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Abstract
The shear capacity of masonry-infilled reinforced concrete (RC) frames is determined experimentally by testing of five 2/3 
scale, one story, one bay infilled RC frame specimens with varying degrees of separation between upper and lower portions 
of the masonry infill panel. The main premise of this experimental study was to find the contribution of masonry panel in 
global resistance of infilled RC frames versus shear force. Based on the experimental results, a new method is proposed 
for the determination of the shear resistance and the contribution of the masonry infill panel is derived. Comparisons of 
experimental and analytical results show that the proposed method for evaluating the shear resistance of the masonry panels 
offers a promising approach for the design of infilled RC frames. Furthermore, the results of this study indicate that the shear 
resistance of masonry panel in infilled RC frames is strongly influenced by the stiffness and lateral resistance of the RC frame.
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Introduction

There have been numerous experimental investigations to 
determine the shear strength of masonry infill panels. Fig-
ure 1 presents some of the test methods that have been previ-
ously used to induce shear stresses in masonry infill panels.

As reported by Crisafuli (1997), Baushinger was the first 
to conduct tests investigating the strength of masonry sub-
jected to shear forces. The simplest such test is the direct 
shear test on a masonry prism built with a small number 
of masonry units, as seen in Fig. 1a, b. These specimens 
both have only one or two layers of mortar, and there is 
no mortar joint parallel to the compressive load. The test 
procedures shown in Fig. 1c, d provide more realistic tests 
because the specimen has a greater number of masonry 
units as well as mortar layers in two directions as mention 

by Morton (2012) and Paulay and Priestley (1992). Having 
mortar planes in multiple directions is helpful as the shear 
strength of masonry is known to be dependent on the level 
of normal stresses in the bed joint of the masonry (Dautaj 
et al. 2018; Paulay and Priestley 1992; Smith and Carter 
1969; Tomazevic 1999).

There are currently two models for the mechanism of 
masonry shear failure: a friction-based hypothesis and 
a crack-based hypothesis. The model for determining the 
shear strength based on friction theory is currently accepted 
by Eurocode 6 (Crisafuli 1997; Morton 2012; Smith and 
Carter 1969; Tomazevic 1999; Comite Euro-International 
Du Beton 1994). According to this model, the shear strength 
of masonry under shear force is defined as the sum of the 
shear strength under zero compressive stresses, Eq. (1) and 
the strength that results from the friction between the mortar 
and the masonry units, which is dependent on compressive 
stresses perpendicular to the direction of shear (in the bed 
joints), Eq. (2). Figure 2 shows the resulting characteris-
tic values of the initial shear strength and the characteristic 
angle of internal friction, obtained from a shear test con-
ducted on a masonry panel in accordance with EN 1052-3 
(2007), for different preloads P:

(1)fv =
F∕2A,

(2)�p =
P∕A.
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Fig. 1  Different load application methods used in testing of shear strength of masonry infill

Fig. 2  Characteristic values 
obtained from shear tests 
according to EN 1052-3 (2007)
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The parameters measured in this experiment primarily 
quantify the behaviour of the bed joints of the masonry. To 
determine the minimum shear strength of the panel, five 
such tests must be conducted. Therefore, from the geometry 
of the test setup and the test results shown in Fig. 2, the basic 
equation for the characteristic shear strength of unreinforced 
masonry is given by:

Table 1 shows the initial shear strength and limit values 
obtained for the current study in which: �d is the design 
compressive stress perpendicular to the shear, �p is the com-
pressive stress perpendicular to the shear, fv0 is the shear 
strength of the masonry units under zero compressive stress, 
fvk0 is the characteristic initial shear strength under zero 
compressive stress, fvk is the characteristic shear strength of 
unreinforced masonry not greater than 0.065fb or fvlt , fvlt is a 
limiting value dictated by the specific national code and, fb 
is the normalized compressive strength of the masonry units.

To determine the lateral resistance of masonry failing in 
shear, the characteristic value of shear strength is multiplied 
by the resisting cross-sectional area of the wall. For the assess-
ment of seismic resistance according to CEN EC 6 (2004) 
and CEN EC 8 (2004), the design shear resistance is given by 
Tomazevic (1999) in Eq. (4):

where t is the thickness of the wall; lc is the length of the 
compressed portion of the wall; and γM is the material partial 
safety factor.

