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ABSTRACT

The structural integrity of existing unreinforced masonry
infilled walls under earthquake generated forces is of primary
importance in seismically active zones. One of the seismic
excitations is in the out-of-plane direction of the wall
panel. The inertial out-of-plane forces due to the mass of
the panel are investigated and may be simulated by a uniformly
distributed lateral load normal to the wall surface. Two in-
situ wall panels designated for testing will be analyzed in
this study. The testing will be done by inflating an air bag
positioned between the wall panel and a reaction frame
consisting of metal reinforced plywood board.

Analytical models and techniques were developed to
predict the initial crack load and the ultimate strength. The
first cracking analysis is based on linear elastic finite
element stress analysis. With the estimated material
properties and appropriate failure criteria, the analytical
model is verified with experimental results from published
literature. A parametric study was performed on several
parameters suspected to influence the initial cracking
strength of the wall panel. These parameters include modulus
of elasticity, Poisson’s ratio, modulus of rupture, and

boundary conditions.



The ultimate strength prediction is based on yield line
analysis with arching action of the infill confined in a steel
frame. It also includes the infill strength and stiffness
orthotropies in the analysis. The technique is used to
examine various parameters thought to affect the ultimate load
capacity of the wall panel. The parameters investigated
include compressive strength, modulus of elasticity, face
shell thickness and frame rigidity.

The boundary interfaces of the panel, modeled with
various support conditions, were investigated. The boundary
condition is a major factor in determining the initial
cracking and ultimate loads. The effect of the air bag size
was also examined for the strength in two limit states. It

does not affect the capacity of the wall panel significantly.
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CHAPTER 1l

INTRODUCTION

1.1 INTRODUCTION

1.1.1 General

The recent United States Department of Energy "“General
Design Criteria", DOE 6430.1A (1987) mandated that several
existing building structures in the Y-12 plant in Oak Ridge,
Tennessee, be evaluated for seismic structural integrity.
Typical construction for most of the buildings consists of
simply connected steel frames with unreinforced hollow clay
tile infilled walls. As most of the structures were
constructed during the 1940’s and early 1950’s, there was no
consideration of seismic events in the original design. The
behavior of the existing unreinforced masonry infilled walls
under earthquake forces is of primary importance in
earthquake~prone areas.

Two of the primary forces generated by an earthquake are
in-plane and out-of-plane forces, depending upon the direction
of the ground motion with respect to the wall. Axley (1979)

in his study of infilled frame systems recommended that the



evaluation of an infilled frame structure should consider not
just in-plane, but also out-of-plane behavior. While the in-
plane aspect is vital in the survival of the structure, this
thesis focuses on the out-of-plane behavior of the panel
subjected to lateral earthquake forces. Two types of out-of-
plane forces are generated in a wall panel. The first is
imposed boundary displacements due to in-plane displacements
of perpendicular panels. The second is inertial forces due to
the mass of the panel. The inertial out-of-plane forces may
be simulated by a uniform 1lateral 1loading normal to the
surface of the infilled wall panel. The analysis herein
focuses on the inertial forces developed in the wall and

capacity of the wall to resist these forces.

1.1.2 Testing Program

Uncertainties exist with both the material properties and
the behavior of the infilled frames. Therefore, an
experimental testing program was proposed (Bennett and
Burdette, 1989). This testing program would supplement and
run parallel to analytical analysis of the wall panels.

The first portion of the program addressed various
aspects of the existing conditions of the structural
components, such as the construction of the hollow clay tile
walls, the beam to column and column to baseplate connections,

and the wall to frame interface conditions. The construction



of the clay tile wall panels are described later in Section
1.3. Typical girder to column connections are clip angles
riveted to the respective webs and flanges. Typical column to
baseplate connections are rivets to back to back angles on the
column webs. The horizontal leg of the angle is anchor bolted
through the baseplate and into the floor slab. Both types of
connections are capable of resisting only minimum moments.

There are at least two types of wall to frame interfaces.
One is where the infill frames into the column flanges, shown
in Figure 1.1.1. The other is where the infill surrounds the
column to form a pilaster at the column, Figure 1.1.2. A
third type of interface would be where the infill frames
against the column flange. Preliminary inspection shows that
the wall to frame interfaces exhibit highly variable
conditions, in some cases being very good and other cases
being very poor (Fricke, 1990).

The second portion of the program is a test plan that
varies from material property tests to full scale in-situ
tests. Since the infill is the primary resisting structure,
material property tests are necessary to determine the
constitutive models to be used in the numerical analysis.
Some of the material property tests include prism compression
tests, flexural bond strength tests (both normal and parallel
to the bed joint), splitting tensile strength of masonry

units, and in-situ normal stress and shear tests.
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Figure 1.1.1 Typical Hollow Clay Tile Wall Framing
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Figure 1.1.2 12-inch Hollow Clay Tile Wall Framing in
Building 9212



Full scale infilled structure tests are proposed to
observe the actual behaviors of the infilled wall panel as a
structural system. The loading conditions of the full scale
tests are in-plane and out-of-plane. The in-plane infilled
frame static tests are conducted to observe the actual
infilled wall panel conditions under static loads. Load
reversal will be used to develop a hysteresis loop. To
determine the bending strength and to observe the boundary
conditions, cracking patterns and failure modes, out-of-plane
full scale static air bag tests to failure are proposed. Two
in-situ tests will be performed on existing walls. A detailed
test plan has been developed by the Martin Marietta Energy
Systems Committee for Structural Testing of Hollow Clay Tile
Wall Panels (1990).

The air bag test set-up is illustrated in Figure 1.1.3.
The full size air bag being one foot shorter in length than
the actual length of the panel because of the offset of the
flanges of the columns by one-half foot on each side. The
uniform loading is provided by inflating an air bag sandwiched
between the test wall panel and the supporting frame. An
alternate self-equilibrating air bag set-up is shown in Figure
1.1.4. The self-equalibrating system has an advantage of
minimum space occupation. It is believed that both set-ups
will perform equally well under careful supervision. Air

bag pressure is monitored using a pressure transducer and a
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regulator increases or decreases the pressure at a slow rate.
The test wall panel will be loaded to imminent failure to
determine the ultimate capacity and the failure mode. The
deformations are monitored using Linear Variable Displacement
Transducers (LVDT’s) throughout the test. Movement between
the frame and the infills is monitored by crackmeters. The
instrumentation locations are shown in Figures 1.1.5, 1.1.6

and 1.1.7.

1.2 SCOPE

The scope of this research is to predict the strengths of
two existing wall panels in two limit states, the first panel
cracking and the ultimate load capacity. Analyses will be
conducted using numerical techniques to estimate the maximum
loads in the two limit states, to determine the parameters
affecting the strength of the wall panels, and to study the
variation of capacity in different failure modes.

The results of this study are a preliminary analysis of
the wall panels with estimated material properties 1in
anticipation of out-of-plane lateral load testing. The
details of the wall panels to be tested are described in the

following section.



X

X

X
HKXHKXXAK
X

X
XX HKXXXK

X

X X

XXX KX X

>< = Displacement Transducer at 12-in. spacing
(Vertical and Horizontal) and 24-in. spacing
Calong the Diagonals)

Figure 1.1.5 Instrumentation Locations of Hollow Clay Tile
wall (After Bennett and Burdette, 1989)

10



F—.X\ i X e

Corner (Typical)

H/ 2

L

Mid-Height (Typical)

H/ 2

| B I < %

x = LVDT 's for out-of-plane displacements
@ = LVDT 's for in-plane displacements

Figure 1.1.6 Instrumentation Locations on Steel Frame
(After Bennett and Burdette, 1989)

11



H/ 2

3 S
%e& &)
H/ 2 '

Q: Crackmeter (with LVDT 's attached)

X = Out-of-Plane Displacement
— = |In-Plane Displacement

Figure 1.1.7 Instrumentation locations on Steel Frame with
Crackmeters (After Bennett and Burdette, 1989)

12



1.3 DESCRIPTION OF WALL PANELS

Both 8-inch and 12-inch hollow clay tile wall panels are
present in the Y-12 Plant in Oak Ridge. Building 9207
primarily has 12-inch exterior walls and 8-inch interior wall
panels. Building 9212 has 12-inch exterior wall panels. The
face shell thickness of the masonry units is approximately

0.75 inch, and the bed joint is about one-half inch thick.

1.3.1 Panel in Building 9207

The wall panel in Building 9207 designated for testing is
a first floor panel 28 ft. in length and 12 ft. in height.
The panel consists of 8-inch hollow clay tile units. The wall
panel is constructed with running bond and the cores run
horizontally. It is enclosed by a steel frame of a W30x1l1é6
girder and W14x176 columns, as shown in Figure 1.3.1. The

hollow clay tile frames between the column flanges.

