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A finite element study was performed to investigate the effect of vertical loading on the in-plane lateral
behavior and strength of concrete masonry infills bounded by steel frames. An experimental programwas
also conducted and results were used to verify the finite element model. Parameters considered in the
finite element study included the vertical load level and application method, infill aspect ratio, infill com-
pressive strength, and bounding frame stiffness. Results showed that when applied as a uniformly dis-
tributed load on the frame beam, an optimal load level was identified and the vertical load, when
applied within this load level, was found to be beneficial to the lateral stiffness and strength of the infilled
frame. When applied as point loads on columns, the vertical load was shown to reduce the lateral
strength of the infilled frame. Based on the regression analysis on finite element results, a simplified ana-
lytical model was proposed to account for the effect of vertical loading through the use of a modification
factor on the lateral stiffness and strength of infilled steel frames. The proposed model was shown to pro-
vide results in good agreement with finite element values over a wide range of load levels, infill material
strengths, and frame stiffnesses.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Behavior and capacity of masonry infills built inside concrete or
steel frames have been given increasing research attention in
recent years. It is widely accepted that when the infill is built in
tight contact with the bounding frame with an intention to partic-
ipate in the load sharing, its inherently large in-plane stiffness will
attract additional forces to the frame area and change the behavior
of the frame system. If not designed properly, the structural integ-
rity of both the infill and frame will be compromised. It is thus cru-
cial to accurately evaluate the contribution of the infill to the
stiffness and strength of the frame system. To that end, consider-
able amount of experimental research has been conducted with
majority being around 1980’s to 2000’s ([1–8]). With the develop-
ment of computer technology in the past two decades, numerical
studies using computer codified finite element methods have been
shown to be an effective tool in research on masonry infills ([9–
15]). In finite element modeling, macro- and micro-modeling tech-
niques are two often employed categories of techniques. The ‘‘diag-
onal strut” concept is one of the commonly used macro-modeling
methods, where the infill is replaced by an equivalent diagonal
strut acting in compression to resist the lateral loading. Once the
strut width is known, a simple frame analysis can be performed
to determine the stiffness of the system. The strength of the infill
can also be related to the diagonal strut width. Several analytical
equations on the diagonal strut width have been proposed by var-
ious researchers ([16–21]). However, several studies ([22–27]) also
showed that single-strut models were inadequate for capturing the
force and moment in the members of the bounding frame and var-
ious multi-strut models were then proposed to overcome such lim-
itations. Regardless of single or multi-strut approach, proposed
equations were calibrated using experimental results to a specific
set of testing parameters and thus none was found to provide uni-
versally satisfactory estimate for infilled systems with different
infill and frame material and geometric properties. In the case of
micro-modeling, a smeared-crack continuum was often used to
model masonry infills. The mortar effect was accounted for using
various interface models where different failure surfaces can be
implemented to simulate shear and tension failure at mortar joints.
Al-Chaar and Mehrabi [28] showed that a combination of the
smeared-crack continuum formulation developed by Lotfi and
Shing [29] and the interface model developed by Mehrabi and
Shing [30] can be used for numerical study of infilled reinforced
concrete (RC) frames. In the finite element study conducted by
Stavridis [31], masonry infills were modeled as rectangular
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smear-crack continuum elements that were inter-connected with
zero-thickness interface elements with cohesive crack formulation
developed by Lotfi and Shing [32]. In both cases, the model was
shown to have the capability of predicting lateral load-carrying
capacity and failure mechanisms of RC infilled frames.

