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ABSTRACT

Structural experiments of five confined masonry wall specimens had already been done at CENAPRED (the
national center for earthquake disaster prevention) in Mexico city,in order to investigate behavior of a brick
wall surrounded by a reinforced concrete frame under earthquake condition. A lot of data on failure modes
and strengths had been obtained from the experiments (Ishibashi et al., 1992), but the data did not sufficient—
ly clarify the behavior of masonry walls during earthquake. This paper discusses most dominant elements
and their constitutive law to analyze a confined masonry brick wall. An element on boundary between a
brick wall and a concrete column, called "bonding element", was found to give stronger effects on failure
modes and lateral loads—displacement relationship at the time when it was applied on nonlinear finite ele—
ment analysis using a supercomputer. A constitutive law of the bonding element based on a series of tests
showing relation between shear and slip displacement is proposed and a rational explanation of behavior of
confined masonry structure is made.
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SPECIMENS OF TESTS

Specimen WBW was produced as a standard specimen in which two walls were connected by a beam and a
slab. In the case of specimen W-W two walls were connected by tension lods. Specimen WWW had
spandrels added to the standard specimen WBW. Specimen WBW-E was reinforced in walls by horizontal
reinforcements (ladder—shaped steel bars) in every two layers of brick (reinforcement ratio is 0.089%).
Specimen WBW-B was reinforced by horizontal deformed steel bars in every three layers of brick (rein—
forcement ratio is 0.089%).

DISTRIBUTION OF FINITE ELEMENTS TO ANALYSIS MODELS

Loading forces and meshed finite elements for specimen WBW is shown in Fig. 1. The plane stress condi-
tion was assumed in the analyses based on the shapes of the specimens and the loading conditions. It is
considered that the effects of the foundation slab on the behavior of the specimen would be negligible, so all
the specimens were fixed completely at the top of the foundation slab. Four-node quadrilateral plane stress
elements were used for modeling the brick wall, the surrounding reinforced concrete frame and the founda—
tion slab. The brick wall was modeled as a material having uniform characteristics (from test of masonry
pile) because an enormous number of elements would be needed to model the bricks and the joints individu—
ally. The element size was almost equal to two layers of brick in the vertical direction because some speci—
mens have horizontal reinforcing bars in every other brick layer. Since truss elements were used for model—
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ing those bars, nodes were generated corresponding to the reinforcing bar locations. The mesh in the verti-
cal direction is selected to make the elements as square as possible. The size of the elements was identical
for all specimens. Equivalent reinforcement layers with stiffness in only one direction were substituted for
the longitudinal bars and the shear reinforcements in the surrounding reinforced concrete frame, and those
layers were superimposed on the plane stress elements. The reinforcing bars in the walls were replaced by
truss element, and arranged at corresponding positions in the masonry walls. As for specimen WBW-B,
truss clements with equivalent sections having the same amount of reinforcing bars in the walls were used
because the mesh lines did not correspond to the reinforcing bars. The horizontal joints in the brick wall
were almost three times as srong as the brick. Thus they were replaced by equivalent two-node spring
elements and distributed along the entire element mesh line in the horizontal direction of the brick wall.
With the increased load, separation and slippage might be anticipated along the boundary surface between
the brick wall and the surrounding reinforced concrete frame. In order to simulate this behavior, the brick
wall and the surrounding frame were connected by two-node linkage elements of two orthogonal springs.
Axial loads were applied to three nodes at each loading point and the horizontal load was applied to two
nodes corresponding to the loading points in the experiment.

Vertical load Vertical load
o Wl sﬂ!}w”aﬂu o
Horizontal ‘ Horizontal
load load
(positive) (negative)

Fig. 1 Loading forces and meshed finite elements for specimens

MODELING OF MATERIAL CHARACTERISTICS

Material properties of the masonry pile, concrete, joint mortar and reinfrcing bars were based on the corre—
sponding material test results. The constitutive law of concrete under plane stress condition was based on
the orthotropic model with the concept of equivalent uniaxial strain proposed by Darwin et al. (1977) and the
failure criteria under biaxial stress condition followed the equation proposed by Kupfer et al. ( 1973). The
stress—strain relationship of concrete was expressed by linear elasticity up to the occurrence of cracking on
the tension side, and by the exponential function curve proposed by Fafitis et al. (1985) in the compression
side. The occurrence of cracking was judged on the basis of the principal stress criteria, and after cracking,
the stress and stiffness in the direction normal to the crack were considered to be zero. The masonry pile
was treated in the same manner as concrete.