1.3.2 Panel in Building 9212

The wall panel designated for testing in Building 9212 is
shown in Figure 1.3.2, and is 24 ft. in length and 20.5 ft. in
height. The 12-inch wall panel is constructed from 8-inch and
4-inch hollow clay tile units. The cores run horizontally
similar to those in Building 9207. The wall panel is built in

running bond with 8-inch and 4-inch units placed alternating

13
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each other and staggered throughout the courses as shown in
Figure 1.3.3. The panel is enclosed in a steel frame with a
W16x36 top beam and W10x33 columns. The hollow clay tile is
actually offset slightly from the centroid of the steel frame,

as shown in Figure 1.1.2. This feature is not, however,

considered in the subsequent analysis.
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Figure 1.3.3 Sketch of the 12-inch Tile Construction
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CHAPTER 2

FIRST CRACKING STRENGTH CALCULATIONS

2.1 INTRODUCTION

This chapter performs several tasks. First is to design
an analytical model that includes the relevant material
properties and appropriate failure criteria. Second 1is to
verify the validity of the model with the experimental results
from the published literature. Third is to use the validated
model to predict the approximate first cracking load of the
hollow clay tile masonry wall panel subjected to uniformly
distributed load, normal to the surface of the wall. The
final task is to investigate parametrically various factors

that influence the first cracking capacity of the wall panel.

2.2 ANALYTICAL METHODS

Adopting an appropriate analytical method to predict the

flexural strength of a masonry wall has been difficult.

With the advancement of numerical computations and computer

18




technologies, the finite element method has been a convenient
tool in structural analysis. Despite the complication in
modeling the boundary conditions of the actual wall panels,
and the non-homogeneous nature of masonry, the analytical
results prove useful.

Haseltine et al (1977) found that in the working range,
a brick wall behaves elastically. It was suggested that
isotropic elastic plate methods are adequate in spite of the
fact that brickwork is orthotropic. One or the other
direction of bending governs the result regardless of the
reserve strength in the other direction. Essawy and Drysdale
(1987) later concluded that the elastic plate theory assuming
isotropic properties produced fairly good predictions for the
first cracking loads for the whole range of aspect ratios of
panels supported on four sides. Seah (1988) also indicated
that masonry behaved linearly prior to first cracking.

The ABAQUS finite element program (1989) is used for the
present study to predict the first cracking loads for the
masonry infilled walls. An orthotropic 1linear elastic
material model was used even though results from isotropic
material models have proven satisfactory. Shell elements used
for the infilled masonry include membrane and transverse shear
deformation. The element consists of eight peripheral nodes
as shown in Figure 2.2.1. Steel frames are modeled using

beams in space elements such as shown in Figure 2.2.2. The

19
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gravity loading of wall panel is considered, but other

superimposed normal load is not accounted.

ABAQUS gives stresses at extreme fibers. These include

membrane stresses as shown below

6M
(Sy), = (Sx) membrane * _F]?x [2.2.1]
Where h = Thickness of plate.
M, = Moment in x-direction.
(8,), = Stress on the face.

(S,) memprane = Membrane Stress.

The membrane stress will be the average of the stresses

of the two faces.

(S,),+ (S,)
(Sx) membrane = = 12 x3 [2.2.2]
Where (S,),= Stress on one face.
(S,),= Stress on opposite face.
The moment can be found from
h2
M, = [(S,).- (Sy) membrane] 3
[2.2.3)]

[(S),- (5] f—;

This relation holds true for Syand Sy also.

21



2.3 MATERIAL PROPERTIES

There is a general lack of experimental information
pertaining to the structural behavior and properties of hollow
clay tile masonry walls. A parametric study on some of the
parameters thought to affect the first cracking strength of
the wall panel subjected to out-of-plane loading is performed
in section 2.6. Johnson and Matthys (1973) tested a few
series of hollow clay tile assemblages on 4-inch, 6-inch and

8-inch blocks. Some of the properties are listed below.

2.3.1 Modulus of Elasticity

(i) Loaded normal to bed joint.

The modulii of elasticity normal to the bed joints based
on gross and net areas for various block sizes are tabulated
in Table 2.3.1. The values exhibit no consistent trend. If
the 4-inch data is neglected, then E,, = 0.75x10° psi.

Plummer (1962) suggested an approximate equation of

E = 1000 £, [2.3.1]

Where fL==Compressive,Strength of the Assemblage (Psi).

The assumed E,,, = 0.75x10% psi implies a compressive

strength of 750 psi.

22




vo-¢ zLo ‘yout - 8

()

90°¢€ 9L°0 ‘yout - 9 ~
82"V Ly 1 ‘yout - ¥
1sd 4,01 x 7'F 1sd 01 X "3 SAZIS MO0TId

(€L6T) SAHILIVH ANV NOSNHOL WOYd INIOL Q3fg JHL
0l TYWION NOISSETIdWOD NI ALIDILSYTH 40 SATNAOKR

T°€°2C JTTANVL




(ii) Loaded parallel to bed joint.

The modulii of elasticity normal and parallel to the bed
joint based on net areas are tabulated in Table 2.3.2. By
obtaining the ratio of modulus of elasticity parallel to bed
joint to modulus of elasticity normal to bed joint, the
results are 1.30 and 1.34 for 4-inch and 6-inch blocks
respectively. Using the ratio as 1.33, the modulus of

elasticity parallel to bed joint can be calculated as follows:

1.33(0.75x10°Psi)
1.00x10% Psi

E

2.3.2 Poisson’s Ratio

For an orthotropic linear elastic material, the various

constitutive parameters may be related as follows (Weaver and

Johnston, 1984).

1 1+vyx+ 1+v,,

G,y E, E, [2.3.2]
Ey . Yo

E, Vox [2.3.3]

Where G,, = Shear Modulus.
Strain in the x-direction due to strain

in the y-direction.
Strain in the y-direction due to strain

in the x-direction.

<
i}

<
"
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For the ratio of modulii of elasticity of 1.33 assumed in the

present study,

1 _ 1+vy, 1+1.33 v, .
Gyy E, 1.33E, [2.3.4]

Rewriting, Equation 2.3.4 becomes

EX
Vox = 26, - 0.875 [2.3.5]

Data from Johnson and Matthys (1973) based on gross areas and
horizontal cells are used. The values of Poisson’s ratios are
calculated for various block sizes as shown on Table 2.3.3.
The Poisson’s ratios are impossible. A Poisson’s ratio of
0.25 will be assumed, and the effects of this parameter are

examined in section 2.6 through a parametric study.

2.3.3 Modulus of Rupture

Values of modulus of rupture are listed in Table 2.3.4.
These are based on gross areas. The value of the 4-inch block
from Johnson and Matthys (1973) is neglected since it is quite
different from the remainder of the data. Averaging the
remaining values gives the modulii of rupture normal and

parallel to bed joints of 63 psi and 87 psi respectively.
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2.4 FAILURE CRITERIA

Failure is defined in this section as a crack forming in
the masonry. Many researchers have proposed failure criteria
for masonry panels or assemblages subjected to either in-plane
or out-of-plane loadings. The existing failure criteria for
masonry subjected to biaxial stress is rather broad. Some of
the criteria are established using experimental results,
others are based on isotropic material failure theories and on
composite material failure theories.

Hendry (1973) used elastic theory calculations using
finite element analysis to obtain the maximum tensile
principal stress under out-of-plane loading. The attainment
of the modulus of rupture at the point of maximum tensile
principal stress was considered failure. This requires
knowing the modulus of rupture at any angle with respect to
the bed joint.

Thurlimann and Guggisberg (1988) investigated eight brick
masonry panels to develop a failure criterion for laterally
loaded masonry. The failure criterion was based on the
bending moments in two directions at failure. An elliptical
interaction relationship between the failure moments M, and M,
similar to that proposed by Baker (1979), was developed. The

elliptical interaction failure criterion is as follows:
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A. (02 M2v2M) £ B.|(Mpm) (MM 2vard, | - 2¢c = o [2.4-1]

A= (

t
BRS

c =

The positive sign is used for B if M, is less than M, and neg
sign is used if M, is greater than M, in the above equatlon

where M, = Moment in x-direction.
M, = Moment in y-direction.
M,, = Failure moment with M, = 0.
M,, = Failure moment with M, = 0.
M, = Twisting moment.

The cracking occurred when Equation 2.4.1 is positive.
For the case of no twisting moments, Equation 2.4.1

reduces to

M M
(=%X)2+(=X)*-1 =0 [2.4.2]
Mxo Myo

Using their test results, the differences of the predictions
obtained using Equation 2.4.2 is tabulated in Table 2.4.1.
Thus, failure is underpredicted by about 8%. In other words,
capacity of the wall is about 8% greater than predicted.

