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Abstract 
In this study, the out-of-plane response of infill walls that are widely used in Turkey and the surrounding regions were experimentally investigated. 
Several out-of-plane wall tests were performed in the laboratory, with the walls specimens produced with lateral hollow clay bricks (LHCB) and 
different mortar qualities. The walls were tested in their out-of-plane (OOP) direction under static load conditions and evaluated based on the load-
bearing and energy dissipation capacities, crack propagations, mortar strengths, and initial stiffnesses. These walls are experimentally investigated to 
understand the effects of the mortar strength on the infill wall structural behaviors and to assess the effectiveness of the out-of-plane strength 
formulations. It was found that when the mortar strength is low, the first major crack occurs at the mortar, however, because of the arch mechanism 
efficiency in this situation the OOP load-carrying and energy dissipation capacities of unreinforced walls can be significantly increased. When the first 
major crack in the wall occurs in the brick itself, the arc mechanism is provided with delicate sections in the brick, which leads to strength decreasing 
in the walls. In this case, excessive deviations occur in the out-of-plane strength formulations estimates. This study shows that the arc mechanism, 
the damage start region and progress can change significantly unreinforced masonry (URM) infill walls behaviors. 

 
Keywords: lateral hollow clay bricks, infill walls, out-of-plane loadings, mortar compressive strength, experimental OOP test. 

 

Introduction 
 
Infill walls are used in framed structures, specially constructed with reinforced concrete. In these structures, as shown 
in Figure 1, the exterior faces of buildings are mostly occupied by these walls, which makes the building vulnerable to 
the exterior horizontal loads. Mainly OOP load cases can cause the infill wall damages, and this load cases occurred by 
human-made hazards such as acts of terrorism (Figure 2), under extreme natural events, such as strong earthquakes 
(Figure 1). Under these conditions, the infill walls need strengthening if their structural performances is not satisfactory. 

 
Figure 1. Out‐of‐plane failures of infill walls. (A) 1999 Kocaeli earthquake. (B) 2011 Van earthquake (Onat, Correia, Lourenço, & Koçak, 2018). 
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Figure 2. Collapsed infill walls of a State building in Turkey due to an intentional explosion (Yenisafak, 2016).  

 
 
A vast range of studies was performed in the literature because of the material and usage varieties of the infill or 
masonry walls in real life. These studies include investigation influence of different parameters( height-to-thickness ratio 
adherence, axial load, strengthening etc.) on the behavior of infill walls (Angel R, 1994; da Porto, Guidi, Verlato, & 
Modena, 2015; Demirel, yakut, & binici, 2018; Di Domenico, Ricci, & Verderame, 2019; André Furtado, Rodrigues, Arêde, 
& Varum, 2018; Sayın B., 2005; Silva, 2020; Valluzzi, da Porto, Garbin, & Panizza, 2014).  
 
These studies were performed in-plane (IP), OOP, or some combination of these load directions. The IP and combination 
of IP and OOP direction studies were mostly preferred to understand the behavior of walls under seismic actions that 
can cause failure and collapse of the infill walls. The main goals of these studies have been to prevent loss of life and 
economic losses. Some of the previous studies also included improvement of the frame's structural performance by 
strengthening the infill walls with various methods or using other infill materials (Arslan, Durmuş, & Hüsem, 2019; Binici 
et al., 2019; Ricci, Di Domenico, & Verderame, 2018). Pure OOP investigations for infill walls are mostly concerned about 
two situations: the first is that pieces of infill wall fall on people and valuable things during an earthquake. Second, walls 
are directly exposed to pressure (in a dynamic or shock manner) by air or flying objects, maybe during an explosion. In 
the previous studies, the researchers mostly investigated parameters affecting the infill walls' OOP behavior, such as 
slenderness, boundary conditions, strengthening technics, loading cases, etc. 
 
Under OOP loading one-way or two-way arching can occur in the infill walls and It can be observed that the OOP strength 
provided by two-way arching action is higher than by one-way arching and that walls with low slenderness have higher 
stiffness and strength than the high slenderness (Di Domenico et al., 2019). In the literature, it is stated that the out-of-
plane behavior of the infill walls built within the RC frame is largely affected by the adherence between the frame and 
the infill wall rather than the high ductility or low ductility of the frame (André Furtado et al., 2018). Several experimental 
studies were performed to understand the effects of different boundary conditions on OOP stiffness, strength, and 
displacement capacity of unreinforced infill walls and assessing the contribution of vertical and horizontal arching action 
to their OOP response (Di Domenico, Ricci, & Verderame, 2020; Dizhur, Ingham, Walsh, Giongo, & Derakhshan, 2018). 
In these studies, it was concluded that OOP strength was the highest for the test specimen restrained along all edges, 
lower for the one restrained along three sides, and the weakest for the one restrained along two edges.  Furtado et al. 
(2020) investigated the out-of-plane behavior of the infill wall, the lower surface of which was supported with reinforced 
concrete at a ratio of 2/3. In this case, it was evaluated that the out-of-plane stability and strength of the wall decreased, 
but the arch mechanism occurred in the wall provided a sufficient strength capacity to prevent the wall from collapsing. 
(A. Furtado, Arêde, Varum, & Rodrigues, 2020). 
 
