
Analytical Modeling of Masonry Infilled stmml Francs

Roger D. Flanagan and W. Dale Jones
Martin Marietta Energy Systems, Inc.

Oak Ridge, TN 37831

Richard M. Bennett
University of Tennessee
Knoxville^, TN 37996

ABSTRACT
A comprehensive program is underway at the Oak
Ridge Y-12 Plant* to evaluate the seismic capacity
of unreinforced hollow clay tile infilled steel
frames. This program has three major parts.
First, preliminary numerical analyses are conducted
to predict behavior, initial cracking loads,
ultimate capacity loads, and to identify important
parameters. Second, in-situ and laboratory tests
are performed to obtain constitutive parameters and
confirm predicted behavior. Finally, the
analytical techniques are refined based on
experimental results. This paper summarizes the
findings of the preliminary numerical analyses.

A review of current analytical methods was
conducted and a subset of these methods was applied
tc known experimental results. Parametric studies
were used to find the sensitivity of the behavior
to various parameters. Both in-plane and out-of-
plane loads were examined.

Two types of out-of-plane behavior were examined,
the inertial forces resulting from the mass of the
infill panel and the out-of-plane forces resulting
from interstory drift. Cracking loads were
estimated using linear elastic analysis and an
elliptical failure criterion. Calculated natural
frequencies were correlated with low amplitude
vibration testing. Ultimate behavior under
inertial loads was estimated using a modified yield
line procedure accounting for membrane stresses.

The initial stiffness and ultimate capacity under
in-plane loadings were predicted using finite
element analyses. Results were compared to
experimental data and to failure loads obtained
using plastic collapse theory.

Managed by Martin Marietta Energy Systems, Inc. for the U.S. Department
of Energy under contract DE-AC05-840R21400.
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INTRODUCTION

A t y p i c a l b u i l d i n g
construction of older industrial
facilities at the Y-12 plant is
structural steel framing with
infilled unreinforced hollow clay
tile (HCT) walls. Figures 1 and 2
show 8" and 13" nominal thickness
walls built with running bond and
using full width tile units or a
staggered combination of tile
units. The HCT have been laid with
the cores horizontal, approximately
1/2" full width bed joints, and
only face shell mortar in the head
joints. The 13" combination walls
exhibit no vertical collar joint
except occasional mortar that has
accidently fallen between the tile
units.

typical column-infill interfaces,
with the exact details hidden from
view. Walls butting against the
column flange are also found.

8" Wall 13" Wall

Fig. 2 Wall Sections
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As part of the safety
evaluation of these facilities, the
resistance to various natural
phenomena, particularly earthquake,
must be determined. A review of
past analyses [1] indicates the
steel framing may not be adequate
to resist seismic loads. Thus, it
is necessary to count on the HCT
infills to resist lateral forces.

Fig. 1 Infilled Frame

Girders and columns that
surround the HCT walls are
generally connected using simple
framing details, Figure 3.
Although some rotational resistance
is present, the steel frames by
themselves are quite flexible and
weak under lateral loads. Little
or no cross-bracing exists in the
buildings which results in the
infilled HCT walls becoming the
primary lateral load resisting
mechanism. Figure 4 presents
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Fig. 3 Connection Details
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Fig. 4 Column Details

The current shortcoming of
this approach for HCT infill
behavior is the lack of a rational
and verifiable method of evaluating
the structures. This is apparent
in the widely varying
approximations in past analyses of
HCT material property data, both
strength and stiffness. Also
evident in these analyses is the
lack of appropriate structure
idealization implied in the
numerous approaches to structure
numerical modeling. Past analyses
have relied heavily on purely
elastic models and concrete masonry
properties. Care must be taken in
relying on the idealization of
other structural systems and in
extrapolating the results of other
material tests to the specific
construction at the Y-12 plant.

A review of technical
literature [2] indicates that while
substantial research has been
conducted on plain masonry and
masonry infilled frames, little of
this research involved unreinforced
HCT. Of equal importance, a review
of current masonry analytical
methods presents the need for more
advanced constitutive material
modeling and a better understanding
of the HCT structural system
behavior.

Thus, a HCT wall evaluation
program has been developed to

establish numerical modeling
techniques, develop material
property data, determine HCT system
behavior, and refine the analytical
methods based on experimental
results. This paper describes the
preliminary numerical analyses.

Masonry infill structures have
been characterized in terms of in-
plane and out-of-plane behavior.
The potential collapse mechanisms
of these structures are the loss of
lateral load capacity by 1) out-of-
plane failure caused by out-of-
plane inertial loads, 2) out-of-
plane failure as a result of the
orthogonal displacements of
interstory drift 3) out-of-plane
failure as a result of cracking
caused by in-plane shear loads, 4}
in-plane corner crushing or
diagonal cracking causing loss of
shear capacity and 5) in-plane
shear failure as a result of out-of
plane damage.