Noting that all above mentioned research was conducted on
infilled frames subjected to in-plane lateral loading only, this paper
focused on the investigation of vertical load effect on the lateral
stiffness and strength of the infilled frames. The presence of verti-
cal loading on the bounding beam or columns could be a common
occurrence in practice. If the bounding frame is an integral part of
the gravity loading system, the vertical load can be either applied
through columns or beams depending on the framing plan. Fiorato
et al. [33], Mehrabi et al. [30], Manos et al. [34], and Stylianidis [35]
conducted experimental tests on masonry infilled RC frames under
lateral load along with vertical load applied on the frame columns.
Test results showed that the vertical load applied on the frame col-
umns resulted in an increase in the lateral stiffness and strength of
the infilled system. Papia et al. [36] developed an analytical
method where the vertical load effect can be accounted for by mul-
tiplying a factor (k) to the diagonal strut width obtained for infills
subjected to lateral load only. Based on finite element results
obtained by Cavaleri et al. [37], Amato et al. [38] and Campione
et al. [39] derived the k factors for square infills and rectangular
infills respectively to account for the presence of vertical loads
applied at the beam–column joints. Asteris [40] integrated the
work of Papia et al. [36] and Amato et al. [38] and proposed an ana-
lytical equation taking into account the effect of both the opening
in the infill wall and the vertical load applied at the beam–column
joints as well as the interaction between the two. The aforemen-
tioned studies were all on masonry infilled RC frames where the
k factors in these studies were developed for determination of only
the initial stiffness of the infilled systems. Comparing to infilled RC
frames, the research on infilled steel frames was limited in the
available literature. One such study was conducted by Stafford-
Smith [41] nearly 50 years ago where infills made of just mortar
and bounded by steel bar frames were tested under a lateral load
and a uniformly distributed vertical load imposed on the upper
beam of the frame. The study found that vertical load up to a cer-
tain level increased the lateral stiffness and strength of the infill.
However, no quantified correlation between the vertical load and
the lateral stiffness and strength was provided. Due to different
characteristics between RC and steel frames, it is believed that
extent of interaction between the infill and its bounding frame is
affected by the material of frames (eg. steel or RC). The results
obtained for RC bounding frames may not be directly applicable
to steel bounding frames. Hence, a finite element study was moti-
vated to investigate the effect of vertical loading on the in-plane
behavior and capacity of infills bounded by steel frames. Concur-
rent with the finite element study, an experimental program was
also conducted and the results obtained from this study as well
as those from the available literature were used to examine the
robustness and efficacy of the finite element model. The main
objective of this study was to determine the correlation between
the vertical load and the lateral stiffness and strength of the infilled
steel frame. The effects of a wide range of geometric and material
properties of the infilled frame, vertical load levels as well as man-
ners of application were included in the study.

2. Experimental study

The experimental program was conducted by the same research
group at the Dalhousie University [42,43]. Masonry infilled steel
frames subjected to either lateral loading or combined lateral and
vertical loading were tested. The infill walls with an aspect ratio
(height/length) of 1:1.3 were constructed using Type S mortar and
custommadeone-third scale of standard200 mmconcretemasonry
unit (CMU). Partially grouted and fully grouted infills were consid-
ered. Three axial load levels including 111 kN, 80 kN, and 49 kN
were considered and they represented from 2.8% to 6.4% of the axial
capacity of theW100 � 19 column. The test setup is shown in Fig. 1
(a). The steel frame was constructed using W100 � 19 steel section
for all members. The steel section was selected according to the
design guidelines specified in the Canadian steel design standard
CSA S16-14 [44]. The infill was simply positioned inside the steel
frame without any mechanical connectors between the infill and
the frame. The infilled framewas then supported on a stiffened steel
beam which was in turn bolted to the strong floor through closely
spaced steel rods as seen in the figure. A hydraulic actuator with a
capacity of 250 kN was used to apply lateral load to the failure of
the specimen. A skewed A-frame consisting of two steel columns
provided a reaction support for the lateral loadwhereas two leaning
columns provided out-of-plane bracing for the reaction column, as
shown in Fig. 1(b). In the case of combined lateral and axial loading,
the axial load was first applied to the pre-determined level using a
hydraulic jack and was kept constant as the lateral load applied till
the failure of the specimen. A stiffened W beam was used to dis-
tribute the axial load onto the top beam through the two roller
assemblies at the two one-third points of the beam.

3. Finite element model

3.1. Model description

The software ANSYS was used in the development of the model.
In this study, a simplified micro-modeling technique was used
where the infill was modeled using homogeneous continuum ele-
ments, and the mortar effect was simulated using a surface-based
cohesive contact model to capture the cracking and sliding failure
of the mortar joints. A schematic view of the modeled infilled
frame is shown in Fig. 2(a). The masonry infill was modeled using
a four-node plane stress element, PLANE42, placing in running
bond. Each masonry unit was expanded in each directions by the
half mortar thickness and the expanded mortar units interact with
each other through the interface. The interface was modeled using
surface-based cohesive contact pairs. Each contact pair consists of
a zero-thickness surface-to-surface cohesive zone interface ele-
ment, CONTA171, and a zero-thickness target element TARGE169.
The CONTA171 element was used to detect contact or separation
between ‘‘target” surfaces (TARGE169) and a deformable surface
defined by the CONTA171 element. This interface element was also
used for the contact between the infill and the frame members. The
geometry and configuration of inter-blocks contact pairs are
shown in Fig. 2(b).

