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ABSTRACT: 
In this paper, the State-of-the-Art of the numerical models for the analysis of brickwork 
infilled plane frames subjected to lateral actions is reviewed. A number of distinct approaches 
in the field of the analysis of infilled frames since the mid-1950s, have yielded several 
analytical models. It has been stressed, in these analytical works, how difficult and generally 
unreliable the numerical simulation of infilled frame is, due to the very large number of 
parameters to be taken into account and the magnitude of the uncertainties associated with 
most of them. For a better understanding of the approach and capabilities of each model, an 
attempt has been made to classify them into macro- and micro- models based on their 
complexity, the detail by which they model an infill wall, and the information they provide to 
the analyst about the behavior of a structure. 

 
1. Introduction 
In many countries situated in seismic regions, reinforced concrete frames are infilled by brick 
masonry panels. Although the infill panels significantly enhance both the stiffness and 
strength of the frame, their contribution is often not considered because of the lack of 
knowledge of the composite behavior of the frame and the infill. However, extensive 
experimental (Smith [1]; Smith et al. [2]; Page et al. [3]; Mehrabi et al. [4]), and analytical 
investigations (Liauw and Kwan [5], [6], [7]; Dhanasekar and Page [8]; Saneinejad and Hobbs 
[9]; Mehrabi and Shing [10]; Asteris [11], [12]) have been made. Extensive and in-depth 
state-of-the-art reports can be found in Tassios [13], Moghaddam et al. [14] and CEB [15]. 
Recently, it has been shown that there is a strong interaction between the infill masonry wall 
and the surrounding frame. 

Approximately 80% of the cost of damages of structures from earthquakes is due to damage 
of the infill walls and to consequent damages of doors, windows, electrical and hydraulic 
installations (Tiedeman [16]). Inspite of its broad application and its economical significance, 
this structural system has resisted analytical modelling; the following reasons may explain 
this situation: 

• Computational complexity: The particulated infill material and the ever changing 
contact conditions along its interface to concrete, constitute additional sources of 
analytical burden. The real composite behavior of an in-filled frame is a complex 
statically indeterminate problem according to Smith [1]. 
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• Structural uncertainties: The mechanical properties of masonry, as well as its 
wedging conditions against the internal surface of the frame, depend strongly on 
local construction conditions. 

• The non-linear behaviour of infilled frames depend on the separation of masonry 
infill panel from the surrounding frame. 

Attempts at the analysis of infilled frames since the mid-1950s have yielded several analytical 
models. For a better understanding of the approach and capabilities of each model it may be 
convenient to classify them into macro- and micro- models based on their complexity, the 
detail by which they model an infill wall, and the information they provide to the analyst 
about the behavior of a structure. A basic characteristic of a macro- (or simplified) model is 
that they try to encompass the overall (global) behavior of a structural element without 
modelling all the possible modes of local failure. Micro- (or fundamental) models, on the 
other hand, model the behavior of a structural element with great detail trying to encompass 
all the possible modes of failure. The following sections constitute a brief review of the most 
representative macro- and micro-models. 

 
2. Macro-Models 
Since the first attempts to model the response of the composite infilled frames structures, 
experimental and conceptual observations have indicated that a diagonal strut with 
appropriate geometrical and mechanical characteristics could possibly provide a solution to 
the problem. In 1958, Polyakov [17] suggested the possibility of considering the effect of the 
infilling in each panel as equivalent to diagonal bracing and this suggestion was later taken up 
by Holmes [18] who replaced the infill by an equivalent pin-jointed diagonal strut made of the 
same material and having the same thickness as the infill panel and a width equal to one third 
of the infill diagonal length. The ‘one-third’ rule was suggested as being applicable 
irrespective of the relative stiffnesses of the frame and the infill. Stafford Smith [1] and 
Stafford Smith and Carter [2] related the width of the equivalent diagonal strut to the 
infill/frame contact 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 (Hetenyi [19]). Based on the frame/infill contact length, alternative 
proposals for the evaluation of the equivalent strut width have been given by Mainstone [20] 
and Kadir [21]. 

