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Abstract: This work concerns an assessment of the behavior of infilled frames. The feasibility of possible immediate im-

plementation of some recent developments both in analysis and design of infilled frames for practical design is investi-

gated. It is now widely recognized that masonry infill panels used in reinforced concrete (R/C) frame structures, signifi-

cantly enhance both the stiffness and the strength of the surrounding frame. However, their contribution is often not taken 

into account because of the lack of knowledge of the composite behaviour of the surrounding frame and the infill panel. 

Currently, Seismic Design Codes (EC8 – Part 1, ASCE 41-06) contain provisions for the calculation of stiffness of solid 

infilled frames mainly by modeling infill as a ‘diagonal strut.’ However, such provisions are not provided for infilled 

frames with openings. The present study, proposes analytical equations of the reduction factor, which is expressed as the 

ratio of the effective width of the diagonal strut of an infill with openings over that of the a solid infill, in order to be able 

to calculate the initial lateral stiffness of reinforced concrete (RC) frames with infills that have openings. The validity of 

the proposed equations is demonstrated by comparing our results against work done by various researchers. 
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1. INTRODUCTION 

It has been known for long that masonry infill walls af-
fect the strength and stiffness of infilled frame structures. In 
seismic areas, ignoring the frame-infill panel interaction is 
not always on the safe side, since, under lateral loads, the 
infill walls dramatically increase the stiffness by acting as a 
compressed diagonal ‘strut/area’, resulting, thus, in a possi-
ble change of the seismic demand due to significant reduc-
tion in the natural period of the composite structural system 
[1, 2]. 

The rationale behind neglecting infill walls in the design 
process is partly attributed to incomplete knowledge of the 
behaviour of quasi-brittle materials such as unreinforced 
masonry (URM), of the composite behaviour of the frame 
and the infill, as well as due to the lack of conclusive ex-
perimental and analytical results to substantiate a reliable 
design procedure for this type of structures, despite the ex-
tensive experimental efforts [3-9] and analytical investiga-
tions [10-20] over the past decades. Moreover, due to the 
large number of interacting parameters, if the infill wall is to 
be considered in the analysis and design stages, a modelling 
problem arises because of the many possible failure modes 
that need to be evaluated with a high degree of uncertainty. 
Therefore, it is not surprising that no consensus has emerged 
leading to a unified approach for the design of infilled-frame 
systems in spite of more than six decades of research. How-
ever, it is generally accepted that under lateral loads an infill  
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wall acts as a diagonal strut connecting the two loaded cor-
ners, an approach that is only applicable to the case of infill 
walls without openings on the diagonal of the infill panel. 
The reader is referred to Moghaddam and Dowling [21] and 
Asteris et al. [22] for an extensive review of research on test-
ing and modeling of masonry infilled frames up to 2010.  

In this paper the macro-modeling of infilled frames is 
briefly presented along with a reduction parameter for the 
representation of infills with openings. Then some analytical 
studies are presented which are calibrated against experimen-
tal results, to show the effect of the openings on the period of 
vibration of structures and on interstorey drifts using nonlin-
ear dynamic analysis. 

2. MACRO-MODELLING OF MASONRY INFILL 

Since the first attempts to model the response of the 
composite infilled-frame structures, experimental and con-
ceptual observations have indicated that a diagonal strut with 
appropriate geometrical and mechanical characteristics could 
possibly provide a solution to the problem (Fig. 1). 

Early research on the in-plane behavior of infilled frame 
structures undertaken at the Building Research Station, Wat-
ford (later renamed Building Research Establishment, and 
now simply BRE) in the 1950s served as an early insight into 
this behavior and confirmed its highly indeterminate nature 
in terms solely of the normal parameters of design [23-25]. 
On the basis of these few tests a purely empirical interaction 
formula was later tentatively suggested by Wood [26] for use 
in the design of tall framed buildings. By expressing the 
composite strength of an infilled frame directly in terms of 
the separate strengths of the frame and infill, he short-
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circuited a mass of confusing detail and he recognized the 
desirability of a higher load factor where strengths were 
most dependent on the infills. 

Fig. (1). Masonry infill frame sub-assemblage. 

