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Cyclic testing of single-span weak frames with masonry infill

Experimental test results for fourteen samples of single-span, single-storey, non-
seismically designed reinforced-concrete (weak) masonry infill frames are presented 
in the paper. The samples, scaled 1 to 2, were subjected to the approximately constant 
vertical and in-plane horizontal cyclic load. Various geometrical and mechanical 
properties of reinforced-concrete frames and masonry infill were considered. Equations 
for estimating the interstorey drift ratio at the limit states under study are proposed 
based on testing conducted in the paper.
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U radu su prikazani rezultati eksperimentalnih istraživanja četrnaest uzoraka 
jednorasponskih, jednoetažnih, neseizmički projektiranih armiranobetonskih 
(slabih) okvira sa zidanom ispunom, izvedenih u mjerilu 1:2. Uzorci su ispitani pod 
približno konstantnim vertikalnim i ravninskim horizontalnim cikličnim opterećenjem. 
Promatrani su različiti parametri uzoraka u pogledu geometrijskih i mehaničkih 
karakteristika armiranobetonskih okvira i zidane ispune. Na temelju provedenih 
ispitivanja predložene su jednadžbe za procjenu relativnog međukatnog pomaka pri 
promatranim graničnim stanjima.
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1. Introduction

Reinforced concrete frames with masonry infill walls behave 
as a composite structural system ("framed-masonry") under 
lateral seismic load, and their behaviour is highly influenced by 
the interaction of their components. This behaviour was studied 
following recent strong earthquakes, (Northridge 1994; Kocaeli 
and Duzce 1999; Sumatra 2007; Wenchuan 2008; Christchurch 
2011) [1-5]. Masonry infill walls exhibited both beneficial (an 
increase in stiffness, strength and energy dissipation capacity of 
the system) and detrimental (a decrease in drift capacity and an 
increase in base-shear) impacts, depending on characteristics 
of r/c frames and masonry infill walls in question.
A significant portion of the present-day building stock in 
earthquake prone areas round the world consists of moment 
resistant r/c frames infilled with unreinforced masonry walls, 
which are designed for gravity loads only ("weak frames"), [6-
8]. Typical characteristics of these weak-framed structures 
are a small amount of longitudinal reinforcement in columns, 
inadequate amount of transverse reinforcement in potential 
hinge regions, non-ductile beam column joints, etc. [9-12]. 
These were rarely experimentally investigated [13-21] and 
there is a lack of code provisions [22] regarding their seismic 
assessment and strengthening interventions.
Fourteen different 1/2 scale specimens representing these 
structures were tested in the scope of an extensive experimental 
campaign. The models consisted of one-storey, one-bay weak-
framed structures infilled with masonry walls. They were 
exposed to constant vertical and cyclic lateral load, and they 
included different parameters such as mechanical properties of 
the masonry infill, and various properties related to r/c frame 
elements.
The results revealed significant contribution of masonry infill 
to the weak frame behaviour in terms of stiffness, strength 
and energy dissipation capacity. The contribution of masonry 
infill was related to frame and masonry infill properties. The 
robustness of masonry units, defined as the ratio of net to gross 
cross sectional area of masonry unit, and mortar type, appeared 
to be the governing parameter for damage severity of masonry 
infill, as well as for overall structural behaviour. Detrimental 
effects of masonry infill on frame elements were observed only 
in the specimen with a transverse reinforcement ratio lower 
than that defined in Eurocode 2 [23]. 

2. Experimental investigation

2.1. Introduction

The specimens (Table 1 and Figure 1) were grouped into four 
different series with the same r/c frame parameters. The same 
frame aspect ratio was kept, while the column to beam moment 
of inertia ratio, and reinforcement ratio of frame members were 
varied. The r/c frames were infilled with five different masonry 
wall types.

Weak frames were designed as moment resistant frames 
for gravity loads with properties smilar to those generally 
encountered in common buildings. The scaling of the r/c frames 
was conducted according to similitude laws [24], and the frames 
were produced by a local construction company.