Note that as Eq. (3) represents the shear strength of the 
mortar and masonry unit interface, it is valid only in those 
cases in which failure occurs by debonding of mortar joints, 
meaning that the masonry units must have a greater com-
pressive strength than the mortar. Numerous factors may 
affect the shear strength between hollow clay blocks and 
mortar. The most important factors, related to the materials 
are: blocks and mortar.

(3)fvk = fvk0 + 0.4�d ≤ 0.065fb.

(4)Hsd,w =
fvktlc

�M

,

Several studies have been conducted to study the influ-
ence of mortar to shear strength of masonry. Rahman and 
Anad (1994) pointed out that the compressive strength of 
mortar is related to the shear strength.

Dora Foti et al. (2018) also investigated the behaviour of 
polyurethane foams, used for the construction of thin joints 
brick masonry walls. They concluded that the foam joints 
were able to improve the ductility and the energy dissipation 
of the masonry.

Further, Penava et al. (2016) reported that the interlock-
ing of clay block masonry and mortar joints is also one of 
the factors that influence the shear resistance of a masonry 
panel. However, the problem of interlocking is not consid-
ered in this paper.

The behaviour of hollow brick walls was observed by 
Ozsayin et al. (2011), they concluded that the masonry walls 
strengthened with CFRP sheets enhanced shear strength and 
deformation capacity. Moreover, they pointed out that the 
quality of mortar is effective on the compressive and shear 
strength of infill wall.

An analytical model for predicting the shear strength of 
fiber reinforced mortars (FRM) masonry walls using the 
artificial neural network (ANN) approach was proposed by 
Cascardi et al. (2016). They pointed out that the proposed 
model is capable for predicting in plane shear strength of 
masonry panels strengthened by FRM systems.

While most design codes have adopted this expression as 
a general expression of the shear strength regardless of the 
mechanism of failure, care should be taken that this criterion 
remains correctly applied to ensure that a safe assessment of 
the strength of the masonry wall is conducted.

The second model for masonry shear failure, cited by 
Tomazevic (1999), assumes that diagonal cracks and shear 
failure are caused by principal tensile stresses which develop 
in the wall when it is subjected to a combination of vertical 
and lateral load.

The expressions for the evaluation of the shear resist-
ance of a masonry panel in an infilled RC frame if sliding 
shear failure occur are proposed by Paulay and Priestley 
(1992) and Smith and Carter (1969), CEN EC8/ CEN EC6 
(2004/2004), etc., Table 2.

Morandi et al. (2018) and Mohammad Noh et al. (2017) 
presented a comprehensive review on comparison between 
experimental and different expression by several authors 
for evaluation of shear strength and pointed out differences 
between them. However, no analytical methods are reason-
ably applicable to different types of infilled frame structures.

Table 1  Values of fvko and limiting values of fvk for general purpose 
mortar

Masonry unit type Mortar fvko (N/mm2) fvlt (N/mm2)

Group 2b clay units M10–M20 0.3 1.4
M2.5–M9 0.2 1.2
M1–M2 0.1 1

Table 2  Evaluation of the 
shear strength and resistance 
of masonry panel according to 
different model

fv0 is initial shear strength of bed joints, � is friction coefficient

Smith and Carter Paulay and Priestley EC8/EC6
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Despite plenty of test methods and theories in the litera-
ture, there is yet no standard procedure in design or research 
literature for determining the shear strength of masonry in 
infilled RC frames.

Due to the complex behaviour of masonry structures 
in shear and its dependence on many different factors as 
described at Dautaj et al. (2018) and Razzaghi and Javid-
nia (2015) the research program discussed in this paper was 
focused on the following objectives:

• To experimentally determine the shear resistance (which 
is actually the shear through the mortar) of the masonry 
panel in an infilled RC frame.

• To propose an analytical method to determine the shear 
forces resisted by the masonry panel in the infilled RC 
frames when sliding-mode failure occurs.

To meet these objectives, five specimens were tested and 
analysed during this research program.

Materials and methods

Test specimens

This research programme involved the testing of five, 2/3 
scale, single bay, single story RC frame specimens represent-
ing the lower portion of a two-story building. The reinforced 
concrete frames of specimens 1, 2, and 3 were designed 
according to the common practice followed in the region, 
in which masonry is frequently used as a structural system. 
The RC frames of specimens 10 and 15 were designed with 
a higher lateral resistance than those of specimens 1, 2, and 3 

to demonstrate the effect of increasing the lateral resistance 
of the RC frame on the shear resistance of the masonry infill.