2.1. Single-Strut Models 

In the early sixties, Polyakov [27] suggested the possibil-
ity of considering the effect of the infilling in each panel as 
equivalent to diagonal bracing, and this suggestion was later 
adopted by Holmes [28], who replaced the infill by an 
equivalent pin-jointed diagonal strut made of the same mate-
rial and having the same thickness as the infill panel and a 
width defined by 

w

d
=
1

3
              (1) 

where d  is the diagonal length of the masonry panel. The 
“one-third” rule was suggested as being applicable irrespec-
tive of the relative stiffness of the frame and the infill. One 
year later, Stafford Smith [29], based on experimental data 
from a large series of tests using masonry infilled steel 
frames, found that the ratio w/d varied from 0.10 to 0.25. On 
the second half of the sixties, Stafford Smith and his associ-
ates using additional experimental data [3, 4, 30] related the 
width of the equivalent diagonal strut to the infill/frame con-
tact lengths using an analytical equation, which has been 
adapted from the equation of the length of contact of a free 
beam on an elastic foundation subjected to a concentrated 
load [31]. They proposed the evaluation of the equivalent 
width 

h
 as a function of the relative panel-to-frame-

stiffness parameter, in terms of 
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where Ew
 is the modulus of elasticity of the masonry panel, 

EI is the flexural rigidity of the columns, 
w
t  the thickness of 

the infill panel and equivalent strut, h  the column height 
between centerlines of beams, 

w
h  the height of infill panel, 

and  the angle whose tangent is the infill height-to-length 
aspect ratio, being equal to 

= tan 1 hw
Lw

             (3) 

in which Lw  is the length of infill panel (all the above pa-
rameters are explained in Fig. (1). 

Based on experimental and analytical data, Mainstone 
[32] proposed an empirical equation for the calculation of 
the equivalent strut width, given by 

w

d
= 0.16 h

0.3              (4) 

Mainstone and Weeks [33] and Mainstone [34], also 
based on experimental and analytical data, proposed an em-
pirical equation for the calculation of the equivalent strut 
width: 

w

d
= 0.175 h

0.4             (5) 

This formula was included in FEMA-274 (Federal Emer-
gency Management Agency 1997) [35] for the analysis and 
rehabilitation of buildings as well as in FEMA-306 (Federal 
Emergency Management Agency 1998) [36], as it has been 
proven to be the most popular over the years. This equation 
was accepted from the majority of researchers dealing with 
the analysis of infilled frames. 

2.2. Multiple-Strut Models 

Crisafulli [37] investigated the influence of different 
multi-strut models on the structural response of reinforced 
concrete infilled frames, focusing on the stiffness of the 
structure and the actions induced in the surrounding frame. 
Numerical results, obtained from the single-two and three-
strut models, were compared with those corresponding to a 
refined finite element. The lateral stiffness of the structure 
was similar in all the cases considered, with smaller values 
for two- and three-strut models. It must be noted that, for the 
multi-strut models, the stiffness may significantly change 
depending on the separation between struts. The single-strut 
model underestimates the bending moment because the lat-
eral forces are primarily resisted by a truss mechanism. On 
the other hand, the two-strut model leads to larger values 
than those corresponding to the finite element model. A bet-
ter approximation is obtained from the three-strut model, 
although some differences arise at the ends of both columns. 
Although the single-strut and the triple-strut models consti-
tutes sufficient tools for the prediction of the overall re-
sponse, Crisafulli adopted the double-strut model approach, 
accurate enough and less complicated compared to the other 
models. 

More recently, Crisafulli and Carr [38] proposed a new 
macro-model in order to represent, in a rational but simple 
way, the effect of masonry infill panels. The model is im-
plemented as a four-node panel element which is connected 
to the frame at the beam-column joints. Internally, the panel 
element accounts separately for the compressive and shear 
behavior of the masonry panel using two parallel struts and a 
shear spring in each direction as shown in Fig. (2). 

This configuration allows an adequate consideration of 
the lateral stiffness of the panel and of the strength of ma-
sonry panel, particularly when a shear failure along mortar 
joints or diagonal tension failure is expected. Furthermore, 
the model is easy to apply in the analysis of large infilled 
frame structures. The main limitation of the model stems 
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from its simplicity, since the panel is connected to the beam-
column joints of the frame, being thus not able to properly 
predict the bending moment and shear forces in the sur-
rounding frame. 

h

Shear spring

Mansory strut

z

hz

 

Fig. (2). Multi-strut model proposed by Crisafulli and Carr [38] for 

masonry infill panel (only the struts and the shear spring active in 

one direction are represented. 