With regard to the characteristics of linkage elements inserted between the masonry pile and the surrounding
frame, normal stiffness on the boundary surface was large enough and assumed to have linear elasticity cut
by the tensile strength of the masonry pile in the tension zone as shown in Fig. 2(a). Characteristics in the
shear direction were modeled considering the effects of acting normal stress referring to the results of direct
shear tests of brick joints (Fujii et al., 1990). Namely, as shown in Fig. 2(b), the relationship between shear
stress and shear slip is expressed by a bilinear model, and the stress of the first turning point is successively
increased by 0.8 times of the acting normal compressive stress. This corresponds to the assumption that the
friction coefficient at the boundary surface is equal to 0.8. The shear stress at the first turning point(z,) was
defined based on the diagonal compression tests of masonry piles.  The following relationships could be
written for the shear stress (z,) and normal stress (0 ; compression is positive) acting on the joint at the point
of failure from the loading condition since shear ship failure had occurred in the diagonal compression tests
of masonry piles.
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Assuming the friction coefficient to be 0.8, the following equation is obtained.

7,=7,+0.8 g, (when g_is compression) 2
Substituting Eq.(1) for Eq.(2), then,

7,=020 3
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Fig. 2 Characteristics of linkage elements on the boundary surface
between a brick wall and a surounding concrete frame
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Fig. 3 Characteristics of spring elements for joint mortar in a brick wall

In case the normal stress g_is tensile, o in Eq.(1) is to be zero.  After the normal stress reaches the tensile
strength of brick, stiffness in the shear direction is set to zero. Thus characteristics of the spring elements
were determined in an asymmetrical form in the tension and compression zone as shown in Fig. 3 so as to
correspond to the material properties of the joint mortar.

ANALYSIS CASES AND RESULTS

Five specimens in total of 19 cases were analyzed. ~Analysis cases and their parameters and results are
listed in Table 1. Major parameters are loading directions (positive, or negative) and magnitude of the
vertical load (standard, standard +20%). Among the cases included is one for investigating the effects of the
restraining force in tension rods connecting both top sides of the specimen during the early stages of the test
of specimen W~W (Case 7). In other cases horizontal loads were first applied to a certain extent
(20tf),then reloading in the opposite direction up to the point of failure (Cases 18 and 19). These cases are



Table 1. Analysis cases and parameters and results

Parameters Results of maximum loads
Case Specimen Horizonta  Vertical Analysis Test(tf)  Analysis(tf) Ratio
load load conditions (Deformation Angle 10~-3rad.)
1 WBW Positive Standard One-way 26.4(1.35) 24.8(1.59) 1.06
2 Negative 25.5(1.53) 24.0(1.12) 1.06
3 Positive Standard+20% ——— 26.8(1.98) ———-
4 Standard-20% ——— 23.3(1.47) -———-
5 W-W Positive Standard One-way 22.2(1.38) 23.2(1.33) 0.96
6 Negative  Standard _ 24.0(1.57) 23.1(1.54) 1.04
7 Positive Standard With restraining 22.2(1.38) 23.0(1.29) 0.97
force of tension rods

8 Standard+20% One-way - 23.7(1.23) ——-
9 Standard-20% ——— 21.8(1.40) ———
10 WWW Positive Standard One-way 25.9(1.62) 27.3(1.24) 0.935
11 Negative 28.5(3.08) 27.0(1.54) 1.06
12 WBW-E Positive Standard One-way* 31.3(2.21) 452(7.52) 0.69
13 Negative 34.2(5.00) 47.5(6.37) 0.72
14 WBW-B Positive Standard One-way 46.8(7.41) 46.1(10.43) 1.02
15 Negative 41.1(6.01) 50.5(8.91) 0.81
16 Positive Standard+20% -_— 46.1(7.32) -——-
17 Standrad-20% - 44.5(8.17) ———-
18 Standard Cyclic loading 46.8(7.41) 44.5(8.32) 1.05
19 Negative 41.1(6.01) 43.7(4.96) 0.94

NOTE*: "One-way" means onc—way monotonic loading.
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Fig. 4 A comparison of load-displacement relationships

for investigating the effect of changes of joint status between bricks and concrete, such as opening and slip-
page, caused by the former loading on the behaviors under loading in the opposite direction.

The effect of the difference in the loading direction for an asymmetric shaped wall can be investigated by
comparing Case 1 and Case 2. The effect of the difference in the magnitude of the vertical load can be clari-
fied by comparing Cases 1,3 and 4. A comparison of load-displacement relationships of the test and the
anlysis of Case 1 and Case 2 is shown in Fig. 4(a). Although the stiffness is slightly large compared to the



test results, Case 1 and Case 2 show good agreement with test results for the strength and displacement at the
strength. The effect of the difference in the loading direction can not be found in the analyses expect that
Case 1 shows relatively small stiffness in the vicinity of the maximum stress.

