deterioration by corrosion in stirrups; specifically, the behavior of shear stress in concrete
beams [10–12]. In these studies, accelerated corrosion was produced by inducing a current in the
stirrups. Additionally, the specimens were submerged in salt solutions with different concentrations,
resulting in decreases in the mechanical properties of the beams. Nevertheless, despite the similarities
in the techniques and methodologies used, there were remarkable differences, primarily in terms of the
methodology used to create corrosion to cause a shear failure. In some cases, cracks appeared in the
bars longitudinally, showing potential corrosion damage. Similarly, the specimens exhibited different
failure modes when testing the shear stresses of the beams. Previous studies showed results that,
although extremely valuable, are difficult to compare because they were methodologically different,
even though the effects of corrosion on shear reinforcements were studied. In this regard, searching for
a comparison mechanism among studies, a previous study [13] attempted to isolate the shear strength
using a diagonal stress on the beams to obtain deterioration results that were more comparable with
those of other studies. The approach was different from previous studies; the beams were exposed
to humidification and drying cycles using a 3.5% NaCl solution until the steel was de-passivated.
Then, a current of 100 µA/cm2 was applied for a period from 80 to 120 days to reach moderate and
severe corrosion levels in the stirrups. The results showed a significant differentiation among the
states of deterioration associated with a preponderant mechanical effect; i.e., shear stress. With this
method, the influence on ductility (increase of fragility), loss of cross-section and remaining strength
of the beams were studied to isolate the effect on the shear strength of different deterioration states.
Although the literature can provide data representing the values of different parameters with sufficient
credibility, the goal of our work is to obtain a method that is adaptable to common circumstances in all
investigations and with different sources, which would ensure sustainability. For this reason—and
with the intention of obtaining a simple but effective method for comparing the results of deterioration
by corrosion in concrete beams—a differentiated method for inducing the effect of deterioration by the
corrosion of stirrups, with respect to the shear strength in reinforced concrete beams, both theoretically
and experimentally, is presented and discussed in this work.

2. Materials and Methods

The theoretical and experimental method are described separately below.

2.1. Theoretical Method

Theoretical Electrochemical Method for the Induction of Deterioration in Transverse Reinforcements

Some studies [14–17] have discussed the influence of a cross-sectional reduction on the decrease
of tensile strength in the stirrups, which affects the ductility of the beams; these works also reported
that a reduction by 20% of the cross-section of the stirrups represents severe deterioration, under which
both the steel and the concrete are compromised.

In this study, a reduction of the transverse reinforcement diameter by 10% is taken as representative
of the equivalent of a 20% reduction in the cross-section of the stirrup. Therefore, a maximum loss of
stirrup diameter of 10% is considered to represent severe deterioration with respect to the impacts
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of the stirrups on structural safety. The diameter loss is theoretically estimated as a measure of the
remaining stirrup section with the following equation, as proposed by Andrade [18]:

∅t = ∅i − 0.023icorr∗t (1)

where

∅t = change of diameter in time (mm);
∅I = initial diameter of the bar (mm);
icorr = corrosion rate (µA/cm2);
t = time after starting the propagation period (years);
0.023 = conversion factor used to convert µA/cm2 to years.

The data shown in Figure 1 illustrate the values from Equation (1), using a proposed value of
up to 200 µA/cm2, to realistically reproduce severe corrosion damage and strain [19]. Corrosion
products gradually dissipate with this current density level [20]. Higher values could produce oxide
products that differ from real corroded structures, causing confusion in the interpretation of the results.
In this way, the corrosion damage is theoretically estimated to predict the reduction in the section.
For verification, a reduction of 10% of the diameter was established after 65 days of exposure.
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Figure 1. Loss of diameter and cross-section per time. ∅i = 8 mm, icorr = 200 µA/cm2.

2.2. Experimental Method

The experimental and theoretical methods are linked; however, for the purposes of comparison
and adaptation to other studies, the former could be modified to consider other circumstances.

2.2.1. Concrete Manufacturing

Table 1 is a summary of the mix used in the study. The concrete was manufactured under laboratory
conditions with a water/cement ratio (w/c) of 0.55. Cement type CPC 30R was used, with aggregates
of limestone. The maximum size of the coarse aggregate was 19 mm, and the fine aggregate passed
through mesh No. 4 (mesh opening 4.76 mm). The resulting concrete reached the compressive strength
rate in 28 days.
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Table 1. Mix design.

Cement Water
Aggregate

f’c Slump
Coarse Fine

393 kg 216 kg 960 kg 768 kg 26 MPa 150 mm

2.2.2. Manufacturing the Beams

To evaluate the effect of the deterioration procedure of shear stress behavior, six reinforced concrete
beams—i.e., two control beams with no deterioration (VSD 1 and 2) and four test beams with induced
deterioration (VCD 1–4)—were manufactured; the dimensions of the reinforced concrete beams were
set at 2000 mm × 200 mm × 350 mm. By design, a shear span (a) of 600 mm and an effective depth (d) of
296 mm were determined, thus obtaining a shear span to effective depth ratio a/d of 2.02—a value that
represents a potential shear failure from diagonal stress. The structural arrangement is presented in
Figure 2; the bending reinforcement was placed in two beds with a separation of 20 mm. The first layer
comprised three bars, and the second comprised two bars, with diameters of 16 mm (Fy = 412 MPa)
and number 2.5 bars with diameters of 8 mm (Fy = 460 MPa) for the stirrups. The longitudinal bars
were coated with epoxy paint to avoid any damage by corrosion. The formation of galvanic stacks in
the contact zones between the bending steel and the stirrups was prevented by the addition of electrical
insulation tape. The traditional tie-up was replaced by nylon strips. The arrangement of the assembly
is shown in Figure 3. The verification of this behavior is presented in Sections 4 and 5.
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Figure 2. Structural arrangement to promote shear failure. 

  

(a) (b) 

Figure 3. Assembly preparation for deterioration induction. (a) The reinforcement of the beam
and its connections before being cast; (b) a diagram of the beam with details of connections for
corrosion induction.
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2.3. Method for Accelerated Deterioration Induction

Most significant results about structural behavior can be obtained by artificially corroded
specimens [21]. Therefore, because of a wide and scattered spectrum of results for comparison purposes,
a sustainable and reliable method to generate damage by severe corrosion in the reinforcement is
needed. This is consistent and corresponds with the considerations proposed in the structural behavior
described above for transversal rebars. This method must also comply with the conditions outlined
in Figure 2. The method comprises the application of current, a humidification cycle and a drying
cycle, as shown in Figure 4. The humidification of the beams is accomplished through polyurethane
sponges, with dimensions of 600 mm × 300 mm × 20 mm, placed in the shear area. These sponges
were moistened daily using a 3.5% NaCl solution to ensure that the applied current remained constant.
After a week of humidification, a galvanic current was applied for 65 days to reach a severe deterioration
level. The connection of each stirrup was made with a circuit formed by a rheostat of 0–50 kohm
and a resistance of 1 ohm, with which it was possible to regulate the current applied to each stirrup.
The circuit was connected to a power source of 0–30 volts and 0–5 amperes. A level of 200 µA/cm2

was applied over the total area of each stirrup. The corrosion potential (Ecorr) was monitored with an
Ag/AgCl reference electrode, presented for analysis as Ecorr vs. Cu/CuSO4 (CSE) in the corresponding
charts. Measurements were taken weekly. In the following figures, the corrosion potentials are
presented with respect to the days of effective exposure to deterioration (application of current,
humidification cycle and drying cycle). The measurements of the potentials followed the standard
procedures (ASTM C876 [22]).
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2.4. Mechanical Testing of the Beams

The simply supported beams were tested by applying concentrated loads to 600 mm sections of
the supports, as shown in Figure 5. The test was carried out in a Tinius Olsen universal machine with a
capacity of 200 tons. The total load was measured by a load cell with a capacity of 50 tons. The deflection
at the midspan was measured with a linear variable displacement transducer (LVDT) with a calibration
coefficient of 0.0005 cm. The shear strengths of the control beams without deterioration were determined
at 28 days.
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3. Results

3.1. Visual Inspection

In Figure 6, the visual appearance of the beam VCD-1 side A, after the induction of deterioration,
is shown. The data are representative of all the beams. In Figure 7, the schematic appearance of
the cracks generated in the stirrups during the process for the same beam are shown. The signs of
corrosion—e.g., oxide stains and cracks (location, direction, and dimensions)—were recorded.
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3.2. Measurement of the Corrosion Potentials

As shown in Figure 8, and for all the beams, the potential intervals indicated a negligible corrosion
probability before the initiation of deterioration. Between 21 and 28 days after induction, potential
levels vs. CSE were more negative than −350 mV; therefore, the beams were in a highly corrosive state.
At the beginning of the process, the corrosion potentials of the stirrups showed some variability. This
phenomenon is representative of the actual behavior of structures exposed to a marine environment,
where there are variables that cannot be controlled, such as temperature and relative humidity.
The potential levels measured at 50 and 65 days of exposure to induced deterioration reached values
between −400 mV and −600 mV, respectively, indicating a high probability of advanced corrosion or
severe deterioration, according to ASTM C876.
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3.3. Determination of Cross-Section and Mass Losses in the Transverse Reinforcements

The previously tested beams were demolished to extract the corroded stirrups, as shown in
Figure 9. Subsequently, the actual loss of the mass and cross-section of the transverse reinforcement
was obtained [23]. Under the induced deterioration, the mass loss was as high as 11% on average.
Some authors have reported that when there is a mass loss of 5–10% [24–26], the remaining capacities
of the reinforced concrete beams and the steel/concrete adhesion decrease considerably. In Table 2,
the relation between the theoretical values obtained by Equation (2) and the experimental values
are shown.

W =
ItM

nF
(2)

where

W =metal weight, g, which is corroded in an aqueous solution in the time t, in s;
I = current flux, in Amp;
M = atomic mass of metal, in g/mol;
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n = number of consumed or produced electrons during the process;
F = Faraday constant, 96,500 C/mol.
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Table 2. Relation between
-
x (mass loss per stirrup) and the theoretical estimate.

Beam
Experimental Mass Loss

-
x

Theoretical Mass Loss
by Equation (2) Relation

-
x/

Equation (2)
Stirrup Percentage Stirrup Percentage

VCD-1 43.0 g 11.4% 50 g 12.50% 0.86

VCD-2 30.0 g 8.0% 50 g 12.50% 0.60

VCD-3 40.0 g 10.0% 50 g 12.50% 0.80

VCD-4 37.0 g 10.0% 50 g 12.50% 0.74

3.4. Determination of Chloride Content

In Table 3, the average concentration of chloride by weight of cement for severe deterioration
is shown. The chloride concentration exceeded the maximum limit of total chlorides specified by
ACI 318 [27] for structures exposed to a chloride environment [28]. Similarly, previous studies
have shown that the threshold for total chlorides by weight of cement are from 1.24–2.15% [29,30].
The amount of total chlorides is a parameter that confirms the thermodynamic state of the transverse
reinforcement steel, as evidenced by the Ecorr values in the beams.

Table 3. Chloride content.

Beam % Chloride by Weight of Cement

VCD-1 2.15

VCD-2 3.00

VCD-3 2.30

VCD-4 2.75

3.5. Mechanical Resistance to Shear

The experimental results of shear structural behavior are presented in Figure 10 and Table 4,
where the average deflection for the VSD beams is 11.4 mm. A variation in stiffness can be observed
in VSD beams, although the beams are twins; there are factors that can cause such behavior, such
as variations in the mixing, vibrating and curing of concrete, as well as different cracking kinetics
between the beams. However, the shear strength was very similar. In the VCD beams, the deflection at
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the midspan decreased, on average, by 8.0 mm; i.e., a 29.8% decrease in deflection. In general terms,
the deterioration by corrosion in the shear reinforcements affected the beams’ ductility, as expected,
presenting a fragile and sudden failure; this was more evident in the VCD-1 and VCD-2 beams, which
had a greater deterioration due to corrosion than the VCD-3 and VCD-4 beams, which caused a
reduction in their cracking load. Similarly, the VCD beams decreased their average shear strength by
26% compared to the VSD beams. In Figure 11, the data show a cracking pattern at the end of the shear
test. To avoid confusion, the corrosion cracks in Figure 11 were omitted.
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Table 4. Shear strength (Vu) and deflection at the midspan.