The Normal Moment Method used by Fried et al (1988) is
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adapted from the failure criteria proposed by Kemp (1965) for
reinforced concrete slabs. The direct and twisting moments
for applied and resisting moments are shown in Figures 2.4.1

and 2.4.2 respectively. The equations for the normal moments

are as follows:

M, = M Cos®0 + M,Sin®0 - M, Sin(26) [2.4.3)
M, = M, Cos?® + M, Sin*0 (2.4.4)
where M, = Normal applied moment.
M, = Normal resisting moment.
M, M, M, = Applied moments acting on the element.
M,,, M, = Resisting moments of the element.

When the normal applied moment is equal to the normal
resisting moment, failure in the element of masonry is assumed
to occur through a plane inclined at an angle to the vertical.
Note that in the absence of membrane stresses, the normal
moment method is identical to the stepped mode failure
criteria proposed by Gazzola et al (1985) .

Gazzola et al (1985) tested 25 wallettes and 92 prisms
constructed with bed joints at different angles from the
direction of bending to develop a failure criterion for
concrete block masonry subjected to out-of-plane bending.
Three modes of failure were suggested : bond failure along

the bed joint, bond failure in a stepped or toothed pattern
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through a combination of bed and head joints, and failure
along the head joints and splitting of the block units. It
was believed that the mode of failure has a great influence on
the degree of interaction for biaxial tension. Failure by
tension parallel to the bed joint has little effect on the
tensile strength normal or perpendicular to the bed joint.
Likewise failure by tension perpendicular to the bed joints
through failure of the head joints and splitting of the block
units has little effect on the tensile strength parallel to
the bed joints. Thus there is no interaction between the two,
as shown in Figure 2.4.3 and failure occurs only if one of the
tensile strengths is exceeded. A combined failure through
head and bed joints will decrease the tensile strength to some
extent due to interaction. It is proposed that the tensile

strength at some angle 6 to the bed joint be obtained as

Sly = 51,51n%® + S.,Cos?0 [2.4.5)
Where Sg = Tensile strength at 8 to the bed joint.

0
S
[

Tensile strength normal to bed joint.

12
5
i

= Tensile strength parallel to bed joint.

This tensile strength interaction is shown in Figure 2.4.3.
The suggested failure criterion was used with the finite

element analysis to predict first cracking loads of
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Figure 2.4.3 Failure Surface of Tensile Strength (After
Gazzola et al, 1985)
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experimental panels. The ratio of predicted to experimental
results ranged from 0.70 to 1.20.

Hamid and Drysdale (1981) in the in-plane loading
analysis, stated that the mortar joints in masonry are
relatively weak compared to masonry units. Therefore the bed
joint and head joint directions are the critical planes where
failure is likely to occur. The masonry also can be treated
as a laminated composite material because the mortar bed
joints divide the media into layers of equal thickness. The
failure criterion used was based on the shear failure along
either the bed joints or the head joints and tension failure
in the block and mortar.

Drysdale and Hamid (1984) in their earlier works for in-
plane 1loading, developed tension failure criteria for
unreinforced concrete masonry and proposed two possible
failure modes. One of the modes is tension failure by
cracking passing through head joints and face shells. The
other is combined shear-tension failure by stepped cracking at
the block-mortar interfaces. The mode of failure is governed
by the block’s strength and geometric characteristics such as
aspect ratio and the net-to-gross area ratio in orthogonal
directions.

Essawy and Drysdale (1986) later proposed a macroscopic
failure criterion incorporating the anisotropic and composite

nature of masonry, possible transverse failure modes, various
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possible units strengths and geometries, and the mortar
bonding characteristics. The criterion also considered the
interaction of the shear and normal stresses on mortar joints
as a primary contributor to the interaction between strengths.
Four different failure modes under biaxial stress were
suggested as shown in Figure 2.4.4 and the respective
equations were developed as follows :
(i) Mode 1 (Figure 2.4.5)
-Debonding along bed joints.

t
Sn = Sepmo (1= =) = 0 (2.4.6]

n
sbmo

(ii) Mode 2 (Figure 2.4.6)
-Debonding of head joints and splitting of block units

in alternating courses.

Em
1 1+2_G_ t
= [Sepmo(1 - [ b_y__m° )+5,,,] -S,=0 (2.4.7]
2 " 1+E" En Ssbmo ® F

m Gb

(iii) Mode 3 (Figure 2.4.7)
-Debonding of a combination of head and bed joints in
diagonally stepped or vertically toothed patterns. The former

is mainly due to biaxial stresses and the latter is likely to
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occur under tension parallel to the bed joints.

s, . S, . Enp
b a a
( (_a') Ssbmo+stbmo) ( (B) Ssbmo+st:bmo) (Ssbmo+ (_5) Scbmo)
t [2.4.8]
+ L2 -1 =0

(Ssbmo+ ( '1;) ) Stbmo)

(iv) Mode 4 (Figure 2.4.8)
-Splitting through the block units. For the practical

range of values of most masonry, other modes are predominant.

(Lmpy2 - (1—55" ) (1-—2) =0 (2.4.9]

S tbl tbl S tbl

Where E, = Modulus of elasticity of mortar joint.
G, G, = Shear modulus of mortar joint and block units
respectively.
2a, b = Nominal unit length and unit height respectively
Spe Sp = Stresses at the extreme fibers of the assemblage
normaland parallel to the bed joint respectively
t. = Shear stress.

np

Sopmor Stomo = Pure shear and pure tensile bond strength of the

mortar joints.
S,p; = Tensile strength of masonry units.

By combining the different failure modes described above,
a failure envelope can be constructed such as shown in

Figure 2.4.9. Both the strength and the failure mode can be
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estimated for any combination of the stresses. The failure
envelope may vary from one condition to another depending on
the geometry and the strength of the materials of the panel.

Essawy and Drysdale (1987) used the proposed failure
criterion with the finite element model to predict the
strength and mode of failure of masonry assemblages. The
proposed criterion was also adapted and implemented into a
finite element technigque by Seah (1988) and Dawe and Seah
(1988,1989) to predict the first cracking load of laterally
loaded infilled panels. The ratios of predicted to
experimental values vary from 0.77 to 1.12, which is
reasonable considering the high variability of the tensile

bond strength of masonry construction.

2.5 MODEL VERIFICATION

To verify and calibrate the prediction of first cracking,
a finite element mesh consisting of 42 elements and 195 nodes
was developed to model test specimens WE2, WE4, WE6, and WE8
from Seah (1988). The finite element mesh configuration is
shown in Figure 2.5.1. This mesh models half of the
specimen’s dimension of 3600 mm in length and 2800 mm in
height. These specimens are symmetrical about the center line

of the panel in the y-direction. They are made of hollow
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Figure 2.5.1 Finite Element Mesh Configuration for Specimen
WE2, WE4, WE6 and WES8
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concrete masonry units enclosed in a steel frame with W250x58
columns and a W200x46 beam. The thickness for WE2 and WE6 is
190 mm and for WE4 and WE8 is 140 mm.

The modulus of rupture normal and parallel to the bed
joints are 0.291 MPa and 1.08 MPa respectively for the 190 mm
blocks, and 0.390 MPa and 0.94 MPa respectively for the 140 mm
blocks. Other material properties such as Poisson’s ratio,
shear modulus, modulus of elasticity normal and parallel to
the bed joints, and the boundary conditions are tabulated in
Table 2.5.1.

The highest stresses were in the y-directions at the
fixed base for most of the specimens. This might induce early
stage cracking at the base. Predicted uniform loads to cause
base cracking are shown in Table 2.5.2. Both the Normal
Moment Method failure criteria (Fried et al., 1988) and the
elliptical interaction method failure criteria (Thurlimann and
Guggisberg, 1988) are considered. The predicted cracking
loads were about 38% to 75% below the experimental results.
The specimens were remodelled with simply supported bases to
simulate the behavior after base cracking. The first cracking
load values are underpredicted by 25% for WE4 and WE6, 46% for
WE8, and overpredicted by 75% for WE2, Table 2.5.2. Neither
the fixed base model or simply supported base model correlates
well with the experimental results.

The fixed base model is thought to be valid because of
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the in-plane arching effect or membrane action developed after
the wall panel cracks at the pase. The base will continue to
carry some moment and the panel will eventually crack away
from the base. It is conjectured that the experimental
cracking loads reported are those for panel cracking, since
base cracking would be almost impossible to observe due to the
air bag.

The predicted results for cracking away from the base
using the Normal Moment Method (Fried et al., 1988), are about
18% higher than the experimental results for WE4, WE6 and WES8,
whereas it is 10% lower for the WE2 specimen, shown in Table
2.5.3. With the elliptical interaction failure criteria
(Thurlimann and Guggisberg, 1988), the predicted results for
WE4, WE6 and WE8 are 14%, 4% and 13% higher than the
experimental results, respectively. A 10% lower cracking load
than the experimental is predicted for WE2 as before.
predicted cracking loads from Seah (1988) are also shown in
Table 2.5.3. These were obtained using biaxial stress fields
failure criteria developed by Essawy and Drysdale (1986).