The proposed model for masonry infill panels was im-
plemented in RUAUMOKO [39], a computer-based analyti-
cal tool able to accurately model three-dimensional struc-
tures whilst providing ancillary design data such as earth-
quake spectra. The proposed model has been also imple-
mented in the program SeismoStruct [40] by various re-
searchers, demonstrating the accuracy of the model to evalu-
ate the nonlinear response of the structure. SeismoStruct is 
an internet-downloadable fiber-based finite element package 
capable of predicting the large displacement behavior of 
space frames under static or dynamic loading, considering 
both geometric nonlinearities and material inelasticity and 
fully accounting for the spread of inelasticity along the 
member length and across the section depth. 

2.3. Effect of Openings in the Lateral Stiffness of Infill 
Walls 

Although infill walls usually have oversized openings, 
research has mainly focused on the simple case of infill wall 

without openings. Research on infill walls with openings is 
mostly analytical, restricted to special cases, and as such 
cannot provide rigorous comparison to actual cases because 
of its focus on specific materials used and specific types of 
openings. It is worth noting that the contribution of the infill 
wall to the frame lateral stiffness is reduced significantly 
when the structure is subjected to reversed cyclic loading, as 
in real structures under earthquake conditions.  

In order to investigate the effect of openings in the lateral 
stiffness of masonry infill walls, a finite element technique 
proposed by Asteris [15, 18] has been used in this paper. The 
basic characteristic of this analysis is that the infill/frame 
contact lengths and the contact stresses are estimated as an 
integral part of the solution, and are not assumed in an ad-
hoc way. 

In brief, according to this technique, the infill finite ele-
ment models are considered to be linked to the surrounding 
frame finite element models at two corner points (only), at 
the ends of the compressed diagonal of the infill (points A 
and B in Fig. 3a). Then, the nodal displacements are com-
puted and checked whether the infill model points overlap 
the surrounding frame finite elements. If the answer is posi-
tive, the neighboring points (to the previous linked) are also 
linked and the procedure is repeated. If the answer is nega-
tive, the procedure is stopped and the derived deformed 
mesh is the determined one (Fig. 3b). 

Using this technique, analytical results are presented on 
the influence of the opening size on the seismic response of 
masonry infilled frames. Fig. (4) shows the variation of the  
factor as a function of the opening percentage (opening 
area/infill wall area), for the case of an opening on the com-
pressed diagonal of the infill wall (with aspect ratio of the 
opening the same as that of the infill). As expected, the in-
crease in the opening percentage leads to a decrease in the 
frame’s stiffness. Specifically, for an opening percentage 
greater than 50% the stiffness reduction factor tends to zero. 

The findings of the present parametric study using the fi-
nite-element method, lead to the following relationship for 
the infill wall stiffness reduction factor   

  

Fig. (3). Deformed meshes of an one-storey one-bay infilled frame using the finite element technique proposed by Asteris [15, 18] (Method 

of Contact Points). 

   

(a) 1st derived mesh                           (b) 8th-final derived mesh 
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Fig. (4). Infill panel stiffness reduction factor in relation to the 

opening percentage. 

0.54 1.14

w w
1 2= +           (6) 

in which w is the infill wall opening percentage (area of 
opening to the area of infill wall). 

The above coefficient is not yet calibrated with other ex-
perimental data. However, it can now be used to find the 
equivalent width of a strut for the case of an infill with open-
ing by multiplying the results of Eqns 1, 4 and 5 above. It 
can also be used to modify the equations of the Crisafulli 
model, which is described below. 

3. NUMERICAL EXAMPLE 

In order to illustrate the inadequacy of the single-strut 
models to represent the structural response of infill walls 
with openings in frame structures, a case-study was carried 
out, employing a reinforced concrete frame, whereby the 
infill walls are modeled with each of the two approaches. For 
the multi-strut case, the Crisafulli double-strut model has 
been chosen, since it is satisfactorily precise to represent 
accurately the local effect between the infill and the frame 
and less complicated than a triple-strut model. The single-
strut model used is a rather ‘gross’ model that can be em-
ployed in commercial packages. It consists of a pair of di-
agonal elastic struts that are active at all times, each of which 
has a stiffness of 50% of the calculated infill-wall stiffness. 