VSD-1 VSD-2 VCD-1 VCD-2 VCD-3 VCD-4

124 kN
9.9 mm

126 kN
12.8 mm

88 kN
6.9 mm

84 kN
8.9 mm

100 kN
8.6 mm

98 kN
7.5 mm

4. Discussion

4.1. Reliability of the Method for the Induction of Cracking in Concrete

A reliable method yields the expected results reproducibly. As the reproducibility increases,
the reliability increases. The design of experiments for the types and sizes of specimens tested in
this study is susceptible to variations in the manufacturing process, the instrumentation, exposure,
the method of obtaining results, etc. More importantly, the nature of the induction of deterioration
affects the design. In this study, the proposed adjustments to an induction of deterioration procedure,
such as isolating the corrosion to a shear zone and making it consistent with what is expected from
the structural calculation, show excellent reproducibility and can thus be used in future studies in
different circumstances. Figure 12 is a schematic of the reproducibility of specific corrosion cracking
patterns of the stirrup on all the beams, where cracks emerge on the concrete surface linearly to the
reinforcement [19,31]. These results also show that there are neither micro-stresses in the concrete
matrix that could have affected the contribution of the concrete central section nor concrete detachments
in any area. This reproducibility was also manifested in the crack widths on the shear reinforcements
whose values were in the range 0.1–0.2 mm, which is extremely narrow for experiments of this size.
None of the cases showed coincident cracking to the bending of the reinforcing bars, as has been
reported previously. A measure of the method’s reliability to induce cracking is the number of stirrups
that failed; in these tests, 36 of 40 stirrups—equivalent to 90% of the total stirrups—failed.Sustainability 2020, 12, x FOR PEER REVIEW 11 of 16 
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4.2. Reliability of the Method to Generate Electrochemical Damage

The reproducibility was also verified through electrochemical monitoring. The evolution of the
potentials with respect to time, shown in Figure 8, illustrates specific behavior. A homogenization
of values at 65 days of exposure illustrates constant aggressiveness. Figure 13 is a representative

196



Sustainability 2020, 12, 8105

configuration of Figure 8. Figure 13 displays the electrochemical value at the location of the transverse
reinforcement that identifies its tendency. Note also that the values of the corrosion potential, despite
being a thermodynamic parameter, move in a narrow band below −350 mV vs. CSE. The exceptions
were stirrups 5 and 6, which coincided with the ends of the sponges, demonstrating that the attack
method must have extreme continuity.Sustainability 2020, 12, x FOR PEER REVIEW 12 of 16 

 
Figure 13. Electrochemical values at the locations of the shear reinforcements. 

4.3. Reliability of the Calculation and the Method to Register Mass Losses in the Cross-Section 

As previously mentioned, the reduction of the mechanical strength in the stirrup is proportional 
to its mass loss. As deterioration from corrosion progresses in the stirrups, the damage is irreversible. 
Therefore, it is important to clarify that, in practice, a 10% loss of cross-section from corrosion damage 
causes significant detachments and an extreme lack of safety that leads in most cases to demolitions 
rather than repairs. In accelerated tests, the attenuation factor plays an important role in the impact 
of the corrosion product, which is reflected in the behavior of the concrete under tensile stress. 
Because of this, the section cracks quickly and significantly [32] from the inability of the concrete 
pores to absorb the generated corrosion products quickly and efficiently. The opposite occurs in 
natural environments; i.e., as they are considered innocuous, the pores have a greater absorption 
capacity for corrosion products, and therefore significant losses of cross-section by shear can occur 
without cracks or significant detachments. Although the natural test is the best representation of 
reality in these cases, the accelerated test stimulates aggressive and destructive conditions. Therefore, 
any prediction based this it will always be conservative. This is important from the structural safety 
and preventive maintenance points of view. As discussed previously, in this study and based on the 
theoretical and experimental schemes, the indicators of severe deterioration were established. The 
indicators were used to evaluate and compare the experimental results through the relation between 
the experimental losses and the theoretical losses. The relation between the average experimental 
mass loss for each stirrup per beam and the loss calculated by Faraday’s Law is shown in Figure 14. 
The upper line in the figure represents the theoretical mass loss estimated by the Faraday equation, 
with a value calculated at 65 days and equal to 50 g per stirrup. The bottom line represents the average 
experimental mass loss per stirrup of 41.25 g corresponding to the values of the trend line with 
triangles in the same figure. These results indicate that the applied experimental methodology and 
the estimation of mass loss are related in an acceptable manner [33]. 

Figure 13. Electrochemical values at the locations of the shear reinforcements.

4.3. Reliability of the Calculation and the Method to Register Mass Losses in the Cross-Section

As previously mentioned, the reduction of the mechanical strength in the stirrup is proportional
to its mass loss. As deterioration from corrosion progresses in the stirrups, the damage is irreversible.
Therefore, it is important to clarify that, in practice, a 10% loss of cross-section from corrosion damage
causes significant detachments and an extreme lack of safety that leads in most cases to demolitions
rather than repairs. In accelerated tests, the attenuation factor plays an important role in the impact of
the corrosion product, which is reflected in the behavior of the concrete under tensile stress. Because
of this, the section cracks quickly and significantly [32] from the inability of the concrete pores to
absorb the generated corrosion products quickly and efficiently. The opposite occurs in natural
environments; i.e., as they are considered innocuous, the pores have a greater absorption capacity
for corrosion products, and therefore significant losses of cross-section by shear can occur without
cracks or significant detachments. Although the natural test is the best representation of reality in these
cases, the accelerated test stimulates aggressive and destructive conditions. Therefore, any prediction
based this it will always be conservative. This is important from the structural safety and preventive
maintenance points of view. As discussed previously, in this study and based on the theoretical and
experimental schemes, the indicators of severe deterioration were established. The indicators were
used to evaluate and compare the experimental results through the relation between the experimental
losses and the theoretical losses. The relation between the average experimental mass loss for each
stirrup per beam and the loss calculated by Faraday’s Law is shown in Figure 14. The upper line in the
figure represents the theoretical mass loss estimated by the Faraday equation, with a value calculated
at 65 days and equal to 50 g per stirrup. The bottom line represents the average experimental mass loss
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per stirrup of 41.25 g corresponding to the values of the trend line with triangles in the same figure.
These results indicate that the applied experimental methodology and the estimation of mass loss are
related in an acceptable manner [33].
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variables, such as the cross-section of concrete, different materials, and the conditions of exposure, in 
any type of environment, allowing comparison between results from different sources. 

Figure 14. Ratio of experimental and calculated mass loss.

4.4. Theoretical and Experimental Comparison of the Shear Damage (Vu/Vn)

The method traditionally used in North America to design a structure is the ACI 318 code [27].
In this regard, the procedure in the structural behavior is designed in such a way that, in terms of
durability, the beams will experience shear failure without bending. The shear strength of the concrete
(Vc), shear strength of the stirrups (Vs) and nominal shear (Vn) were the results of the structural
calculation of the beam, and the structural arrangement is presented in Figure 2. The damage induced in
the stirrups through the proposed method to produce deterioration by corrosion generated mechanical
repercussions, decreasing the ultimate shear strength from 20% to 30% for all VCD beams, according to
the data in Table 5. Under these conditions, the data indicate that the partial reduction of the stirrups’
section contributed more to the reduction of the ultimate shear strength of the VCD beams than of the
VSD beams. Similarly, a change in the deflection at the midspan is exhibited in all the beams; therefore,
the reduction in rigidity is caused by an increase in the fragility of the structure from internal pressures
generated by the corrosion products. In addition, because all the beams contain the same variables
(compressive strength, assembly, dimensions, deterioration), they can be compared. The data in Table 5
show a comparison between the values obtained experimentally and those estimated theoretically.

Table 5. Mechanical characteristics for VCD and VSD specimens.

Beam
Diameter (mm) Shear Strength (kN)

Theor.
-
x exp. Critical Vs Vc Vn Vu Vu/Vn

VSD-1 8.00 7.90 8.00 87 46 133 124 0.93
VSD-2 8.00 7.90 8.00 87 46 133 126 0.95
VCD-1 7.20 7.20 6.05 51 46 97 88 0.91
VCD-2 7.20 7.20 5.90 49 46 95 84 0.88
VCD-3 7.20 7.26 5.38 39 46 85 100 1.18
VCD-4 7.20 7.30 5.40 41 46 87 98 1.12

5. Conclusions

The delimitation of the method and its verification will enable other studies to combine variables,
such as the cross-section of concrete, different materials, and the conditions of exposure, in any type of
environment, allowing comparison between results from different sources.
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The method used in this work ensured that all the beams exhibited shear failure from diagonal
stress when mechanically tested with almost 50% less deflection.

It was verified that, when using the proposed deterioration scheme, the values of Ecorr drastically
decreased, generating severe corrosion in the shear reinforcements. The visual inspection of the beams
confirmed the previous statements by the appearance of rust spots and cracks at the locations of the
stirrups. The proposed method for the induction of deterioration by corrosion was reliable in terms of
the reproducibility in corrosion potential values for each stirrup and with respect to the patterns and
crack widths.

The previous general conclusions support the specific conclusions that follow, which can be
readily compared with those of other studies in the literature.

The total mass loss of the stirrups was approximately 40–43 g per beam, which represents a
decrease of approximately 11%.

The critical cross-sectional area, calculated with the experimental diameter with the greatest
cross-sectional loss by corrosion of the deteriorated stirrup, proved to be a reliable value for predicting
the ultimate shear strength of concrete beams deteriorated by severe corrosion. A reduction up to 30%
in the shear strength of deteriorated beams relative to the beams without deterioration was found.

Finally, there is a correlation between the experimental and theoretical results based on the relation
between the obtained results and the trends determined by the reference equations. This means that
the procedure is reproducible and therefore adaptable to other type of conditions; thus, it is sustainable.
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Abstract: Environmental protection is an important issue in modern society. Most construction
demolition wastes cannot be easily decomposed, thus occupying a lot of space in landfill. Reducing the
demand for new resources is an efficient approach to decrease the environmental burden. Most green
buildings are made from reused and recycled materials. Although there are a variety of green building
materials available on the market, there is no material, as yet, with thermochromic functionality.
This study used a form of face bricks, and six recovered materials, including wood chips, iron powder,
fallen leaves, concrete, newspaper, and silt, to make smart green building materials. The modules were
made in accordance with Taiwan’s green building material regulations. The discoloration efficiency
of indoor and outdoor green building materials was tested, and the RGB (red, green, blue) values of
the face bricks were measured by a color analyzer to observe the discoloration effect. The findings
show that among the A, B, C, and D groups, Group D exhibited the optimal rate of change in color,
and the rates of change in the six recycled waste materials of indoor Group D were wood chips >
newspaper > fallen leaves > concrete > iron powder > silt, while the rates of change in the outdoor
group were newspaper >wood chips > fallen leaves. This study successfully reused waste materials
to reduce the environmental burden, achieve sustainable environmental protection, and ensure both
the aesthetics and quality of the building materials. The results of this study can offer an alternative
choice to architects or space designers when selecting green building materials.

Keywords: waste management; construction demolition waste; thermochromic; green building
material; recycled waste material

1. Introduction

While increased attention is being paid to environmental issues in current times, the issue of
the waste reused and recycled has been widely discussed. Most of the wastes from our daily life or
construction demolition cannot be easily decomposed, thus occupying more and more space in landfill.
Reused or recycled products can be used to reduce the environmental burden. In China, construction
and demolition waste accounts for about 30–40% of total waste production, and there is a large
potential demand for recycled material [1]. Solid wastes cause serious problems in Asian countries
and better solid waste management is needed [2]. In Europe, construction demolition waste accounts
for approximately 25–30% of all waste generated in the European Union (EU), and the EU requested
that its members reuse or recycle construction demolition waste to achieve 70% recycling rates by
2020 [3]. Taiwan’s highly developed social economy and city construction have led to a large amount
of construction waste every year, and effective recovery systems are needed for the proper use of these
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wasted resources [4]. The cyclic utilization of resources contributes to lessening the environmental
load, creates an effective decline in the consumption of waste landfill space, decreases CO2 emissions,
and implements energy saving and carbon reduction [5]. Reuse, recycling, and reduction of the use of
construction materials is the most effective way to solve the waste problem [6], and thus, developing
competitive recycled materials could benefit the construction industry. Moreover, many landfills are at
full capacity, and the high cost of fees increases the need to create a sustainable-resource construction
industry [7]. Applying zero waste concepts to manage construction demolition waste would lead
to a great improvement in waste management [8]. The recycled concrete bricks can be used in the
seismic design of multi-layer masonry buildings [9]. However, as the strength of the bonding mortar
increased, the bearing capacity and deformability of reclaimed concrete brickwork increased, leading
to an increase in the elastic modulus. The hybrid recycling of green building materials and the use of
different industrial or domestic general wastes according to the items of building materials and usable
waste materials showed that the recycling of green building materials had a blending ratio [10].

In terms of lightweight concrete panels, the ratio of waste materials other than cement should
be higher than 50%. Nearly 40% of the resources from building demolition were reused, while the
remaining 60% were sent to landfills. If 60% of waste resources could be completely reused, the effect
of demolition on the environment could be reduced [11–13]. As per the Building Technical Regulations
of Taiwan, the indoor usage rate of green building materials should be more than 60% of the total
area, and the outdoor usage rate of green building materials should be more than 20% of the total
area [14]. The use of green building materials has gained increased attention, and there have been
different green face-brick products available on the market; however, there are no reports regarding
their thermochromic functions.

