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ABSTRACT:
This paper presents a new finite element technique for the analysis of brickwork infilled plane
frames subjected to lateral actions. The basic characteristic of this new method of 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 order to implement the method, a
specific computer program for a 2D linear elastic analysis of infilled plane frames under
lateral static loads has been developed. The validity of the method is demonstrated by
comparing the results from the study of an one-story one-bay infilled frame under lateral
static load in the beam level, against results derived by other investigators.

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].
Although infilled frames have been studied for many years, 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].

• 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.

In the present paper, 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.
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2. Proposed method of analysis
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.
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.
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3. Application
In the example presented, the proposed finite element technique has been applied. The
response of an one-story one-bay infilled frame (Fig. 1) under a lateral static load in the beam
level is studied. The frame is constructed with reinforced concrete 30/40 cm sections for both
columns and beams. The mechanical characteristics for both the reinforced concrete and the
infill masonry walls are the ones shown on Table 1.
Fig. 2 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. 2a 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 and the procedure continues. The process is iterated (Figs. 2b to 2h), until a
final equilibrium condition is reached (Fig. 2h).
According to the derived deformed mesh (Fig. 2h), 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.
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Fig. 1 Geometry and loading of an one-story one-bay brick masonry infilled frame
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Table 1 Materials elastic properties

Moduli of elasticity

Poison’s ratios

Ey

ν xy

ν yx

(1)

Ex
(kN/m2)
(2)

(kN/m2)
(3)

(4)

(5)

Concrete

2.9×107

2.9×107

0.20

0.20

Masonry*

4.5×106

7.5×106

0.19

0.32**

Material

*

The values of this masonry material have been estimated
experimentally by Page [16].
Ey
**
ν yx =
ν xy .
Ex

In Figs. 3 to 5, the contours of normal and shear stresses are plotted respectively. They seem
to be in good agreement with previous experimental (Smith [1]) and analytical results
(Galanti, Scarpas and Vrouwenvelder, [17]). As is expected, the higher values of stresses are
spread in a zone “parallel” to the compression diagonal as well as at the loaded corners. This
could explain the two modes of infill failure, which were observed experimentally by Smith
[1]. According to Smith, two modes of infill failure are observed. The first failure, developed
as a crack extending from the center of the infill along the diagonal towards the loaded
corners. The second failure mode occurs at one of the loaded corners, and the crushed region
takes the shape of a quadrant bounded by the lengths of the contact as radii.

4. Conclusions
In the present paper, a new finite element technique is presented for the analysis of brick
masonry infilled plane frames. Using this technique, the behavior of single-story one-bay
infilled frames under lateral has been investigated. The main advantages of the method can be
summarized as follows:

•

The ability to calculate the infill/frame contact lengths as an integral part of the
solution and not assumed in an ad-hoc way.

•

The capability to model the behavior of infilled frames both in the case of
single-story and in the case of multi-storey fully or partially infilled.
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Fig. 2 Successive deformed meshes of an one-story one-bay infilled frame using the Method of
Contact Points
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Fig. 3 Contours of normal stress σxx in the brick masonry infill plane

Fig. 4 Contours of normal stress σyy in the brick masonry infill plane
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Fig. 5 Contours of shear stress σxy in the brick masonry infill plane

REFERENCES
[1]
[2]
[3]

[4]
[5]
[6]
[7]
[8]
[9]

SMITH B.S., “Behavior of square infilled frames”, ASCE Journal of Structural
Division, ST1, 1966, pp. 381-403.
SMITH B.S, and CARTER C., “A method of analysis for infilled frames”, Proc., Instn.
Civ. Engrs., 44, 1969, pp. 31-48.
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.
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.
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.
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. 379396.
LIAUW T.C., and KWAN K.H., “Nonlinear behaviour of non-integral infilled frames”,
Comp. and Struct., 18, 1984, pp. 551-560.
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.
SANEINEJAD A., and HOBBS B., “Inelastic design of infilled frames”, ASCE Journal
of Structural Engineering, 121(4), 1995, pp. 634-650.

-7-

©SEWC2002, Yokohama, Japan

[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.
[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] PAGE A.W., “The biaxial compressive strength of brick masonry”, Proc. Instn. Civ.
Engrs., Part 2, 71, 1981, pp. 893-906.
[17] GALANTI F.M.B., SCARPAS A., and VROUWENVELDER A.C.W.M., “Calibration
of a capacity design procedure for infilled reinforced concrete frames”, Proc., 11th
European Conf. on Earthquake Engrg., 1998, Balkema, Roderdam.

-8-