3.2. Material model and failure criteria

An elastic perfect plastic material model was used for frame
members where the elastic modulus and the yield strength of steel
were taken as 200 GPa and 350 MPa, respectively. The constitutive
model for masonry adopted the one proposed by Priestley and
Elder [45] which was calibrated with experimental results and it
is expressed in Eq. (1). It should be pointed out that this model
was assumed homogenous.

e 6 0:0015; r ¼ f 0m
0:9375

2e
0:002

� e
0:002

� �2
� �
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Fig. 1. Test setup, dimensions in mm: (a) schematic view; and (b) out-of-plane bracing for the loading column.
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Cracking and sliding failure of mortar joints were monitored
using the linear elastic traction–separation laws as shown in
Fig. 3. Represented by the bilinear cohesive zone material model
of the CONTA171 element, separation initiates when the maximum
normal or shear stress in a contact pair reaches the corresponding
strength. The shear stress and the relative slip behavior is plotted
in Fig. 3(a) which shows separation begins at point A where the
shear strength (st) is achieved and is completed at point C when
the shear stress reaches zero. The softening stage provides mortar
joints with a residual shear strength to account for the frictional
resistance of the joint after shear crack occurred. For tension sepa-
ration, a similar bilinear constitutive relationship but with a cut-off
was adopted. As Fig. 3(b) shows, once the tension stress in the con-
tact pair reaches the tensile strength (ft) of mortar joint, the contact
pair is considered separated to represent the tensile cracking of
mortar joint. The values of the normal and shear stiffness were
determined based on the following expressions suggested by Lour-
enҫo [46]:

kn ¼ EuEmor

tmðEu � EmorÞ ð3Þ

ks ¼ GuGmor

tmðGu � GmorÞ ð4Þ

where Eu and Emor, and Gu and Gmor are the Young’s moduli and
shear moduli of masonry unit and mortar respectively; and tm is
the thickness of mortar joints. In lieu of experimental data, Gu and
Gmor can be taken as 0.4Eu and 0.4Emor respectively.
The damage initiation criterion is defined using a Mohr–Cou-
lomb friction yield surface combined with a tension cut-off and
elliptical compression cap as shown in Fig. 4 where ft is the tensile
strength of mortar joint and u is the friction angle. Note that the
compression cap was defined using a Hill type yield criterion pro-
posed by Lourenço and Rots [47] to monitor the compression fail-
ure of masonry infill. This failure surface has been shown by
Lourenço [46] and Al-Chaar and Mehrabi [28] to produce reason-
ably accurate estimates when compared with experimental results.
3.3. Boundary conditions and loading procedure

The frame beam-to-column connection was modeled as rigid
and the columns were assumed to be fix-supported at ends. A
monotonically increased load with a defined load increment was
applied at the frame beam level. During each increment of loading,
the stress was determined for each element based on its assigned
constitutive model. The tensile and shear failure were checked at
the interface and the compression failure was checked at each
masonry unit based on the failure surface defined above. If failure
was detected, the tangent stiffness of the element associated with
the failure at that load increment was modified according to the
material constitutive model described above; and the analysis
was rerun with the updated system stiffness matrix until no new
failure was detected. The entire process was repeated for the sub-
sequent increment of load. To obtain the falling branch in the load
vs. lateral displacement response, an augmented spring was imple-
mented as shown in Fig. 2(a). In a load controlled analysis, the infill
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cracking and crushing could lead to a sudden loss of infill stiffness
which may in turn result in convergence problem. The spring was
then implemented to regulate the load when the infill suddenly
cracked or crushed so that the load vs. lateral displacement curve
can reflect this load drop. The stiffness of this spring was set to
be equal to the initial stiffness of the infilled frame.
3.4. Verification of the finite model

The finite element (FE) model was validated using experimental
results obtained from this research [42] on infilled frames sub-
jected to combined vertical and lateral loading. To demonstrate
the robustness of the model, it was also validated using results
reported in the available literature ([1–3]). Steel frames infilled
with concrete masonry panels and loaded statically or quasi-
statically were used in the validation. Twenty specimens were con-
sidered, of which 14 were subjected to lateral load only and six
were subjected to combined lateral and vertical load. Detailed
descriptions of specimens are presented in Table 1. Table 2 sum-
marizes the comparison results where kexp and Pexp are the exper-
imental crack stiffness and ultimate load whereas kFE and PFE are
the corresponding finite element results. Table 2 shows that for
infills subjected to either lateral load only or combined loading,
the average test-to-FE ratios of ultimate load and stiffness are all
close to unity with overall coefficient of variation (COV) of 14%
for crack stiffness and 7% for ultimate load. This suggests that the
finite element model is accurate in providing the stiffness and
strength estimates and this accuracy is reasonably consistent for



Table 1
Detail description of the experimental specimens.