Stafford Smith and Carter [2], and Mainstone [20] used the equivalent strut approach to 
simulate infill wall in steel frames and study the behavior of infilled structures subjected to 
monotonic loading. They also developed equations by which the properties of these struts, 
such as initial stiffness and ultimate strength, were calculated. For example, the following 
relationship was suggested for brick infills prior to cracking: 

( ) ϑλ= − 2sinh175.0
d
w 4.0

h          (1) 

in which w, d and h is the effective width of diagonal strut, panel diagonal length and height 
of column respectively and 

4

s

b
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in which Eb, t and h are the elastic modulus, thickness and height of the brick masonry infill 
respectively; Es and I are the Young’s modulus and moment of inertia of the surrounding 
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frame member; and ϑ  is the angle between the infill diagonal and the horizontal. This 
approach proved to be the most popular over the years because of the ease with which it can 
be applied. 

In the last two decades it became clear that one single strut element is unable to model the 
complex behavior of the infilled frames. More complex macro-models were then proposed, 
but they were still usually based on a number of diagonal struts. 

Thiruvengadam [22] suggested the equivalent multiple strut model. The infill is discretized 
into a grid of shear panels. Each panel, considered under the state of pure shear, is replaced by 
two diagonals, once acting in compression and the other in tension. 

Syrmakezis and Vratsanou [23] suggested a distribution of multiple equivalent diagonal struts 
to have a better estimation of the compressed zone, both in the infill panel and in the frame 
members. It was stressed how different compressed lengths have a significant effect on the 
bending moment distribution in the frame members. 

Chrysostomou, Gergely and Abel [24] had the objective of simulating the response of infilled 
frames under earthquake loading by taking into account stiffness and strength degradation of 
the infills. They proposed to model each infill panel by six compression-only inclined struts 
as shown in Figure 1. Three parallel struts are used in each diagonal direction and the off-
diagonal ones are positioned at critical locations along the frame members. At any point 
during the analysis of the non-linear response only three of the six struts are active, shown in 
Figure 1 with solid lines. The struts are switched to the opposite direction whenever their 
compressive force reduces to zero. The parameter α represents a fraction of the length or 
height of a panel and is associated with the position of the formation of a plastic hinge in a 
beam or a column. Theoretical values for this parameter are given by Liaw [5], [6], [7]. 

 
 

Fig. 1 Six-strut idealization of infill walls [24]  

 

The hysteretic behavior of the six struts is defined by a hysteretic model, which consists of 
two equations. The first equation defines the strength envelope of a structural element and the 
second defines its hysteretic behavior. The shape of the envelope and the hysteretic loops 
(Figure 2) is controlled by six parameters, all of which have physical meaning and can be 
obtained from experimental data. More details about the model are presented by 
Chrysostomou [25]. 
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Fig. 2 Strength envelope and hysteretic loops in normalized space [24] 

 

The proposed model was implemented in a three-dimensional non linear analysis programme 
and used and tested on simple and multi-storey multi-bay infilled frames to study the effects 
of infill walls on the non-linear dynamic behaviour of infilled steel frames. The advantage of 
this strut configuration over the single diagonal strut is that it allows the modelling of the 
interaction between the infill and the surrounding frame. 

 
3. Micro-Models 
All models described in this section are based on the Finite Element Method, using three 
different kinds of elements to represent the behavior of infilled frames subjected to lateral 
loading. According to these models the frame is constituted by plane or beam element, the 
infill by plane elements, and the interface behavior by interface elements or by one-
dimensional joint elements. 

Mallick and Severn [26], and Mallick and Garg [27] suggested the first finite element 
approach to analyse infilled frames, addressing the problem of an appropriate representation 
of the interface conditions between frame and infill. The infill panels were simulated by 
means of linear elastic rectangular finite elements, with two degrees of freedom at each four 
nodes, and the frame was simulated by beam element ignoring axial deformation. This was a 
consequence of the assumption that the interaction forces between the frame and the infill 
along their interface consisted only of normal forces. In this model, the slip between the frame 
and the infill was also taken in account, considering frictional shear forces in the contact 
regions. Several single storey rectangular infilled frames under static loading were analysed 
and the results were in a good agreement with experimental results if the height to span ratio 
was not greater than two. 