Table 2 and Fig. 3 provide the geometries and steel rein-
forcement details of the specimens. Specimen 1 is a bare 
frame, while specimens 2 and 10 were infilled with hollow 
clay blocks containing no separation (split) in the middle of 
the masonry panel. In specimen 3, the bed joint in the mid-
dle of the masonry panel was eliminated with a separation 
to ensure that the horizontal shear force across the middle 
of the panel was zero. In specimen 15, the bed joint was 
partially developed so the horizontal shear force would only 
be present in the middle of the panel. This distance likely 
encompasses the limits of the horizontal component of the 
diagonal strut, as shown in Fig. 3.

Masonry units of similar size and material were used to 
construct the masonry infill for all specimens. The masonry 
infill units used were hollow clay blocks with holes consist-
ing of about 65.8% of the total block volume, as shown in 
Fig. 3b.

The construction of the test specimens began by prepar-
ing the reinforcement cages for the foundation beam, the col-
umns, and the top beam. Then, forms were constructed for 
the foundation and concrete was cast, followed by formwork 
and casting of the columns and beams. The masonry walls 
were constructed after the formwork was removed from the 
frame (after 28 days curing time), as per the most common 
method for infilled RC-frame construction.

Material properties

Material properties were evaluated using the relevant 
standards by conducting tests on the masonry units, 
mortar, concrete, and reinforcing bars (Table 3). The 
normalized compressive strength of the masonry units 

Fig. 3  a General geometry of test specimens, b hollow clay block (unit: mm)
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used was determined according to CEN  EC 6 (2004) 
and EN 772-1 (2011), and the results are presented in 
Table 2. The mortar used in these tests was produced 
according to predetermined constituent mix proportions, 
e.g., 1:0.25–0.5:2.25–3 of cement:lime:sand by volume, 
and the expected mean value of its compressive strength 
was 10 MPa (Mortar type-M10). The bending and com-
pression testing of these mortars was conducted accord-
ing to the EN 1015-11 (2007) and EN 12190 (2000) 
requirements, respectively. The characteristic compres-
sive strength of the masonry was determined based on 
CEN EC 6 (2004) and Soric (2000). The compressive 
strength of the concrete was obtained according to EN 
12390-3 (2002) by testing a 150 × 150 × 150 mm cube.

In all, 26 compression tests were performed on the 
masonry units, 15 compression tests on the concrete, 50 
compression tests and 25 flexural tests on the mortar, 
and 30 tensile tests on the reinforcement, with the results 
shown in Table 3.

The lateral resistances of the bare frames of specimens 
1, 2, 3, 10, and 15 were evaluated according to pushover 
analysis. The lateral resistances of the bare frames, given 
by Pi, where i is the specimen number, were found to 
be about P15

fr
 = 42 kN, P10

fr
 = 52.5 kN, and P1,2,3

fr
 = 24.5 kN, 

Fig. 4.

Test set‑up and procedure

Figure 5 shows the testing apparatus used in this study. The 
apparatus includes a steel reaction frame, a loading system, 
and an instrumentation system. The steel reaction or load-
ing frame comprised two HE section columns that were 
connected at the top and bottom by two beams, as well as 
a blocking mechanism that limited horizontal and vertical 
displacement and out-of-plane displacement at the bottom 
and top of the specimen, respectively.

The loading system, controlled using a multi-functional 
console, comprised two horizontal and one vertical hydrau-
lic actuators operated by a hydraulic pump and actuator con-
trol software. The two horizontal hydraulic actuators had a 
load capacity of 300 kN (± 100 mm stroke) and were used 
in conjunction to push or pull the top beam of the masonry-
infilled RC frame located 2.4 m above the bottom beam of 
the reaction frame. The vertical hydraulic actuator had a 
load capacity of 200 kN (± 100 mm stroke) and was used 
to apply a concentric vertical load to the frame columns via 
load distribution beams.