Table 1. Frame properties

Two types of units were used for masonry walls: (1) solid clay 
units (c measuring b/h/l = 120/65/250 mm) and (2) hollow 
clay masonry units (b – Group 2 according to Eurocode 6 [25], 
measuring b/h/l = 120/90/250 mm). Three mortar types were 
used: (1) cement-lime mortar (pm with a volumetric ratio of 
cement: lime: sand = 1:1:5); (2) lime mortar (vm with a volumetric 
lime to sand ratio of 1:3); (3) no mortar. By combining these, 
five different masonry infill wall types were obtained (Table 2). 
Masonry infill walls were built with fully mortared bed and head 
joints of approximately 1 cm in depth/thickness. No additional 
connections, except connection by adhesion, were provided 
between the walls and the frame. Masonry units and mortar 
joints were not scaled according to similitude laws due to 
technical obstacles. The height of hollow units was kept to scale 
so as to keep the number of horizontal joints similar to that 
used in a prototype structure. Solid clay units were not scaled at 
all. According to [26], the damage mode or lateral strength is not 
influenced the up to 1/3 scaling of solid units.

Table 2. Masonry wall properties

Frame α β ρl.c [%] ρt.c [%] ρl.b [%] ρt.b [%]

O1 0.75 0.42 1.0 0.13 3.8 0.13 (0.07)

O2 0.75 0.42 1.0 0.09 3.8 0.13 (0.07)

O3 0.75 1.95 1.0 0.13 3.8 0.13 (0.07)

O4 0.75 1.0 1.3 0.13 3.0 0.13 (0.07)

ρl.c and ρt.c are the column’s longitudinal and transverse reinforcement 
ratios
ρl.b and ρt.b are the beam’s longitudinal and transverse reinforcement 
ratios; transverse reinforcement ratios in the middle third of the beam 
length are given in parenthesis.

Masonry 
wall

Label Masonry unit Mortar type

Strong
cpm solid clay (c) cement-lime (pm)

bpm hollow clay (b) cement-lime (pm)

Weak

bvm hollow clay (b) lime (vm)

cvm solid clay (c) lime (vm) 

b hollow clay (b) no mortar
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Table 3. Tested specimens By combining the r/c frame and masonry wall properties, 14 
tested specimens were obtained (see Table 3). Additionally, 
specimen O1_b had the r/c frame properties of group O1 infilled 
with hollow clay units and without mortar, while specimens 
O1_bpm and O1_bpm* differed in terms of loading history (the 
difference was caused by load application error).

2.2. Test setup and instrumentation

Specimens were tested in a steel reaction frame fixed to a strong 
floor with lateral support. Their foundation beams were fixed to the 
reaction frame and sliding was prevented by steel restrainers. Tests 
were performed under an approximately constant vertical and in-
plane cyclic lateral load up to failure. Vertical loads, corresponding 
to 30-40 % of the design compressive strength of concrete, were 
applied at each column end by hydraulic jacks placed on a sliding 
support, which enabled lateral displacement and prevented 
rotation. Cyclic lateral in-plane loading was applied at the beam 
end along its centroid axis by two hydraulic jacks (Figure 2).

Figure 1. Frame specimens

Model Type 
of frame

Type 
of masonry unit

Type 
of mortar

O1+ O1 - -
O1_bpm O1 hollow clay units cement-lime
O1_bpm* O1 hollow clay units cement-lime
O1_cpm O1 solid clay units cement-lime
O1_bvm O1 hollow clay units lime
O1_cvm+ O1 solid clay units lime

O1_b O1 hollow units -
O2_cpm O2 solid clay units cement-lime

O3 O3 - -
O3_bpm O3 hollow clay units cement-lime
O3_cpm O3 solid clay units cement-lime

O4 O4 - -
O4_bpm O4 hollow clay units cement-lime
O4_cpm O4 solid clay units cement-lime

+Repaired model
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Figure 2. Test setup, instrumentation and loading history
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The lateral load history consisted of the load (1) controlled 
in increments of 10 kN in a small deformation range, and 
displacement (2) controlled with gradually increasing 
displacements. Each loading cycle was repeated twice in order to 
capture the effects of stiffness and strength degradation. Loads 
were measured at each application point by force transducers, 
while horizontal displacements of the frame at both ends of 
the beam, and diagonal deformations of the frame and infill 
walls, were measured by LVDT’s. A high-resolution dial gauge 
was used to monitor possible slippage of foundation beam. All 
measured data were continuously registered at a sampling rate 
of 0.01sec by DEWE-30-16 system with DEWESoft ver. 6.6.7 
software support. Deformations, cracks and their propagation 
were monitored visually and by the 3D optical measuring 
system ARAMIS.