H (m) L (m) f0m (MPa) Em (MPa) te (mm) Beam section Column section Vertical load (kN)

Infills subjected to combined loading
Liu and Manesh [42] CF-1 1.08 1.35 9.1 12,800 64 W100 � 19 W100 � 19 111

CF-2 1.08 1.35 9.1 12,800 64 80
CF-3 1.08 1.35 9.1 12,800 64 49
CP-1 1.08 1.35 9.4 10,100 43 111
CP-2 1.08 1.35 9.4 10,100 43 80
CP-3 1.08 1.35 9.4 10,100 43 49

Infills subjected to lateral load only
McBride [1] WA1 2.8 3.6 27.4 23,290 66 W250 � 58 W200 � 46

WA2 2.8 3.6 27.7 23,545 66
WA3 2.8 3.6 26.5 22,525 66
WA4 2.8 3.6 24.4 20,740 66

Yong [2] WB1 2.8 3.6 23.7 20,145a 66 W250 � 58 W200 � 46
WB2 2.8 3.6 33.3 28,305a 66
WB3 2.8 3.6 31.4 26,690a 66

Amos [3] WC1 2.8 3.6 31.7 26,945a 66 W250 � 58 W200 � 46
WC2 2.8 3.6 27.7 23,545a 66
WC7 2.8 3.6 33.4 28,390a 66

Liu and Soon [43] P1NA 1.08 1.08 8.6 10,496 43 W100 � 19 W100 � 19
F1NA 1.08 1.08 9.6 14,430 64
P3NA 1.08 1.35 7.3 10,496 43
F3NA 1.08 1.35 10.3 14,430 64

a Em was not reported in the paper, a value of 850f0m was assumed.

Table 2
Stiffness and strength comparison of the experimental and FE results.

kexp Pexp kFE PFE kexp
kFE

Pexp
PFE

Infills subjected to combined loading
Liu and Manesh [42] CF-1 37 198 36 203 1.03 0.98

CF-2 32 169 32 163 1.00 1.04
CF-3 29 152 28 161 1.04 0.94
CP-1 26 126 28 133 0.93 0.95
CP-2 25 120 27 129 0.93 0.93
CP-3 26 109 24 99 1.08 1.10

Avg 1.00 0.99
C.O.V (%) 6 7

Infills subjected to lateral load only
McBride [1] WA1 73 471 68 475 1.07 0.99

WA2 82 440 90 420 0.91 1.05
WA3 74 463 87 455 0.85 1.02
WA4 63 476 77 449 0.82 1.06

Yong [2] WB1 72 449 80 409 0.90 1.10
WB2 74 538 81 581 0.91 0.93
WB3 74 556 80 549 0.93 1.01

Amos [3] WC1 41 420 68 431 0.60 0.97
WC2 46 310 47 363 0.98 0.85
WC7 71 534 76 490 0.93 1.09

Liu and Soon [43] P1NA 22 111 21 120 1.05 0.93
F1NA 23 157 27 169 0.85 0.93
P3NA 25 94 22 100 1.14 0.94
F3NA 26 132 31 130 0.84 1.02

Avg 0.91 0.99
C.O.V (%) 14 7

Overall
Avg 0.94 0.99
C.O.V (%) 13 7
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all specimens considered. Fig. 5 compares the experimental and
numerical load vs. lateral displacement curves for infilled frames
subjected to combined loading (specimen CF1-3) as well as sub-
jected to lateral loading (specimen WB2) only. Both the table and
figure show that the model is accurate in simulating behavior of
an infilled steel frame under different levels of vertical load or
without vertical load. Given that specimens were from different
studies, this shows that the finite element model is robust for dif-
ferent material and geometric properties of infilled frames. Hence,
the modeling technique used in this study was deemed valid and
effective and was then used in the subsequent parametric study.
From the point of view of experimental results, the combined load-
ing study [42] shows that the presence of axial load resulted in an
increase in both the lateral stiffness and strength of the infilled
frame and the higher the axial load, the greater the increase. How-
ever, the available data points were not sufficient to define the
exact correlation.
4. Parametric study