The relative accuracy of the models is assessed through 
comparison with experimental results obtained from pseudo-
dynamic tests of a full-scale four-storey and three-bay rein-
forced concrete frame, which was tested at the ELSA reac-
tion-wall laboratory within the framework of the ICONS 
research programme [41]. The frame was infilled with brick 
walls that included openings of different aspect ratios dimen-
sions (Fig. 5). It can be regarded as representative of the de-
sign and construction practice of the 1960’s in Southern 
Europe, designed to withstand only vertical loads, without 
satisfying the modern seismic-code design requirements. 

The experimental seismic response was obtained with 
pseudo-dynamic testing, i.e. a step by step integration tech-
nique to compute the displacement response of the frame 
that was subjected to three different numerically specified 

 

Fig. (5). Elevation view of the infilled frame-Location and dimensions of openings [40]. 
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seismic records, utilizing the nonlinear restoring forces actu-
ally developed during the test. The input seismic motions 
were chosen to be representative of a moderate-high Euro-
pean hazard scenario. The acceleration time-histories were 
artificially generated [42] and three of increasing return peri-
ods of 475, 975 and 2000 years were used for the experiment 
(only the first two were employed in the present study and 
are shown in Fig. 6). 

The nonlinear structural analysis program SeismoStruct 
[40] was employed for the analyses. In section 3.1, a com-
parison is made between the analysis results for the above 
structure using a single strut and a multi-strut model. This is 
done to calibrate the model based on experimental data. 
Then, the same frame is used but having infills with the same 
percentage of openings in all the panels at all floors. The 
analyses are used to examine the influence of openings on 
the period of the structure and the inter-story drift. The effec-
tiveness of the proposed model to represent the effects of 
soft-stories (‘pilotis’) is also examined. 

3.1. Verification of the Numerical Model 

 Before proceeding with the analyses of the infilled frame, 
there was a need to verify the accuracy of the numerical 
model of the bare frame. The aim was to ensure that the 
numerical model represents satisfactorily the bare frame 
before inserting the various infilled openings. By limiting 
the other parameters of uncertainty, the infilled panel 
model is rendered in fact the only variable, the effect of 
which should be examined. 

 An eigenvalue-modal analysis was undertaken to provide 
a first insight into the structure. The values of the periods 
of the 1

st
 up to the 4

th
 mode are computed and presented 

in Table 1, together with the experimental estimates of 
the natural frequencies. In order to provide data for mo-
dal identification of the bare frame, a very low intensity 
excitation was applied to the structure before the pseudo-
dynamic test took place, similar as an non-destructive 
test. More details about these methods, which are based 
on time-domain linear models, can be found elsewhere 
[43]. 

Table 1. Periods and Mass Contributions of Bare Frame 

Model 

Period [sec] Experimental Analytical Mass contribution 

[%] 

1st 0.64 0.63 83.02 

2nd 0.22 0.21 10.78 

3rd 0.13 0.13 3.58 

4th 0.09 0.09 2.60 

 

From Table 1, it can be observed that the fundamental 
period is dominant (mass contribution 83.02%). The value of 
the fundamental period for a typical 4-storey building is 
high, reflecting the flexibility of the structure mainly due to 
the absence of infill panels. By comparing the 1

st
 period of 

 
Fig. (6). Ground motion acceleration for 475 & 975yrp. 
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the test frame (0.64secs) with the fundamental period of the 
numerical model (0.63secs), it is noted that there is a re-
markable agreement between them. The same conclusion can 
be reached for the rest of the periods, showing the accuracy 
of the analytical model used. 

3.2. Single-Strut Model vs. Multiple-Strut Model 

Representative numerical results obtained from the single 
and multi-strut models are depicted in Fig. (7) for accelera-
tion time-histories of increasing return periods of 475 and 
975 years. It can be easily concluded that the multi-strut 
model provides a very good fit to the experimental results 
and therefore a better approximation with the use of finite 
elements is strongly justified. However, it should be stressed 
that the correct modeling of the infill required the selection 
of the value of a significant number of parameters, a difficult 
and intricate task, which is not always suitable in everyday 
practice. 