Considering the uncertainties of various parameters of
the material properties involved, the predicted first cracking
loads by both methods are satisfactory. However, the
elliptical interaction method of Thurlimann and Guggisberg
(1988) provides closer results to the experimental values

than the Normal Moment Method of Fried et al (1988). The
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O

elliptical interaction method is used in the following
sections to predict the first cracking loads of the wall

panels in Building 9207 and 9212.

2.6 BUILDING 9207

2.6.1 Wall Panel

The wall panel in Building 9207 described in section 1.3
and illustrated in Figure 1.3.1 is investigated with respect
to the first panel cracking 1load. A finite element mesh
consisting of 42 elements and 195 nodes for half of the panel
was utilized. The mesh configuration is shown in Figure
2.6.1.

Three boundary conditions were investigated, as shown in
Figure 2.6.2. Case 1 has a restraint at the upper corners of
the panel. Case 2 has a simple support along the columns, and

Case 3 has simple supports along the columns as well as the

top beam. The infilled to floor interface was assumed to be
fixed. To better understand the effects of the base support
conditions on all three cases, a simply supported base model
was included in this section.

The modulus of rupture and the elastic constants such as
Poisson’s ratio, modulus of elasticity and shear modulus were

estimated in Section 2.3 and are tabulated in Table 2.6.1.
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Figure 2.6.1 Finite Element Mesh configuration for Wall
Panel in Building 9207
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The estimated material properties for the 8-inch hollow clay
tile unit were used in the ABAQUS finite element program

(1989) .

2.6.2 Analysis of Results

Table 2.6.2 shows the predicted results of the base
cracking load from the fixed base model and the simply
supported base model using the elliptical interaction method
(Thurlimann and Guggisberg, 1988). The highest stresses, as
in section 2.5, occurred in the y-direction at the fixed base
and the x-direction at the top boundary near to the center
line of the panel for case 1 and 2. For case 3, because it is
simply-supported along the top boundary, the highest stresses
in the x-direction occurred around 4 ft. below the top
interface.

The base cracking loads are approximately 0.12 Psi for
case 1 and 2, and 0.26 Psi for case 3. For the simply
supported base, the cracking loads are about twice as much as
the base cracking loads for case 1 and 2, and just slightly
greater, about 0.29 Psi, for case 3.

Based on the model described in section 2.5, the
predicted panel cracking loads away from the base correlates
well with the experimental results. Hence, the fixed base
model with first panel cracking was determined as shown in

Table 2.6.3. The predicted uniform first panel cracking loads
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are 0.46 Psi for the first two cases, and 0.45 Psi for the
third case. The differences between the predicted loads were
minimal for the various boundary conditions. The stress
distribution obtained from the numerical analysis indicates
that the cracks are expected to span vertically for the first
two cases, and horizontally for the last case where the

boundaries are restrained.

2.6.3 Natural Frequencies

A low amplitude dynamic test was performed on the wall
panel in Building 9207. The first measured frequency was 17.5
Hertz (Huff, 1990). A frequency analysis was included in the
numerical analysis to determine the proximity of the models to
the panel in Building 9207. The first and second frequencies
were predicted for all three cases as tabulated in Table
2.6.4. The first frequencies were 11.8 Hertz for case 1 and
2, and 30.7 Hertz for the third case. The frequencies
predicted are approximately 48% smaller than the measured
frequency for the first two cases, and about 43% larger for
the third case. Part of the discrepancies can be attributed
to the uncertainty of the elastic constants. However, since
the frequency is directly proportional only to the square root
of the modulus of elasticity, there appears to be other
factors affecting the result. It is conjectured that the top

boundary is between simply supported and free. A model using
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out-of-plane elastic springs at the top boundary is utilized.
Various spring stiffness were investigated and the first two
frequencies and the predicted panel cracking loads are
tabulated in Table 2.6.5. The natural frequency of 17.7 Hertz
determined using a spring stiffness of 50 Kips per foot has
excellent correlation with the measured frequency. The
predicted first cracking pressure is 0.52 Psi or a total load
of 24 Kips. The first cracking load remains relatively

constant with the various models.

2.6.4 Parametric study

Case 2 with the boundary conditions described as before
(fixed base, simply supported sides and free at the top) is
chosen to study some of the parameters suspected to influence
the first cracking capacity of the wall panel. The parameters
investigated are Poisson’s ratio, modulus of elasticity and
modulus of rupture. The model with spring stiffness of 50
Kips per foot, shown in Figure 2.6.3 is also used to study the

effects of modulus of rupture and the air bag size.

(i) Effects of the Poisson’s ratio

Changing of Poisson’s ratio will affect the shear
modulus. Decreasing the value of Poisson’s ratio by 0.1 to
0.15 causes the shear modulus to increase by 9%, and increases

the first cracking 1load by 2%. Increasing the value of
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Figure 2.6.3 Elastic Sprlng Model with Spring stiffness of
50 kips per foot for Panel in Building 9207
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Poisson’s ratio from 0.25 to 0.35 leads to a reduction of the
shear modulus of 8%, and decreases the first cracking load by
2%. The first cracking load for Poisson’s ratios of 0.15 and
0.35 are 0.47 Psi and 0.45 Psi respectively as shown in Table
2.6.6. The first panel cracking load is not very sensitive to

a change of Poisson’s ratio and shear modulus.

(ii) Effects of Modulus of Elasticity

Consider the isotropic elastic case by setting both of
the orthogonal modulii of elasticity to 1000 Ksi. The
increase of the modulus of elasticity normal to the bed joint
by 25% increases the shear modulus about 17%. It reduces the
first cracking capacity to 0.38 Psi, which is 17% lower than
the result from the original model. This infers that the
isotropic model predicts a lower cracking load than the
orthotropic model. Thus, the isotropic model yields
conservative predictions.

Reducing the modulus of elasticity normal to the bed
joint to half the modulus of elasticity parallel to the bed
joint causes a reduction of shear modulus of 22%. It increase
the first cracking load by 17%. The results for both cases

are shown in Table 2.6.7.
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(iii) Effects of Modulus of Rupture

Table 2.6.8 shows the results for the modulus of rupture
normal and parallel to the bed joint. Decreasing the modulus
of rupture normal to the bed joint by 25% decreases the first
cracking load of the elastic spring model by 23% and the free
at top model by 6%. Increasing the modulus of rupture by 25%
increases the first cracking load of the elastic spring model
by 19%. However, it does not change the first cracking load
significantly for the free at top model.

Decreasing the modulus of rupture parallel to the bed
joint by 25% decreases the first cracking capacity by 8% for
the elastic spring model and 24% for the free at top model.
Increasing the modulus of rupture by 25% increases the first
cracking load by 4% for the elastic spring model and 20% for
the free at top model. Therefore, the effects of the modulus
of rupture normal and parallel to the bed joint of the panel
in Building 9207 depend on the stiffness of the girder and the

top boundary conditions.

(iv) Effects of Air Bag Size

Present plans are to use a smaller air bag size, 24 ft.
x 10 ft., to accommadate restrictions at the test location.
For ease of numerical modeling, the size of the air bag was
reduced to 24 ft. x 8 ft., which is about 59% of the original

air bag size. The effect of the reduced air bag size was
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examined using the elastic spring model. The first cracking
pressure increases about 8% to 0.56 Psi, as shown in Table
2.6.9. The total load required to cause the first panel
cracking is reduced to 15.5 Kips from 24.2 Kips using the full
size air bag. A reduction of 36% of the total load 1is
determined using the 24 ft. x 8 ft. air bag size. Thus, using
a reduced air bag size does not significantly affect the

pressure to cause cracking.

2.7 BUILDING 9212

2.7.1 Wall Panel

The wall panel in Building 9212 described earlier in
section 1.3 consists of 4-inch blocks and 8-inch blocks
alternating to form a total thickness of a 12-inch masonry
unit. The panel’s configuration is shown in Figure 1.3.2.
Assumptions regarding the material properties for the 12-inch
block wall panel in Building 9212 are necessary because of the
lack of experimental values on this arrangement of hollow clay
tile. The material properties are assumed the same as those
for 8-inch block panel in Building 9207, as shown in Table
2.6.1. The wall panel is assumed symmetrical about the center
line in the y-direction, and a finite element mesh consisting

of 60 elements and 273 nodes for the numerical analysis was
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developed to model half the dimension of the panel, Figure

2.7.1.

2.7.2 Analysis of Results

Using the elliptical interaction method of Thurlimann and
Guggisberqg (1988), the fixed base model with three different
boundary conditions similar to those in Building 9207 in
Section 2.6, were investigated. Table 2.7.1 provides the
first cracking uniform loads predicted for the panels in
Building 9212. The initial cracking for Case 1 and 2 appeared
to be at the top of the panel near the center line of the
panel. They are 0.17 Psi and 0.21 Psi respectively. Case 3

experienced base cracking at the uniform load of 0.34 Psi.