3. Experimental results

3.1. Material properties

All material properties, presented in Table 4, were tested 
according to current European standards. The concrete 
compressive strength was C16/20 according to [27], and the 
reinforcing steel properties were (S220) for transverse smooth 
bars and (S500) for longitudinal ribbed bars [28, 29]. All masonry 
wall properties were determined according to [30].
The shear strength of masonry was determined by shear test 
(Type A) on masonry triplets, and by diagonal test. The results 
given in parenthesis refer to shear strength determined by 
diagonal test. The results point to a significant influence of 
test method. The shear strength determined by shear test 
on masonry triplets (in literature referred to as cohesion) for 

masonry walls made of hollow clay units was higher than the 
strength values determined by diagonal test, opposite to walls 
made of solid clay units. Deviations were expected since test 
methods are based on different hypotheses (different failure 
modes), but the differences were nevertheless surprising. 
An additional controversy was noticed. The tensile strength 
determined by diagonal test was higher than the shear strength 
determined by shear test on masonry triplets for masonry walls 
made of solid clay units. This was unexpected and related to 
different failure modes of tested masonry walls and texture of 
the masonry unit surface.
The reported masonry strengths show the predominance of 
robustness of masonry units and mortar type. Masonry walls 
made of cement-lime mortar exhibited higher values of tested 
properties compared to walls made of lime mortar. Similarly, 
masonry walls made of solid clay units exhibited higher values 
of tested properties, except modulus of elasticity, compared to 
the walls made of hollow clay units.

3.2. Damage modes

Possible damage modes of the masonry infill wall and r/c frame 
are presented in Figures 3 and 4, according to [31, 32], and 
are correlated with three characteristic limit states of tested 
specimens.
The following limit states (LS) were defined for framed-masonry 
elements:
LS_1: Formation of first significant crack, defined by BScr and 
IDRcr. The first significant crack was defined as the crack that 
propagates through at least four layers of masonry units 
(approximately one third of the infill height), or as the crack that 
crosses at least one half of the column depth.

Frame material properties

Concrete C16/20 Longitudinal reinforcement S500 Transverse reinforcement S220

Masonry infill properties

Masonry with cement-lime mortar Masonry with lime mortar

Hollow clay units Solid clay units Hollow clay units Solid clay units

fmt [MPa] 1.3 1.3 0.1 0.1

fm [MPa] 5.1 5.1 0.5 0.5

f/fb [MPa] 18.8/21.1 20.4/19.6 18.8/21.1 20.4/19.6

fi [MPa] 4.6 5.2 0.8 3.5

ft [MPa] 0.16 0.20 0.05 0.10

E [MPa] 8188 1665 1766 1653

fv0 [MPa] 0.42 (0.25) 0.18 (0.32) 0.13 (0.08) 0.04 (0.16)

tgα 0.32 0.56 0.21 0.57

fmt and fm are the tensile and compressive strength values for mortar. f and fb are the compressive and normalized compressive strength values for masonry units
fi. ft. E are the compressive strength. tensile strength. and modulus of elasticity values for masonry walls
fv0. tgα are the initial shear strength (cohesion) and angle of internal friction values for masonry walls. All values given in Table 4 are mean values.

Table 4. Constitutive material properties
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LS_2: Initiation of yield, defined by BSy and IDRy, was determined 
by the appearance of the first crack that propagates through the 
entire infill, or by the load step in which cracks from opposite 
corners connect. For r/c frame, the initiation of yield was defined 
by the first crack that crosses the full column depth, or by the 
load step in which cracks from opposite column sides connect.
LS_3: Composite action failure, defined by BSf and IDRf, was 
determined as failure of one of specimen components (frame or 
masonry infill), i.e. the load step that causes loss of composite 
action.
BS and IDR represent base-shear (lateral strength) and inter-
storey drift at the corresponding LS, respectively.
These limit states were noted as being the best ones for 
describing the observed response of specimens. Their primary 
curve is shown in Figure 5.
All tested specimens with hollow clay masonry units reached the 
maximum lateral strength at LS_2, while those with solid clay 
masonry units reached this strength at LS_3. The correlation 
between the limit states and damage modes is given in Table 5. 
Model O1_b was omitted, since it had only LS_1, regardless of a 

relatively large drift of 1.7 %. Table 6 shows only representative 
drift values, the aim being to correlate different damage modes 
with limit states. The final crack patterns at maximum drifts are 
shown for all specimens in Figure 8.
Multiple failure modes of masonry infill occurred during the 
testing, which depended on the achieved drift (IDR %). The 
masonry infill properties, namely the mortar type and robustness 
of masonry units, appeared to be governing parameters for the 
severity of infill damage and overall behaviour.