Liauw and Kwan [7] used three different types of elements to study the behavior of infilled 
frames subjected to monotonic loading. The infill-frame interface was modelled by simple bar 
type elements capable of simulating both separation and slip. The infill panel was modelled 
by triangular plane stress elements. In tension, the material was idealized as a linear elastic 
brittle material. Before cracking, the material was assumed to be isotropic and after cracking 
was assumed to become anisotropic due to the presence of the crack. It was assumed that for 
an open crack the Young’s modulus perpendicular to the crack and the shear modulus parallel 
to the crack were zero. When the crack was closed, the Young’s modulus was restored, and 
the shear force is assumed to be taken over by friction. In compression, the panel was 

©SEWC2002, Yokohama, Japan

-4-



assumed to exhibit extensive nonlinearity in the stress-strain relationship. Although the 
material was subjected to bi-axial stress, it was assumed that the panel was under uniaxial 
stress based on experimental results, which show that one of the principal stress is much 
smaller than the other. Using an iterative procedure with incremental displacement, several 
four-story one-bay model frames infilled with micro-concrete were analysed. Close agreement 
between experimental and analytical results has been observed. 

Dhanasekar and Page [8], using one-dimensional joint elements to model the mortar joint 
between the infill and the frame, have shown that the behavior of the composite frame not 
only depends on the relative stiffness of the frame and the infill and the frame geometry, but 
is also critically influenced by the strength properties of the masonry (in particular, the 
magnitude of the shear and tensile bond strengths relative to the compressive strength). 

A simpler and much quicker finite element technique (Axley and Bertero [28]) consists in 
reducing, by condensation, the stiffness of the infill to the boundary degrees of freedom. It is 
assumed that the frame constrains the form (but not the degree) of deformation on the infill. 
Separate stiffnesses are formed. A constraint relation is assumed between the 12 frame 
degrees of freedom (DOF) and the boundary degrees of freedom. Thus, a congruent 
transformation of the separate systems to a composite approximate frame-infill system (with 
only 12 DOF) is possible. 

To overcome the problem of the ever-changing contact conditions between the brick masonry 
infill and the surrounding frame, a new finite element technique for the modelling of infilled 
frames has been recently proposed by Asteris [11], [12]. According to this in order to model 
the complicated behavior of the in-filled plane frames under lateral load similar to an 
earthquake load, a criterion for the frame-infill separation is used. The main goal of this 
criterion is to describe the evolution of the natural response of these composite structures 
subjected to seismic lateral loads as a boundary condition problem. The objective of the 
present study is to find a valid geometrical equilibrium condition for the composite structure 
of the in-filled frame under certain loading conditions, given that the real overall behavior of 
an in-filled frame is a complex statically indeterminate problem according to Smith [1]. The 
analysis has been performed on a step-by-step basis based on the following: 

The major “physical” boundary condition between infill and frame is that the infill panel 
cannot get into the surrounding frame; the only accepted “natural” conditions between infill 
and frame are either the contact or the separation. 

The frame, while directly carrying some of the lateral loads, serves primarily to transfer and 
distribute the bulk of the loads to the infill. The stiffness response of the infill is influenced, to 
a considerable extent, by the way in which the frame distributes the load to it. Simultaneously, 
the frame’s contribution to the overall stiffness is affected by the change in its mode of 
distortion, as a result of the reaction of the infill. 

The proposed finite element procedure can be summarised as follows: 

Step 1. Initially, the infill finite element 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. (When the load is applied, the infill and 
the frame are getting separate over a large part of the length of each side and 
contact remains only adjacent to the corners at the ends of the compression 
diagonal). 

Step 2. Compute the nodal forces and displacements, and the stresses at the Gauss 
points of the elements. 
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Step 3. Check whether the infill model points overlap the surrounding frame finite 
elements. If the answer is negative, step 5 of the procedure will be followed. If 
the answer is positive, step 4 will, instead, be followed. 

Step 4. When the infill model points overlap the surrounding frame finite elements, the 
neighbouring points (to the previous linked) are linked and the procedure 
continues from step 2. 