2.8 SUMMARY OF RESULTS

Analytical models and methods to predict first cracking
loads were developed and validated by comparison with
experimental results obtained from Seah (1988). The
predictions using an elliptical interaction failure method for
a fixed base model but considering cracking away from the base
resulted in close agreement. The model was used to predict

the panel cracking load in Building 9207 and 9212 using the

estimated material properties.
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Figure 2.7.1 Finite Element Mesh Configuration for Wall
Panel in Building 9212
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For most cases, early stage cracking at the bases may
occur. It is hardly visible due to the placement of the air
bag. According to the model verification in Section 2.6, the
base may be able to sustain moment after cracking.

The estimated first panel cracking capacities for Case 1,
2, and 3 were determined as 22 Kips, 22 Kips, and 21 Kips
respectively for Building 9207, and 12 Kips, 14 Kips, and 23
Kips respectively for Building 9212. The natural frequency
analysis reveals that a model using elastic spring at the top
boundary is more appropriate to predict the first cracking
load in Building 9207, and it was determined as 24 Kips.
These results are influenced by the modulus of rupture normal
and parallel to the bed joint for panel in Building 9207. The
cracking capacity of panel free at the top boundary is
significantly affected by the modulus of rupture parallel to
the bed joint. The modulus of rupture in the orthogonal
direction plays an important role in the panel that has an
elastic spring at the top boundary. Using a different air bag
size also changes the results of the cracking load moderately.
The other parameter having a significant effect on the results
is the modulus of elasticity of the infilled panel. Poisson’s
ratio has marginal effect on the first cracking capacity.
Cchanges in either modulus of elasticity or Poisson’s ratio
causes significant changes in the shear modulii, however, the
fluctuation in shear modulii does not contribute significantly

to the first cracking capacity.
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CHAPTER 3

ULTIMATE STRENGTH CALCULATIONS

3.1 INTRODUCTION

The objectives of this chapter are twofold. The first is
to determine the important variables that affect the ultimate
strength of a hollow clay tile infilled wall when subjected to
a uniform lateral load. This is done through a parametric
study. The second objective is to predict the approximate
ultimate loading capacity and deflection of the hollow clay
tile masonry infilled wall panels under a uniformly
distributed pressure applied by an air-bag, normal to the

surface of the wall panel.

3.2 ANALYTICAL METHODS

A review of the published literature reveals that limited

studies have been done on the out-of-plane resistance of

masonry infilled walls. The work that has been done has

primarily focused on the behavior of concrete block and clay
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brick masonry infilled wall panels; few deal with the hollow
clay tile masonry infilled panel in steel frame. Several
analytical techniques are expected to be very helpful in the
initial modeling of the proposed tests.

Sinha, Loftus and Temple (1979) carried out a testing
program on model brickwork panels of different aspect ratios
(L/H = 0.5-2), with simply supported boundary conditions on
top and bottom, and continuous on one or both ends, continuity
being simulated by returns. A uniform lateral 1loading
condition was provided to the test wall panel by means of an
air-bag sandwiched between the wall and a rigid reaction
frame. Three analytical methods were employed separately to
calculate the failure pressure. First, the vyield-line
analysis, as applied to reinforced concrete slabs, tends to
overestimate the failure pressure because the behavior of
brickwork is brittle and does not yield after cracks have
appeared. It was predicted that after cracking, the material
can carry little or no moment. Second, the Grashoff-Rankine
Method of mid-span deflection compatibility, an elastic theory
based on stiffness orthotropy, always underestimates the
failure pressure of the panels. The failure pressure was
determined when either the bending moment in the horizontal or
vertical direction achieved the corresponding moment of
resistance obtained from wallette tests, without considering

the reserve strength in other directions. Third, the
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idealized fracture line analysis proposed by Sinha (1978) to
analyze low tensile strength brickwork was used. The proposed
simplified idealized fracture line analysis is similar to the
yield 1line method except that the former includes both
stiffness and strength orthotropies in the analysis. Although
the fracture line pattern formed at failure pressure resembles
the yield line in ductile plates, the use of the term "yield
1ine" is inaccurate. Moreover, it is difficult to account for
fully plastic behavior in a brittle material such as
brickwork. Therefore, the term "fracture line" is used for
this analysis. The proposed fracture line technique predicted
the ultimate pressure very close to the experimental pressure
for panels supported on four sides.

Anderson (1985) used the yield line technique to predict
the ultimate load on wall panels subjected to uniform lateral
and edge loadings. The technique for applying lateral loading
to the tested wall panel is known as "Christmas Tree" or
"Wiffle Tree", a mechanical system of beams and wires pulled
by a single jack as shown in Figure 3.2.1. Therefore, a
series of equal loads is applied normal to the surface of the
wall panel to simulate uniform wind loading. The technique is
further modified to include the additional series of point
loads along the free edge of the wall, in order to simulate
wind load transferred from the adjoining horizontal spanning

panel. It was concluded that the use of the characteristic
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wallette flexural strengths and yield-line theory generally
underestimates the strength of the walls and thus is
conservative. Moreover, it was pointed out that if the yield
line theory is used to analyze brittle unreinforced material
which can not withstand a moment after cracked, the secondary
effects need to be considered. The secondary effects include
self weight effects, in-plane membrane action, and partial
arching action from the enclosing frame, which can introduce
eccentric compression forces across the cracks. The ultimate
load was approximately twice the first cracking load in the
wall. The deflection at the ultimate load was found to be a
function of the length of the wall panel.

Fried et al. (1988) studied and utilized five different
analytical techniques to predict the strength of masonry walls

subjected to lateral loadings. These methods were Simplified

Principal Stress Method (PSM), Elastic Plate Method (EPM),
Strip Method (SM), Yield Line Method (YLM) and Normal Moment
Method (NMM). Strip Method (SM) and Yield Line Method are
wall design methods used in Australia and United Kingdom
respectively. The Normal Moment Method (NMM) assumes failure
to occur along a plane inclined at a certain angle to the
vertical when the normal applied moment is equal to the normal
resisting moment. In other words, the ratio of normal
resisting moment to normal applied moment equals 1.0 at the

point of failure and is influenced by the angle along the
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plane of failure to the vertical. The minimization of this
ratio is obtained numerically and the failure pattern of a
panel can be observed by elements with the lowest ratios.
Predictions of the failure load versus the aspect ratio (L/H)
using the PSM, EPM, SM and YLM are shown in Figure 3.2.2 for
a simply supported wall on four sides. The YLM has the
maximum prediction. The EPM, only considers stresses in the
vertical or horizontal directions, but the high torsional
stresses set up at the corners of a simply supported panel are
ignored. Consequently, the EPM always predicts failure at the
geometric center of the panel. On the other hand, the NMM,
which is not shown on the figure, predicts failure near the
left or right corners of the panel where there is 1likely to be
high torsion. It also predicts the ultimate and first
cracking loads to be nearly equal. The NMM predictions were
always less than the YLM predictions, and less than or equal
to the EPM predictions. Fried et al. (1988) concluded that
although there are variations in the upper bound strengths by
the yield line technique and the Strip Method, the difference
can be reduced when the flexural properties used for both
analytical methods are determined using the British and
Australian methods respectively. Thus, material properties
have significant effects on each analytical technique. The
yield line and strip methods were recommended to predict the

ultimate strength of the wall panel because these two methods
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always produced maximum predictions in their investigations.

They also suggested that the in-plane membrane action by the
built-in edges usually contributes to the enhancement of
strength, even though the masonry did not have full rotational
restraint along the built-in edges.

Drysdale and Essawy (1988) investigated a series of
concrete block wall panels with well-defined boundary
conditions with various lengths. The lateral loadings were
furnished by means of an air bag placed between the test wall
and a backup wall composed of a plywood covering on steel grid
framework tied back to the support frame. The linear elastic
plate analysis and yield 1line analysis techniques with
continuity and without continuity along center crack
assumptions were used. VYield line analysis with continuity
assumption considered full moment capacity along the "yield
line", whereas analysis without continuity considered the
"yield moment" was lost by the pre-cracking at considerably
lower than failure pressure. In general, the latter always
predicts a lower ultimate pressure. It was observed in the
wall panel simply supported on all four sides that an increase
in the horizontal span decreased the failure pressure, and an
increase in the length of the center horizontal crack and
horizontal span increased the amount of deflection that
occurred during formation of the horizontal crack. They

concluded that both the elastic-plate and yield line methods
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produced reasonable results of +the ultimate pressure.
However, the yield line analysis with continuity across the
early horizontal crack, was found to be slightly
unconservative. It was suggested that either the elastic
plate analysis or the yield line method without continuity
were adequate analytical methods.