Table 5. Correlation between limit states (LS) and damage modes

In specimens with hollow clay masonry units, a diagonal 
compression (DC) damage mode of the infill appeared at LS_1 
as a diagonal crack located at upper corners and oriented at 
65 - 70° from approximately one-half of the column’s height. 
In O1 specimens, the crushing of corners began at LS_2 and it 

Figure 3. Damage modes of masonry infill, [32]

Figure 4. Damage modes of r/c frame, [32]

Figure 5. Primary curves and limit states of tested specimens

Model LS_1 LS_2 LS_3

O1+ TC TC SC

O1_bpm DC CC CC (infill failure)

O1_bpm* DC CC CC (infill failure)

O1_cpm SS HSS SC (infill failure)

O1_bvm+ DC HSS CC (infill failure)

O1_cvm SS HSS SC (frame failure)

O2_cpm SS HSS SC (frame failure)

O3 TC TC SC

O3_bpm DC SS CC (infill failure)

O3_cpm SS HSS SC (frame failure)

O4 TC TC SC

O4_bpm DC SS CC (infill failure)

O4_cpm SS HSS SC (frame failure)
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progressed until LS_3 was reached. The central part of the infill 
wall remained undamaged. Although the out-of-plane tests 
were not performed, it can be concluded based on severity of 
damage (Figure 6.) that the out-of-plane stability of infill is 
highly questionable. 
In the case of O3 and O4 specimens with hollow clay units, LS_1 
was the same as for O1 specimens. At LS_2, diagonal cracks 
propagated throughout the infill from opposite corners through 
the mortar bed and head joints (SS damage mode). However, 
this change in damage mode did not cause significant difference 
in terms of global response. Regardless of the frame properties 
and type of masonry infill (strong or weak), the crushing of 
infill was a dominant damage mode at LS_3. The damage was 
concentrated at the frame-infill interface and along the shear 
failure plane, as shown in Figure 6. Furthermore, it caused 
significant degradation in lateral strength, composite action 
was lost, and the frame behaved independently at drifts in 
excess of 1 %. 
Similar behaviour was observed in the case of seismically 
designed r/c frames ("strong frames") infilled with masonry 
made of hollow clay units [33].
In the specimens with the infill made of solid clay units, the 
masonry infill walls maintained sufficient integrity during the 

tests. Both limit states, LS_1 and LS_2, were defined by the 
shear damage mode and only the transition from SS to HSS 
mode was observed, as shown in Figure 7. As the masonry infill 
did not crush, its participation in the lateral load resistance was 
maintained up to LS_3. The appearance of LS_3 was determined 
by shear failure of r/c frame members. For specimens O1 and 
O2, failure was caused by shear failure of one of the columns, 
while for specimens O3 and O4, failure was caused by shear 
failure of beams.
The ultimate failure of all r/c bare frames was caused by shear 
failure of one of the columns. The robust infill wall made with solid 
clay units contributed to the post-cracking load redistribution 
within the system and enhanced its strength and global stability.
The damage mode prediction at LS_1 could be established 
by comparing different damage modes of tested specimens 
reported in Table 5, and masonry strengths reported in Table 
4. For masonry made of hollow clay units, the tensile strength 
determined by diagonal test had lower value than the shear 
strength determined by shear test on masonry triplets, regardless 
of mortar type, while the vice versa is true for masonry made 
of solid clay units. By calculating the ratio between these two 
strengths, it can be seen that the damage mode DC will occur for 
values higher than 1, while the damage mode SS will occur for 

Figure 6. Failure of masonry infill walls made with hollow clay units (specimens O1_bpm and O3_bpm)

Figure 7.  Transition of damage modes in masonry infill wall made of solid clay units (OO3_cpm, quantitative representation of relative 
deformation, ARAMIS)
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values lower than 1. This observation needs to be further tested 
with shear to tensile strength ratios differing from those covered 
in presented study, especially for masonry made with hollow 
clay units (fv0/ft = 2,6). Unfortunately, the same logic can not be 
applied for LS_2. The appearance of different damage modes at 
LS_2 seems to be driven by mortar type and frame properties. 
The influence of mortar type can be seen by comparing damage 
modes of specimens O1_bpm and O1_bvm. Similarly, the influence 
of frame property, namely coefficient β (moment of inertia ratio), 
arises if damage modes of specimens O1_bpm and O3_bpm are 
compared. The influence of coefficient β could be explained with 
the "beam on elastic foundation" theory; an increase in coefficient 
β will cause an increase in the frame column stiffness relative to 
that of masonry infill, resulting in a different stress state within 
the masonry infill. A combined influence of mortar type and 
coefficient β on the initiation of damage mode at LS_2 could not 
be determined. 
Table 6 shows drift values at individual limit states (LS). These 
values were mainly influenced by masonry infill properties, i.e. 
mortar type and masonry unit robustness. In the case of strong 
masonry infill, LS_1 occurred at the drifts of 0.15 %, regardless 
of unit type. LS_2 occurred at the drifts of 0.30 % for hollow 
clay units, and at the drifts of 0.50 % for solid clay units. LS_3 
occurred at the drifts of 1 % and 1.5 % (from 1.35 to 1.70 %) for 
hollow and solid clay units, respectively. 

