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SUMMARY

This paper presents a nonlinear dynamic model to study the behavior of
frames infilled by masonry walls. The nonlinearities of the model include the
interaction between the frame and wall, cracking and failure of the wall, the
bracing effect that the wall has on the frame, the discontinuities between the
frame and wall, and the inelastic behavior of the frame. The modeling of the
masonry wall is based on the premise that the cracking mechanism of the wall
may be separated from the material model assumed for the masonry. Analytical
results are presented for a three story one bay frame infill with masonry walls.

INTRODUCTION

For many years infill walls have formed an integral part of buildings.
Their use has been mainly as architectural elements and as such have been
largely ignored by engineers when designing the main structural configuration.
Engineers have normally considered these walls as brittle elements whose
lateral load capacity is small when compared with the frame. This assumption
ignores the confining effect that the frame has on the wall. As such there are
numerous examples of frames, although properly designed to resist earthquake
loading when acting alone, being severely damaged due to the presence of infill
walls, acting in the plane of the frame.

In order to adequately study the interaction between the frame and the in-
fill masonry wall under earthquake loading an analytical model was developed.
This model takes into account the interaction between the frame and wall, crack-
ing and failure of the wall, the bracing effect that the wall has on the frame
and the inelastic behavior of the frame.

ANALYTICAL MODEL

The modeling of the frame-infill wall problem may be classified into two
broad categories: The equivalent diagonal strut method, and the finite element
method.

The equivalent diagonal strut has the great advantage of simplicity. How-
ever, the indirect provision for handling the frame-wall interaction does lack
versatility, especially when nonlinear dynamic analysis is done. The finite
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element technique overcomes the disadvantages of the strut method. However,
this is done at the expense of simplicity. The versatility gained in using
finite elements is hampered by the need to use a large number of degrees of
freedom to model the masonry wall. In the case of dynamic loading the number
of degrees of freedom could be excessive.

The model developed in this study uses the finite element method, and as
such has it's versatility; however, it reduces the number of degrees of free-

dom needed to model the frame-infill-wall system.

Mechanical Model

A schematic representation of the wall model as applied to a specific
wall section is shown in Fig. 1. As the figure shows the modeling of the wall
was divided into three areas: 1) The boundary between the frame and wall.

2) Cracking in the wall itself. 3) Uncracked behavior of the specific wall
segment.

The boundary between the frame and wall was modeled by two types of ele-
ments called "gap elements" and "joint elements'. The gap elements modeled
the space between the frame and wall. The element kept track of gaps and de-
termined when the frame and wall came into contact forcing continuity between
the frame and wall. The joint element modeled the boundary between the frame
and wall where continuity was initially assumed. This element permitted the
representation of mortar joints at the base of the wall. It allowed continuity
up to a certain stress then permitted change in behavior similar to the gap
element.

The uncracked wall itself was represented as an assemblage of triangular
elements. A joint element was placed at the edge of each wall element to
approximately represent the cracking in the masonry wall. Each wall element
represented several bricks and joints. It was assumed that all cracking in the
wall was concentrated along the boundaries of the wall elements where the joint
elements were located.

Columns and beams were represented by line elements placed along the
center line of the members. The axial load, 'shear, and moment were inter-—
dependent with respect to the stability of the element. All inelastic behavior
was concentrated at nonlinear hinges located at the end of the elements.

These hinges had zero length and allow for plastic rotation to take place.

Masses for the model could be specified for each degree of freedom and all
dynamic loads were induced by boundary accelerations. Small displacements were
assumed throughout the analysis while the tangent stiffness matrix and non-
linear properties of the structure were assumed constant during each time step.
All stiffness formulations were based on incremental or tangent stiffness
approach.

Material Model
The beam and column elements of the frame were assumed to have a bilinear

moment rotation behavior concentrated in the nonlinear hinges at the ends of
the element. In the case of columns no inelastic material interaction between
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the axial load and moment was assumed. The axial load had a simple elasto-
plastic model for material behavior which was independent of the moment rota-
tion behavior assumed for the bending of the element.

Due to the relative dimensions of a typical mortar joint only two stress
components were used: the normal stress perpendicular to the largest dimension
in the joint and the shear stress acting along the largest dimension in the
joint. The assumed failure surface for the joint element is shown in Fig. 2.
The joint was assumed to have linear elastic behavior up to failure. After
failure only compression stresses could be carried across the joint but incre-
mental shear stiffness relationships could exist when normal compressive
stresses were present in the joint.

The wall model was assumed to be homogeneous, isotropic, and linearly
elastic up to failure. The assumed failure surface for masonry is shown in
Fig. 3. The surface was drawn using the principal stresses as the system of
coordinates and the assumption of a plane stress condition for the masonry.