On the contrary, the single-strut model lacks a similar 
ability to represent adequately the experimental behavior, 
providing significantly less accurate results. This is entirely 
attributed to the inability of such over-simplified models to 
reproduce all the complex aspects of the infill walls’ behav-
ior. Similar to the above conclusions have been drawn re-

garding the displacement and the shear-force profiles along 
the height of the building. 

3.3. Comparison of the Experimental and Analytical 
Model of the Tested Infilled Frame 

 After the preliminary verification of the numerical model 
for the bare frame, the infilled panel elements were im-
plemented in the model. A dynamic time-history analysis 
was carried out in the infilled frame with the aim to simu-
late the pseudo-dynamic tests conducted in the labora-
tory. The accuracy of the numerical model is evaluated 
by comparing the results of the analysis with the experi-
mental results. The comparison was done in terms of 
time-history maximum inter-storey drift and base shear, 
as can be seen in Figs. (8) and (9). In Fig. (8), the maxi-
mum experimental and numerical drifts for each storey, 
are plotted together with the drift values corresponding to 
three damage limit states. More details regarding these 
limits are described elsewhere [44]. It can be observed 
that for return period of 475 years, the maximum drift 
values are varying close to the (IO) limit state, while for 
a return period of 975 years, the peak value at the 1

st
 sto-

rey exceed the (CP) limit state. 

 In Fig. (9), a comparison in terms of time-histories, in-
stead of comparison of the instantaneous peak values of 

 

Fig. (7). Comparison of the top displacement of the infill frame for the two structural models (475 & 975yrp record). 
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base shear is presented; it is considered to be more repre-
sentative because an overall picture of the precision of 
the numerical model is obtained. 

 A first overall observation is that the analytical results 
demonstrate a good match with those of the experiment. 
Some differences are identified in several parts of the 
time-histories. For example, at the beginning of the time-
history, corresponding to the 475yrs record of the model, 
few differences occurring at the peaks of a limited num-
ber of cycles are observed, while at the middle and at the 
end of the same records the model tends to underestimate 
the base shear. This under-estimation is due to the non-
linear behavior that is exhibited by the infill and the 
structure at that stage. No further suggestions to over-
come this problem is presented at this stage. 

 

 

Fig. (8). Maximum inter-storey drift for the 475 & 975 yrp tests: 

comparison with drift values corresponding to the three limit states. 

3.4. Effect of Openings on Fundamental Periods 

The infill wall enhances the lateral stiffness of the framed 
structures; however, the presence of openings within the 
infill wall will reduce the lateral stiffness. Fig. (10) shows 
the variation of the fundamental period with the opening 
percentage. All values are also presented in a tabular form 
(Table 2), where the mass contribution for the fundamental 
period is given as well. The fundamental period increases as 
the opening size increases, as expected, due to reduction in 
stiffness of the model. Such variation of periods cannot be 
considered using the formulas proposed by design codes. 
There is no clear relationship between the opening size and 
the fundamental period, but it is certain that the opening size 
influence on the fundamental period of the structure. 

By comparing the fundamental periods of a fully infilled 
(FI) and a bare frame (BF), a difference of magnitude of 
about 9 is observed, which is in agreement with the literature 
[2]. An elastic spectrum according to the standard EC 8 [45] 
for ground type A was chosen, as can be seen in Fig. (11). In 
this figure, the periods of the idealized systems representing 
the fully infilled frame (FI, T=0.077 s), a partially infilled 
frame (PI, with 50% of openings, T=0.153 s) and a bare 
frame (BF, T=0.675 s) are indicated. It can be observed that 
the spectral acceleration, which corresponds to the bare 
frame, is only about half of the spectral acceleration, which 
corresponds to the partially infilled frame and a bit lower 
than the corresponding value for a fully infilled frame. It is 
clear that such a variation of the period of vibration will have 
a considerable effect on the dimensioning of the infilled-
frame members. 

Table 2. Fundamental Periods and Mass Contributions of 

Various Percentage Openings 

Openings aw [%] Period [sec] Mass Contribution [%] 

0 0.079 59.48 

25 0.137 85.76 

50 0.151 88.33 

75 0.244 87.26 

100 0.631 83.02 

 

Fig. (9). Comparison of the Base Shear of the experimental infilled frame and the corresponding analytical model (475yrp). 
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Fig. (10). Variation of fundamental period with opening size. 