For weak masonry infills, the mean drifts at LS_1 were roughly 
a half of those observed for strong masonry infills, and they 
ranged from 0.06 to 0.085 %, with the mean value being 0.073. 
For the LS_2 the drifts amounted to about 0.15 % for both unit 
types. LS_3 drifts were about the same as those for strong 
masonry infills, and they depended on unit type.

Table 6. Representative values of drift at individual limit states

3.3.  Hysteresis loops, response envelope curves and 
crack patterns

Measured hysteresis loops, response envelope curves, and crack 
patterns at maximum drifts are presented for all specimens in 
Figure 8. Lateral strengths, i.e. BS and the corresponding IDR for 
all specimens are presented at observed LS values in Table 7 

Infill

Limit 
states

Strong masonry infill Weak masonry infill

Hollow 
clay units

Solid clay 
units

Hollow 
clay units

Solid clay 
units

LS_1 [ %] 0.15 0.15 0.07 0.07

LS_2 [ %] 0.3 0.5 0.15 0.15

LS_3 [ %] 1.0 1.5 1.0 1.5

Model

Load direction + Load direction -

LS_1 LS_2 LS_3 LS_1 LS_2 LS_3

BScr IDRcr BSy IDRy BSf IDRf BScr IDRcr BSy IDRy BSf IDRf

+O1 28.1 0.19 43.3 0.81 46.7 1.31 29.1 0.31 37.5 0.88 - -

O1_bpm 101.5 0.09 160.0 0.27 116.2 0.85 109.5 0.13 155.4 0.27 86.8 1.04

O1_bpm* 105.6 0.08 170.6 0.27 94.2 1.00 97.0 0.15 141.5 0.31 83.8 0.88

O1_cpm 139.7 0.16 187.2 0.39 - - 136.2 0.17 155.5 0.41 162.2 1.70

O1_bvm 71.0 0.06 78.7 0.08 39.7 1.00 66.2 0.06 78.8 0.16 48.5 1.06

+O1_cvm 70.8 0.08 79.1 0.16 81.2 1.80 69.4 0.09 76.6 0.18 - -

O2_cpm 118.6 0.16 149.5 0.41 - - 120.1 0.15 145.5 0.46 152.7 0.99

O3 94.8 0.23 142.5 0.96 - - 105.3 0.43 130.5 1.07 103.0 1.62

O3_bpm 152.1 0.12 219.2 0.28 191.1 0.89 171.4 0.19 219.8 0.38 174.0 1.03

O3_cpm 148.9 0.15 279.9 0.50 - - 180.0 0.19 280.2 0.56 298.9 1.35

O4 88.9 0.31 127.5 0.78 120.3 1.20 65.8 0.15 113.5 0.86 - -

O4_bpm 200.9 0.16 258.5 0.28 184.7 0.93 219.6 0.20 258.8 0.29 172.0 0.94

O4_cpm 149.9 0.24 179.9 0.50 - - 101.4 0.08 169.9 0.43 227.1 1.62

Table 7. Lateral strength i.e. BS [kN] and IDR [ %] of specimens at corresponding LS values
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Figure 8 Hysteresis loops, response envelope curves and final crack patterns

for both loading directions. A positive direction is defined with 
positive values of BS and IDR. Model O1_b was not included, 
since only LS_1 was observed. BSR represents the base shear 
ratio, and was defined as the lateral to vertical load ratio.
The effective elastic stiffness, KEL, was determined by LS_1 for 
all specimens. The contribution of masonry infill to the effective 
elastic stiffness of a bare frame depended on the properties of 
such frame. The increase of the frame column moment of inertia, 
which is essentially an increase of the coefficient β, caused a 