Due to the inhomogeneous character of masonry the failure surface was assumed
to depend on the angle that the principal stresses made with the mortar joints.
To make the failure surface dependent on this angle the functional shape of the
surface was assumed invariant while the five control points Fi, F2, F3, Fu, and
Fs were assumed to be functions of the angle. The control points F;, F, depend
on the principal stress angle as shown in Fig. 4. This figure is based on ex-
perimental results. The functional dependence of the control points Fi3, Fy on
the principal stress angle is shown in Fig. 5. These functions are also based
on experimental results which are discussed in Ref. 1. The control point Fs
was taken as the maximum of F3 or F, multiplied by a constant assumed to be
less than 1.

ANALYTICAL PROCEDURE

The equations of motion were stated in the incremental form assuming that
the properties of the structure are constant within each time interval.

9 819 ol a9 ol lg)en

M diagonal mass matrix
C) = damping matrix

where

Ky} = tangent stiffness matrix for the dynamic degrees of freedom
Kz2) = tangent stiffness matrix for the static degrees of freedom
Ki2) = tangent stiffness matrix for the coupled degrees of freedom

{R} = ground influence vector
Aa, Av, Ad = incremental accelerations, velocities and displacement
Aag = incremental boundary acceleration

To integrate the equations of motion the numerical scheme developed by
Newmark was used with a value of B = %. An explicit method of integration was
used from which the increments in displacements may be calculated directly
from the values in the previous time step. Any change in the properties of
the structure during the present time interval were included as an error load
vector in the next time step.
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COMPUTATIONS AND RESULTS

The model proposed in the previous sections was implemented using a compu-
ter program called AWALL. Once the program was developed it was used to study
a three story one bay frame infill with masonry walls. The overall dimensions
of the frame are shown in Fig. 6. The structure was subjected to the El Centro
ground motion of May 18, 1940, SOOE component which was scaled to 0.4g accele-
ration.

The properties of the frame were assumed as follows. The flexural stiff-
nesses were EIc = 31.25 x lOakN-mZ, EIg = 125 x 10°kN-m?. The yield moment was
My = 214.0 kN-m. The mass per story was taken as 30 M, while the damping ratio
was taken as 27 for all modes. The modulus of elasticity for the wall was taken
as 14 GPa and the thickness as 100 mm. A masonry compressive strength of 24
MPa in compression and 2.4 MPa in tension was assumed while the total wall dead
load was taken as 60 kN. More detailed information is provided in Ref. 1.

Some of the results are presented in Fig. 7-12 and in Tables 1-4. Due to
the complexity of the ground motion a detail discussion of all of the fig-
ures is difficult. However, there are changes in behavior that are due to a
very specific event. The gap size was taken as zero for all three storys.

This assumption provides two sets of frequencies at time t = 0.0. One set is
based on continuity between the wall and frame, the second on the frame alone.
The frequencies are shown in Table 1 and it is evident that the presence of the
walls has a marked effect on the fundamental frequency of the frame. The ratio
of these frequencies is about 7.5. This ratio is large enough to make a sub-
stantial difference in the earthquake forces generated on the structure. One
normally uses the 1.33 Hz frequency for design; however, Fig. 7 and 8 show that
the structure responds initially at the higher frequency of about 10 Hz.

Figure 7 shows the load displacement for the first story. Three main
changes may be seen. The first phase is the response of the story as a frame
wall system with a very high stiffness relative to the open frame. The second
phase is the response of the story after cracking of the wall occurred with a
lower relative stiffness. The third phase is the yielding of the columns at
the base of the story giving the larger loops and permanent displacement of
about 20.0 mm. These phases are summarized in Table 2 and can be observed in
the relative displacement plot of Fig. 9. Figure & shows the load displacement
for the third story. In this plot two phases may be identified. The first
phase is the response of the story as a frame wall system with a very high
stiffness relative to the open frame. Once the wall cracks the stiffness is re-
duced considerably. This may be seen in the figure. The difference between
Fig. 7 and 8 is due to the lower discretization of the third story and the yield-
ing of the columns in the first story. The change in phases of the third story
are summarized in Table 4. These changes in the story stiffness may be seen in
the plot of the interstory drift in Fig. 12. Although not shown the relative
displacement is similar to that in Fig. 9.

Figures 10 and 11 show the time response for the second story. Little or
no cracking occurred in the second story and as such its original stiffness was
unchanged. Under these conditions the second story behaves as a very stiff sys-
tem on top of a more flexible first story system. This is reflected in the
relative displacement of Fig. 10 which is essentially the same as that of the
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first story. This condition is also rcflected in the interstory drift of Fig.
11 which shows a response of about 30 Hz superimposed on a slower fluctuatin§
response. The frequency of 30 Hz is approximately the response frequency of
the story if treated as a single degree of freedom system. These conditions
are summarized in Table 3.

CONCLUSIONS

The proposed model seems to be able to represent the different modes of
behavior observed experimentally. The crack mechanism and gap size seem to be
indispensable in modeling the frame-infill-wall system and as such have a
strong influence on its bahavior. The fundamental frequency of the open frame
is not an adequate measure of the frequency or behavior of the system studied.
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