The instrumentation system included three load cells, 
which are located in the each actuator arm, each with a 
maximum load capacity of 200–500 kN. The instrumen-
tation system also included six displacement transducers 

Table 3  Dimensions and material properties of the test specimens

Specimen property Specimen

1 2 3 10 15

fy—yield strength of reinforcement (N/mm2) 620 620 620 620 620
hc—height of columns (mm) 150 150 150 250 200
bc—width of columns (mm) 150 150 150 150 150
hb—height of beam (mm) 200 200 200 250 200
bb—width of beam (mm) 150 150 150 150 150
lm—length of masonry panel (mm) – 2500 2500 2300 2400
hm—height of masonry panel (mm) – 2000 2000 1950 1000
ls—split length in the middle of masonry panel (mm) 0 2500 0 1500
Aa1c—area of tension and compression reinforcement for columns  (mm2) 157 157 157 157 234
Aa1b—area of tension and compression reinforcement for beam  (mm2) 157 157 157 157 234
hu—height of masonry units (mm) – 200 200 200 200
lu—length of masonry units (mm) – 250 250 250 250
t—thickness of masonry units (mm) – 120 120 120 120
fm—mean compressive strength of mortar (N/mm2) – 9.75 12.03 9.75 11.87
ftm—flexural strength of mortar (N/mm2) – 3.2 2.34 2.34 3.69
fb,p—normalised compressive strength of masonry units parallel to holes (N/mm2) – 14.38 14.38 14.8 14.38
fk,p—characteristic compressive strength of masonry parallel to holes (N/mm2) – 3.99 3.99 3.99 3.99
fb,o—normalised compressive strength of masonry units orthogonal to holes (N/mm2) – 5.11 4.21 5.11 5.17
fk,o—characteristic compressive strength of masonry orthogonal to holes (N/mm2) – 2.04 2.15 2.04 2.64
fc—compressive strength of the concrete (N/mm2) 25 24.5 24.5 25 24
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with accuracies of > ± 0.1% and > ± 0.2% for ranges of up 
to 25 and 100 mm, respectively. Two transducers (± 100 mm 
stroke), positioned on the top beam of the specimen 2.2 m 
from the bottom beam of the reaction frame, were used to 
measure the horizontal displacement of the specimen. The 
third transducer (± 100 mm stroke), positioned 1.5 m from 
the bottom beam of the specimen, was used to measure the 
separation between the masonry panel and the RC frame. 
The fourth transducer (± 100 mm stroke) was used to meas-
ure the displacement at the middle of the RC frame column. 
The remaining two transducers (± 50 mm stroke) were used 
to measure the horizontal displacement at the base of the 
specimen.

Initially the specimens were loaded and unloaded with a 
small proof load to confirm the effectiveness of instrument 

set-up and loading. Most of the specimens were subjected 
to quasi-static cyclic loads in both directions, only speci-
men 15 was subjected to monotonic loading in one direc-
tion. Five to ten cycles in each direction were applied with 
a load increment between each cycle of 10 kN. To simulate 
gravity loads from upper stories, a constant vertical force 
of 20 kN (estimated as the total weight of a two-story 
building, concentrated at the floor level and distributed 
equally to the columns) was applied at the top of each 
column. Data measured from the load cells and displace-
ment transducers was stored using the data logger unit, and 
computer software was used to read the force and displace-
ments in real time.

Fig. 4  Pushover curve of bare 
frame for selected specimens

Fig. 5  Loading frame and 
instruments used in the test
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Test results

Experimental results

Specimen 1

For specimen 1, which is bare frame, the first crack occurred in 
the bottom and top of column when lateral displacement was 
8 mm. At lateral load Py = 22 kN, specimen 1 started yielding 
for corresponding displacement Δy = 40 mm (drift ratio 2.0%). 
Beyond this point, the bare frame showed the change in behav-
iour and stiffness degradation up to maximum lateral load 
which was P1

max
 = 24.5 kN, which is approximately the same 

as the predicted lateral strength resulting from a “pushover 
analysis”. It can be noticed that the bare frame exhibited duc-
tile behaviour, with displacement ductility at about 5.1, Fig. 6. 
Specimen 1. This specimen was tested to serve as a compari-
son for the behaviours of the masonry-infilled specimens.

Specimen 2

Specimen 2 was subjected to cyclic load for total five cycles 
in two direction and two cycles in one direction. During 

testing, an initial stepped crack induced by shear forces in 
the masonry occurred during cycle 4 under a force level of 
45–56 kN and a corresponding displacement of d = 6 mm (a 
drift ratio of 0.3%). During this same loading cycle, cracks 
also occurred in the left beam–column joint and in the mid-
dle of the left column.