For the standard model, the bounding frame was made of
W250 � 58 columns and W200 � 46 beams. The infill was
2800 mm high by 2800 mm long. The infill compressive strength,
f0m, was assumed to be 25 MPa and the tensile strength was taken
as the 1/10th of f0m. The elastic modulus of masonry, Em, was deter-
mined as 850 f0m in accordance with CSA S304-14 [48]. The param-
eters considered included the magnitude of vertical loading and
the manner of its application; infill aspect ratio; infill compressive
strength; and bounding frame stiffness. The constitutive models,
boundary conditions, and analysis procedure described in Section 3
are used in this parametric study.

Table 3 summarizes the finite element models used in this
study. Five vertical load levels, V, representing 10%, 20%, 30%,
40%, and 50% of the axial capacity of 350W W250 � 58 [44] col-
umns were studied. It is recognized that in practice, the vertical
load may be applied directly through frame columns or some of
it may be applied through the frame beam. Thus, for each vertical
load level, three different manners of application were considered
including: (1) applied as a uniformly distributed load (UDL) on the
top beam of the frame; (2) applied as point loads at the top of two
columns; and (3) half of the vertical load applied as UDL on the top
beam and the other half as point loads at the top of two columns,
referred to as 50–50 manner. Also included in the parametric stud-
ies were four aspect ratios of the infill (H/L = 0.78, 1.00, 1.40, 2.33)
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Table 3
Summary of finite element models in the numerical study.

No. of models Vertical load level (%) H (m) L (m) Aspect ratio f0m (MPa) Appl. method Frame type kL p

24 0–50 2.8 1.2–3.6 0.78–2.33 25 UDL Stand. 2.66–8.58 0–0.37
24 0–50 2.8 1.2–3.6 0.78–2.33 25 Point load Stand. 2.66–8.58 0–0.37
24 0–50 2.8 1.2–3.6 0.78–2.33 25 50-50 Stand. 2.66–8.58 0–0.37
10 0–40 2.8 2–2.8 1.00–1.40 15 UDL Stand. 4.17–5.92 0–0.29
6 0–50 2.8 3.6 0.78 15 UDL Stand. 7.55 0–0.30
5 0–40 2.8 2.8 1 10 UDL Stand. 5.35 0–0.30

18 0–50 2.8 2–3.6 0.78–2.33 25 UDL Strong 3.19–5.78 0–0.19
18 0–50 2.8 2–3.6 0.78–2.33 25 UDL Weak 5.70–10.32 0–0.37
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covering a range of stocky to slender infills; three masonry com-
pressive strengths (f0m = 10, 15 and 25 MPa); and in addition to
the standard model, a strong frame (W310 � 129 columns and
W360 � 79 beam) and a weak frame (W150 � 24 columns and
W100 � 19 beam). Columns of the strong and weak frame have
an EI/L approximately 5 and 0.5 times respectively those of the
standard model frame.
5. Discussion of results

5.1. Effect of vertical load level, V

In this case, the material and geometric properties of the stan-
dard model was used and the vertical load was assumed to be
applied as a UDL on the frame beam. Please note that in this as well
as the following sections, unless otherwise stated, the term ‘‘stiff-
ness” refers to the cracking stiffness which was defined as the
secant stiffness at the load corresponding to the first major diago-
nal crack, immediately after which a marked load drop occurred on
the response curve. The crack stiffness rather than initial stiffness
was selected because previous studies ([8,21]) suggested that the
initial stiffness had more scatter due to the initial ‘‘engaging” stage
of the infill and the frame and does not accurately represent the
system stiffness once they behave together. The crack stiffness
was a more reliable indicator of the system stiffness. In most cases,
the load vs. displacement response remains linear up to the first
major cracking load.

The finite element results showed that the effect of the vertical
load level on the lateral stiffness and strength of the infilled system
was also dependent on the aspect ratio of the infill. This collective
effect can be seen in Fig. 6 where the applied vertical load V versus
normalized cracking stiffness and ultimate load are plotted. The
stiffness and ultimate load values are normalized with respect to
the model of each aspect ratio but without vertical load. Fig. 6
shows that the presence of vertical load affects both the stiffness
and strength of infilled systems to various degrees depending on
infill aspect ratios. Overall, there seems to exist an optimal vertical
load level up to which an increase in the vertical load results in an
increase in both stiffness and strength of the system. A further
increase above this level, however, the stiffness and strength begin
to decrease gradually. This optimal load level varies for different
infill aspect ratio and this is discussed in more detail in the next
section.