OUT-OF-PLANE BEHAVIOR

For seismic loading, the out-
of-plane response of infilled
frames is comprised of the inertial
effects resulting from the mass of
the panel and interstory drift
effects resulting from relative
top-bottom displacements of the
columns and adjacent panels.

INERTIAL EFFECTS - PRECRACKING
Several researchers [3,4,5,6]

have indicated that linear elastic
analyses with orthotropic material
properties are sufficient to model
infill stiffness prior to inertial
cracking. Little material property
data exists for HCT. Plummer [7]
and Johnson and Matthys [8] are
sources commonly cited for such
engineering data.

Hamid and Drysdale [9]
investigated the effect of varying
stress fields on the behavior of
concrete masonry units. They
observed an increased tensile
strength with a higher strain
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gradient. Thus, the elastic
modulus in compression and tension
may differ in the precracked state.

Various failure criterion for
out-of-plane cracking have been
suggested. Fried et al. [10]
proposed a normal moment method in
which cracking occurs in a masonry
element along a plane measured from
the vertical when the normal
applied moment is equal to the
normal resisting moment. Essaway
and Drysdale [11] proposed a
macroscopic biaxial failure
criteria. This approach considered
the anisotropic and composite
nature of masonry and included
several transverse modes of failure
for masonry panels.

Thurlimann and Guggisberg [12]
have presented an elliptical
interaction relationship of biaxial
and twisting moments, as follows:

deemed most reliable in predicting
first panel cracking.

ll -2C-0

^Afjp '

in which M, is the moment in the x-
direction. My is the moment in the
y-direction, M^ is the twisting
moment, M,̂  is the failure moment
with Mj=O, and Mj.o is the failure
moment* with M, =0. The positive
sign is used for B if H, is less
than My and the negative sign is
used if M, is greater than My.
Cracking occurs when the equation
is positive.

Prior to estimating the
cracking loads of HCT wall test
panels, a comparison of these
techniques was performed. The
comparison was made to experimental
air bag tests reported in reference
[5]. Linear elastic finite element
analyses with orthotropic material
properties were employed. Table 1
presents the results. The
elliptical interaction relation is
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Tab. 1 Panel Cracking Loads
(After Chua [6])

In predicting the cracking
loads for the full-scale air bag
tests of the ¥-12 test program, one
of the unknowns was the wall
boundary conditions, particularly
at the top of the wall. Using the
first out-of-plane frequency
results of low amplitude vibration
testing (impact hammer), effective
spring boundary conditions at the
top of the wall were derived. This
boundary condition was used in an
orthotropic elastic finite element
analysis with the elliptical
interaction criteria to predict
first panel cracking of the full-
scale HCT infill air bag tests
planned at the Y-12 plant.

Pre-test parametric studies
[6] performed on the air bag test
wall model indicated that
variations in modulus of rupture
and elasticity would greatly alter
the cracking load, while the effect
of Poisson's ratio, shear modulus,
and relative air bag size are not
as significant.

INERTIAL EFFECTS - POSTCRACKING
First panel cracking may be

considered a serviceability
criterion. The determination of an
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ultimate limit state for the
postcracking condition is necessary
to define the out-of-plane capacity
of infilled walls. After first
panel cracking, infill forces from
inertial loads are redistributed as
the panel load is increased.
Observations from experimental
testing indicate the true out-of-
plane post cracking behavior of
infills is arching action.
McDowell et al. [13] were among the
first to define arching action as
the mechanism by which masonry
exhibits much greater strength than
predicted by conventional bending
analysis. This early research
involved lateral load tests of
brick beams constrained axially
between rigid supports.

Gabrielson and Kaplan [14]
examined arching of unreinforced
masonry walls under blast loadings
in a shock tunnel. The brick
panels cracked in flexure but
withstood tremendous additional
forces due to arching. After
cracking, some specimens were
tested under reversing load cycles
with a maximum equivalent
acceleration greater than l g.
Some panels exhibited "rigid
arching" where the panels were
tightly fitted between rigid
supports and developed a
symmetrical arch which failed by
crushing. Other panels exhibited
"gapped arching" where the panels
were separated from a support by a
small gap and developed an
unsymmetrical arch which failed by
tensile spalling. Gabrielson and
Kaplan also cited examples of
arching action in several
structures surviving the 1967
Caracas and the 1971 San Fernando
earthquakes.