Seah (1988) predicted the ultimate load capacities on
hollow concrete block infilled panels subjected to uniformly
distributed pressure perpendicular to the surface of the wall,
using a modified conventional yield line technique, which
accounts for the arching effect between the infills and the
enclosing steel frame. Nine large scale infilled panels with
different boundary conditions and thicknesses were tested. A
uniformly distributed pressure perpendicular to the surface of
the infilled wall panel was provided by an air bag set-up.
Auxiliary tests were used to obtain appropriate strength and
stiffness parameters, and later used to predict the first
crack as well as ultimate load capacity. It was assumed that
the fracture line pattern forming a failure mechanism divided
the infilled wall panel into different sub-panels, and the
subpanels act as a rigid plate rotating about the fractured
lines. At every given deflection, the load resisted by the
panel is then computed using the virtual work method. In the
computation process, the wall panel was divided into a series

of horizontal and vertical strips spanning each way as
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suggested by Park (1964). A typical fracture line pattern
with horizontal and vertical strips as shown in Figure 3.2.3.
The level of uncertainty in this approximation can be reduced
by increasing the number of strips.

Comparison of predicted ultimate 1loads with the
corresponding experimental values showed that the ratios of
predicted to experimental values vary from 0.94 to 1.14 with
a coefficient of variation of 6% and a mean of 1.02. Overall,
there are excellent correlation between experimental and
predicted behavior. Dawe and Seah (1989) stated that the main
lateral load resisting mechanism for infilled panels is by
flexural action before first major cracking and by arching
action in the post cracking range. The predicted capacities
were more realistic with the inclusion of arching action than
the values obtained by the conventional yield line technique.
They also suggested that deformation of the enclosing frame be
included in the analysis to simulate the true behavior of the
system.

Two empirical relations suitable for design were proposed
by Dawe and Seah (1989) as follows :

(a) For a panel supported on three sides and free at the top.

Qyrr = 800(fﬁ)°”5t2a/L25 [3.2.1]
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where @ = %(EICH2+GJctH)°'25 < 75
(b) For a panel supported on four sides

Qugr = 800 (£5)°75¢% (a/L25 + B/H?®) [3.2.2]

where —:IL_-[(EICH2+GJctH)°'25 < 50

p = %(EIbL2+GJbt:L)°'25 < 50
Q.. = ultimate load (KPa)
t = panel thickness (mm)
L = panel length (mm)
H = panel height (mm)
E = Young's modulus of frame member (MPa)
G = Shear modulus of frame member (MPa)
I_.,I, = Moments of inertia of columns
and beams respectively (mm*)
J.,J, = Torsional constants of columns

and beams respectively (mm*)

3.3 PREDICTED ULTIMATE LOAD BEHAVIOR

The two panels described earlier and shown in Figure
1.3.1 and Figure 1.3.2 are examined with respect to their
ultimate strength behavior. The boundary conditions of

both panels were assumed to be fixed against out-of-plane
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deflection on top, bottom and both sides. A bottom beam of a
W36x260 was assumed to simulate the infilled-floor interface.
The compressive strength of the wall was assumed to be
1000 psi, the modulus of elasticity of the wall to be 1500
ksi, and the face shell thickness to be 0.75 inch in the 8
inch wall and 1 inch in the 12 inch wall. The effect of these
assumptions will be examined later in a parametric study.
The post-cracking analytical technique developed by Seah
(1988) was used to investigate the two wall panels because it
considered flexibility of the confining steel frame, secondary
effects due to the infills arching action and in-plane
membrane action. It will also be shown that the only
important masonry material property parameter in this method
is the compressive strength, which is generally the most
common material property available. The method has also been
shown to have good correlation with full scale experimental

results.

3.3.1 Description of Failure Modes

It is difficult to postulate an exact fracture 1line
pattern because the cracking line pattern at failure depends
on various factors such as the material properties of the
infill, the infilled-enclosing steel members interface and the
boundary conditions.

Judging from the construction and boundary conditions of
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the wall panels in building 9207 and 9212, four probable modes
of failures were examined with respect to their fracture line

patterns. The modes are illustrated in Figure 3.3.1.

Mode A : Mode A occurs when slippage at the interface
between the infills and the enclosing frame members is
prevented. The horizontal crack occurs near the mid-height of
the panel in the bed joints followed by diagonal cracks

propagating to each of the four corners.

Mode B : When there is slippage at the interface between
the infill and the top beam, while other interfaces are
prevented from slippage, mode B could be the fracture line
pattern for wall panels with low aspect ratio (L/H). The
vertical crack near the mid-length propagates from the top of
the infills to the mid-height due to the push out of the
infills at the top interface with respect to the top beam.
The fracture line proceeds with diagonal cracks to both

corners at the bottom.

Mode C : Mode C could be another mode of failure if mode
B is unlikely to occur when slippage occurrs at the top
interface; mode C is most probable if the aspect ratio is
relatively large. Two parallel vertical cracks at a small

distant apart near the mid-length of the panel propagate to
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the center of the panel where a horizontal crack near mid-
height along the bed joint is formed. The cracking continues
with diagonal cracks proceeding to both sides of the lower

corners.

Mode D : When slippage on both sides of the interfaces
between the infills and the columns happens, mode D is the
probable mode of failure. A horizontal crack spanning from
side to side of the panel occurs near the mid-height due to
the push out of the infills away from the columns. The wall
panel acts like a panel simply supported on two opposite

sides.

3.3.2 Effects of Failure Modes

Various modes of failure were examined to observe the
effects of different fracture line patterns on the ultimate
load capacity. The procedure to determine the fracture line
dimensions of 2y, zxl and zx2 employed herein is trial and
error. The locations of zy, zxl,and zx2 (if applicable) are
shown in Figure 3.3.1. First, assume a reasonable value
between zero and 0.5 for zxl and 2zx2. Vary the value of zy
between zero and 1.0 and determine corresponding ultimate
pressure. The zy value corresponding to the lowest value of
ultimate pressure is the value of zy used in the analyses.

Similarly, by assuming the value of zy or using the zy value

21



obtained from above, the dimensions of zxl1 and zx2 that

correspond to the lowest ultimate pressure were used.

(i) 28 ft. X 12 ft. Wall Panel in Building 9207

The dimensions zy, zx1l and zx2 of mode A were determined
as shown in Figures 3.3.2 and 3.3.3 with the results being
zy=0.5, and zx1=zx2=0.17. The dimensions of the fracture line
pattern of mode C were obtained as shown in Figures 3.3.4 and
3.3.5, with the results being zx1=zx2=0.38, and zy=0.77. The
ultimate load capacity in Mode C was drastically reduced, by
approximately 80%, as compared to mode A. It was also found
that the amount of ultimate load capacity is a function of the
coefficient of friction at the interface between the infill
and the top beam. The results of various coefficients of
friction and different modes of failures are tabulated in
Table 3.3.1. Mode D has the zy dimension determined as in
Figure 3.3.6, or 0.5. The slippage at both columns cuts the
ultimate load capacity in half, because the load enhancement

arching action is found only in the vertical direction.

(ii) 24 ft. X 20.5 ft. Wall Panel in Building 9212

The parameters for Mode A are the same as those obtained
above. The values of 2zx1, 2zx2 and zy are shown in Figures
3.3.7 and 3.3.8. Mode B is considered to be a predominant

mode of failure over Mode C due to the 1.17 aspect ratio. The
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fracture line pattern and the dimensions of zx and zy were
determined as in Figure 3.3.9, or 2zx=0.5, 2y=0.9. The
ultimate load capacity is also drastically reduced from Mode
A, about 80%. The ultimate load capacity is also found to be
a function of the coefficient of friction at the top interface
of the wall panel such as shown in Table 3.3.2. The distance
of zy for mode D was determined as shown in Figure 3.3.10.
The ultimate load capacity was reduced to approximately one-
third of the capacity of mode A.

The fracture line pattern for various modes of failures
were examined and it is shown that slippage at the interface
between the infills and the surrounding steel frame are
important. If slippage occurs, the ultimate load capacity
will be reduced significantly. Therefore, it is desirable to
pay particular attention to the interface conditions, and to
monitor the behavior at the interface between the infills and
frame members during testing. Mode A is considered to be the
most likely failure mode, therefore it is assumed to be the
failure mode to predict the ultimate load capacity, maximum
deflection and parametric study of the variables in the

following.

3.3.3 Estimated Ultimate Strength

The predicted load-deflection curve for the infilled wall

panel in building 9207 is shown in Figure 3.3.11, and for
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building 9212 in Figure 3.3.12. In building 9207, the
deflection at the maximum load centered around 3.0 inch to 5.0
inch with the ultimate pressure being about 2 psi, or
approximately a total of 93 kips on the wall. The wall in
9212 displayed a broader range of deflection, ranging from 4.0
inch to 15.0 inch with a maximum pressure being approximately
0.74 psi, or approximately a total load of 51 kips.