Different temperature control factors have resulted in thermochromic materials at different
temperatures, which could be mixed with other pigments, and have no color at high temperatures and
color development at low temperatures. These thermochromic materials could change color by controlling
the temperature, solvent polarity, and pH by rearranging the molecules [15]. We overprinted 15 colors of
thermochromic materials by screen printing and observed 255 different trapping effects [16]. In order to
create a nondestructive testing (NDT) method for RC components that reinforce bar position, [17] coated
a thermochromic paint on a concrete specimen surface, and defined the different thermal conductivities
of the reinforcing bars and concrete, which induced differences in color change. The thermochromic
material could be applied to medical treatments, lenses, and packaging, and presented the potential of
color changing products [18]. To control the reversibility of color change for thin film technology, solar
sanitization was also used in [19].

Thermochromic green building materials control the color-changing mechanism of allochroic
microcapsules, mainly by temperature; thus, the average temperatures of different locations in Taiwan
should be determined. According to [20], northern Taiwan has the lowest annual mean temperature of
9.9 ◦C and the highest mean temperature of 39.3 ◦C; central Taiwan has the lowest mean temperature
of 11.3 ◦C and the highest mean temperature of 31.8 ◦C; southern Taiwan has the lowest mean
temperature of 12.0 ◦C and the highest mean temperature of 35.7 ◦C; eastern Taiwan has the lowest
mean temperature of 11.3 ◦C and the highest mean temperature of 36.3 ◦C. According to the above
air temperature variation ranges of different regions in Taiwan, the reference frame of the ambient
temperature for the indoor simulation experiment was set as 9–40 ◦C. Mixed waste materials with
gypsum and allochroic powder to make thermochromic face bricks; however, the strength of the
material required further enhancement [21,22]. White cement as the primary material and doped it
with thermochromic pigment to test the strength [23]. The experimental result showed that, while
the setting time and stability of the cement were not influenced, when the normal water content in
the cement paste was increased by about 13%, the mechanical properties of bending strength and
compressive strength were degraded by 20%–40%. The thermal conductivity of cement was 0.78,
and it had a fairly good thermal insulation effect among different materials, as well as a strong material
structure, high plasticity, good weather resistance, and is resistant to fire; thus, it could be extensively

202



Sustainability 2020, 12, 5630

used [24]. Cement board has a high thermal insulation effect, and white cement has high quality,
better strength than common gray cement, very strong miscibility, and more optional pigments and
admixtures. The three primary colors of light colors are created with ”additive mixtures”, specifically
by mixing the three primary colors of light, such as R + G = yellow, G + B = cyan, and B + R =magenta,
and the “subtractive color mixture”, where the three pigments added up to black. In order to unify the
definition of light colors, in 1931, the International Commission on Illumination defined the standard
wavelengths of RGB (red, green, blue) as 700.0 nm, 546.1 nm, and 435.8 nm, respectively. The hue
values of three primary colors are defined as yellow (R = 255, G = 255, B = 0), blue (R = 0, G = 0,
B = 255), and red (R = 255, G = 0, B = 0) [25]. A study used a color analyzer to measure the RGB
values and HSL (hue, saturation, and lightness) values of object surface color, and analyzed the surface
coatings of different cement mortar specimens [25]. We applied the filling of Mater-Bi to nanoclays to
enhance the biofilm rigidity [26]. We developed biohybrid materials based on halloysite, sepiolite and
cellulose nanofibers, to change the materials’ character [27]. However, to date, there is no report of
allochroic green building material made of white cement mixed with transparent silicon and waste.
Hence, this study mixed white cement with waste and transparent silicon, in order to change the
material color and make it more apparent.

2. Materials and Methods

2.1. Materials

The production of recycling green building materials should follow a certain blending ratio,
which is as high as 50% of waste, in accordance to related regulations for production, indoors and
outdoors experimental analyses [11–13]. Moreover, the effects of color change should also be compared.
In this study, the smart green building materials were made into a face brick, which contained 60% of
waste materials. The size of the face brick was 4.5 cm × 4.5 cm × 1 cm. The face brick was divided,
from bottom to top, into three layers, namely the bottom layer, the allochroic layer, and the surface
layer (Figure 1).

Figure 1. The layering and configuration of face brick

Regarding the bottom layer, the wastes were made into micromolecules smaller than 0.3 cm and
mixed with white cement and water, where the proportions were white cement 15 g (25%), waste
36 g (60%), and water 9 g (15%), as well as 0.5 ml of antioxidants and stabilizers, respectively, which
were mixed for about 1 min and poured into 1.19 cm thick molds. Regarding the allochroic layer,
silicon was used, as it has favorable plasticity, is resistant to weather, UV, and ozone, is neutral,
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and does not influence the deterioration of the material. Moreover, as it has favorable viscosity for most
building materials, there is no aging or cracking, and it can bear a temperature range of −60~150 ◦C.
The allochroic powder 1.5–2 g (8%) was mixed with 11.25–15 g (60%) of transparent silicon and 6–8 g
(32%) of water, to make the allochroic layer, which was 0.3 cm thick and required a drying time of
nearly 24 h. The surface protection coating consisted of a 0.01 cm thick weather-resistant surface
protection coating of Plimates P226 waterproofing paint.

Six kinds of recycled waste materials and four types of allochroic powders of different percentages
were used; thus, 24 face bricks were made for experimental modules. The 24 face bricks were divided
into four groups (ABCD), according to different allochroic powder blending ratios (Table 1). Group
A consisted of common orange pigment (0.5 g model: acryliuqe301) added allochroic powder (Blue
25 ◦C, 2g); Group B consisted of allochroic powder at two different temperatures (Yellow 33 ◦C, 1 g;
Blue 25 ◦C, 1 g); Group C consisted of allochroic powder at three different temperatures (Yellow 33 ◦C,
0.5 g; Blue 25 ◦C, 0.5 g; and Red 20 ◦C, 0.5 g); Group D consisted of allochroic powder at three different
temperatures (Yellow 43 ◦C, 0.5 g; Blue 31 ◦C, 0.5 g; Red 20 ◦C, 0.5 g) (Table 2).

While the fallen leaves, newspaper, and concrete required pre-operation, the six recycled waste
materials were identical. The newspaper and fallen leaves were torn up, mashed in a juicer, soaked in
water, and drained for about one week. In order to reduce the content of chlorophyll and newspaper
ink in the material, and enhance the coloration effect, the water was changed about every 12 hours
during soaking. Before mixing, the concrete was scrapped, but not powdered; otherwise, the pH
level of the concrete would influence the color change. The diameter was controlled within 0.2 cm by
screening after knocking, followed by washing and draining. The silicon was not provided with the
allochroic layer until the bottom layer was semidry (water content 25–45%). The allochroic powder
was dissolved in water and mixed with silicon after uniform color mixing, in order to make the color
uniform. It was then mixed with waste material in particle sizes smaller than 0.1 cm, and finally,
the allochroic layer was prepared in the ratio of 1:1. The color analyzer TECPEL Tech-Link-TES 135 (TES
Electrical Electronic Corp., Taipei, Taiwan) was used for RGB color analysis, and a digital thermometer
was used for brick temperature measurement, where the temperature measurement range was –10 ◦C
to + 70 ◦C. Images were acquired using a Sony DSC-W620 digital camera (14.1 megapixels). Soil
moisture and a DM-15 acidity meter were used to estimate the water content for brick preparation.

2.2. Methods

This experiment was divided into indoor temperature change (both rise and drop) simulation,
and actual outdoor temperature measurement, where the range of simulated temperature change was
9 ◦C–40 ◦C. In the temperature rise test, the face brick was affixed to the wall, an electric heater (Sampo
HX-FB10F) was placed 20 cm in front of the face brick, and electronic thermometers were affixed to the
wall and face brick to measure the indoor temperature, and the face brick surface layer temperature.
The time of temperature change was recorded. In the temperature drop test, ice cubes were placed in a
measuring cup and covered with a plastic cloth to avoid direct contact with the face brick, then the face
brick was placed above the cup, an electronic thermometer was affixed to the surface of the face brick,
and the time of temperature change was recorded. The RGB measurement was performed by a color
analyzer when the temperature increased or dropped by one degree (data domain: 0–255), and the
difference was estimated. In the outdoor experiment, the observation time was 5 a.m. to 10 p.m., where
the face brick with the best effect was placed outdoors and irradiated by sunlight, and the RGB values
were measured per hour. Regarding the indoor and outdoor measurements, the color analyzer was
affixed to the brick surface, measurements were rapidly performed five times, and the average was
taken. The data can provide a basis for the design of indoor and outdoor setups in the future.
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Table 1. Intelligent Green Building Materials.

Materials

Groups
A B C D

Iron powder

           

Newspaper

         

Silt

           

Wood chips

         

Fallen leaves

         

Concrete

        

Table 2. Set up allochroic powder at different temperatures of groups A, B, C, and D.

Color A B C D

Yellow 33 ◦C (1 g) 33 ◦C (0.5 g) 43◦C (0.5 g)
Blue 25◦C (2 g) 2 ◦C (1 g) 25 ◦C (0.5 g) 31 ◦C (0.5 g)
Red 20 ◦C (0.5 g) 20 ◦C (0.5 g)
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3. Results

3.1. Test for Indoors Discoloration Efficiency of ABCD Groups

The 9 ◦C–40 ◦C RGB rates of change of six recycled waste materials of Group A are presented
in Figure 2. The highest rates of change in R value were fallen leaves (73%) and wood chips (58%),
and the lowest rate of change was iron powder (26%). The rates of change of R value from high to
low were fallen leaves >wood chips > concrete > newspaper > silt > iron powder. The highest rates
of change in G values were fallen leaves (21%) and wood chips (20%), and the lowest was silt (9%).
The rates of change of G value were in the order of fallen leaves > wood chips > concrete > newspaper
> iron powder > silt. The highest rate of change in B values was fallen leaves (16%), and the lowest rate
of change was iron powder (3%). The rates of change of B value were leaves >wood chips > concrete >
silt > newspaper > iron powder (Table 3).

Figure 2. Group A; RGB discoloration performance.

206



Sustainability 2020, 12, 5630

Table 3. Group A green building materials discoloration rate of 9 °C to 40 °C RGB.

RGB

Materials
Wood Chips Iron Powder Fallen Leaves Silt Newspaper Concrete

R 58% 26% 73% 28% 39% 45%
G 20% 14% 21% 9% 17% 20%
B 14% 3% 16% 11% 8% 13%

The RGB rates of change of six recycled waste materials of Group B at 9 ◦C–40 ◦C are shown in
Figure 3. The highest rates of change in R value were fallen leaves (81%) and wood chips (85%), and the
lowest rate of change was iron powder (26%). The rates of change of R value from high to low were
wood chips > fallen leaves > newspaper > concrete > silt > iron powder. The highest rate of change in
G value was fallen leaves (59%), and the lowest were silt and newspaper (32%). The rates of change
of G value were in the order of fallen leaves > wood chips > concrete > iron powder > newspaper >
silt. The highest rate of change in B value was concrete (31%), and the lowest was silt (9%). The rates of
change of B value were concrete > Iron powder > newspaper >wood chips > fallen leaves > silt (Table 4).

Figure 3. Group B RGB discoloration performance.
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Table 4. Group B; green building materials discoloration rate of 9 °C to 40 °C RGB.

RGB

Materials
Wood Chips Iron Powder Fallen Leaves Silt Newspaper Concrete

R 85% 26% 81% 36% 72% 62%
G 53% 40% 59% 32% 32% 53%
B 11% 19% 10% 9% 19% 31%

The RGB rates of change of six recycled waste materials of Group C at 9–40 ◦C are shown in
Figure 4. The highest rates of change in R value were for wood chips (97%) and fallen leaves (80%); the
lowest rate of change was iron powder (21%). The rates of change of R value from high to low were
wood chips > fallen leaves > newspaper > concrete > Silt > iron powder. The highest rates of change
in G value were fallen leaves (66%) and wood chips (63%), and the lowest was iron powder (22%).
The rates of change of G value were in order of fallen leaves >wood chips > concrete > newspaper >
silt > iron powder. The highest rates of change in B value were for fallen leaves (57%) and wood chips
(49%), and the lowest was iron powder (7%). The rates of change of B value were fallen leaves > wood
chips > newspaper > silt > concrete > iron powder (Table 5).

Figure 4. Group C RGB discoloration performance.
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Table 5. Group C green building materials discoloration rate of 9 °C to 40 °C RGB.