decrease in the masonry infill contribution. Consequently, the 
highest contribution was observed in the case of the weakest 
frame (O1). Compared to effective elastic stiffness of the 
bare frame O1, the stiffness of specimens with infill made of 
hollow clay units increased by the factor of 8.8 (from 8.1 to 
9.5). Surprisingly, the highest contribution was observed in 
case of infill made of lime mortar. This can be explained by a 
significantly smaller value of IDR at LS_1. The stiffness increased 
by a factor of 6.9 for specimens with solid clay units. In case 
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of specimens O3, the effective elastic stiffness increased by a 
factor of 3.3 and 2.9 for specimens with hollow and solid clay 
units, respectively. A similar trend was observed for specimens 
O4, with an increase by a factor of 3.3 and 2.6 for specimens 
with hollow and solid clay units, respectively. Contrary to bare 
frames, the variation of longitudinal reinforcement ratio in 
frame columns did not cause any significant differences in 
terms of stiffness of infilled specimens, since the response was 
dominated by masonry infill. According to Table 4, no masonry 
strength or modulus of elasticity could be directly related to 
stiffness contribution. However, a certain regularity can be 
observed if the masonry unit type is considered. The effective 
elastic stiffness is approximately equal for all specimens with 
hollow clay units as well as for those with solid clay units. For 
specimens with hollow clay units, the effective elastic stiffness 
ranged from 70 kN/mm to 85 kN/mm, while for specimens with 
solid clay units this value ranged from 59 kN/mm to 69 kN/
mm. The higher values are related to specimens with stronger 
frames (O3 and O4).
The contribution of masonry infill to the lateral strength of bare 
frames was influenced by both the frame and infill properties 
and depended on the achieved IDR value. The masonry infill 
contribution depended on mortar type, despite the fact that 
none of the masonry strengths reported in Table 4 could be 
directly related to strength contribution, and masonry unit 
robustness. The influence of mortar type on the lateral strength 
of specimens O1 with hollow clay units is illustrated in Figure 9. 

Figure 9.  Influence of mortar type on lateral strength (BS) of 
specimens O1 

The maximum BS of the specimen with cement-lime mortar 
was approximately 2 times greater than the maximum BS of the 
specimen with lime mortar. The difference between compressive 
strengths of masonry walls was approximately 5.7 times, while 
the difference between shear strengths (cohesion) amounted to 
approximately 3.2 times. The same difference in maximum BS 
was observed in the case of specimens with infill made of solid 
clay units (O1_cpm and O1_cvm), despite opposite trend in terms 
of the masonry wall compressive to shear and strengths ratio (1.5 

and 4.5, respectively). An expected increase in lateral strength 
and stiffness was not observed despite the densely laid infill of 
model O1_b, where a load transfer mechanism was provided by 
friction at the contact planes of units (as shown in Figure 10). 

Figure 10.  Strain distribution in masonry infill of specimen O1_b 
(quantitative representation, relative deformation, ARAMIS)

Figure 11.  Influence of masonry unit robustness on lateral strength 
(BS) degradation of specimens O1

The maximum lateral strength increased by only 1.25 
times and KEL increased to 1.2 times the lateral strength 
and stiffness of the bare frame. Results indicated that the 
ductility increased by 1.3 times for the specimen O1_b with 
regard to the bare frame. The model O1_b was not subjected 
to load until failure.
The robustness of masonry units played a major role in terms 
of global response after LS_2 occurred. Regardless of mortar 
type and frame properties, all specimens with hollow clay units 
displayed strength degradation caused by infill crushing after 
LS_2 occurred, which ultimately led to bare frame behaviour. On 
the other hand, regardless of mortar type and frame properties, 
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all specimens with solid clay units maintained an approximately 
equal lateral strength after LS_2 was reached. The influence 
of masonry unit robustness is illustrated by Figure 11 where 
lateral strengths of specimens O1 with hollow and solid clay 
units are compared.
Since drift values at the LS of framed-masonry specimens and 
bare frames were significantly different, lateral strengths were 
normalized with regard to the lateral strength of the bare frame, 
as shown in Figure 12. This enabled evaluation of the masonry 
infill and frame properties contribution to the lateral strength 
(and stiffness) of framed-masonry specimens in the entire 
tested response range of bare frames.
The highest contribution of masonry infill was observed in 
the case of the weakest frame (frame O1) and in the range of 
small drifts (IDR ≤ 0.5 %), where strong masonry infill increased 
the specimen’s lateral strength by roughly 5.5 times. The 
contribution of the weak masonry infill in the range of small 
drifts (IDR ≤ 0.15 %) amounted to about 3.8 times. Regardless 
of the type of masonry infill (strong or weak), the strength 
and stiffness degradation was pronounced after the LS_2 was 
reached, especially in the case of masonry infill made with 
hollow clay units. This behaviour implies significant influence 
of the masonry unit robustness on the degradation of strength 
and on global behaviour of the specimens. 