In this paper, the effect of mortar compressive strengths on the out-of-plane response of unreinforced masonry walls 
was studied. Productions of these walls differ from some regions to another or even in the same area and this case is 
borning new problems to understanding walls behaviors. There was not much attention to mortar quality effects on 
infill wall behaviors in the literature. Thus, in this study, several infill walls are constructed with materials produced in 
Turkey and neighboring countries. The walls were bound to the confining reinforced concrete beams along two edges. 
These walls are experimentally investigated to understand the effects of the mortar strength on the infill wall structural 
behaviors. Experimental results of this study were compared with another study that used almost the same slenderness 
ratio and two edges bounded specimens. Further, the test results were compared with some mathematical models 
produced to two edges bounded infill walls, and the suggestion was given to update these models according to the wall 
damage shape differences caused by mortar strength. 
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Studies on two edges bounded URM infill walls 
 
There are some experimental and mathematical models researches in the literature for infill walls bounded on two 
edges. At the same time, these studies investigated the effects of boundary conditions on infill walls pure out-of-plane 
behavior and load-carrying capacities. Di Domenico et al. (2019) have performed some experimental test on two edges 
bounded walls having two different slenderness ratios. In the experiments, a four-point loaded in the direction of out-
of-plane are applied to specimens. In the study, it was found that higher slenderness ratio results in lower out of plane 
strength and energy dissipation capacity of the wall. Also, the study shows that OOP strength was the highest for the 
test specimen restrained along all edges, lower for the one restrained along three edges, and the weakest for the one 
restrained along two edges.  
 
Out-of-plane strength models proposed by Angel et al. (1994) and Eurocode 6 (2004) can calculate strength of unit-
width masonry stripe bounded by two (upper and bound) edges (Angel R, 1994; Eurocode, 2004). These models have 
been obtained by assuming uniformly distributed out-of-plane load on the wall. Eqs. 1 and 2 are for Angel et al. (1994) 
and Eurocode 6 (2004) models, respectively. These models formulations were not directly taken from their source but 
the original form of them checked and be supplied as stated from Di Domenico et al. (2019) study since in the study, 
formulations have been explained handy. In these equations,fmv  is the strength of masonry in compression in the 
vertical direction, both expressed in N/mm2: h is the infill height expressed in mm, w is the infill width expressed in mm, 
t is the infill thickness expressed in mm. Fmax is the out-of-plane strength expressed in N. 

𝐹𝑚𝑎𝑥 =  
2𝑓𝑚𝑣

(ℎ
𝑡⁄ )

𝜆𝑅1𝑅2𝑤ℎ          (1) 

𝐹𝑚𝑎𝑥 = 𝑓𝑚𝑣  (
𝑡

ℎ
)

2

𝑤ℎ                                  (2) 

𝜆 = 0.154𝑒−0.0985(ℎ
𝑡⁄ )                                (3)  
 

In Eq. 1, λ is a slenderness factor, R1 is a factor accounting for the out-of-plane resistance degradation due to in-plane 
damage, R2 is a factor accounting for the flexural deformability of the reinforced concrete frame elements. For the 
current study, R1  is selected 1.0 since there is no in-plane resistance degradation and R2 is selected 1.0 to make a 
suitable comparison with Eurocode 6 (2004)’s strength model which assumes that the confining frame elements are 
stiff. The λ factor can be calculated by means of the expression proposed by Flanagan and Bennett (1999) and reported 
in Eq. 3 [17]. In Eq. 3, h is the infill height, t is the infill thickness, both expressed in consistent unit of length. Eq. 2 has a 
conservative simplification applied by Eurocode 6 (2004). The original formulation is reported in Eq. 4. 

𝐹𝑚𝑎𝑥 = 1.08𝑓𝑚𝑣 (
𝑡

ℎ
)

2

𝑤ℎ                           (4)  

 

Experimental study 
 
The experimental phase of the study is described in this section. Material properties are detailed and then test setup 
and the instrumentation system are shown. Four specimens have been designed, constructed, and tested. All specimens 
have been tested under pure out-of-plane load.  
 