RGB

Materials
Wood Chips Iron Powder Fallen Leaves Silt Newspaper Concrete

R 97% 21% 80% 43% 70% 61%
G 63% 22% 66% 36% 38% 53%
B 49% 7% 57% 22% 41% 22%

The 9–40 ◦C RGB rates of change of six recycled waste materials of Group D are shown in Figure 5.
The highest rates of change in R value were fallen leaves (99%) and wood chips (88%), and the lowest rate
of change was concrete (30%). The rates of change of R value from high to low were in the order of fallen
leaves >wood chips > newspaper > silt > iron powder > concrete. The highest rate of change in G value
was wood chips (81%), and the lowest was concrete (30%). The rates of change of G value were in the order
of wood chips > newspaper > fallen leaves > silt > iron powder > concrete. The highest rate of change in B
value was wood chips (52%), and the lowest rate of change was iron powder (16%). The rates of change of
B value were wood chips > fallen leaves > newspaper > silt > concrete > iron powder (Table 6).

Figure 5. Group D RGB discoloration performance.
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Table 6. Group D green building materials discoloration rate of 9 °C to 40 °C RGB.

RGB

Materials
Wood Chips Iron Powder Fallen Leaves Silt Newspaper Concrete

R 88% 32% 99% 46% 85% 30%
G 81% 31% 65% 41% 68% 30%
B 52% 16% 38% 21% 29% 18%

Therefore, the amounts, specifications, and combinations of allochroic powders and the changes
in color of the end products resulted in different RGB color change effects and rates of change.
Cumulatively, the rates of change in color were in descending order: Group D > Group C > Group B >
Group A.

3.2. Color Analysis Diagram for RGB Color Change Among ABCD Groups

The RGB of smart green building material was evaluated by a color analyzer, and the data were
integrated, before displaying the actual colors by Photoshop. The color gradual transition process of
Group A recycled waste material was relatively dark in general. Due to contrast color, the color difference
was relatively apparent at low temperature, with an overall poor effect. The wood chips, fallen leaves,
and newspaper of Group B gave brighter colors than in the Group ACD, and they were displayed in blue
at low temperatures. However, the iron powder, silt and concrete were displayed in dark purple at low
temperature. The thermochromic microcapsule was colorless at high temperature and developed at low
temperature; therefore, Group C appeared bright at high temperature. At 25–40 ◦C, the color of Group
C began to fix. According to the color mixing principle, when the temperature was low, yellow + blue
appeared to be green, but green + red appeared to be dark brown, and the color darkened. Group D
appeared to be light green and light yellow at up to 30 ◦C, because of yellow allochroic microcapsule at
43 ◦C, and blue allochroic microcapsule at 31 ◦C (Figure 6).

Figure 6. Group A to D discoloration process of green building materials.
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3.3. Outdoor Group D Discoloration Efficiency Test

The outdoor experiment found that the wood chips, newspaper, and fallen leaves exhibited the
best color change effect. The discoloration range of Group D was wider than Groups A, B, and C;
therefore, they were applicable for outdoor use and the gradual color transition process could be
displayed by Adobe Photoshop. In terms of the amplitude of variations in the RGB values of the
wood chips of Group D in the outdoor experiment, the R, G, and B values were 58%, 27%, and 14%,
respectively, the maximum values of R, G, and B were 231.1, 239.1, and 172.6, respectively. The colors
were yellow to green in general. In terms of the amplitude of variations in the RGB values of the
newspaper of Group D in the outdoor experiment, the R, G, and B values were 58%, 40%, and 25%,
respectively, and with an apparent overall amplitude of variation. In this case, the maximum values of
R, G, and B were 239.3, 255, and 183.5, respectively, and in terms of the amplitude of variation, the R,
G, and B values were 36%, 16%, and 7%, respectively, and with the least apparent overall amplitude of
variation among the three groups. The maximum values of R, G, and B were 242.2, 234.7, and 175.3,
respectively, as shown in Figure 7.

Figure 7. Group D outdoor RGB.
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According to the outdoor experimental data of the three groups, newspaper exhibited the largest
amplitude of variation. The rate of change in the R value of newspaper and wood chips was 58%,
the difference in G value was 13%, and the difference in B value was 11% (Table 7). Therefore, newspaper
provided the best overall effect, followed by wood chips, and then fallen leaves, as shown in Table 7.

Table 7. Group D; green building materials outdoor experiment discoloration rate of RGB.

RGB

Materials
Wood Chips Newspaper Fallen Leaves

R 58% 58% 36%
G 27% 40% 16%
B 14% 25% 7%

4. Discussion

This study prepared and tested six waste materials as smart green building materials, including iron
powder, newspaper, fallen leaves, silt, wood chips, and concrete. Although fallen leaves, newspaper,
and concrete required more preparation in the production process, the finished materials had good
structural properties and discoloration effect. Moreover, as iron powder may be rusted by water,
the chroma and lightness of the discoloration of the green building materials could be reduced, resulting
in a special color effect. In terms of the discoloration effect, as Group C and Group D were mixed with
multistage allochroic powder, they had a better abundance of hue change during discoloration than Group
A and Group B. Due to the properties of wood chips, fallen leaves, and newspaper, these materials had
a better discoloration effect than iron powder, silt, and concrete. The discoloration differences among
the materials can be observed in Figure 6, which may be due to the colors and pH of iron powder, silt,
and concrete influencing the abundance of discoloration hue. According to the outdoor measurement of
the smart green building materials, newspaper has the best overall discoloration effect, followed by wood
chips. Based on the results, newspaper and wood chips are recommended to be processed into green
building materials.

5. Conclusions

According to the results of the indoor experiment, the highest rate of change in RGB was exhibited
by Group D. The rates of change of six materials of Group D were in the order of wood chips >
newspaper > fallen leaves > concrete > iron powder > silt. When the outdoor temperature difference in
the daytime was 8 ◦C, the experimental rates of change were in the order of newspaper >wood chips >
fallen leaves. According to the indoor and outdoor data, the allochroic powder has a discolored reaction
under external environmental disturbance. As indicated, as long as the preset temperature of allochroic
powder was reached, the face brick would change color. These experimental results can provide a
reference to architects or space designers when designing different spaces. The strength of green
building materials, which includes compressive strength, bending resistance, tensile strength, thermal
insulation performance, and sound insulation performance, will be the direction of our further research.
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Abstract: Stainless steel (SS) is increasingly used in construction due to its high strength and
corrosion resistance. However, its coefficient of thermal expansion is different from that of concrete.
This difference raises concerns about the potential for concrete cracking during the hydration process.
To address this concern, a thermal-structural finite element model was developed to predict the
stresses in SS-reinforced concrete (RC) sections during the hydration process. Different curing regimes
were taken into consideration. The analysis was performed in two stages. First, a transient thermal
analysis was performed to determine the temperature distribution within the concrete section as a
function of concrete age and its thermal properties. The evaluated temperature distribution was then
utilized to conduct stress analysis. The ability of the model to predict the stresses induced by the
expansion of the bars relative to the surrounding concrete was validated using relevant studies by
others. The model outcomes provide in-depth understanding of the heat of hydration stresses in the
examined SS RC sections. The developed stresses were found to reach their peak during the first two
days following concrete casting (i.e., when concrete strength is relatively small).

Keywords: concrete; stainless steel; reinforcement; temperature; thermal expansion

1. Introduction

Stainless steel (SS) provides many advantages over conventional carbon steel due to its high
corrosion resistance, and consequently, its lower dependence on the alkalinity of the protective concrete
cover. Using SS bars to reinforce concrete structures results in a significant improvement in their
durability and a reduction in their maintenance and repair costs. As such, the use of SS bars in the
construction industry continues to increase, especially in bridges and coastal structures [1].

Despite the various positive aspects of SS bars, their thermal properties constitute a drawback.
The reason lies in the fact that both carbon steel and concrete have similar coefficients of thermal expansion,
whereas the thermal expansion coefficient of SS is about 80% higher than that of concrete [2,3]. Thus,
when the temperature of an SS-reinforced concrete (RC) section increases, the thermal incompatibility
between the SS bars and concrete results in stresses that are not experienced by carbon steel RC sections.

In early-age concrete, heat is released from the exothermic hydration reaction which occurs
between cement and water. The heat of hydration increases the temperature of the concrete mix
and the embedded reinforcing bars. The temperature increase can reach 55 ◦C in mixes with high
cement content [4]. The variation of the heat of hydration with time is given in Figure 1. Ordinary
Portland cement is composed mainly of aluminate (C3A), aluminoferrite (C4AF), belite (C2S), and alite
(C3S) [5,6]. The hydration reaction produces calcium silicate hydrate (C-S-H) gel and ettringite, which
increase the concrete’s strength. Wet or air curing preserves a satisfactory temperature for the concrete
and improves its properties [7].
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Figure 1. Evolution of heat of hydration as a function of time.

The coefficients of thermal expansion of concrete and carbon steel bars are 1.1 × 10−5 ◦C−1 and
1.2 × 10−5 ◦C−1, respectively [8]. These close values imply an excellent thermal compatibility between
the two materials. However, the thermal expansion coefficient of SS bars can exceed 1.8 × 10−5 ◦C−1 [9].
This relatively large divergence from concrete’s thermal expansion raises concerns about the possibility
of additional thermal stresses that may cause cracks. This scenario is expected to be most critical during
the curing period, while the concrete’s tensile strength is very low, and its temperature is increasing
due to the heat produced during the hydration process.

This paper aims to numerically investigate the influence of the heat of hydration on stress
distribution in SS RC sections, considering the thermal incompatibility between the two materials.
A finite element model is developed and validated to examine the temperature distribution and stresses
developed in SS RC sections. Water and air curing regimes are considered in the analysis.

2. Material Models

2.1. Concrete

The variations of the concrete compressive strength (fc) and tensile strength (ft) with time were
assumed to follow the values reported by Jin et al. [10] and Kim [11], as summarized in Figure 2, where
fc’ and ft’ are the 28-day compressive and tensile strength, respectively. The concrete constitutive
relationship was assumed to follow the model proposed by Jin et al. [10] and was idealized using the
ANSYS multilinear model [12]. The concrete strain at peak stress and Poisson’s ratio were assumed to
be 0.002 and 0.30, respectively. Concrete failure was assumed to correspond to the crushing strain for
unconfined concrete (εcu = 0.0035) [3]. The normalized compressive stress–strain relationship at various
concrete ages is shown in Figure 3. The figure shows that concrete compressive strength increases
with time, whereas its ductility decreases. The tensile behavior of concrete is predominantly brittle.
Concrete was assumed to resist tensile stresses up to the cracking point, beyond which the tensile
capacity of concrete drops to zero. The coefficient of thermal expansion of concrete, its specific heat,
and its density were assumed at 1 × 10−5 ◦C−1 [3], 920 J/kg·◦C [13], and 2300 kg/m3 [14], respectively.
The thermal conductivity of concrete was assumed to follow the values provided by EC2 [14], as shown
in Figure 4.
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(a) fc/fc’ (b) ft/ft’ 

Figure 2. Variation of concrete strength with time.
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Figure 3. Stress-strain curves of concrete at early age.
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Figure 4. Thermal conductivity for concrete at different temperatures.

2.2. Stainless Steel Bars

The constitutive relationship of SS bars was assumed based on the experimental work of Chen and
Young [15]. The coefficients of thermal expansion of austenitic 316LN and duplex 2205 SS bars were
assumed at 17.8 × 10−6 ◦C−1 and 13 × 10−6 ◦C−1, respectively. The density, specific heat, and thermal
conductivity of the bars were taken as 7750 kg/m3, 440 J/kg·◦C [11], and 15 W/m·◦C [16], respectively.

3. Finite Element Model

Figure 5 shows a typical SS RC section considered in the analysis. The examined parameters
were the section height (h), section width (b), concrete cover (c), and bar diameter (d). The section was
assumed to be reinforced with two SS bars in tension and compression.

A two-dimensional thermal-structural analysis was performed using ANSYS 17.2 finite element
software [12]. Since the section was doubly symmetric in terms of geometry and applied temperatures,
only the bottom-left quarter was considered in the model. The analysis was performed by (1) selecting
appropriate elements, (2) specifying thermal and structural material properties, (3) performing thermal
analysis to determine the temperature due to heat of hydration at a specific time, and (4) performing a
static structural analysis to determine the induced stresses and examine the potential for cracking.

3.1. Thermal Analysis

Both concrete and SS were modeled using PLANE77 [12], a two-dimensional 8-node thermal
solid element. The element makes it possible to conduct two-dimensional steady-state analyses and is
characterized by its temperature shape functions, which are well-suited to model curved geometries
such as the boundary between the concrete and the SS rebars. SURF151 and CONTA171 elements [12]
were used at the boundary of the SS bar to model the interaction between the SS rebar and the
surrounding concrete. A typical meshed section is shown in Figure 6. The optimum mesh density
was chosen by performing a preliminary sensitivity analysis. A preliminary mesh, which was refined
around the SS rebar, was first assumed. The mesh was then further refined until the variation in the
principal stresses between subsequent refinement reaches could be considered negligible.
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Figure 5. Typical stainless-steel (SS)-reinforced concrete (RC) section.