Equation 3.2.2 (Dawe and Seah, 1989) was adopted and
modified to accommodate the English Unit System as shown

below:

Qe = 800 (£5) 075 £2 (/L% + B/H* ) (3.3.1]

where o %{(EI‘,IL12+GJCt:I-I)°'25 < 6.12

B = %(EIbL2+GJth)°'25 < 6.12

ultimate load (Psi)

panel thickness (in)

panel length (in)

panel height (in)

Young's modulus of frame member (Ksi)
Shear modulus of frame member (Ksi)
Moments of inertia of columns

and beams respectively (in*)
Torsional constants of columns

and beams respectively(in®)

Qb mtyer
nwnonon

o
I
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The ultimate pressure predicted by Equation 3.3.1 was
compared to the ultimate failure capacity predicted above.
The ultimate strength for the 28 ft.x 12 ft. wall panel in
Building 9207 was determined as 1.37 psi using Equation 3.3.1,
about 47% less than the predicted ultimate load capacity. For
the 24 ft.x 20.5 ft. wall panel in Building 9212, the ultimate
load capacity was found to be around 0.6 psi, about 24% less
than the predicted value of 0.74 psi. Thus the empirical
equation gives a conservative estimate of the ultimate load,
and it serves the purpose of preliminary estimation of the
failure strength of an infilled masonry wall. It can also be
used as a tool to check the design of masonry infilled walls

simply supported on four sides.

3.3.4 In-plane Membrane Action

The in-plane forces developed due to the arching effects
of the infills may induce adverse effects on the adjacent wall
panels or panels on the floor above the test wall panel. The
test wall panels in building 9207 and building 9212 were
divided into 20 horizontal strips and 20 vertical strips and
the axial thrust was calculated for each strip. The
corresponding in-plane axial thrust per strip was determined
when the ultimate strength and' the maximum deflection were
achieved. The forces for the 28 ft. x 12 ft. panel are

plotted in Figure 3.3.13. The maximum horizontal in-plane
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force is 6.5 kips per foot, constant along the columns. 1In
vertical direction, however, there was an in-plane force of
21.4 kips per foot at both ends of the panel, but this dropped
off to zero near the mid-length of the panel.

In the parametric study, the effects of different steel
frame sizes are examined. A brief examination of the effects
of steel frame sizes on in-plane forces is conducted here.
Increasing the top beam to a W36x300 results in no change in
the axial thrust on the columns. The maximum in-plane force
in vertical direction is approximately the same, 20 kips per
foot at both ends of the panel. There is less of a decrease,
and a 2.8 kips per foot force exists at the center of the
panel. The axial thrusts are shown in Figure 3.3.14.

For the 24 ft. x 20.5 ft. wall panel, the distribution of
the in-plane forces is plotted in Figure 3.3.15. The in-plane
forces exerted on the columns and beams are critical around
the corners of the panel primarily because the panel is
relatively square. The maximum in-plane force is
approximately 9 and 25 kips per foot in the horizontal and
vertical directions respectively, and dropping off rapidly to
zero within the next two strips towards the center of the
panel. Increasing the top beam to a W36x300 causes a decrease
in the maximum horizontal axial thrust of 20%. The maximum
axial thrust for the vertical strips at both ends 1is also

reduced by 20%, but the forces are distributed across the
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entire beam, from 21 kips per foot at the corner to 4 kips per
foot near the center, rather than concentrated at the corners.
The plot in Figure 3.3.16 shows the distribution of the in-
plane forces. Increasing the column sizes to W36x300’s on
both sides of the panel distributes the in-plane forces to
most of the horizontal strips with a maximum force about 9
kips per foot at the top and bottom, and a minimum force about
1.5 kips per foot at the mid-height of the panel. The
vertical strips experience a maximum of 16 kips per foot at
both ends, which decreases rapidly to zero in next two strips
towards the center of the panel. The distribution of in-plane
forces is shown in Figure 3.3.17.

With the assumptions of the infills and enclosing frame
members properties, the maximum in-plane uniform forces due to
arching action exerted on the columns are estimated as 6.5
kips per foot and 9 kips per foot for the panels in building
9207 and 9212 respectively. The maximum axial thrust on the
top and bottom beams are approximately 22 kips per foot and 25
kips per foot for panels in building 9207 and 9212

respectively.

3.3.5 Parametric Study
Several parameters suspected to be significant in
determinihg the lateral resistance of the unreinforced hollow

clay tile infilled wall panels were investigated. Among the
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parameters studied were compressive strength, modulus of
elasticity, face shell thickness of the infills, and the

member sizes of the steel frame.

(i) Compressive Strength

The compressive strength of the hollow clay tile masonry
was found to be the main factor in determining the ultimate
load capacity of the 28 ft. x 12 ft. wall panel in building
9207 as well as the 24 ft. x 20.5 ft. wall panel in building
9212. For compressive strengths between 500 and 3000 psi, an
increase of compressive strength of 100 psi resulted in an
approximate increase of 0.091 psi in ultimate load capacity of
the wall panel in building 9207, as shown in Figure 3.3.18.
Predicted load-deflection curves are shown in Figure 3.3.19
and Figure 3.3.20. There was an average increase of 0.034 psi
in ultimate load capacity of the wall panel in building 9212
for an increase of 100 psi in the compressive strength. 1In
other words, doubling the compressive strength from 1000 psi
to 2000 psi would result in approximately a 50% increase in
the ultimate capacity of the wall panel. The maximum
deflection shifted from 3 inch to 5 inch with the increase of
compressive strength for the wall panel in building 9207,
whereas in building 9212 the maximum deflection occurred

around the range of 4 inch to 6 inch.
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(ii) Modulus of Elasticity

The modulus of elasticity of the hollow clay tile masonry
was another parameter contributing to the ultimate 1load
capacity of infilled wall panels. An increase of 1000 ksi in
the modulus of elasticity will cause an increase of 0.19 psi
and 0.049 psi in the ultimate capacity in building 9207 and
building 9212 respectively, as shown in Figure 3.3.21. 1In
other words, doubling the modulus of elasticity from 1500 to
3000 ksi would result in a 10 to 15% increase in the ultimate
capacity. Load-deflection curves are shown in Figure 3.3.22
and Figure 3.3.23. The maximum deflection shifted slightly to
3 inches from 4 inches in the panel in building 9207, while
the maximum deflection ranged from 3 to 9 inches for the wall

panel in building 9212.

(1ii) Face Shell Thickness

The original analytical method was developed for masonry
that had only two webs, one in the front and one in the back.
Although the method could be modified to account for the
additional webs on the hollow clay tile, there would be
difficulties encountered. This is particularly true for the
12 inch wall which is built up of alternating 4 inch and 8
inch tiles. As an approximation to the behavior with
additional webs, the effect of varying the face shell

thickness was examined. This was the purpose of using a one

120



4
28 'x12 ' Wall Panel 28 'x12 * wall Panel
Alr Bag Size 24 10" Air Bag Slze 27 'x12°
| —_— --% -
24 'x20.5 " wall Panel
Alr Bag Size 23 'x20.5°
..... fosgeeres
3 ......
%”””ﬂﬂ#ﬂe
M L /
(o} -7
o ’—’,,
Q2 WV ?>—”
5 & L7
m 7,
U] Ve
o x
s .
Q
q
eeasssssssnnnene T et S {
b (7:‘, ................. R
U 1 1 L 1 1
0 1,000 2,000 3,000 4,000 5,000
Modulus of Elasticity (Cksi)

Figure 3.3.21 Pressure Versus Modulus of Elasticity




2.5
2
I ,
o 1.5 P
o g
w i
o Ly
v {%.
i} (§
g t i //
o 1 '§ /
\_ T
o T
)
L g ”
i
O 5 [.’
' ! 4500 ksl 3000 ksi 1350 ksi
ll —— —— =i e s
[}
II 575 ksi 1500 ks1
] ._ﬁ»\i_- _.._5*:’ .....
0 : X
g 10
Deflection (Cin)

Figure 3.3.22 Pressure Versus Deflection with Various
Modulus of Elasticity for Panel 28'x12’

122



e s K
i . - Q"""‘~
I Ny (mj/}¥ Sy
;IR sk
4 N7 AN //
~ ’ R PRD oA
— ’ y / \Q/ o R
(g O . 6 < / / N e X
Q // .‘/ N
(A A
U ' e
w e
N - AN
5 /',"/. ’/'
I/
0 7/
)
o 0.4 gF
\ i
a s
:"
i
- €

4500 ksii 3000 kgi 1500 ksi
+ B s ,,. .....

1350 ksi 875 ksi

Deflection (Cin)

Figure 3.3.23 Pressure Versus Deflection with Various
Modulus of Elasticity for Panel 24'x20.5'

123



inch face shell thickness for the 12 inch wall, the one inch
thickness being an assumed "equivalent" face shell thickness.