The increase in stiffness and strength due to the presence of
vertical load is believed to be attributed to the increase in diagonal
strut width caused by the vertical load. This is qualitatively shown
in Fig. 7. The strut width of the infill without vertical loading (Fig. 7
(a.i)) is much narrower than that of the infill with vertical load
(Fig. 7(b.i)) during the loading. For the latter case, even after local-
ized corner crushing of infill, there is still relatively large region in
contact between the beam and infill at failure (Fig. 7(b.ii), which
enables the more possible loading paths for lateral load transfer
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thus achieving a higher ultimate load. However, as the vertical load
increases, the local crushing at loaded corners occurs increasingly
earlier. It is reasonable to deduce that at some vertical load level,
the occurrence of crushing will outweigh the increase in the con-
tact length. This is believed to be the reason that lateral strength
of the infilled frame begin to decrease beyond the optimal load
level.

5.2. Effect of aspect ratio, H/L

Referring to Fig. 6, it can be observed that the percentage
increase in stiffness and strength caused by vertical load is increas-
ingly significant as the infill becomes stockier. The behavior of the
most slender infill (H/L = 2.33) seems to be least affected by the
presences of vertical load. Shown in Fig. 8 is a plot of optimal ver-
tical load level versus infill aspect ratio. It shows that in general, an
increase in slenderness of the infill, corresponds to a decrease in
the optimal load level. The lateral loading transfer mechanism for
infills consists of flexure characterized by the overall bending of
the infill and shear characterized by the diagonal strut action. It
is reasonable to assume that more forces are transferred through
flexural behavior than the diagonal strut action as infills become
more slender. The benefit of vertical load on increasing the lateral
strength by increasing the width of the diagonal strut is thus not
significant for slender infills. On the other hand, the combined lat-
eral and vertical loading results in second-order effects by magni-
load,; (b) subject to combined loading: (i) early stage of loading, (ii) at failure.
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fying the bending moment the infill experiences. This secondary
effect is more pronounced for the slender infill than for the stocky
infill. These two factors in combination attributed to the decrease
of optimal load level as the aspect ratio of the infill increases.
5.3. Effect of infill compressive strength

The effect of varying masonry compressive strengths on infilled
frames subjected to combined loading is presented in Fig. 9 for
infill with an aspect ratio of 1.0 as an example. A similar trend
was observed for other aspect ratios. The figure shows that the
presence of vertical load on increasing the lateral stiffness and
strength up to a certain level is true for all masonry compressive
strengths studied. However, the optimal vertical load levels
decrease as the compressive strength of infills decreases, from
30% for f0m = 25 MPa to about 10% for f0m = 10 MPa. At 40% vertical
load level, infill failed directly by crushing even without any lateral
load since the vertical load at this level is greater than (1.1 times)
the compressive capacity of the infill. It is hence concluded that the
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Fig. 9. Effect of masonry compressive strength on (a) cracking stiffness, and (b)
strength of the infilled frame.
benefit of vertical load is better realized for strong infills than for
weak infills.

5.4. Effect of frame stiffness

The effect of frame stiffness on infilled frames subjected to com-
bined loading is presented in Fig. 10 for the infill with an aspect
ratio of 1.0 as an example. A similar trend was observed for other
aspect ratios. As shown in the figure, the stiffness of the frame does
influence the optimal load level and degree of stiffness and
strength increase of the frame system due to the vertical load. As
the frame stiffness increases, the optimal load level increases while
the percentage increase due to vertical load decreases. This sug-
gests that strong frames can sustain a higher level of vertical load
up to which the increase in lateral stiffness and strength exists,
however, the rate of this increase is less than the weak frame.
For a given infill, at a same applied vertical load level, less vertical
load is transferred to the infill in a strong frame than in a weak
frame. Thus a strong frame can sustain a higher applied vertical
load prior to the infill failure. However, the strong frame experi-
ences less deformation due to its high rigidity and thus less
increase in contact length than a relatively weak frame. This results
in its lower rate of increase in stiffness and strength as the vertical
load increases than weak frames.