 
Figure 6. Thermal analysis mesh.

RILEM Committee 42 [17] provided details about an experimental program that determined the
relationship between the total heat liberated during the hydration reaction and time considering various
water/cement ratios. For a water/cement ratio of 0.4, which ensures an adequate amount of water to
complete the hydration process, the relationship is shown in Figure 7. The internal heat is generated
by applying this relationship as a uniform internal energy that varies with time. Heat transferred by
convection was applied on the exposed boundaries using convection coefficients of 12 kcal/m2·h·◦C
and 4.3 kcal/m2·h·◦C for water and air curing, respectively [18–20].
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3.2. Structural Analysis Model

The thermal 2D element (PLANE77), used in the thermal analysis, was replaced with an equivalent
structural element (PLANE183) to model the concrete and SS rebars. This high-order 8-node element
provides quadratic displacement behavior with two translational degrees of freedom at each node.
This feature allows the element to accurately capture the stress distribution. A typical structural mesh
is illustrated in Figure 8. The nodes along both lines of symmetry were restrained against orthogonal
translational movement, whereas the nodes along the free edges were unrestrained. The temperature
values reached in the thermal analysis stage defined the applied thermal loads.

 

Figure 7. Heat of hydration at different ages.

The contact between concrete and the boundaries of the SS bars was simulated by CONTA172 [12]
and the associated target element TARGE169 [12]. These elements could capture the deformations
of the boundaries. Concrete was considered as the target element, as it was expected to resist the SS
rebar expansion.

 
Figure 8. Structural finite element model.
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4. Validation

Unfortunately, the current literature lacks experimental data related to the effect of radial thermal
expansion of SS bars on early-age concrete. However, Du et al. [21] conducted a finite element
analysis to determine the influence of corrosion-expansion of steel bars on the structural response
and cracking behavior of concrete elements. The results revealed the significant role of reinforcement
radial expansion on crack formation. A finite element model was also developed and validated by
Du et al. [21]. Clark and Saifullah [22] conducted accelerated corrosion tests to study the effects of
corroded reinforcement on bond strength and concrete cracking.

Since the mechanism of stress development in the proposed research is similar to that of corroded
bars, the results obtained by Clark and Saifullah [22] are considered to validate the finite element model.
The RC section considered by Clark and Saifullah [22] had cross-sectional dimensions of h = 175 mm
and b = 150 mm. A maximum mesh size of 3 mm was used to model the concrete. Reducing the size
to 2.5 mm was found to alter the stresses by 0.2%, which was assumed negligible. The concrete was
modeled with a void at the location of each corroded bar. The radial thermal expansion of the steel
bars due to corrosion was simulated by applying radial displacement at the concrete nodes in the
vicinity of the voids.

The variation of radial expansion at cracking with the ratio of concrete cover to bar diameter (c/d)
was determined and compared to the results obtained by Clark and Saifullah [22], as illustrated in
Figure 9. The prediction error ranged between 9% and 14%, which is considered acceptable given the
complexity of the problem.

The obtained crack pattern was evaluated and compared to the data provided by Clark and
Saifullah [22], as shown in Figure 10. As the radial expansion of the corroded reinforcement increased,
the cracking of concrete followed the same stages described by Clark and Saifullah [22]: (1) internal
cracks, as shown in Figure 10a, which started at a radial expansion of 0.00044 mm, as compared to
0.00050 mm by Clark and Saifullah [22]; (2) external cracks, as shown in Figure 10b, which resulted in
the formation of surface cracks at a radial expansion of 0.00135 mm, as compared to 0.00120 mm by
Clark and Saifullah [22]; (3) penetration cracking, as shown in Figure 10c, which connected the surface
cracks with the internal ones at a radial expansion of 0.0016 mm, as compared to 0.001 mm found
by Clark and Saifullah [22]; and (4) ultimate cracks, as shown in Figure 10d, which included all the
potential cracks at a radial expansion of 0.0019 mm, as compared to 0.0017 mm as found by Clark and
Saifullah [22].

 
Figure 9. Radial expansion at cracking.
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    Proposed Model      Clark and Saifullah [22] 

(a) Internal Cracks 

       Proposed Model    Clark and Saifullah [22] 

(b) External Cracks 

     Proposed Model     Clark and Saifullah [22] 

(c) Penetration Cracks 

      Proposed Model     Clark and Saifullah [22] 

(d) Ultimate Cracks 

Figure 10. Stages of concrete cracking due to the radial expansion of steel bars.

5. Parametric Study

A parametric study was carried out to investigate the influence of varying the cross-section
dimensions, bar diameter, SS type, and curing method on the radial thermal stresses developed in
SS RC sections. Two sections, with dimensions of 300 mm by 300 mm and 600 mm by 600 mm,
were considered in the analysis. Both 316LN and duplex SS bars with diameters of 20 mm and 30 mm
were examined. Both air curing and water curing were considered. Concrete cover, concrete tensile
strength, and concrete compressive strength were assumed at 35 mm, 3.8 MPa, and 30 MPa, respectively.
Therefore, a total of 16 different cases were assessed.

Based on a sensitivity analysis, the optimum mesh size was chosen to vary between 0.85 mm for
locations adjacent to the reinforcing bars and 4.0 mm at the core of the concrete section. Boundary
conditions and the generated heat of hydration were applied, as discussed previously. Changing SS bar
diameter was found to have negligible influence on the temperature distribution within the concrete
section, resulting in a maximum difference of less than 1%. Additionally, varying the SS bar type did
not have any effect on the temperature distribution, as both 316LN and duplex SS bars possess almost
identical thermal properties.

The variation of temperature with time due to the hydration reaction at a point located at the center
of the considered RC sections is illustrated in Figure 11, considering 20 mm SS bars (D20), sections with
300 mm or 600 mm dimensions (C300 or C600), and cooling using air or water (A or W). All curves
followed the same general trend, which was characterized by a sharp increase in temperature during
the initial period until reaching a peak value at about one day. After that, the temperature decreased
gradually with a decreasing rate. For the same cross-sectional dimensions, air-cured specimens
exhibited higher temperature values than their counterparts subjected to water curing. This was
caused by the higher convection coefficient for water, which affected the heat transfer at the interface
between the concrete specimens and the surrounding medium.

The rising rate of temperature in the air-cured specimens was found to be about 50% higher than
the water-cured specimens, considering a width of 300 mm. By increasing the specimen’s width to
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600 mm, the change in rate dropped to about 25%. This variation was attributed to the larger volume
in the second case, and consequently, the further away the center of the section was from the surface.
Therefore, the internal points were less affected by the variation of the curing regime as the dimensions
of the concrete block increased.

Doubling the side length of the examined concrete sections from 300 mm to 600 mm resulted in
increasing the initial rate of temperature from 15.3 ◦C/day to 30.3 ◦C/day for air-cured specimens and
from 7.8 ◦C/day to 22.8 ◦C/day for water-cured specimens. This change is attributed to the higher
amount of heat energy from the exothermic hydration reaction in larger specimens as compared to the
smaller ones.

After one day, the heat energy released from the hydration reaction decreased gradually.
This resulted in reducing the temperature, as indicated in Figure 11. In the 300 mm specimens,
the reduction rate was almost identical for both air curing and water curing. However, by increasing
the section dimensions to 600 mm, the reduction rate in the water-cured specimens became about 25%
higher than that of the air-cured specimens. This was attributed to the larger distance from the section
center to the surface and the higher heat energy generated in larger specimens.
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Figure 11. Variation of maximum hydration temperature with time.

Peak temperature distribution within the D20–C600 specimen after one day is shown in Figure 12a,b
for water-curing and air-curing regimes, respectively. For both regimes, the temperature was at its
maximum at the concrete center and its value decreased gradually until reaching the surface. At any
point within the examined sections, temperature was lower in the water-cured specimens than the
air-cured specimens. This difference was more apparent in the outer elements located near the curing
medium. The temperature of the embedded SS bar was assumed to be identical to that of the adjacent
concrete elements.

Figure 13a,b illustrate the variation of the principal tensile stresses considering 316 LN and duplex
SS bars, respectively. The concrete tensile strength is also shown. The continuous increase in concrete
tensile strength was attributed to the continuous hydration reaction, taking place in the early-age
concrete. The principal tensile stress increased during the first day until reaching a peak, beyond
which a gradual decrease was experienced over a longer duration. This behavior followed the trend of
the temperature distribution resulting from hydration reaction. As the temperature increased, thermal
expansion in the SS bars increased at a higher rate than the surrounding concrete, causing higher
thermal stresses to develop. It should be noted that for all analyzed samples, the developed tensile
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stresses were lower than the tensile strength of concrete, and thus concrete cracking was not expected
to occur.

 

(a) Water curing 

 

 (b) Air curing 

Figure 12. Temperature variation after 1 day for D20-C600.

Figure 14 illustrates the principal stress distribution in Section D20-C300 after 1 day of hydration.
The figure shows that the principal stress in concrete was at a maximum near the SS bars and decreased
toward the surface. Changing the size of the SS bar from 20 to 30 mm had an insignificant effect on
the peak tensile stress since the temperature variation did not exceed 5%. Increasing the section cross
section from 300 mm by 300 mm to 600 mm by 600 mm increased the developed stresses by an average
of 55% around the SS bar. By changing the curing regime from water curing to air curing, a 150%
increase in stress was observed in all sections reinforced with 316 LN SS bars. Considering duplex
reinforcement, the stresses increased by 100% for C300 sections and by 60% for C600 sections.

The variation of the maximum radial compressive stresses in the SS bars with concrete age is
illustrated in Figure 15. In all specimens, the peak stress was reached after one day of curing, when the
temperature in the vicinity of the SS bar was the highest. After that, the heat generated from the
hydration reaction decreased with time, leading to a continuous reduction of the peak stress until
reaching a minimum value at the end of the examined period. Varying the size of the SS bars from
20 mm to 30 mm had a negligible influence on the maximum radial compressive stress developed in
the bars. Doubling the dimensions of the square cross section increased the stresses by about 50%.
The curing method was found to have a significant influence on the induced stresses in the SS bar with
time. For specimens with the same cross-sectional dimensions and bar size, water curing caused a
reduction in the principal compression stress in the SS bar by about 65% and 40% compared to the
air-cured specimens for duplex and 316 LN bars, respectively.

Figure 16a,b illustrate the variation of the radial thermal expansion of 316LN and duplex SS bars
in early-age concrete, respectively. The peak expansion was detected after one day due to the high
activity of the hydration reaction and the excessive generation of heat energy. After that, a gradual
decrease was noticed due to the reduction in the hydration rate. Increasing the diameter of the SS
bars from 20 mm to 30 mm increased the radial expansion by about 35% and 65% in water-cured and
air-cured specimens, respectively. Increasing the cross section from 300 mm by 300 mm to 600 mm by
600 mm raised the expansion by just under 50%. This was attributed to the higher temperature reached
in the larger sections at the same concrete age. Changing the SS reinforcement from duplex to 316 LN
increased the expansion by 40% due to the difference in thermal coefficient between the two SS types.
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Figure 13. Maximum tensile principal stresses at various ages.
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(a) Water curing 

 

 (b) Air curing 

Figure 14. Tensile stress contours after 1 day for D20-C300.
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Figure 15. Maximum compressive principal stresses at various ages.
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(i) Air curing  

 

(ii) Water curing 

(a) 316 LN 
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(ii) Water curing 

(b) Duplex 

Figure 16. Radial thermal expansion of SS bars at different ages.

6. Summary and Conclusions

A thermal-structural finite element model was developed to analyze the behavior of stainless-steel
reinforced concrete sections during the hydration process. First, a transient thermal analysis determined
the temperature distribution within concrete. Then, a structural analysis determined the stress
distribution inside concrete and stainless-steel radial expansion.