 

 

Fig. (11). Elastic acceleration spectra for a 475 yrp and the funda-

mental periods of a fully infilled frame (FI), a partially infilled 

frame (PI) and a bare frame (BF). 

3.5. Effect of Openings on Inter-Storey Drift Ratios 

The displacement variation along the building height is a 
typical way of illustrating the behaviour of a building in each 
storey. A better representation of the above is the use of the 
interstorey drift curve given in Fig. (12). 

This figure shows the peak inter-storey drift ratio during 
the time-history analysis. The ‘weakeness’ of the second 
floor is more pronounced when larger openings in the infill 
panels are present. Three different cases of openings are il-
lustrated and the resulting inter-storey drift ratio confirms the 
previous statement. This Figure is produced for acceleration 
time-histories of increasing return periods of 475 and 975 
years. The 975 yrp analysis gives, as expected larger peak 
storey drifts for all various openings. The same conclusion 
was reached by Dorji et al. [46], who presented the inter-
storey drifts ratios for three different opening percentages. 

Another way to demonstrate the influence of different 
percentage openings of the infilled panels is to plot base 
shear vs. inter-storey drifts (Fig. 13). It can be clearly seen, 
that the bare frame (aw=100%) has the highest inter-strorey 
drift and at the same time the lowest base shear value. On the 

other hand, the fully infilled frame (aw=0%) has the lowest 
drift-values and the highest base shear value, which is ex-
pected.  

The variation of the base shear and top displacement with 
different infilled panel openings (aw) is examined in Fig. 
(14). The fitted curves imply that there is a quadratic 
relationship between base shear and displacement. It can be 
also noted that, the variation of base shear with increasing 
opening-size of the infilled panels is similar to that of the 
stiffness-reduction factor , which is shown in Fig. (4). 

Fig. (12). Peak inter-storey drift at each storey level (475 & 975 

yrp). 
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a) A structure with solid infilled frames throughout the 
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modeling. The drift ratio value at the ground floor for case 
(b) is increased almost 3 times when compared to case (a). 
At the same time the drift ratios of the rest of the floors are 
essentially the same. This shows the vulnerability of such 
structures. 

4. CONCLUSIONS 

In this paper the attempts of researchers through many 
decades to model infill walls are summarized and the most 
commonly used macromodels are presented. One of the main 

difficulties to introduce infill walls, which are universally 
accepted as having a significant influence in the response of 
frames in the modeling of structures, is the absence of a way 
to represent openings in the infills. In this work, a reduction 
factor, , is proposed that can be used as a multiplication 
factor on well known equations to calculate the reduced 
equivalent width of compression struts, so as to be able to 
model infill walls with openings. The same reduction factor 
can be used in models of multiple-struts, so as to be able to 
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idealize the nonlinear behaviour of infill walls with open-
ings. 

Using this approach, a two-strut model, which was cali-
brated against experimental results, was used to examine the 
effects of openings on the period of vibration of infilled 
structures with openings and on interstorey drifts. 

It was shown that, as expected, the period of vibration of 
the structures is largely affected by the presence of the open-
ings, which in turn has an effect on the earthquake load that 
such structures will be subjected to during an earthquake. 
The period of vibration of the infilled frame was found to be 
9 times smaller than that of the bare frame, with the periods 
of vibration of the frames with openings to be somewhere in-
between, but without a clear trend. 

Regarding the interstory drifts, it is shown that the 
‘weakeness’ of a floor level is more pronounced when larger 
openings in the infill panels of the building are present. Spe-
cifically, the bare frame has peak interstory drifts of the or-
der of 7 times larger than those of the fully infilled frame. 
The proposed procedure was also used to study the behav-
iour of a structure with a soft-story, and as it is shown, the 
interstory drift at the 1

st
 storey has increased dramatically, 

demonstrating the validity of the proposed model. 

It can be therefore concluded, that the proposed reduction 
factor can be used to model infill frames with openings with 
satisfactory results. Further work needs to be done, using a 
larger number of ground motions and frame configurations, 
so as to fully validate this methodology. 
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