5.5. Effect of vertical load application methods

Fig. 11 shows the effect of vertical load application methods for
infills using aspect ratio of 1.0 as an example. The manner of ver-
tical load application significantly affects the behavior of the
infilled system especially between the cases of applying through
the frame beam and through the frame columns. When the vertical
load is applied through columns, the stiffness of infilled system
shows a continuous increase trend as the vertical load level
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increases while the lateral strength of the infilled system showed
an approximately linear decrease. When the vertical load is applied
in the 50–50 manner, both the stiffness and strength seem to
increase in a linear relationship with the increase in vertical load.
This suggests that the benefit of vertical load applied through the
beam outweighs the detrimental effect of vertical load applied
through columns, resulting in a net result of beneficial effect on
the lateral stiffness and strength of the infill.

The difference in behavior due to the manner of vertical load
application is believed to be attributed to the load sharing between
the infill and the frame. Table 4 lists the loads transferred through
two columns, Vc, and the ratio of this load to the total applied ver-
tical load, V for the case of V equal to the 10% of axial capacity of
columns. The table shows that the columns experience signifi-
cantly different amount of load among the three application meth-
ods. When the vertical load is applied as a UDL on the frame beam,
the amount of load transferred through columns depends on the
infill aspect ratio and more load is transferred to infills as the
aspect ratio increases. The load transferred to infill will effectively
increase the contact regions between the beam and the infill.
When the vertical load is applied through columns, the majority
of this load is directly transferred into columns (about 83%) which
leaves a small portion (about 17%) transferred through infills. Thus
the contact regions developed between the beam and infill are less
than the former case. Instead, the shortening of columns makes
loaded corner highly stressed. The already stressed corner crushes
much earlier and more extensively as lateral load is applied than
the case when no vertical load is present. This is believed to attri-
Table 4
Vertical load transferred through columns for different load application methods
(V = 10% of axial capacity of column W250 � 28).

Aspect ratio UDL Point load 50–50

Vc (kN) Vc/V (%) Vc (kN) Vc/V (%) Vc (kN) Vc/V (%)

2.33 331.4 63.8 447.6 86.2 395.6 76.2
1.40 209.6 40.4 434.0 83.6 337.4 65.0
1.00 150.4 28.9 430.4 82.9 307.0 59.1
0.78 117.4 22.6 430.0 82.8 288.4 55.5
bute to the negative impact on the lateral strength caused by ver-
tical load applied directly through columns. It is important to note
that this observation is different from that for RC frames where
vertical load applied on columns was shown to increase the
strength of the infilled frame. For RC frames, vertical load applied
through columns delays cracking and thus results in increases in
stiffness and ultimately the moment capacity of the columns. For
steel columns, these beneficial effects of vertical load do not exist.
Instead, the vertical load through columns reduces their moment
capacity.

6. Analytical model

6.1. Development of modification factor MF

Based on the diagonal strut approach, the effect of vertical load-
ing on the lateral stiffness and strength of the infilled frame may be
considered through a modification factor MF to the stiffness and
strength of the infill subjected to lateral load only. Note that the
‘‘stiffness” used in this section also refers to the cracking stiffness
as defined in Section 5. Due to the complexity of the problem, this
study focused on vertical load applied as a UDL to the frame beam.
To develop an analytical model that incorporates effects of afore-
mentioned factors and also is simple to use, this study adopted
the use of the unit-less factor kL to account for effects of both infill
aspect ratio and relative infill and frame stiffness, and proposed the
use of a vertical load ratio p as a measurement of vertical load level.
Term kwas commonly used in previous studies [14–19] and can be
defined as:

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Emt sinð2hÞ

4Ef IcH
4

s
ð5Þ

where Em and Ef are the elastic moduli of masonry and the frame
respectively; t, H and L are the thickness, height, and length of infill,
respectively; Ic is the moment of inertia of the column, and
h = tan�1(H/L). The ratio p is defined as the applied vertical load
divided by the combined axial capacity of columns and infill and
can be expressed as:

p ¼ V
f 0mtLþ 2Acf y

ð6Þ

where V is the applied vertical load, f0m is the infill strength, Ac is the
column cross-sectional area, and fy is the yield strength of steel col-
umns. The resulted kL and p values for all model specimens ranged
from around 3 to 10.5 and 0 to 0.37 respectively as summarized in
Table 3.