When the lateral load was increased towards the right 
during cycle 5, additional cracks formed in the masonry, 
beam–column joint, and column. The maximum lateral force 
resisted by Unit 2 ( P2

max
 ) was observed during cycle 5. Dur-

ing this cycle, P2
max

 = 94.17 kN and its associated displace-
ment (d) was d = 40 mm (a drift ratio of 2.0%). The lower 
part of the left column remained vertical. The highest flex-
ural deformation was instead concentrated at the middle of 
the column, where a plastic hinge formed as a result of the 
interaction between the lower part of the masonry and the 
beam–column joint.

The ultimate failure mechanism for specimen 2 was a 
combination of the masonry infill’s shear failure and plastic 
hinge formations in the middle of the left column and in the 
upper and lower parts of the right column. Figure 7 depicts 
specimen 2’s behaviour during and following testing.

Fig. 6  a Cracking at lower and 
upper parts of the left column, 
b lateral force-displacement 
response of specimen 1, Dautaj 
et al. (2018)

Fig. 7  Specimen 2, a details of the beam-to-column joints, b cracking of specimen 2 after test, and c lateral force–displacement response, Dautaj 
et al. (2018)
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Specimen 3

Specimen 3, which contained a debonded separation in 
the masonry panel at mid-height, was subjected to a total 
of four cycles in both directions and three cycles in the 
left direction, with an applied displacement in excess of 
200 mm. As a result of this displacement, there was sig-
nificant damage to the RC frame, but the masonry infill 
showed only small cracks. The first cracks in the columns 
appeared in cycle 3 during the action of the left actua-
tor 2 at a force of P2

crac
 = 35.66 kN and a corresponding 

displacement of d = 10.4 mm (a drift ratio of 0.52%). In 
cycle 4, cracks were noted in the left column beam node, 
and cracks that had formed earlier continued to propagate. 
Cracks also appeared on the right column, although the 
focus of this study was on the left column because of the 
readily forming cracks and plastic hinges observed in its 
mid-height region. In this cycle, the maximum load of 
P3
max

 = 53.93 kN was achieved with a corresponding dis-
placement of d = 44 mm (a drift ratio of 2.2%). After the 
maximum load, the performance of specimen 3 steadily 
degraded with increasing deformation, decreasing stiff-
ness, and decreasing resistance of the frame. Figure 8 
shows the final failure mechanism that occurred during 
cycle 6 at a displacement of 150 mm. The failure of speci-
men 3 clearly occurs as a result of the failure of the RC 
frame, not the masonry infill.

Specimen 10

Specimen 10 was designed to exhibit a greater bare frame 
lateral resistance compared to that of specimens 2, 3, and 15 
by increasing the flexural strength of the columns.

The impact of these changes on the lateral strength of the 
frame can be noted in the cracking load, maximum resistance 
of the specimen, as well as in the final failure mechanisms 
observed. The first crack in specimen 10 appears during cycle 
6 while actuator 2 is active at a load of P10

crac
 = 96.8 kN, and 

a corresponding displacement of d = 4.8 mm (a drift ratio of 
0.24%).

The maximum lateral load resisted by specimen 10 
was P10

max
 = 145  kN, with a corresponding displace-

ment of d = 29.5 mm (a drift ratio of 1.475%), which is 
greater than the maximum loads resisted by specimens 2 
( P2

max
 = 94.6 kN). It can also be seen from the load–displace-

ment curve of specimen 10, shown in Fig. 9b, that the initial 
stiffness of specimen 10 was greater than that of specimen 
2. The final failure mechanism of specimen 10 (see Fig. 9a) 
differs from the final mechanism observed in specimen 2 in 
that after the masonry degraded, plastic hinges developed 
in discreet locations at the top and bottom of the columns, 
rather than in the middle of the columns.

Fig. 8  Specimen 3, a ultimate 
failure mechanism, b lateral 
force–displacement response for 
all cycles

Fig. 9  Specimen 10, a ultimate 
failure mechanism, and b lateral 
force–displacement response for 
all cycles, Dautaj et al. (2018)
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Specimen 15

Specimen 15 was subjected to a total of seven load-
ing–unloading cycles in the left direction from actuator 2. 
This specimen was designed to quantify the contribution of 
the masonry infill panel to the shear resistance of the RC 
frame when compared to that of a continuous panel (as pro-
vided in specimen 2) and a fully split panel (as provided in 
specimen 3). In addition to the standard displacements com-
mon to the other specimens, displacements were also meas-
ured just below the location of the panel separation. The first 
crack appeared in cycle 4 at a load level of P15

crac
 = 30.5 kN 

and a corresponding deformation of d = 1.55 mm (a drift 
ratio of 0.0775%). The first four cycles, and the first crack 
in specimen 15, are shown in Fig. 10.