Step 5. This final step is a further check on the acceptance (or not) of the derived 
deformed mesh. This check will determine if at any one point of the derived 
contact area tension is occurring. In particular, what is checked is whether the 
normal stresses along to x-axis (for the linked points on vertical part of the 
interface) and along the y-axis (for the linked points on horizontal part of the 
interface) are tensile. If the answer is negative, the procedure is stopped. If the 
answer is positive, the linked points become unlinked and the procedure 
continues from step 2. 

 

 
 
(a) 1st deformed mesh 

 

 
 
(b) 2nd deformed mesh 

 
 
(c) 3rd deformed mesh 

 
 
(d) 6th – final deformed mesh 

Fig. 3 Successive deformed meshes of an one-story one-bay infilled frame using the Method of 
Contact Points [12] 

Fig. 3 shows the successive deformed meshes of the studied one-story one-bay infilled frame 
generated by the proposed method of contact points. In particular, Fig. 3a depicts the 
deformed mesh based on the assumption that infill and frame are linked only at the two points 
A and B. According to this deformed mesh, two neighbouring points of B and one 
neighbouring point of A of the infill model points overlap the surrounding frame finite 
elements. Thus, according to the fourth step, these three neighbouring points (to the previous 
linked) are linked (Fig. 3b) and the procedure continues. The process is iterated, until a final 
equilibrium condition is reached (Fig. 3d). 
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According to the derived deformed mesh (Fig. 3d), different contact lengths between infill 
wall and surrounding frame members are observed, as is expected. In particular, the 
infill/frame contact lengths are varied between windward column and infill, beam and infill, 
and between infill and rigid base, thus demonstrating how unrealistic and inadequate is the 
modelling of the infill panel by a number of parallel compression inclined struts. 

 
4. Conclusions 
The brief review of existing analytical models for the analysis of brick masonry infilled 
frames, which has been presented in this paper, suggests that a computational procedure must 
be sought along the following directions: 

• the infill/frame contact lengths and the contact stresses should be considered as an 
integral part of the solution, and are not assumed in an ad-hoc way, and 

• new finite element and associated computer code to model the anisotropic 
behavior of brick masonry infill panel must be developed, since none of the 
available ones appear to be able to take into account this anisotropic and 
composite behavior. 

 
REFERENCES 
[1] SMITH B.S., “Behavior of square infilled frames”, ASCE Journal of Structural 

Division, ST1, 1966, pp. 381-403. 
[2] SMITH B.S, and CARTER C., “A method of analysis for infilled frames”, Proc., Instn. 

Civ. Engrs., 44, 1969, pp. 31-48. 
[3] PAGE A.W., KLEEMAN P.W., and DHANASEKAR M., “An in-plane finite element 

model for brick masonry”, New Analysis Techniques for Structural Masonry, ASCE 
Proc. of a session held in conjunction with Structures Congress, Chicago, Illinois, 1985, 
pp. 1-18. 

[4] MEHRABI A.B., SHING P.B., SCHULLER M., and NOLAND J., “Experimental 
evaluation of masonry-infilled RC frames”, ASCE Journal of Structural Engineering, 
122(3), 1996, pp. 228-237. 

[5] LIAUW T.C., and KWAN K.H., “Plastic theory of infilled frames with finite interface 
shear strength”, Proceedings of the Institution of Civil Engineers (London), Part 2, 75, 
1983, pp. 707-723. 

[6] LIAUW T.C., and KWAN K.H., “Plastic theory of non-integral infilled frames”, 
Proceedings of the Institution of Civil Engineers (London), Part 2, 75, 1983, pp. 379-
396. 

[7] LIAUW T.C., and KWAN K.H., “Nonlinear behaviour of non-integral infilled frames”, 
Comp. and Struct., 18, 1984, pp. 551-560. 

[8] DHANASEKAR M., and PAGE A.W., “Influence of brick masonry infill properties on 
the behaviour of infilled frames”, Proc., Instn. Civ. Engrs., London, Part 2, 81, 1986, 
pp. 593-605. 