This study proposes that the modification factor MF be
expressed as follows where f(p) and g(kL) are two independent
functions:

MF ¼ 1þ f ðpÞgðkLÞ ð7Þ
Fig. 12 plots the relationship between p and normalized stiff-

ness and strength of infilled model specimens. For clarity, three
kL scenarios are shown in the figure. The details of each scenario
are described as follows: (1) kL = 2.66 corresponds to an infill with
an aspect ratio of 2.33 and f0m = 25 MPa and bounded by the stan-
dard frame; (2) kL = 4.53 corresponds to an infill with an aspect
ratio of 1.00 and f0m = 25 MPa and bounded by the strong frame;
(3) kL = 7.55 corresponds to an infill with an aspect ratio of 0.78
and f0m = 15 MPa and bounded by the standard frame. These three
scenarios cover different combinations of infill aspect ratio, f0m and
frame stiffness therefore were chosen as examples for demonstra-
tion. Fig. 12 shows that the relationship between p and the increase
in stiffness and strength is approximately parabolic. This observa-
tion is also true for other kL values in this study. Fig. 13 plots the kL
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values vs. maximum increase of normalized stiffness and strength
of infilled frames as a result of the vertical load increase. It can be
seen that the maximum increase in both the stiffness and strength
has an approximately linear relationship with kL values.

6.2. Equation of MF and comparison with FE results

Based on the above discussion and through nonlinear regression
analysis on results of finite element models, the expressions of f(p)
and g(kL) are then determined as follows:

For stiffness:

f ðpÞ ¼ �0:234p2 þ 0:594p ð8Þ
gðkLÞ ¼ 0:281kL� 0:550kL ð9Þ

For strength:
f ðpÞ ¼ �0:189p2 þ 0:560p ð10Þ
gðkLÞ ¼ 0:312kL� 0:782kL ð11Þ

The comparison of these sets of equations with FE results is
illustrated in Fig. 14 where three scenarios of kL are illustrated. It
can be seen that the proposed analytical equations achieve a good
agreement with FE results. When FE results were compared with
the equation values for all models, the stiffness Eqs. (8) and (9)
obtained a R2 = 0.954 while the strength Eqs. (10) and (11)
obtained a R2 = 0.978, indicating a good performance of analytical
model over a wide range of parameters. It is noted though that
the failure mode of all FE models was by corner crushing and hence
Eqs. (10) and (11) should be used corresponding to this failure
mode.

6.3. Application of MF and limitations

The modification factor, developed based on normalized stiff-
ness and strength trend as described above, is intended to be used
to modify the stiffness and strength of the infills subjected to lat-
eral load only. It is noted though that this modification factor equa-
tion was developed for infills bounded by steel frames with vertical
load applied through frame beams. For other bounding frame
material or vertical load applied in different manners, this set of
equations is not directly applicable. Although the loading consid-
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ered was static, it is believed that the behavior trend and effects of
parameters discussed are still valid for seismic loading situation.
However, the analytical equations proposed should be thoroughly
validated with results from seismic tests of infilled frames. Since
the model used a single frame configuration with no openings in
the infill, its applicability to multi-storey, multi-bay infilled frames
and infills with openings needs further investigation.
7. Conclusions

A finite element model was developed to study the in-plane
stiffness and strength of masonry infills bounded by steel frames
subjected to combined lateral and vertical loading. A parametric
study on the effect of vertical load levels, loading methods, infill
aspect ratio and strength, and frame stiffness on the lateral stiff-
ness and strength of infilled frames was conducted. A set of analyt-
ical equations was proposed to account for these parameters in the
determination of infilled system stiffness and strength under com-
bined loading. Some conclusions stemmed from this study are as
follows:

When applied as a UDL on the frame beam, the presence of ver-
tical load, up to a certain level, results in an increase in the lateral
stiffness and strength of the infilled system. And beyond that level,
the benefit of vertical load begins to diminish. This load level is
defined as the optimal level. The optimal load level is found to
be dependent on the infill aspect ratio, infill strength, and the
bounding frame stiffness.

When the vertical load is applied on columns, the lateral stiff-
ness of infilled system is increased with an increase in the vertical
load level. However, the lateral strength shows a decrease. When
the vertical load is applied in a 50–50 manner on both the frame
beam and columns, infilled systems show almost linearly increas-
ing stiffness and strength as the load level increases.

A set of equations for calculating modification factor MF for ver-
tical load effect is proposed for vertical load applied to the frame
beam case. The equations are shown to produce results in good
agreement with FE values for a wide range of vertical load levels.
The development of MF also considered the effect of aspect ratio
and material strength of infills as well as frame stiffness.
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