In cycle 5, specimen 15 reached a maximum resistance 
of P15

max
 = 100.00 kN with a corresponding displacement of 

d = 7.4 mm (a drift ratio of 0.37%) in the middle of the panel 
and d = 19.5 mm (a drift ratio of 0.975%) at the top beam. In 
this cycle, the masonry panel sheared into two parts and the 
RC unit began to degrade. As seen in the force–displacement 
diagram of Fig. 11, in the middle of the masonry panel, the 
shear strength was sufficient to resist the load until it had 
displaced 20 mm, after which the shear resistance decreased. 

It can be clearly seen that the destruction of specimen 15 
occurred as a result of the shearing of the infilled panel into 
two parts, which resulted in the formation of hinges in the 
reinforced concrete frame, effectively creating a frame con-
sisting of two independent diagonals at the top and bottom 
of the frame (a knee-braced frame).

Proposed method for evaluation of the shear 
strength of a masonry panel in an infilled frame

Model description

The shear resistance obtained according to the following 
method is used in the proposed model to estimate lateral 
strength of masonry-infilled RC frames. Further details and 
description of the model can be found in Dautaj and Kabashi 
(2019). In the proposed model, the masonry infill is repre-
sented by two diagonal struts and one horizontal tie, Fig. 12b.

For specimen 2 the shear force on masonry panel is deter-
mined experimentally Vf = 45–56 kN. Using this force, the 
forces in diagonal struts 1 and 2 were calculated as follows:

(5)S1 = 1.25 ⋅ Vf,

(6)S2 = 1.25 ⋅ Vf.

Fig. 10  Specimen 15, a the first 
crack in the masonry at cycle 
4, b the force–displacement 
relationship at the middle of the 
masonry and at the top beam 
level

Fig. 11  Specimen 15, a sliding 
shear failure, b force–displace-
ment relationship in the middle 
of masonry panel and top beam 
level up to 70 mm displacement
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These relationships were calibrated in the proposed model 
by setting the observed behaviour of specimen 2 equal to the 
forces in the struts.

The shear resistance of the masonry infill in the other 
specimens is given by the shear force function derived for 
specimen 2, Eq. (7). An increase or decrease in the interac-
tion between the masonry panel and the RC frame reflects 
a respective increase or decrease in the shear strength of 
the masonry panel, as demonstrated by this research pro-
gramme. A greater lateral strength of the bare frame leads 
to a larger shear force as a results of larger normal forces at 
the bed joint. Thus:

where Vf = Vf,ek = Vf,2 = 45–56 kN is the shear resistance (the 
shear force that initiates a sliding shear failure) that was 
experimentally determined by the specimen 2 reference test. 
Analytically, the shear resistance of the masonry infill in 
specimen 2 was determined as a function of the length of the 
masonry infill, the thickness of the infill panel, and the initial 
characteristics of the shear strength under zero compressive 
stress, such that:

where t is the thickness of the masonry infill; fvko is the ini-
tial characteristic shear strength under zero compressive 
stress; l is the length of the masonry panel; c is an experi-
mentally determined coefficient (for the reviewed case, 
c = 0.56–0.62); Vy,ek = Vy,2 is the yield strength of the bare 
RC frame without masonry infill for specimen 2; Vy,i is the 
yield strength of the bare RC frame without masonry infill 
for the analysed specimen; and Vf,i is the shear resistance 

(7)Vf,i = 0.9
Vy,i

Vy,ek

Vf,ek,

(8)Vf,ek ≤ c ⋅ t ⋅ l ⋅ fvk0,

of the masonry infill in the analysed masonry-infilled RC 
frame.

Note that the force Vf,i must satisfy the following 
requirements: Vf,i ≤ l·t·fvk and Vf,i ≤ w3·t·fk (whichever is 
smaller), where fvk is the characteristic shear strength of 
the unreinforced masonry, and fk is the characteristic com-
pressive strength of the masonry.