The variation in thermal expansion between concrete and SS resulted in the development of thermal
stresses near the bars. These stresses do not develop in the case of carbon steel RC sections. Using
duplex SS bars minimized these stresses and the radial expansion of SS. The maximum temperature
inside concrete was affected by the size of the specimen. The radial thermal expansion of SS was
affected by the temperature generated from the hydration reaction in the surrounding concrete and by
the diameter of the SS bar. This expansion was restrained by the concrete matrix and generated thermal
stresses in the vicinity of the steel bars. During the first two days, the concrete strength was relatively
small, whereas the generated stresses were at their peak. Therefore, minimizing the temperature is
important to control the radial expansion of SS bars, especially within the first two days of casting the
concrete. Continuous water curing of concrete reduced the principal stresses. For the analyzed cases,
the developed tensile stresses were not expected to cause concrete cracking.
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Abstract: The amount of energy dissipated during an earthquake depends on the type of failure of
the concrete element. Shear failure should be avoided because less energy is spent than that due to
bending failure. Compression controlled failure is usually avoided by increasing the thickness of a
wall. Considering that the current code largely decreases this strength, this becomes hard to achieve
in practice. Because of that, the analysis described in this paper is made to determine the reason for a
large strength reduction at high curvatures. Mechanisms contributing to compression controlled shear
strength are analysed. Using Rankine’s strength theorem, section equilibrium, arch mechanism and
bending moment-curvature diagrams, the influence of different parameters are observed and charted.
The findings are compared to the existing procedures and a new, simple and safe analytical equation
is derived. Compression controlled shear strength is mainly influenced by axial force, followed by
the amount of longitudinal reinforcement and the achieved confinement. Results show that the value
of strength reduces significantly with the increase of ductility and that some reduction exists even for
lower levels of curvature. Current code provisions may lead to unsafe design, so designers should be
careful when dealing with potentially critical walls.

Keywords: analytical model; ductile walls; shear strength; capacity reduction; Eurocode 8

1. Introduction

Reinforced concrete walls are often used as elements for ensuring the lateral strength and stability
of a structure. During an earthquake, a large amount of energy is released. In order for a structure
to dissipate that energy, plastic deformations must occur and high ductility is necessary. To ensure a
ductile behaviour, shear types of failure should be avoided and bending failure should precede it [1].
This is typical for reinforced concrete and masonry structures. Three types of shear failure are possible:
due to diagonal tension (also called tension failure in this paper), due to diagonal compression (also
called compression failure in this paper) and due to sliding [2]. They are presented in Figure 1.

Figure 1. Shear failure: (a) tension controlled; (b) compression controlled; (c) sliding.
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Both tension controlled and sliding failures can be avoided by adding reinforcement.
In fact, the tension controlled strength of concrete is usually considered to be non-existent.
Horizontal reinforcement is added to increase it. As for sliding, diagonal reinforcement may be
added at the base of the wall. Compression controlled failure cannot be increased by any reinforcement
according to the Eurocode for the design of new structures, EN 1998-1 [3]. According to the Eurocode for
the assessment of existing structures, EN 1998-3 [4], reinforcement significantly increases strength—so
much so that there is no upper limit to its influence. This discrepancy between the two parts of the
same standard seems confusing, to say the least. European standards differentiate between three levels
of ductility: low (DCL), medium (DCM) and high (DCH). Only the last two are applicable to buildings
designed in seismic regions. According to [3], shear compressive strength for DCL and DCM can be
determined with an equation given in Eurocode for the design of concrete structures, EN 1992-1-1 [5].
Buildings designed with DCH have a reduced value of compressive strength according to [3].

Experiments [6–8] show that reduction is also needed for DCM, but according to [9] it was not included
in the code for new structures [3], so as not to limit the use of wall systems. It was included, however,
in the code for existing structures [4]. The equation derived in [6] is purely empirical. It was later slightly
modified in [8]. According to the fib Model Code 2010 [10], compressive shear strength is modified because
of dynamic nature of the load, regardless of the required ductility level. Theoretical models of compressive
shear strength reduction of columns have been explained in [11–18]. In addition to what was previously
mentioned, experimental data on the shear strength of walls is given in [19–23], while analytical equations
can be found in [24], but only for walls failing in bending or sliding.

In addition to the reduction of shear strength with higher ductility demand, shear demand
increases because of the dynamic nature of the load. The reason for this is that during an earthquake
shear force does not decrease as much as the bending moment (a smaller reduction/behaviour factor
for shear than for bending should be implemented). This increase in demand is not correlated with the
reduction of shear strength, so both should be considered when designing a structure. This usually
means that a shear check is hard to carry out in practical structures. Only strength will be considered in
this paper, but a detailed literature review about the dynamic increase of shear demand can be found
elsewhere [25–28].

2. Methods of Determining Shear Strength

Four different methods will be analysed in this section—three from the existing codes and one
based on the mechanical principles. The first three represent the currently used procedures, while the
last one will be used to try and develop a new equation. Although some parts of this equation were
proposed before [11–13], a unification of different mechanisms is presented in this paper. A parametric
analysis was made and the influence of each parameter was analytically assessed. Some parameters
that are usually not mentioned, like the reinforcement ratio or the ultimate curvature, are also discussed.
Since analytical expressions are preferred to the empirical ones, and this mode of failure is critical, it is
important to develop a simple unified equation with clear mechanisms.

2.1. EN 1998-1 Provisions

Code EN 1998-1 [3] defines diagonal compressive strength in the same way as code EN 1992-1-1 [5],
by an expression (Equation (1)):

VRd
EN-1 = αcw × bw × z × ν1 × f cd/(cotθ + tanθ), (1)

where:

αcw coefficient of normal force influence,
bw breadth of a wall,
z internal lever arm (according to [3], it can be estimated as z = 0.8 × h),
h height of a wall cross section,
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ν1 influence of cracks on strength ν1 = 0.6 × (1 − f ck/250),
f cd design compressive strength of concrete and
θ compression strut angle (according to [3], the value of θ = 45◦ may be adopted).

The coefficient of normal force influence can have a value of 0 ≤ αcw ≤ 1.25. For walls designed in
accordance with [3], the coefficient can have a value of 1.0 ≤ αcw ≤ 1.25. In other words, compressive
force has a positive influence on shear strength. According to section 5.5.3.4.2 (1) (b) of code [3],
compressive shear strength should be reduced to 40% of the value defined by Equation (1) when DCH
is used, but no reduction is required if DCM (or DCL) is used. No clear direction is given as to what
must be designed as DCH, which could lead to an engineer choosing a lower ductility class because it
is less restrictive. This would mean a lower safety of a structure and should be avoided.

2.2. EN 1998-3 Provisions

Code EN 1998-3 [4] defines diagonal compressive strength based on the experimental results
summarized in [6–8]. The most recent paper, [8], proposes the following expression for shear strength
(Equation (2)):

τRd
EN-3 = 0.765 × [1 − 0.06 ×min (5; µθpl)] × [1 + 1.8 ×min(0.15; N/(Ac × f c))] ×

[1 + 0.25 ×max(1.75; 100 × ρtot)] × [1 - 0.2 ×min(2; Ls/h)] ×min(
√

f c; 10 MPa),
(2)

where:

µθ
pl plastic rotation ductility factor µθpl = µθ – 1,

µθ rotation ductility factor,
N axial force,
Ac cross section area of concrete,
ρtot total vertical reinforcement ratio and
Ls/h ratio of shear span to cross section height.

Equation (2) differs from the one given in [4] in some respects. Firstly, the constant 0.765 is
substituted with 0.739 for primary seismic walls, and a shear force VRd is given, rather than shear stress
τRd. To obtain the shear force, τRd should be multiplied by bw × z. It is obvious that the differences
proposed in [8] and in [4] are not large. Since [8] is more recent and might be used in the new generation
of codes, Equation (2) will be used in the rest of this paper. It is clear that Equations (1) and (2) have a
completely different form, although both are used in the same collection of standards. Equation (2)
is also dimensionally inconsistent, but many standards [29–31] propose dimensionally inconsistent
equations. While (1) is developed from mechanical considerations, (2) is purely empirical.

In Equation (2), ductility is considered with a factor µθpl. Ductility may be expressed in a
few different ways, most commonly with respect to deflection µ∆, rotation µθ or curvature µφ.
Rotation ductility is used in Equation (2), but curvature ductility will be used in the analytical analysis
because it is easier to calculate the curvature ductility explicitly (but hard to measure). Although the
curvature is denoted with 1/r in code [5], in this paper φ will be used. Ductility classes DCM and
DCH differ only in the required ductility. The reduction of compressive shear strength with respect to
ductility is given in Table 1. The reduction in Table 1 is defined only with respect to ductility, in other
words only (1 − 0.06 ×min (5; µθpl)) is calculated for different levels of ductility. Term reduction is
used throughout this paper to denote the ratio of strength determined by a specific method and the
strength determined using the Equation (1). Some mechanisms cause an increase of strength, but it
will still be called reduction in this paper for the sake of expediency and the comparison of data.
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Table 1. Influence of ductility on shear strength according to (2).

µθ
pl Reduction

0 1.00
1 0.94
2 0.88
3 0.82
4 0.76
≥5 0.70

It is clear from Table 1 that the increase in ductility continually decreases the shear strength, which
is not in accordance with the proposal given in [3], where no reduction is used for DCM. Moreover, it is
visible that ductility influences strength by 30% at most, unlike what is mentioned in code [3], where
60% reduction is proposed for DCH. Of course, different parameters might further reduce the strength,
but that may happen regardless of the ductility class. Furthermore, it is not clear from Equation (2)
how the cyclic and dynamic nature of the load influences the strength. It is mentioned in both [4]
and [8] that the reduction is due to dynamic effects, but this is in no way apparent. Another thing that
is not apparent from Equation (2) is which value of compressive strength should be used—mean or
characteristic, confined or unconfined.

2.3. Fib Model Code 2010 Provisions

The fib model code [10] suggests the use of one of the three levels of precision to determine shear
strength. The compression controlled failure in all of them is defined by an equation (Equation (3)):

VRd
fib = kc × f cd × bw × z × cotθ/(1 + cot2θ), (3)

where: kc = 0.55 × (30/f ck)1/3.
Equation (3) is used to determine the strength due to monotonic loads. For dynamic loads,

Equation (3) should be reduced by an Equation (4) (reduction of strength):

ν = 0.3 × (1 − f ck/250). (4)

In Table 2, the reduction of shear strength is given with respect to concrete compressive strength.

Table 2. Reduction of cyclic compressive shear strength according to (4).

Concrete Class Reduction ν

C20/25 0.28
C25/30 0.27
C30/37 0.26
C35/45 0.25
C45/55 0.25
C50/60 0.24

It is clear from Table 2 that the reduction is significantly larger according to the fib Model Code
2010 [10] than what is proposed in [3]. It is also important to notice that Equations (1) and (3) differ,
so that reductions should not be compared directly. The important thing is that the reduction proposed
by fib is not correlated with ductility, but only with the dynamic nature of the load. If this is the source
of the reduction, why does EN 1998-1 differentiate between different ductility classes? Both the DCM
and DCH structures experience a dynamic load during an earthquake. Another important thing to
notice is that neither fib nor EN 1998-1 consider ductility explicitly.
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2.4. Comparison of EN 1998-1 and EN 1998-3 Provisions

Compressive shear strength is calculated by Equations (1) and (2) and their comparison made for
the high ductility class. DCH in [3] is not associated with a unique ductility, but rather depends on
the system used, its geometry and simplicity. In this paper, a ductile wall system will be considered
because the behaviour of such a system primarily depends on the behaviour of walls. For frame and
coupled wall systems, the behaviour factor is usually larger. The behaviour factor for a DCH wall
system is q ≥ 4.0.

The rotation ductility factor and curvature ductility are correlated to the behaviour factor by the
Equation (5) used for T1 ≥ TC:

µθ = q = 0.5 × (µφ + 1), (5)

where:

T1 fundamental period of the structure in a given direction and
TC corner period dependent on the soil.

According to Equation (5), for DCH µθ ≥ 4.0, µθpl ≥ 3.0 and µφ ≥ 7.0. In addition, if T1 < TC,
the required ductilities increase. In the rest of the paper, if no ductility is explicitly mentioned, DCH will be
considered to represent the ductility µφ = 7 (µθpl = 3.0) and DCM to represent µφ = 5 (µθpl = 2.0).

The minimum and maximum possible values of shear strength given by (2) are calculated for
DCH walls (µθpl = 3.0). Results are shown in Table 3. The maximum considered value of total vertical
reinforcement ratio is ρtot = 0.04, and the maximum normalized axial force N/(Ac × f c) = 0.35 (those
values correspond to the maximum values allowed in [3] for DCH). The minimum value of all factors
is 0, except for (Ls/h)min, which is equal to 1 (because experimental data did not include specimens
with a lower ratio). Minimum and maximum values are then compared to the value calculated by
(1). In Table 3, the values of shear strength calculated by Equation (1) are divided by (bw × z) to
be comparable to the values calculated by (2). The values Rmin and Rmax are the ratios of strength
calculated by (2) (minimum or maximum) and by (1). In other words, they are reductions of strength.
Table 3 shows that the variation of results is large (between the minimum and maximum possible
value), regardless of the concrete used. Variation stays large even if only slender walls are considered
(last column of Table 3).

Table 3. Minimum and maximum reduction of shear strength for high ductility.