Seah [5] presented a modified
yield line method of calculating
the ultimate strength of infill
panels subjected to uniform out-of-
plane loading. This procedure
incorporates arching effects and
the effect of frame stiffness and

deformation. Tensionless infill
properties and a plastic stress
block for masonry in compression at
regions of contact along yield
lines and at panel boundaries are
assumed. Various fracture line
patterns are proposed based on the
infill boundary conditions.

In a comparison of the
experimental results of nine air
bag tests of infilled frames [5],
this method proved quite accurate
in predicting the ultimate
capacity. This method was used to
predict the postcracking load-
displacement curve for the full-
scale out-of-plane air bag tests
planned at Y-12.

Pre-test parametric studies
[6] indicated that variations in
compressive strength of the masonry
and confining frame restraint would
significantly alter the ultimate
capacity of the infill. The
effects of modulus of elasticity,
face shell thickness, and relative
air bag size were found to be less
significant.

INTERSTORY DRIFT
In addition to inertial

loading, a transverse wall must
withstand the top-bottom relative
displacements of interstory drift
produced in an earthquake. Little
research has been performed on this
condition. Of 83 references in a
1979 literature review of lateral
loading on masonry infill panels
[15], none dealt with top-bottom
relative displacements. However,
Benedetti and Benzoni [16] have
indicated that interstory drift is
a more severe out-of-plane loading
on typical masonry walls than
inertial loading. As the steel
framing and orthogonal shear walls
displace an infill out-of-plane,
the relative displacement capacity
of the infill may be exceeded.
Another failure scenario is the
loss of in-plane shear capacity of
the infill due to the out-of-plane
displacements but before reaching
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the out-of-plane limit state.
Progressive crack analysis of

some HCT infill configurations at
Y-12 indicate that interstory drift
is the primary concern. One type
of construction evaluated is infill
walls with trusses spanning in the
orthogonal direction. The truss
and the elements it supports are
sufficiently rigid to force the
transverse infill to deform out-of-
plane. Multiple horizontal cracks
develop at the wall base and
throughout the wall. The result is
a complex interaction of the
lateral stiffness of the truss and
the flexural stiffness of the
infill.

A significant part of the
full-scale laboratory HCT test
program has been designed to
investigate the interaction of
combined in-plane and out-of-plane
forces on infill walls. The basic
procedure calls for testing several
infilled frames to ultimate
capacity under cyclic racking
loads. Identical specimens are to
be damaged significantly out-of-
plane and then loaded to ultimate
as the first frames. Several
variations of these tests are to be
performed to account for different
frame and infill stiffness and the
many frame to infill boundary
conditions.

IN-PLANE BEHAVIOR

The primary load resistance
mechanism of infilled frame
structures subjected to earthquake
is to withstand lateral loading in-
plane (acting as a shear wall) and
thus prevent overturning or
collapse. The combined frame and
masonry infill shear wall exhibits
complex structural behavior.

EQUIVALENT STRUT METHODS
Several researchers have

proposed equivalent diagonal
compressive strut formulations for
the lateral bracing effect of

infills. Early work by Stafford-
Smith [17] showed that the frame
and infill separate under racking
loads, leaving only a small area
near the corners in contact. The
effective width of the resulting
equivalent strut depends on the
infill aspect ratio and the frame
strength relative to the infill
strength. For typical infills, the
equivalent strut width varied from
d/4 to d/11 where d is the diagonal
chord length of the frame.

More recently, equivalent
strut methods have considered
nonlinear material properties to
approximate degrading stiffness and
strength of the infill under cyclic
loads [18,19]. These models have
been shown to provide reasonable
estimates of the behavior of some
infills. Preliminary evaluation of
equivalent strut formulations for
HCT infilled frames is ongoing but
the results are inconclusive at the
time of writing of this paper.

COLLAPSE THEORY
Plastic collapse theories have

been developed by Liauw and Kwan
[20] for predicting the ultimate
in-plane capacity of masonry
infilled frames. This method is
based on rigid frames so it is
expected to conservatively estimate
the HCT infills being investigated.
Three failure modes are proposed
with the resulting collapse shear
for a square panel determined as:

•min

in which M^ is the plastic moment
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capacity of the column, M^ is the
plastic moment capacity of the
beam, and Mpj is the plastic moment
capacity of the joint, which is the
smaller value of M,,. and Mpb. The
first two modes are corner crushing
modes, with failure in the columns
and beams respectively. These
failure modes are typical of frames
that are weak relative to the
infill. The third mode is a
diagonal crushing mode, in which
the infilled panel is not strong
enough to develop plastic hinges in
the columns or beams. This failure
mode is typical of frames that are
strong relative to the infill.