Analytic results

The shear resistance of the masonry panel in the other 
specimens is given by Eq. (7) as a function of the meas-
ured specimen 2 shear force.

The shear force in strut 3 for specimen 10, calculated 
from Eq. (7), is Vf,10 = 90 kN, whereas the force in struts 1 
and 2 is 113.0 kN. The increase in strength Vf,i from 45–56 
to 90 kN is due to the increase of normal force across the 
bed joint for a larger bare RC frame strength.

In same way, the shear resistance of the masonry infill 
of specimen 15 can be calculated by Eq. (7), as follows:

The obtained shear resistance is used as input data into 
the above model to analyse the behaviour of the masonry-
infilled RC frame.

Comparison of results

In this section, the results of the specimen tests are pre-
sented and analysed for characteristic behaviour by com-
paring their applied load at first cracking, maximum load 
resisted, and corresponding deformations.

Vf,15 ≤ 0.9 ⋅
lm − ls

lm
⋅

Vy,15

Vy,ek

Vf,ek = 0.9 ⋅
90

240
⋅

39.1

23
⋅ 52 = 29.83 kN.

Fig. 12  a Masonry-infilled RC frame with hollow blocks, b proposed model to analyse the infilled frame, Dautaj and Kabashi (2019)
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These results are compared with the analytical results 
obtained using the method proposed in “Model descrip-
tion” for determining the shear resistance of the masonry 
panel in an RC frame.

Comparing the specimens in question, specimen 3, 
the masonry-infilled RC frame with masonry infill of no 
shear resistance in the middle of panel, resisted a maxi-
mal lateral load of P3

max
 = 53.93 kN. When compared to 

specimen 2, which resisted a maximum lateral load of 
P2
max

 = 94.17 kN, it can be seen that the shear resistance of 
the masonry infill in an RC frame demonstrably increases 
the lateral shear resistance with a contribution to the gen-
eral shear resistance of approximately 45–56 kN. This 
force is about equal to the force at first cracking.

The first crack in specimen 10 appeared at a load of 
P10
crac

 = 96.8  kN and a corresponding displacement of 
d = 4.8 mm. When compared to the capacity obtained by 
Eq. (7), which was 90 kN, it can be stated that the two 
values are nearly equal. By comparing the lateral force 
of specimen 2 with specimen 10 at drift ratio 0.25–0.3% 

it can seen differences between them as a results of the 
differences in their lateral strength of bare frame 1 and 
10, see Fig. 13. The first crack in specimen 15 appeared 
in cycle 4 at a load of P15

crac
 = 30.5 kN and a correspond-

ing deformation of dcr = 1.55 mm. When compared with 
the shear capacity obtained analytically (29.83 kN), these 
values are clearly nearly equal.

Taking a model A as a test case with similar geometry 
to that of specimen 15 but with no shear resistance in the 
middle of masonry infill, according to the model proposed 
in “Model description”, it can be demonstrated that lateral 
resistance of model A at a displacement of 20 mm is 70 kN 
and its maximum lateral resistance is MA

d=40mm
 = 82 kN. 

When compared to specimen 15, as shown in Fig. 14, it 
can be seen that the shear resistance of the masonry infill 
in an RC frame increases the lateral resistance of the frame, 
making a noticeable contribution to the general shear resist-
ance of the masonry-infilled RC frame of approximately 
26–32 kN.

Fig. 13  Load-story drift enve-
lopes of specimens 2, 3 and 10 
and Bare Frame 2, 3, 10

Fig. 14  Envelope of responses 
for specimen 15, model A, and 
bare frame of specimen 15
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All tested specimens, the lateral load-and-drift ratio at 
a characteristic point, the force at first cracking, ratio of 
bare frame to shear resistance of masonry panel, the ratio 
between the infilled frame and bare frame stiffness, and the 
maximum lateral resistance ratio of the infilled frame and 
bare frame are shown in Table 4.