Concrete
Class

τRd,min
EN-3 τRd,max

EN-3 VRd,min
EN-1/

(bw × z)
VRd,max

EN-1

/(bw × z)
Rmin

Rmax>

Ls/h = 1
Rmax

Ls/h ≥ 1

C20/25 2.42 5.70 3.68 4.60 0.66 1.24 0.93
C25/30 2.71 6.37 4.50 5.63 0.60 1.13 0.85
C30/37 2.96 6.98 5.28 6.60 0.56 1.06 0.79
C35/45 3.20 7.54 6.02 7.53 0.53 1.00 0.75
C40/50 3.42 8.06 6.72 8.40 0.51 0.96 0.72
C45/55 3.63 8.55 7.38 9.23 0.49 0.93 0.70
C50/60 3.83 9.01 8.00 10,00 0.48 0.90 0.68

It is visible from Table 3 that the reduction of 0.4 given by code [3] is appropriate for a higher
concrete class, low reinforcement ratio and low axial force (Rmin). For a larger amount of reinforcement
and a larger axial force, the reduction is smaller (the number in the table is closer to 1.00). For larger
concrete classes, the reduction is larger. It is also important to notice that for a ductility higher than
µθ

pl = 3.0, considered here, the reduction is larger (up to µθpl = 5.0).

2.5. Analytical Model of Compressive Shear Strength

Lateral forces cause shear forces and bending moments in walls. Due to bending moments, normal
stresses occur in cross sections, and due to shear forces, shear stresses occur. The interaction of shear
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and normal stresses can be substituted by principal tension and compression stresses at an angle.
When the principal compressive stress reaches the compressive strength at a certain point, capacity is
reached at that point. This principle is based on Rankine’s maximum stress theory. Different theories
may be used, but Rankine’s theory was chosen in this paper because of its simplicity.

When the compressive strength of a material is known, it is possible to determine the residual
shear capacity in any point for a given curvature of a section. The capacity of a whole section may
be determined by the integration of shear capacities in each of the points along a compressed part
of the section. Only the compressed part is considered, because after the yielding of reinforcement,
the tension part of the section is considerably damaged due to cracking [11]. This consideration is
conservative, since some of the tension part of a section probably also contributes to shear strength (an
uncracked part near a neutral axis and a slightly cracked part next to it). Increasing the curvature of a
section, normal stresses increase, leading to a reduction in shear capacity. According to this theory,
strength reduction is not due to the dynamic nature of loading, but to the fact that a section is severely
curved. In fact, since only section stresses are considered, compressive strength should increase with
the increase of the strain rate (dynamic load), and with it shear strength. According to [10], a simplified
method may be used to determine the influence of dynamic increase factors (DIF) depending on the
type of check being made. No increase will be considered in this paper, since its influence is not large
and would unnecessarily complicate the procedure.

According to Rankine’s theory, shear capacity was determined in [32], following Equations (6)
and (7) derived for failure due to compression:

νcc (z) =
√

(f c × [f c − σ (z)]) (6)

and for failure due to tension:
νct (z) =

√
(f c × [f c + σ (z)]), (7)

where:

f c compression strength of concrete and
σ (z) normal stress at a point z due to the bending moment and axial force.

Coordinate z is the distance of a specific point to the compression edge of a section, as seen in
Figure 2. Only Equation (6) will be used in this paper because only compressive failure is considered.
It is apparent from Equation (6) that if a normal stress is equal to the strength, no further shear capacity
exists in that point. This is clearly visible in Figure 2. The uniform distribution of stresses along a
breadth of a section is assumed. The compressive shear capacity of a section is determined by the
integration along the compressed part of the section. Therefore (Equation (8)):

VRd =

∫

νcc (z) × bw × dz, (8)

where the integration limit ranges from zero to x, and x is the length of a compressed area.
A rectangular section under bending moment M is shown in Figure 2, along with the strains εc,

normal stresses σ and allowable shear stresses νcc. For strains εc ≥ 2‰ (for normal strength concrete),
normal stresses in concrete equal the compressive strength, i.e., σ = f c. FS denotes the tensile force in
tension steel. Three levels of curvature of a section are shown in Figure 2, from the smallest (left side)
to the largest curvature (right side). It is evident from Figure 2 that increasing the ductility decreases
the available shear area, and with it the shear strength.
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Figure 2. Normal and allowable shear stresses for different section curvatures.

Axial force also influences the curvature, but in addition it causes the reduction of lateral demand
(it stabilizes a wall). Figure 3 shows a mechanism by which a reduction of lateral demand (or increase
of lateral capacity) occurs, explained in detail in [13]. Axial force acts in the centre of the area of a cross
section, but its reaction at the bottom of a wall acts on a smaller area due to cracking. Because of that,
a deviation of force occurs, leading to a formation of a diagonal strut. In order for the system to stay
in equilibrium, the moment developed by the axial force acting on a lever must be countered by a
pair of lateral forces Vn. Such forces stabilize the system and reduce the part of the lateral force that
causes stresses. Lateral force Vn at the bottom of the wall will increase the demand for the storey below,
but since a new axial force is introduced at every storey, the new reduction and the old increase are in
equilibrium (if the level of axial force introduced at every level is the same). Therefore, only the axial
force on one level should influence lateral resistance. Although the compressive length x is different on
each storey, the additional deviation of a force is considered to be very small and is disregarded in this
paper. Axial tension force would reduce the compressive shear strength by a mechanism shown in
Figure 3.

Figure 3. Reduction of a shear demand due to an arch mechanism.

According to Figure 3, considering the bending moment equilibrium, force Vn can be calculated
by (Equation (9)):

Vn = NEd × (h − x)/(2 × Ls). (9)
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Although the length of the compression zone changes with varying levels of ductility, the arch
mechanism primarily depends on the ratio h/Ls.

Calculations are made considering the methods used in [11,13,33]. The method for determining
characteristic points of the bending moment—curvature diagram is taken from [33] for rectangular
and T-shaped sections and upgraded. In this paper, a procedure given in [33] is expanded by adding
the influence of axial force (for further information please refer to the spreadsheet in Supplementary
Materials which contains the calculation procedure for determining shear strength). The curvature is
increased stepwise, and for each step the shear compressive strength is calculated. Methods from [33]
are used only to determine the points of the bending moment—curvature diagram, since no shear
strength was considered there. The method shown in [11] was used to determine the shear strength,
but it was combined with the method used in [13] to consider the arch mechanism. Only rectangular
cross sections are considered and compared with the values given in [6]. Average values from [6] are
used, shown in Table 4. Some parameters from the original paper are omitted, such as the amount of
confinement reinforcement, since its influence greatly depends on detailing, and no information is
available regarding it.

Table 4. Average values of specimen parameters taken from [6].

Parameter h [m] Ls/h h/bw f c [MPa] N/(Ac · f c) ρtot [%]

average value 1.38 1.6 12.6 32.9 0.08 1.4

3. Results

The diagram of compressive shear strength reduction with respect to the increase of the curvature
is shown in Figure 4. The values were obtained using the analytical procedure with parameters taken
from Table 4. Because the ductility of a section taken from Table 4 is between 7 and 8, the ultimate
compressive strain of concrete is taken as εcu2,c = 5‰, simulating the confinement and achieving
a ductility of 13. Reduction is a ratio of value obtained analytically and the value obtained using
Equation (1).

Figure 4. Reduction of compressive shear strength with the increase in ductility.

It can be seen from Figure 4 that the reduction of 0.4 proposed in [3] is achieved at curvature 7 (with
parameters taken from Table 4) according to the analytical procedure. The reduction according to (2) (for
the same parameters) is 0.53, which indicates that the analytical procedure is somewhat conservative.
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According to Figure 4, for low curvatures the reduction is > 1. This does not mean that there is an
increase in strength, but that crushing at such curvature may occur anywhere along the height of the
wall (probably away from the bottom corner, which is usually heavily confined). At low curvatures,
the dotted line represents the actual strength of an element, while the solid line considers only the
bottom section.

In subsequent sections, different parameters are varied to determine their influence on the
compressive shear strength and to develop an analytical expression which could be easy to understand
and use.

3.1. Influence of Axial Force

The influence of axial force at different levels of curvature on compressive shear strength is
analytically determined and shown in Figure 5. Tensile force is not considered in this paper, since at
critical sections of most walls compressive axial force occurs. Only the value of axial force is varied,
while other parameters are kept constant, as shown in Table 4. According to previously determined
levels of curvature at medium and high ductility levels, DCM is represented by a black line, while
DCH is represented by a blue one.

Figure 5. Influence of axial force on shear strength reduction.

Increasing the axial force decreases the available curvature ductility. For a section with parameters
shown in Table 4, at an axial force level of N/(Ac × f c) ≥ 0.1 the available ductility is less than 7 (if the
ultimate compressive strain of concrete is 3.5‰). Confining can be used to increase the available
compressive strain, and with it the available curvature ductility. Because of that, values of N/(Ac ×
f c) ≥ 0.1 are also considered, simulating a possible confinement. The influence of confinement on
compressive strength is also considered, as well as its influence on all the specific strains (ultimate
strain and strain at peak stress) and strengths. The level of confinement considered in this paper is
such that with the parameters from Table 4 at the force level N/(Ac × f c) = 0.35, the available ductility is
7. This value was chosen because, according to [3], the highest allowable level of axial force for DCH is
N/(Ac × f c) = 0.35. This determines the maximum required confinement level. In order to consider
only the influence of axial force, the confinement level (and with it the ultimate strain) is kept constant
for all levels of axial force.

According to the analytical model used in this paper, the influence of axial force on shear strength
changes with the curvature level. At a larger curvature, the increase of axial force increases the shear
strength (lower reduction visible for the blue line at higher force levels in Figure 5). As mentioned
before, for DCH only N/(Ac × f c) ≤ 0.35 was considered, while for DCM, according to [3], the highest
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allowable level of axial force is N/(Ac × f c) = 0.4. That is why for lower curvatures the values of
reduction are presented up to N/(Ac × f c) = 0.4.

It is visible from Figure 5 that the increase in axial force causes an increase of shear strength
at higher ductility levels, while at lower ductility levels this is not always the case. The increase of
curvature causes an increase in the width of the horizontal crack. Compressive axial force partially
closes this crack and allows for a larger area to transmit a shear force. In addition, the influence of
the arch mechanism (Figure 3) becomes more important with the increase of axial force. Those are
the reasons why axial force increases the strength. For a constant level of axial force, increasing the
curvature would lead to a reduction of shear strength because the compressive length decreases.
The arch mechanism is less dependent on the curvature, meaning that at higher curvatures it becomes
more important.

3.2. Influence of the Amount of Longitudinal Reinforcement

The influence of the amount of longitudinal reinforcement at different levels of curvature on
compressive shear strength is analytically determined and shown in Figure 6. Only the amount of
longitudinal reinforcement is varied, while other parameters are kept constant at the values shown in
Table 4. According to previously determined levels of curvature at medium and high ductility levels,
DCM is represented by a black line, while DCH is represented by a blue one.

Figure 6. Influence of the amount of longitudinal reinforcement on shear strength reduction.

It is clear from Figure 6 that, according to the proposed analytical model, the influence of
reinforcement on the shear strength at large curvatures is very small. This is the largest difference
between the proposed model and the one given in [8], according to which the amount of reinforcement
significantly influences the strength, retaining the same intensity regardless of the curvature. This is
physically illogical, since at high curvatures a large amount of reinforcement has yielded.

At yield (φ/φy = 1), the increase of the amount of reinforcement is beneficial to the shear strength.
A larger amount of reinforcement implies the greater force that it can carry and, because of that,
the surface of the compressed concrete area (the area that transfers shear) needs to be larger. This increase
has a limit because for a large amount of reinforcement, stress in concrete reaches strength. A further
increase of steel increases the compressive area, but that area does not transfer shear. Increasing the
curvature decreases the area that transfers shear. Two sections of the same geometry are shown in
Figure 7. The cross section in the upper part of the figure has less reinforcement than the one in the
lower part of the figure. It is clear from Figure 7 that for a low curvature shear strength increases, while
the opposite is true for large curvatures.
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Figure 7. Influence of the amount of reinforcement and curvature on shear strength.

3.3. Influence of the Value of Ultimate Curvature

In addition to the previously explained parameters, it is important to determine if the value of
ultimate curvature (at which bending failure occurs) influences the shear strength. This could also
be described as the influence of confinement. Code [3] requires a minimum level of ductility to be
achieved, but larger values are allowed. Because of that, it is important to know the ultimate curvature
(ductility), as well as the required one. Reductions R at different levels of curvature for a specific
ductility µφ are shown in Table 5. The first column consists of ductilities, the second column consists
of reductions at a curvature φ/φy = 2, the third column consists of reductions at a curvature φ/φy = 3,
and so on. Values ranging from R2 to R10 represent the shear strength reductions at curvatures from
φ/φy = 2 to φ/φy = 10, respectively. In the final column, Ru shows the value of reduction at the ultimate
curvature. Reduction is defined as the ratio of shear strength calculated analytically and by Equation (1).
The upper and lower values of ductility that were considered (8 and 16) are chosen arbitrarily to
show the change at high ductilities. According to Equation (2), the influence of ductility on shear
strength stops at 11, so 16 is taken to check the progression of shear strength after 11, while 8 is taken
for comparison with lower values. All of the parameters are taken from Table 4. For the unconfined
concrete, the available ductility is between 7 and 8. Higher ductilities are achieved by keeping all of
the parameters constant, except for the ultimate strain of concrete (and compressive strength), thus
simulating different levels of confinement. For a different amount of longitudinal reinforcement and
different axial force, the values in the table would change. Row “13” corresponds to the values plotted
in Figure 4.