Material properties 
 
For all bricks used in wall test samples, it was ordered to be in the dimension of 124 mm x 190 mm x 190 mm , and it 
was taken from one production. Mechanical properties of bricks were determined with compression tests (Figure 3). 
Compressive strengths and elasticity modules of samples are given in Table 1. Mortars prepared with three different 
ratios were used in the construction of the walls. These mortar ratios were determined as 3:0.5:1.0 (A), 3:1.0:1.5 (B) 
and 3:1.5:1.5 (C) (send: water: cement). In order to determine the mortar compressive strength and elasticity modules, 
3 pieces of 10 cm x 20 cm cylinder samples were tested for each group of mixture ratios on the same day as the wall 
experiments (Figure 4). The samples were tested according to ASTM C469 / C469M code and compressive strengths and 
elasticity modules of samples are given in Table 2. 
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Figure 3. LHCB’s compression test and strain measurement. (Self-Elaboration).  

 
 

Figure 4. Mortar compression test and strain measurement. (Self-Elaboration).  

 
 

Table 1. Mechanical properties of LHCB`s. (Self-Elaboration).  

 
 
 

 
 

Table 2. Mechanical properties of mortars. 

 
Description of test setup 
 
Four test specimens were investigated within the study. Wall samples were named W1, W2, W3, and W4 that were 
constructed with A, B, C, and again A mortars, respectively. The dimension of the walls was selected as 161 cm × 135 
cm  × 12.4 cm. Two 15 cm x 15 cm x 135 cm  reinforced concrete beams are attached to the top and bottom of the walls, 
which simulates infill walls that are bounded on two edges. Dimension details of the walls are shown in Figure 5.  Each 
specimen was loaded in the middle of their height laterally by an Actuator that has a 25-ton capacity and fixed on a 
strong wall. 10 cm x 10 cm x 135 cm steel box is used to spread the load and rubber material is used to prevent local 
damage. The actuator-sample reaction system is shown in the Figure. The OOP load was applied in displacement control 
with OOP displacements monotonically increasing at 0.02 mm/s velocity. Linear Variable Displacement Transducer 
(LVDTs) were placed at 3 height point of the walls to measure the displacements (Figure 5). 
 
 
 

Mechanical property Mean value 

Compressive Strength (parallel to holes), N/mm2  Cov (%) 6.6 (3.03) 

Elasticity Modules (parallel to holes),  N/mm2  Cov (%) 4480 (27.29) 

Compressive Strength (perpendicular to holes),  N/mm2  Cov (%) 1.79 (11.73) 

Mechanical property 
A 

(Mean) 
B 

(Mean) 
C 

(Mean) 

Compressive Strength,  N/mm2    Cov (%) 18.30 (9.04) 12.99 (7.77) 8.36 (2.87) 
Elasticity Modules,  N/mm2  Cov (%) 15079 (6.32) 16090 (23.34) 10085 (7.516) 

Mixture Volume ratios (send: water: cement) 3:0.5:1.0  3:1.0:1.5 3:1.5:1.5 
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Figure 5. Wall layout  and test  instrumentation setup. (Self-Elaboration).  

  
 

Test results 
 
The walls were placed to the test setup after mortars gained their strengths. Structural behaviors of the specimens were 
investigated based on the load-carrying and energy dissipation capacities, crack propagations, mortar strengths, and 
initial stiffness. Lateral load-displacement curves of the walls are presented in Figure 6. When the walls carrying 
capacities are compared, it is seen that W3 had the most carrying capacity. Crack propagations of each specimen can 
be seen in Figure 7. In the W1 and W4, the first major crack was observed in the horizontally arranged bricks in the 
middle of the walls. In W2 the first major cracks were observed mostly in bricks and partly in brick mortar interfaces 
whereas, in the W3 sample, the first crack occurred in the middle of the wall along with the horizontal mortar and 
mortar brick interface due to the weak mechanical properties of the mortar. In all samples, one-way arc-mechanism 
was observed after the first crack. In Table 3, load-carrying capacities, first crack loads, and initial stiffness of the walls 
are listed. It was seen that W3 had more energy dissipation capacity and maximum load-bearing capacity than other 
specimens (Figure 8).  
 

Figure 6. Load-displacement curves of each URM walls. (Self-Elaboration).  
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Figure 7. Crack propagation of each specimen at the end of the test. (Self-Elaboration).  

 
 

Figure 8. Energy dissipation and maximum load capacities of the walls and mortar compressive strengths. (Self-Elaboration).  
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Table 3. Experimental results of walls. (Self-Elaboration).  