Furthermore, the shear force in the masonry panels of 
specimens 2, 10, and 15, were evaluated according to the 
equations proposed by Paulay and Priestley(1992), Smith 
and Carter (1969) and CEN EC8 (2004), leading to shear 
forces that were different from values measured during the 
experimental tests, and also different from shear forces deter-
mined using the proposed method. The expressions proposed 
by Paulay and Priestley (1992) overestimate shear strength 
for all units, whereas the strength according to Smith and 
Carter (1969) is in good agreement with experimental tests 
for specimen 2 and 15 but leads to overestimate to the shear 
strength of specimen 2. EC 8 leads to underestimate shear 
force (fairly good safe results) in comparison with experi-
mental results when one half of fv0 is assumed. A similar 
differences between experimental and proposed expression 
for shear strength was reported by Morandi et al. (2018). 
Table 5 presents and compares the shear forces determined 
experimentally, by the proposed method, and using methods 
proposed in the literature by different authors.

Conclusions

The main objectives of this experimental study were:

• To experimentally determine the shear resistance (which 
is actually the shear through the mortar) of the masonry 
panel in infilled RC frames.

• To propose an analytic method for determining the 
shear force (the force that initiates sliding) resisted by 
the masonry panel in infilled RC frames when a sliding-
mode failure occurs.

Based on the experimental results, the following conclu-
sions can be drawn.

• Based on the comparison of experimental results, it was 
observed that the shear strength of masonry panel is 
influenced by lateral strength of bare frame at low levels 
of drift ratio (by comparing results between specimens 
2 and 10 at drift ratio 0.25–0.3%, which had different 
lateral resistance of bare frame).

• A comparison of experimental and analytical results 
demonstrated that the shear resistance of the masonry 
panel in an infilled RC frame can be evaluated based on 
Eq. (7) in which is incorporated explicitly the contri-
bution of RC frame to the shear resistance of masonry 
panel.

• Further, based on experimental and analytical results, the 
force that initiates cracking of masonry panel is approxi-
mately the same as the shear resistance of the masonry 
panel in an infilled RC frame.

• By comparing the force–displacement relationships 
of specimen 15, which contained a small split in the 
masonry infill, with those of Model A containing a 
complete split, it can be concluded that the relationship 
between force and displacement behaviours are approxi-
mately the same once the shear resistance of a partially 
continuous masonry infill has been diminished by dis-
placement damage; in fact, the difference between the 
load–displacement curves for infilled and bare frames 

Table 4  Influencing parameters of tested specimens

Pcr is force that initiates the cracking of the masonry (sliding/diagonal), Ks and Kfr is stiffness at maximum load

Pcr (kN) dcr (%) Pmax (kN) dmax (%) Ks (kN/mm) Kfr (kN/mm) Ks/Kfr Pfr (kN) Pfr/Vf,ek Pmax/Pfr

Specimen 1 – – 24.5 2.2 0.6 0.6 1.0 24.5 – 1.0
Specimen 2 54 0.3 94.2 1.9 2.5 0.6 4.3 24.5 0.5 3.8
Specimen 3 – – 53.9 2.2 1.2 0.6 2.2 24.5 0.5 2.2
Bare frame 10 – – 52.5 1.5 1.8 1.8 1.0 52.5 1.0 1.0
Specimen 10 96.8 0.24 145.0 1.5 4.9 1.8 2.8 52.5 1.0 2.8
Bare frame 15 – – 42.0 1.4 1.5 1.5 1.0 42.0 0.8 1.0
Specimen 15 30.5 0.0775 100.0 1.0 5.0 1.5 3.3 42.0 0.8 2.4

Table 5  Experimental/analytical shear force comparison

Pcr is force that initiates cracking of the masonry panel

Pcr (kN) Experimen-
tal

Paulay 
and 
Priestley

Smith 
and 
Carter

EC8/EC6 Pro-
posed 
method

Specimen 2 45–56 210 90 45 52
Specimen 

10
96.8 210 90 45 90

Specimen 
15

30.5 78.8 33.8 16.8 29.8
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provides the shear resistance of the masonry panel in 
the infilled RC frame at any displacement, as shown in 
Fig. 14.

• The method used to evaluate the shear resistance of the 
masonry panel in an infilled RC frame cannot be used 
for other masonry units, infill materials, strengthened 
masonry infill, or larger height-to-width ratios without 
additional research.

The results of this study substantially contribute to the 
state of knowledge regarding the shear strength character-
istics of masonry-infilled RC frames. This research is of 
particular interest because it provides an enhanced empiri-
cal understanding of shear resistance theory. Further, we 
believe that by quantifying the shear resistance contribution 
of the masonry panel in an infilled RC frame, any structure 
built with this system can be designed more efficiently and 
reliably.
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