[9] SANEINEJAD A., and HOBBS B., “Inelastic design of infilled frames”, ASCE Journal 
of Structural Engineering, 121(4), 1995, pp. 634-650. 

[10] MEHRABI A.B., and SHING P.B., “Finite element modelling of masonry-infilled RC 
frames”, ASCE Journal of Structural Engineering, 123(5), 1997, pp. 604-613. 

[11] ASTERIS P. G., “A method for the modelling of infilled frames (Method of Contact 
Points”, Proc., 11th World Conf. on Earthquake Engrg., Paper No. 953, 1996, 
Acapulco, Mexico. 

©SEWC2002, Yokohama, Japan

-7-



[12] ASTERIS P. G., “On the lateral stiffness of brick masonry infilled plane frames”, ASCE 
Journal of Structural Engineering, Paper Nr. ST/2001/022905 (has been accepted for 
publication). 

[13] TASSIOS T.P., “Masonry infill and R. C. walls, (An invited state-of-the-art report)”, 
Third International Symposium on Wall Structures, Warsaw, 1984. 

[14] MOGHADDAM H.A., DOWLING P.J., The State of the Art in infilled frames, ESEE 
Research Report, No. 87-2, August 1987, Imperial College of Science and Technology. 

[15] Comité Euro-International du Béton (CEB). (1994). Behavior and analysis of reinforced 
concrete structures under alternate actions inducing inelastic response, Volume 2: 
Frame Members, BULLETIN D’INFORMATION No 220. 

[16] TIEDEMAN H., “A statistical evaluation of the importance of non-structural damage to 
buildings”, Proc., 7th World Conf. on Earthquake Engrg., Istanbul, Vol. 6, 1980, pp. 
617-624. 

[17] POLYAKOV S.V., “On the interaction between masonry filler walls and enclosing 
frame when loading in the plane of the wall”, Translation in earthquake engineering, 
Earthquake Engineering Research Insitute, San Francisco, 1960, pp. 36-42. 

[18] HOLMES M., “Steel frames with brickwork and concrete infilling”, Proc., Instn. Civ. 
Engrs., London, Part 2, 19, 1961, pp. 473-478. 

[19] HETENYI M., Beams on elastic foundations, University of Michigan Press, Ann Arbor, 
1946. 

[20] MAINSTONE R.J., “On the stiffnesses and strengths of infilled frames”, Proc., Instn. 
Civ. Engrs., Supp. (iv), 1971, pp. 57-90. 

[21] KADIR M.R.A., The structural behaviour of masonry infill panels in framed structures, 
PhD thesis, University of Edinburgh, 1974. 

[22] THIRUVENGADAM V., “On the natural frequencies of infilled frames.” Earthquake 
Engineering and Structural Dynamics, Vol. 13, 1985, pp. 401-419. 

[23] SYRMAKEZIS C. A., VRATSANOU V. Y., “Influence of infill walls to R.C. frames 
response”, Proc., 8th European Conf. on Earthquake Engrg., Vol. 3, 6.5, pp. 47-53, 
1986, Lisbon. 

[24] CHRYSOSTOMOU C.Z., GERGELY P., and ABEL, J.F., “Non-linear seismic 
response of infilled steel frames”, Proc., Tenth World Conf. on Earthquake Engrg, 
Madrid, Spain, 1992, pp. 4435-4437. 

[25] CHRYSOSTOMOU C.Z., Effects of degrading infill walls on the nonlinear seismic 
response of two-dimensional steel frames, PhD thesis, Cornell University, 1991. 

[26] MALLICK D.V., and SEVERN R.T., “The behaviour of infilled frames under static 
loading”, Proc., Instn. Civ. Engrs., 38, 1967, pp. 639-656. 

[27] MALLICK D.V., and GARG R.P., “Effect of openings on the lateral stiffness of infilled 
frames”, Proc., Instn. Civ. Engrs., 49, 1971, pp. 193-209. 

[28] AXLEY J.M., and BERTERO V.V., Infill panels: Their influence on seismic response 
of buildings, EERC, Rep. 28, 1979. 

©SEWC2002, Yokohama, Japan

-8-