Specimen Maximum  
Load  
(kN) 
fm 

First crack  
Load 
(kN) 
fcr 

Lateral Initial 
Stiffness 
kN/mm 

Ki 

Energy 
Dissipation 

Capacity 
(kN.mm) 

Ed 

Used Mortar 
Strength  

(MPa) 
fm 

W1 3.28 2.03 3.68 81.23 18.30 (A) 
W2 7.37 2.7 5.93 158.41 12.99 (B) 
W3 9.17 1.08 3.42 185 8.36  (C) 
W4 4.5 2.44 2.51 95 18.30 (A) 

 
It is seen that from this result when mortar strength is decreased the energy dissipation and maximum load-bearing 
capacities of walls are increasing. Actually, this situation caused by not directly mortar strength but by indirectly with 
mortar affecting crack propagation of specimens. The occurrence of the first major crack only throughout the mortar or 
mortar-brick interface causes the low first crack load. Because of using the same type of brick when crack occurred 
throughout the brick, it was observed that the first major crack load of W1, W2 and W4 are very close and higher than 
W3. In W1, W2, and W4, the first major crack load of the specimens increased respectively by 88%, 150%, and 125% 
according to W3, a specimen having a first major crack along horizontal mortar-brick interface. However, W3 had higher 
maximum load-bearing than other specimens, because the arc mechanism worked effectively in the specimen.  
 
According to the test results, the behavior of the walls is summarized and schematized as in Figure 9. In figure 9, two 
main factors affecting wall behaviors are discussed. These are where the first major crack occurred and the wall 
boundary conditions. The reason that the load suddenly decreases after the first crack is that there is a certain degree 
of freedom of rotation in the wall supports. At the end of this freedom of rotation, the wall starts to reload and goes up 
to the maximum load. When looking at the test results, differences were found in the behavior of the walls to reach 
maximum load levels. These behavioral differences were evaluated as in Figure 9. Here, when the first crack in the wall 
occurs in the brick itself, the arc mechanism is provided with delicate sections in the brick, which leads to almost 50% 
reduction in the load-bearing and energy dissipation capacities of the walls. 
 

Figure 9. Crack propagation and limited support rotation factors affecting the wall behaviors. (Self-Elaboration).  
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Assessment of the specimens OOP strengths 
 
In this section, the pure OOP strength of the specimens are discussed. Abovementioned the models calculating the two 
bounded infill wall OOP strength were used and their results compared with the experimental test results of current 
study. Formulations are multiplied by a factor equal to 0.50 to obtain comparable results under a three-point load with 
loading points placed at half of the infill length in the direction of out-of-plane as in the current study since the literature 
formulations are improved by uniform load assumption. This factor is calculated as in the study of Di Domenico et al 
(2019) that is obtaining the factor, sfd by calculating  the ratio between the external work done by a uniformly distributed 
load, LE,ud reported in Eq 5, and that done by a four-point load, LE,4f reported in Eq 6. These equations are obtained by 
considering the stripe deformed shape/mechanism reported in Figure 10c-d. External work done by a three-point load 
LE,f as in the current study reported in Eq. 7,  while the loading condition is defined as Figure 10e. The value obtained 
for the conversion factor, sfe  is reported in Eq 9. The converted out-of-plane strengths obtained by formulations for all 
specimens are shown in Table 4. 
 

Figure 10. Deformed shape of an infill stripe under OOP load after first cracking Di Domenico et al (2019). 

 

 
 

 

𝐿𝐸,𝑢𝑑 = 𝑞𝑤ℎ
ℎ

4
𝜙 = 𝐹

ℎ

4
ϕ                        (5) 

𝐿𝐸,4𝐹 = 4
𝐹

4
 
ℎ

3
𝜙 = 𝐹

ℎ

3
ϕ                           (6)  

𝐿𝐸,𝐹 = 𝐹 
ℎ

2
𝜙 = 𝐹

ℎ

2
ϕ                                (7) 

𝑠𝐹𝑑 =  
𝐿𝐸,4𝐹

𝐿𝐸,𝑢𝑑
=

3

4
= 0.75      (8) [Di Domenico et al. (2019)] 

𝑠𝐹𝑒 =  
𝐿𝐸,𝐹

𝐿𝐸,𝐹
=

2

4
= 0.5              (9) [current study]        

 
Also, experimental results in Di Domenico et al. (2019)’s study are compared with current study in this section. For an 
appropriate comparison, Di Domenico's four-point load test results are converted to three-point load test results. For 
this reason, a new load condition factor, lcf is calculated by dividing the three-point load factor, sfe by the four-point load 
factor, sfd. At the same time, because of the geometric differences between Di Domenico et al (2019)’s and the current 
study, the geometric part of Eq.4 is used to obtain the geometric conversion factor, gcf. Experimental out-of-plane 
strength of specimens in Di Domenico et al (2019)’s study multiplied by (lc)x(gc)=0.528 so that it can be comparable with 
current study. All these informations are reported in Table 5.  
 