In the case of frames O3, the masonry infill contribution in the 
small drift range (IDR ≤ 0.5 %) was about 2.2 times, while it was 
about 3 times for the frame O4. The contribution of masonry 
infill made with solid clay units was lower in the small drift 
range for specimens O4, which was caused by an unknown 
mechanism. An increase in the frame coefficient β (frame 
column height) caused a decrease in the masonry infill strength 
contribution (compare specimens O1 and O3), while an increase 
in the frame column longitudinal reinforcement ratio (compare 
specimens O3 and O4) did not cause major differences since the 
response was dominated by masonry infill.
The same trend of global behaviour regarding the masonry unit 
robustness was observed for all tested specimens. For all types of 
masonry infill, except in the case of O2_cpm, the ductility of framed-
masonry specimens was approximately equal to or slightly higher 
than that of bare frames, as shown in Figures 11 and 13.
A special attention was given to model O2_cpm, as the 
detrimental influence of masonry infill in case of inadequate 
transverse reinforcement appeared to be of paramount 
importance. Its response was compared to model O1_cpm, 
which was designed with minimum transverse reinforcement 
according to [30]. A comparison of their response envelope 
curves is given in Figure 14. Both specimens had similar 
lateral strength and drifts at LS_1 and LS_2. However, the 

Figure 12. Lateral strength (BS) of framed-masonry specimens normalized with regard to lateral strength of bare frames

Figure 13. Response envelope curves of tested specimens
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drift at LS_3 for model O2_cpm was significantly smaller. A 
50 % reduction in transverse reinforcement ratio in columns 
caused a 70 % reduction in ultimate drift. The noted difference 
in the drifts of models O1_cpm and O2_cpm and the ductility of 
framed-masonry models (Figure 13) implied that the minimum 
transverse reinforcement ratio, as prescribed in the non-seismic 
code [23], could be sufficient for preventing a premature shear 
failure of columns in existing buildings, as caused by detrimental 
influence of masonry infill. This requires additional research 
that would need to focus on different transverse reinforcement 
ratios, concrete compressive strength and masonry infill 
properties, with an emphasis on masonry unit robustness.
The observed behaviour of specimen O2_cpm revealed yet 
another feature. Following the shear/axial failure of one of the 
columns, the specimen maintained a significant portion of the pre-
failure lateral strength by losing only 75 % of its lateral strength, 
as shown in Figure 15. This can be attributed to the redistribution 
of vertical load within the framed-masonry elements. The infill 
had taken a higher vertical load and this increased shear friction 
within the infill, thus increasing its shear load carrying capacity. 
The masonry infill maintained sufficient integrity during the test, 
despite suffering heavy damage. No out-of-plane instabilities 
were observed. The infill contributed to the overall post-failure 
load carrying capacity and stability of the specimen.

3.4. Energy dissipation capacity

Specimen energy dissipation capacities are shown in Figure 
16. In order to obtain the energy dissipated per unit drift, the 
hysteretic energy dissipated at each loading cycle was computed 
based on the area bounded by the hysteretic loop and divided by 
twice the peak drift. These values were then normalized to the 
energy dissipation capacity of bare frames.
The energy dissipation capacity was influenced by the infill 
and frame properties and depended on the achieved IDR. The 
maximum values corresponded approximately to drifts at LS_2. 
The masonry infill contribution was influenced by mortar type 
and masonry unit robustness. The influence of mortar type is 
illustrated by figure representing the energy dissipation capacity of 
specimens O1. Specimens with cement-lime mortar had a greater 
energy dissipation capacity than those made with lime mortar. 
After the LS_2 was reached, the dissipation capacity was governed 
by masonry unit robustness. For all specimens with hollow clay 
units, a gradual decrease of the energy dissipation capacity was 
observed up to drifts of approximately 1 %. After that, the energy 
dissipation capacity was approximately equal to that of bare 
frame. On the other hand, the infill made of robust solid clay units 
maintained a ductile inelastic response and provided a more stable 
energy dissipation after the LS_2 was reached.

Figure 16. Energy dissipation capacity expressed per unit drift

Figure 14. Response envelope curves of specimens Figure 15. Hysteresis loops of specimen O2_cpm
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An increase in the moment of inertia ratio β caused a decrease 
in masonry infill contribution. The variation of the longitudinal 
reinforcement ratio of the frame columns (specimens O3 and 
O4) did not cause significant differences.