As the face shell thickness increased, the ultimate load
increased to a point. Once a certain value of the face shell
thickness was reached, the ultimate load started to drop.
Face shell thickness in the range between 1.0 inch and 2.0
inches. resulted in the highest ultimate loads. Increasing
the face shell thickness to 1.0 inch in building 9207 (an 8
inch wall) increased the ultimate load to 2.5 psi, or 25%.
Either a decrease of the face shell thickness to 0.5 inch, or
increasing it to 4.0 inches resulted in a slight decrease in
the ultimate load, as shown in Figure 3.3.24. The wall panel
in building 9212 had an ultimate load capacity of 0.8 psi at
a face shell thickness of 2.0 inches, or 7% increase from 0.74
psi at the thickness of 1.0 inch. The ultimate pressure
capacity decreased slightly when the face shell thickness was
reduced to 0.5 inch or increased to 6.0 inches, as shown in

Figure 3.3.25.

(iv) Steel Frame Sizes

The above analyses have assumed that the panel is a
single isolated panel. Thus, the columns and beams are free
to translate in the in-plane direction, and to twist about
their axes. In reality, the panel may be a part of a wall

that is restraining either the beams or the columns from
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translation and/or twisting. To examine this effect, the
columns and beam sizes were varied as a means of simulating
different restraint conditions provided by adjacent walls and
members.

Tables 3.3.3 and 3.3.4 show the results for varying sizes
of top and bottom beams for building 9207. Increasing the
upper beam in building 9207 to a W36x300, which has a moment
of inertia of about four times that of a W30x116, resulted in
an increase in the ultimate pressure of 25%. The bottom beam
size had little effect on the results unless a very small and
flexible bottom beam was used. The ultimate loading capacity
of the infilled wall panel in building 9207 was not affected
by a change of column sizes, either equal or unequal column
sizes on both sides as shown in Figure 3.3.26. This is
probably due to the panel being relatively long with respect
to its height. The arching action primarily occurs as
spanning from top to bottom rather than side to side.

In building 9212, an increase of the top beam to a
W36x300 doubled the ultimate pressure as shown in Table 3.3.5.
However, this is about a forty-five fold increase in moment of
inertia. Using a W16x100, or tripling the moment of inertia,
resulted in a 40% increase in ultimate pressure. Changing the
bottom beam size did not affect the ultimate load capacity
significantly, as shown in Table 3.3.6. Figure 3.3.27

indicated that increasing both columns to W36x300s increased
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the ultimate capacity by about 150%. In addition, the
ultimate capacity occurred at a smaller deflection, 3 inches,
and the load capacity dropped off significantly beyond this.
Thus, although the capacity increases, the behavior was more
brittle in nature. Increasing the column size on only one

side just had a marginal effect on the results.

(v) Air Bag Size

current plans are to test the wall in building 9207 with
an air bag that is slightly smaller than the wall panel
itself. The air bag will have a size of 24 ft. x 10 ft., or
only about 71% of the wall will be loaded. The effect of this
reduced size of the air bag loading was investigated. Under
the identical compressive strength, modulus of elasticity and
face shell thickness, the ultimate pressure when the wall is
loaded with a 24 ft. x 10 ft. air bag instead of a 27 ft. x 12
ft. air bag increased approximately 12% as shown in Figure
3.3.28. The total load that the wall will carry will only be
about 80% of the total load for a full size air bag, due to
the reduced area. Thus, under the postulated conditions for
the wall that were used to predict the ultimate load, it is
expected that only 80 kips is necessary to fail the wall in

9207.
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3.4 SUMMARY OF RESULTS

Predicted capacities of the experimental wall panel in
building 9207 and building 9212 were determined using assumed
material properties. Results were 93 kips for the wall in
9207 and 51 kips for the wall in 9212. These results are
significantly affected by the compressive strength of the
wall, and can be modified and updated as compressive strengths
become available from the prism testing program. Using an air
bag size different from the wall panel size causes a change in
the results, but it can be accounted for in the analysis. The
other parameter having a significant effect on the results is
the restraint provided by the confining steel frame. Adjacent
wall panels, which will serve to provide additional restraint
to the columns and beams, can cause a profound effect on the
capacity. These conditions need to be closely examined at the
test sites. Instrumentation has been specified in the test
plan to measure column and beam in-plane movements and
rotations. The other parameters examined, modulus of
elasticity and face shell thickness, did not have a large
effect, and probably do not need any further examination

before the tests.
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

4.1 CONCLUSIONS

Analytical methods for predicting the strengths of two
existing wall panels with respect to their limit states were
investigated. The failure theory proposed by Thurlimann and
Guggisberg (1988), in combination with the ABAQUS (1988)
finite element technique for linear elastic analysis, results
in reasonably good predictions of the first cracking loads.
The analytical technique adapted from Seah (1988), proven to
have good correlation with experimental results, was utilized
to predict the ultimate strength of the panels. The technique
included arching action in a yield line analysis to predict
the maximum load capacities.

For the panel in Building 9207, the first cracking
pressure is 0.52 Psi or a total load of 24 Kips on the wall.
The ultimate pressure is about 2.0 Psi or a total load of 93
Kips on the wall. The first cracking load is about 26% of the
ultimate load. For the panel in Building 9212, the first

crack and ultimate pressure are about 0.34 Psi and 0.74 Psi
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respectively, or total loads of 23 Kips and 51 Kips. The

first cracking load is about 45% of the ultimate load. The
trend of these results are consistent with the experimental
results obtained by Seah (1988) and Drysdale and Essawy
(1988), despite the difficulties of modeling the boundary
conditions. The difference between 26% and 45% for the panels
in Building 9207 and 9212 respectively is probably caused by
the stiffness of the enclosing frame, especially the top beam.
The panel in Building 9207 has a W30x116 top beam compared to
a W16x36 in panel in Building 9212. Based on the parametric
study on the steel frame sizes in Section 3.3.5, 1t was
evident that the stiffness provided by the larger beam size in
Building 9207 restrains the infilled panel and increases the
ultimate load capacity of the panel to a larger extent.

The results from the parametric studies showed that
modulus of rupture and modulus of elasticity have significant
effects on the first cracking 1load. The ultimate load
capacity is significantly influenced by the compressive
strength of the wall. As a result, the wall panel strength is
dependent primarily on the flexural strength of the wall
before cracking. The post-cracking strength depends on the
membrane action or arching effects due to the in-plane thrust
developed when the panel cracked out of the plane and is
restrained by the enclosed steel frame.

Although air bag size has an effect on the strengths of
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the wall panels, it can be easily accounted for in the
analysis. Other parameters, such as Poisson’s ratio and face
shell thickness, have marginal effects on the first crack and
ultimate loads.

The boundary conditions are critical in predicting the
wall panel capacity. One of the characteristics of infill
arching action is that the perimeter strips tend to develop
significant in-plane thrusts that cause membrane action while
less thrust is developed in the middle strips. Comparing Case
2 in pre-cracking prediction and failure Mode B or Mode C in
post-cracking prediction in Building 9207 and 9212 shows that
the first cracking load is very close to that of the ultimate
strength. The restraint and stiffness provided by the
enclosing steel frame will influence the ultimate strength.
The confinement of the wall panel by a large size of top beam
increases the ultimate load substantially. The affect on the
ultimate strength by restraint in the columns are dependent on
the aspect ratio. The longer length of the panel with respect
to its height decreases the effect of the columns on the

ultimate strength.
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4.2 RECOMMENDATIONS

Some of the difficulties encountered in this study are

related to:

(1) Uncertainties in modeling the support conditions
The boundary conditions of the panels in Building 9207

and 9212 are not well defined. Therefore, assumptions are
made in modeling the actual panel. It is recommended that
careful observation and monitoring be conducted of the actual

infill to frame boundaries while testing is in progress.

(1i) Approximation and simplification of the material
properties

The hollow clay tile masonry is a highly variable
material and there 1is a scarcity of experimental and
analytical data on the material properties. This results in
the approximation of the elastic constants, modulus of
rupture, and compressive strength used in this study. These
are the primary factors affecting the strength of the panels.
Simplification was also assumed in the 12-inch walls, which
were made of 8-inch and 4-inch units. The effects of the
masonry units’ horizontal cores, continuity, homogeneity and

workmanship are obtainable through a prism testing program.
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Although assumptions are made to analyze the hollow clay tile
wall panels using a linear elastic model, the actual behavior

of the infilled clay tile panel may be non-linear.

(iii) Completeness of the analytical model

Arching action for the infilled wall panel is assumed to
occur when the panel cracks out of the plane of the wall. The
results of the analyses and other experimental work indicate
that the wall panel capacity is significantly greater than the
first cracking strength. The analyses in this thesis are for
monotonic loading, whereas earthquake generated forces consist
of load reversal. The validity of the arching effect and the
ability of in-plane membrane action to develop under dynamic
loading is presently unknown. To better understand the actual
behavior of the infilled wall panel in the event of an
earthquake, it is recommended that further research, analysis,
and testing include dynamic loadings in the out-of-plane as

well as in-plane directions.
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