To account for the non-ideal
plasticity of the masonry [21], a
material penalty factor is used to
reduce the infill crushing stress.
The penalty factor is determined
as:

°2 663mi -1.371imO.406

The parameter m is determined from:

in which oc is the compressive
strength of the wall. Dawe and
McBride [22] showed good
correlation of six large scale
masonry infilled test results and
the plastic collapse theory using
the material penalty factor.

In designing the full-scale
in-plane test specimens of the HCT
evaluation program, the ratio of
the specimen frame to infill
stiffness was kept in the range of
that for actual buildings. The
ratio was calculated using a
nondimensional factor proposed by
Sta fford-Smith [17].

The plastic collapse method
was used to predict the ultimate
capacity of the HCT infilled test

frames. Results were used to size
load cells, a reaction frame and
other test equipment. Each of the
postulated failure modes are
accounted for in the infilled
frames to be tested.

FINITE ELEMENTS
Many researchers have proposed

finite element modeling of infilled
frames. Early models [23] used
linear elastic constitutive
properties but recognized the
importance of the frame-infill
interface. Contact elements have
been used to simulate the debonding
that occurs along the masonry-steel
junction. Riddington [24] showed
the detrimental effects of initial
gaps and noted that analyses tended
to predict stiffer behavior than
experimentally observed. He
attributed this to localized mortar
crushing at the corners.

Others have used concrete
models for evaluating masonry.
However, masonry has an additional
parameter, angle with respect to
the bed joint. Ohanasekar et al.
[25] developed a biaxial failure
surface and constitutive model
based on 180 masonry tests that
includes directional dependance.

Two finite element
formulations are currently being
evaluated for in-plane loading.
Experimental tests performed at the
University of New Brunswick [26]
are being used as a baseline for
validating these models.

The first formulation is a
nonlinear concrete model in the
commercial computer code ABAQUS
[27], This elastic-plastic model
uses classical plasticity theory of
strain rate decomposition into
elastic and inelastic strain rates.
An isotropically hardening yield
surface forms the basis for the
inelastic response in compression.
The anisotropy introduced by
tension cracking is included in a
smeared crack model. Cracks and
their orientation are detected at
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integration points of the finite
elements using a plasticity tension
surface. Damaged elasticity is
then used to describe the concrete
as the crack opens. The model
includes a shear retention
technique to describe the reduction
of the shear modulus of cracked
surfaces as a function of the
tensile strain across the crack.
A tension stiffening option is
provided to define the strain-
softening behavior of a cracked
area.

The second finite element
formulation currently being vised is
the computer code FEM developed in
the masonry research program that
is organized as the U.S. Technical
Coordinating Committee on Masonry
Research (TCCMAR) [28]. FEM is a
nonlinear finite element program
for static analysis of in-plane
masonry components. The masonry
model is based on previous concrete
finite element formulations and
includes tension stiffening,
compression softening, strain
softening, and a degrading
unloading rule. The model
incorporates tension crack
reorientation from the initial
crack and includes a compressive
strength increase due to lateral
confinement. Reinforcement in this
model is represented by an
orthotropic material with bilinear
stress-strain relationships and
includes unloading.

Figure 5 shows the results of
both finite element techniques in
predicting the load-displacement
curve for an in-plane loading of a
concrete masonry infilled frame.
It should be noted that the ABAQUS
program has the advantage of
incorporating gap elements at the
interface and of modeling the steel
frame precisely. The FEM program
does not have contact type elements
and has only the one masonry
material algorithm. The steel
frame was modeled in FEM by lumping
equivalent masonry reinforcement at

the panel edges where the columns
would normallv be located.

300
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zoo

UN9 W O - 1 SPECIMEN

0 5 10 15 20 25 30 35
Horizontal Deflection (mm)

Fig 5. In-Plane Load Comparison

The ultimate load calculated
using plastic collapse methods was
438 kN. This is slightly above
both predicted and experimental
collapse loads.

CONCLUSIONS

Preliminary analytical methods
for analyzing HCT infilled walls
subjected to various natural
phenomena were examined.
Sufficient methods appear to exist
for determining cracking and
ultimate loads for panels subjected
to out-of-plane inertial loads.
Almost no research has been
conducted on out-of-plane loads
resulting from interstory drift;
therefore analytical methods are
limited and remain unverified.
Relatively simple methods exist for
determining some in-plane
parameters, such as initial
stiffness and ultimate load. These
methods need to be verified for HCT
walls. Additional work is planned
for the finite element method. The
feasibility of adapting the
constitutive model and failure
surface of Dhanasekar et al [25] to
HCT will be examined. Other topics
for develoment include hysteretic
behavior, and strength and
stiffness degradation.
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