4. Prediction of expected drift

Based on the observations made in Section 3, an attempt 
was made to define equations for the prediction of the IDR’s 
at limit states LS_1 and LS_2. Since masonry strengths were 
influenced by mortar type and masonry unit robustness, they 
have caused a similar percentage of change in the IDR values. 
However, compared to other strengths, cohesion gave the 
smallest correlation coefficient when linear regression was 
made (R2 = 0.8 for LS_1 and 0.85 for LS_2). The influence of 
coefficient β was examined in the same manner. Although 
correlation coefficients were not satisfactory, the coefficient 
β was considered due to its obvious influence. Two equations 
were proposed: (1) for drifts at LS_1 (IDRcr); (2) for drifts at LS_2 
(IDRy). A comparison of the experimentally obtained values 
and their analytical predictions are shown in Figures 17 (a) 
and (b). Suggested equations match the observed drifts with a 
satisfactory accuracy, and they generally tend to overestimate 
drifts for specimens with hollow clay units and underestimate 
drifts for specimens with solid clay units. The highest error in 
case of the LS_1 amounted to -20.7 % and was observed for 
specimen O1_bvm. In case of the LS_2 the highest error was 
observed for specimen O3_cpm, and it amounted to 22.6 %. All 
other errors, for both LSs, were lower than ± 16 %.
The proposed equations do not have any physical meaning, and 
they were derived based on the performed experiments. They 
had to be tested for different values of fv0 (cohesion) and β. In 
addition, the influence of aspect ratio needs to be tested despite 
contradictions reported in literature, [18, 20]. Nevertheless, due 
to relative simplicity of proposed equations, they could be used 
for common masonry units and mortar types, as was the case 
in this study.

IDRcr = 0,03 ·β + 0,7 · fv0  [MPa] (1)

IDRy = 0,05 ·β + 1,8 · fv0  [MPa] (2)

Figure 17.  Comparison of experimental results and analytical 
predictions

5. Conclusions

Fourteen 1/2 scaled one-span, one-storey specimens 
of the non-seismically designed weak r/c frames infilled 
with masonry walls (framed-masonry) were tested under 
constant vertical and in-plane cyclic lateral load. The 
specimens were divided into four series according to their 
frame properties, and were infilled with masonry infill walls 
of different properties. Their properties were those generally 
encountered in real buildings and the obtained results are 
applicable for assessing behaviour and strengthening of 
existing framed-masonry buildings.
Damage modes of framed-masonry specimens were 
defined. The robustness of masonry units and mortar type 
appeared to be the governing parameters for determining 
severity of damage to masonry infill and an overall behaviour 
of tested specimens. Severe crushing of masonry infill made 
of hollow clay units caused their out-of-plane instability 
and ultimately led to bare frame behaviour at 1 % drifts. The 
masonry infill made of solid clay units maintained integrity 
throughout the testing (up to 1.5 % drifts) and exhibited 
stable nonlinear response and energy dissipation. 
Detrimental effects of masonry infill on frame elements 
were observed only in the case of a specimen with a 
transverse reinforcement ratio lower than the minimum 
prescribed by the non-seismic Eurocode 2. Here, a 50 % 
reduction of transverse reinforcement ratio in the columns 
caused a 70 % reduction in maximum drift, implying that 
the minimum transverse reinforcement ratio could be 
sufficient for preventing premature shear failure of 
columns, due to the presence of the infill (further testing 
is however needed).
The contribution of masonry infill was generally related to 
the frame and masonry infill properties. The effective elastic 
stiffness of bare frames increased from 3.8 to 9.5 times in 
the case of infill with hollow clay units, and from 3.4 to 5.8 
times in case of infill with solid clay units, depending on 
frame properties. No significant differences were observed 
with regard to masonry strengths determined by testing. 
The contribution of masonry infill to the system strength 
was related to mortar type, but was not proportional to 
the strengths registered for masonry infill. Strong masonry 
infill increased the lateral strength of bare frames from 2.2 
to 5.5 at 0.5 % drifts, depending on frame properties. Weak 
masonry infill increased the system lateral strength roughly 
3.8 times at 0.15 % drifts.
The energy dissipation capacity of specimens was related to 
the masonry infill and frame properties. The contribution of 
brittle masonry infill made of hollow clay units was lost at 1 % 
drifts. On the other hand, masonry infill made of solid clay units 
provided stable energy dissipation within the tested drift range 
(up to 1.5 %).
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