What is important to notice is the fact that shear strength is not significantly influenced by ductility,
and at a given curvature, it increases with the increase in ductility. Another important thing is to notice
the change of values in the last column. At the level of ductility µφ = 11 and higher, the reduction at
the ultimate curvature becomes nearly constant. This should be compared with the provisions given
in [8], since the value of shear strength given there is for the ultimate curvature. Although not exactly
correct, this influence nearly becomes constant at the mentioned ductility.
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When considering a specific section (a defined ductility), reduction changes with the increase in
curvature, but this reduction becomes nearly constant for higher curvatures. This would correspond to
the values in one row of Table 5.

Table 5. Shear strength reductions at different ductilities.

µφ R2 R3 R4 R5 R6 R7 R8 R9 R10 Ru

8 1.03 0.74 0.59 0.50 0.44 0.40 0.37 - - 0.37
9 1.03 0.74 0.59 0.50 0.44 0.40 0.37 0.35 - 0.35
10 1.04 0.74 0.59 0.50 0.44 0.40 0.37 0.35 0.33 0.33
11 1.04 0.74 0.59 0.50 0.45 0.40 0.37 0.35 0.33 0.31
12 1.04 0.74 0.59 0.50 0.45 0.40 0.37 0.35 0.33 0.30
13 1.04 0.74 0.59 0.51 0.45 0.40 0.37 0.35 0.33 0.29
14 1.04 0.75 0.60 0.51 0.45 0.41 0.37 0.35 0.33 0.28
15 1.10 0.80 0.64 0.54 0.48 0.43 0.40 0.37 0.35 0.28
16 1.13 0.87 0.69 0.58 0.51 0.46 0.42 0.39 0.37 0.29

An important question arises from this analysis: should the reduction be made for a required
curvature to which a design is made, or should it be made for the ultimate curvature that a section
can sustain? In other words, if a curvature is reached, at which enough energy is dissipated, does the
mode of failure matter? An analytical expression will be given later in this paper which considers
the value of shear strength at the ultimate curvature. This is in accordance with the capacity design,
but might be too strict a rule and should be cautiously considered.

It is worth mentioning that although the reduction remains nearly constant at higher curvatures,
regardless of ductility, the actual value of shear strength increases with the increase of confinement
(but so does the value calculated by Equation (1)).

3.4. Influence of the Reinforcement Arrangement

In addition to the tension reinforcement visible in Figures 2 and 7, walls are usually reinforced
with compression and web reinforcement. The assumed reinforcement arrangement is shown in
Figure 8. An equal amount of reinforcement in tension and compression is assumed, as well as an
equal reinforcement on both sides of the web.

Figure 8. Cross section with the reinforcement arrangement.

The reinforcement shown in Figure 8 is vertical (perpendicular to the cross section) and uniformly
distributed along a line. The reduction of shear strength at curvature φ/φy = 7 is shown in Table 6 for
different reinforcement ratios r, while all other parameters were kept constant. Reduction is defined as
a ratio of analytically defined shear strength and by Equation (1). It is visible from Table 6 that the
arrangement of longitudinal reinforcement does not significantly influence the shear strength. It does
influence, however, the ductility of a section (if the same total amount of reinforcement is achieved).
Increasing the amount of web reinforcement (while keeping the total amount of reinforcement constant)
leads to a decrease in ductility. Less edge reinforcement means that in order to satisfy equilibrium,
a higher ultimate strain of steel is required. Theoretically, if a very low amount of edge reinforcement
is present, a failure may occur at concrete strains lower than 3.5‰. This would mean that the influence
of confinement is not utilized. Additionally, a lower amount of edge reinforcement means that a larger
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part of the section is in tension. Since compression reinforcement increases ductility, this also leads
to a reduction of ductility. The larger the ratio r, the lower the ductility. Stiffness, on the other hand,
may be increased with the increase of the ratio r. Since the reinforcement closer to the edge of the
section usually yields, it loses most of its stiffness. The reinforcement closer to the middle of the section
is less likely to yield, so it might provide stiffness in the plastic part of the wall behaviour, causing a
self-centring effect. Further analyses should be made to determine the stiffness degradation of walls.
According to Equation (2), only the total amount of reinforcement influences the shear strength, which
is in accordance with this analytical procedure.

Table 6. Shear strength reduction for different reinforcement ratios.

r R7

0.0 0.41
0.5 0.40
1.0 0.40
1.5 0.40
2.0 0.39

3.5. Adjusting the Analytic Procedure with the Existing Code

When a standard design is made in accordance with [3], the required ultimate confined strain
of concrete εcu2,c is known, as well as the ultimate compression length xu. The ultimate compression
length can be determined either by using the equation 5.21 from code [3] or by an analytical procedure
explained earlier in this paper. The ultimate strain of confined concrete can be determined by using the
equation 3.1.9 from code [5] and considering the paragraph 5.4.3.4.2 (6) from code [3]. Using the basic
geometry, a part of the section for which εc < εc2 can easily be found as x’ = εc2/εcu2,c × xu. Shear is
only transferred by an area Av = bw × xu, as can be seen on the far right of Figure 2. Normal stress
increases parabolically from zero at neutral axis to compressive strength at the distance x’ from the
neutral axis. Additionally, compressive axial force increases shear strength by an arch mechanism (as
well as influencing the xu). According to the analytical procedure, shear strength can be calculated by
using the following Equation (10):

VRd
an = x’ × bw × νcc,av + NEd × (h − x)/(2 × Ls), (10)

where: νcc,av average value of allowable shear stress.
The explanation of h and Ls is visible in Figure 3. For concrete classes not greater than C50/60

(normal strength concrete), the parabolic part of the stress diagram is a second order parabola,
and εc2 = 2‰. The parabola can be replaced by a rectangle of the same area, in which case the height
of that rectangle is σ = 2/3 × f c. Combining this with Equation (6), for concrete classes up to C50/60,
Equation (11) can be derived:

νcc,av =
√

(f c × [f c − 2/3 × f c]) = f c/
√

3. (11)

Equation (10) can, for concrete classes up to C50/60, be rewritten as (Equation (12)):

VRd
an = 2/εcu2,c × xu × bw × f c/

√
3 + NEd × (h − x)/(2 × Ls). (12)

In Equation (12) compressive force is positive.
Since all of the parameters used in (12) are known if the standard procedure given in [3] is

followed, this equation does not complicate the calculation. Equation (12) is simple, easy to understand
and based on well-known mechanisms. Only the most important mechanisms are considered, which
enables the expression to be simple, but it makes it more conservative. The influence of the longitudinal
reinforcement is “hidden” in the calculation of the ultimate compression length. The influence of the
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confinement is considered with εcu2,c, and the influence of axial force is partly directly considered,
and partly considered in the calculation of the ultimate compression length. The influence of ductility
is considered with parameters xu and εcu2,c.

The shear strength determined by Equation (12) is the value at bending failure. A larger value of
shear strength may be obtained if a smaller curvature is considered. As mentioned before, a detailed
examination of the code is needed to determine which of the procedures should be used.

4. Discussion

As discussed before, the analytical procedure is somewhat conservative for some parameter
values. There are a few reasons for this, one of them being the fact that strength was calculated in
an additive manner (only adding mechanisms which are visible to the overall strength). There are
probably more mechanisms that contribute to the strength which were not considered in this paper,
such as the mechanical interlock of aggregates in part of the tension zone, which could lead to the
transmission of a compression force. This might contribute to strength, but it is hard to predict and
model. Moreover, a part of the tension zone is not cracked, which is disregarded in this paper (the
standard assumption in concrete design is that the tensile strength is zero). Under dynamic loads,
the compressive strength of concrete increases, which is also not considered in this paper. The tension
strain limit of reinforcement lowers due to the dynamic nature of the load, which is not considered in
this paper. It is also obvious that, at the level of reinforcement, the available shear strength is greater
than at the locations where concrete is located. This is not considered in this paper, and a homogenous
concrete material is assumed. Additionally, Rankine’s theory is simple, and a better fitting of results
might be possible with some other theory. According to Equation (2), shear strength becomes constant
at µθpl ≥ 5 (φ/φy = 11). Using the analytical procedure, a similar thing can be observed. Strength is not
constant at high ductilities. Instead, the rate of reduction decreases significantly. Moreover, it does not
always happen at the same curvature, but varies slightly. This phenomenon is also visible in Figure 4,
where the curve becomes more flat with the increase in curvature.

From [6], it seems like the value of ultimate rotation φu used to calculate µθpl (which is used in
Equation (2)) is determined considering slip, which means that Equation (5) is not directly applicable.
For a large slip at the ultimate load, the value of the actual curvature is smaller than the one obtained
by Equation (5), because part of the rotation is due to slip (i.e., not all of the rotation comes from
curvature). This explains why an analytical model would give seemingly lower strengths. Slip could
be implemented in the analytical model, but it is not clear whether it should have been, since it does
not significantly contribute to energy dissipation. Because Equation (2) was derived for 1.0 ≤ Ls/h ≤
2.5, it is questionable if T1 ≥ TC, assumed in Equation (5), is correct. Additionally, only the amount
of transverse reinforcement from the experimental data is known, and not its distribution. Since the
empirical expression is derived from a large number of specimens with different geometries, it is
unlikely that the distribution of reinforcement is similar in all of the specimens. Therefore, the ultimate
concrete strain of the specimens is unknown. Because of the mentioned problems, a direct comparison
of analytical and empirical procedures was avoided, as it would not give meaningful results.

More important than the difference in the values of reduction, however, is the fact that a reduction
exists for DCM (roughly at φ/φy = 5, as previously noted). According to the analytical procedure,
this reduction is 0.5, and according to (2) it is 0.57 (using the average parameter values from Table 4).
Both of these reductions are large and should be taken into account, which is currently not done for
new buildings. The reduction determined from experiments for DCM can be found in [6], where the
median value of reduction is 0.515, which is very close to the two values mentioned earlier. Since most
buildings are designed, in practice, with DCM, and since this failure mode is brittle, this seems like an
important issue.

The empirical equation was derived by fitting to the median value of experimental data. While this
might be appropriate for the evaluation of the behaviour of existing buildings, it might not be acceptable
for the design of new ones. A lower value of strength should be adopted for achieving reliable design.
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Additionally, the influence of reinforcement seems to have no upper limit in Equation (2). No mechanism
explaining this phenomenon could be derived. This seems illogical, since at large curvatures most of
the longitudinal reinforcement has yielded.

5. Conclusions

From the parametric theoretical analysis conducted in this paper, the following can be concluded:

• Axial force significantly influences compressive shear strength, which is increased by
compressive force.

• The longitudinal reinforcement ratio slightly influences compressive shear strength at high
curvatures. There is an upper limit to the influence of the reinforcement.

• The ultimate curvature of a section has no influence on compressive shear strength at a specific
curvature, but does influence compressive shear strength at an ultimate curvature.

• The reinforcement arrangement inside a section does not influence compressive shear strength at
a specific curvature, but does influence the ductility and stiffness of the element.

• The reduction of compressive shear strength is recommended for medium-ductility structures.
• The reduction of compressive shear strength is not correlated with the dynamic nature of

the response.

Further research may be aimed at implementing a more advanced analysis, considering some of the
parameters ignored in this paper. It also needs to be thoroughly compared with the experimental data.

Designers following the current code provisions should consider a more detailed analysis,
as compressive shear strength may be critical to the behaviour of a structure.
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33. Kišiček, T.; Sorić, Z. Bending moment-curvature diagram for reinforced-concrete girders. Građevinar 2003, 55,

207–215.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

244



MDPI

St. Alban-Anlage 66

4052 Basel

Switzerland

Tel. +41 61 683 77 34

Fax +41 61 302 89 18

www.mdpi.com

Sustainability Editorial Office

E-mail: sustainability@mdpi.com

www.mdpi.com/journal/sustainability





MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34 

Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-4327-7 


	Sustainable_Structural_Design_for_HighPerformance_Buildings_and_Infrastructures.pdf
	Book.pdf
	Sustainable_Structural_Design_for_HighPerformance_Buildings_and_Infrastructures