As seen in Table 4, Eurocode 6 (2004) gives very close results with ratios equal to 0.73 for W3 specimen. On the other 
hand, Angel et al. (1994)’s model also is overestimates the strength of all specimens. It should be noted that both models 
are overestimating but provide more close results of the out-of-plane strength of W3 since this specimen crack 
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propagation almost fits with selected models hypothesis. However, as mentioned before in Figure 9, when the first major crack in the wall occurs in the brick itself, the arc mechanism 
is provided with delicate sections in the brick, which leads to strength decreasing in the other walls. In this case, excessive deviations occur in the models estimates. 
  
As seen In Table 5, W3 has good agreement with Di Domenico et al. (2019)’s test results. Because in Di Domenico et al. (2019)’s the study, the specimen is constructed with low 
strength mortar that leads to crack propagation in the mortar-brick interface and then to a strong arch mechanism as observed in W3.  
 

Table 3. Comparison of the experimental and predicted out-of plane strength of specimens. (Self-Elaboration).  

Specimen Current 
Study 

Maximum 
Load  
(kN) 

Eurocode 6 
(2004) 

Angel et al. 
(1994) 

 

Current Study  
Mortars 

Strengths  
(MPa) Pred. 

(kN) 
Exp/ 
Pred 

Pred 
(kN) 

Exp/ 
Pred 

W1 3.28 12.46 0.26 12.84 0.25 18.30 
W2 7.37 12.46 0.59 12.84 0.57 12.99 
W3 9.17 12.46 0.73 12.84 0.71 8.36 
W4 4.5 12.46 0.36 12.84 0.35 18.30 

Table 4. Comparison of the experimental out-of-plane strength of specimens. (Self-Elaboration).  

Specimen Current Study 
Strength 

Exp. 
(kN) 

Di Domenico et 
al. (2019) 

Exp. Original 
(kN) 

Di Domenico et 
al. (2019) 
Converted 

 (kN) 

Di Domenico et 
al. (2019) 
Mortars  

Strengths  
(MPa) 

Current Study  
Mortars 

Strengths  
(MPa) 

Proportion 
of Mortars  
Strengths  

 

Proportion 
of Wall  

Strengths  
 

W1 3.28 24.0  12.672 8.29 18.30 0.45  0.26 
W2 7.37 24.0  12.672 8.29 12.99 0.63  0.58 
W3 9.17 24.0  12.672 8.29 8.36 0.99  0.72 
W4 4.5 24.0  12.672 8.29 18.30 0,45  0.35 
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Conclusions 
 
Within the study, the out-of-plane response of URM infill walls having different mortar strengths were investigated. The 
main aim of the study is to assess the effect of different mortar strength on the out-of-plane response of infills wall and 
prediction efficiency of literature and code provisions to the out-of-plane strength due to changes in mortar quality. 
 
The maximum load-carrying capacities of specimens were not increased by increasing the mortar strength. Inversely, 
the W3 wall had the most load-carrying and energy dissipation although it had the weakest mortar. This case shows 
that the wall failure mechanism is very important in terms of maximum load-carrying capacity. Because constructing 
the specimen with low strength mortar leads to crack propagation in the mortar-brick interface or in the mortar and 
then to a strong arch mechanism as observed in the current study tests. 
 
Eurocode 6 (2004)’s and Angel et al. (1994)’s formulations for the specimens bounded along two edges in which only 
one-way vertical arching occurs showed best predicting performance for specimen have mortar-brick interface crack 
propagation. But specimens constructed with high strength mortars had a first major crack at the brick, which leads to 
a weak arch mechanism and then to overestimate results for literature formulations. The occurrence of limited support 
rotations in all wall samples tested in this study is also considered to have an effect on the deviations in the results. 
 
In this study, it is assumed that there is a directly proportional relationship between the mortar compressive strength 
and the brick-mortar bond strength and that mortar compressive strength indirectly has an impact on the wall crack 
propagation that affects the wall OOP strength. It is suggested that the correlation between the mortar compressive 
and brick-mortar bond strength should be determined by performing some experiments.The results presented in this 
paper should be extended in future works with the assessment of three and four edges bounded URM infill walls. Also, 
with more tests, strength predicting formulations can be modified for the effect of mortar strength on crack propagation 
shape. 
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