Figure 4(b) compares load—displacement relationships of the test and Cases 1,3,and 4 in which the magni-
tude of the axial load differs from each other. There is no difference in the injtial stiffness obtained from the
analysis. But the stiffness after the occurrence of cracking (17-18tf) and the strengths are different from
cach other in the analysis. The strength of Case 1 is 24.8tf, while for Case 3, with the vertical load in-
creased by 20%, the stiffness increased and the strength is 26.8tf (+8%). For Case 4, with the vertical load
decreased by 20%, the decline of stiffness occurs a little earlier and the strength is 23.3tf (-6%).

Deformation modes at the maximum load and propagation of cracking are shown in Fig. 5(a) and 5(b) for
the test and analysis of Cases 1. The deformation mode obtained from the analysis corresponds well with
the test. The cracking process is similar in the four cases of analyses (Case 1 to 4) and it is roughly as
follows;

First, shear slip occurred on the boundary surface between the msonry wall and the concrete frame, and
successive cracking occurred at the lower corner of the wall.

Cracks developed along the column and the base from the lower corner of the wall.

Cracks progressed in the lower portion of the column, then inclined cracks occurred at the center portion of
the wall, first in the wall away from the loading point, and later in the wall close to the loading point.
Inclined cracks progressed in both walls and separation on the boundary surface between the masonry wall
and the surrounding frame also progressed, then reached the maximum load.
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Fig. 5 A comparison of deformation and crack of the test with the analysis

By comparing the cracking patterns of Cases 1,3 and 4, it is found that the amount of the vertical load
becomes large, progress of cracks is suppressed to some extent. But there is same tendency for cracks to be
concentrated in the center of the walls.

Specimen WBW-B corresponds to specimen WBW except horizontal reinforing bars (double deformed
bars) in the walls. The effect of the difference in the loading direction for an asymmetric shaped wall can be
investigated by comparing Cases 14 and 15. The effect of the difference in the magnitude of the vertical
load can be studied by comparing Cases 14, 16 and 17. In order to investigate the effect of the change in
status of the boundary between the masonry wall and the concrete frame caused by loading in the opposite
direction, a method in which first the load was applied in the opposite direction (20tf), then in the right direc-
tion up to the maximum load was used in the analysis of Cases 18 and 19. The breakage of horizontal
reinforcing bars was not taken into account in the current analysis, however, it did not seem to be a problem
to compare the analytical with the test results because the breakage of reinforcing bars had occurred after a
rotation angle of 0.006 rad. in the final cycle and in the vicinity of the maximum load.
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A comparison of load~displacement relationships in the test and the anaysis of Cases 14 and 15 is shown in
Fig. 6(a). Case 14 closely coincides with the test results on the whole including the maximum load, though
the initial stiffness and deflection at the maximum load is slightly larger compared with the test. Case 15
gives good agreement with the initial stiffness of the test, but the maximum load and the deflecting capacity
are larger than those of the test. As for the difference in loading directions in the analysis, it becomes clear
after a load of 30tf when cracks occurred nearly everywhere in the walls, and negatively loaded Case 15
exhibits higher stiffness and strength than Case 14. There is a tendency that the larger the magnitude of the
vertical load becomes, the higher the stiffness and the strength are.
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Figure 6(b) compares load-displacement relationships of the test and Cases 14 and 18 in which the loading
methods differ from each other. The loop for loading and unloading in the negative direction of Case 18
agrees with the test results. After that the analytical results under positive loading shows slightly smaller
stiffness and strength compared with Case 14 which was applied monotonic loading.

Figure 6(c) compares load—displacement relationships of the test and Cases 15 and 19 in which the loading
methods is different from each other, as well. As mentioned before, cracks occurred in the center of the
walls of the specimen which did not have horizontal reinforcing bars, however, cracks occurred all over the
walls in both the test and the analysis of specimen WBW-B,

> = =
~ AN NININININT Es ~ N
~~ N NN ~) NANENEN
SN INININN YR
HQ] NINNS HAYAYATAN
~HOIN NN NN SVISINY
~H N INININININN SANDIRD QIR
NSNS NSV NN NN NS
-0 NISISISIN NN NS ININIVISISINNIN
—HQ INININININININININH - IS NS QSN N
O~ NINDNINSIVNAS H IS SO
——\ NINININN NN == MNATNA
-~ Q= NININN NN HHS[SINSINNNNSTN
ASIQIQIBIBISISSINSINSININR =N NEY A
~~\ ASAYAYAVAVANANAYANAN Y (Q = 24.6 tf) SOSISISINININININ NS

(Maximum Value of Principal Tensile Strain = 12000 1)

(@) Analysis Case 1 for specimen WBW having no horizontal reinforcements

|

E>:::f‘ : ST S
SSONNINININS NININ XN RS NOININN
SININNINININININN -~ WOININININININININTE
SSONVININISININNINVNN an INININIS S NISISISTE
NV ISINVIN NN INININV NS am NN SN NS S ST
NS SISN SIS SNVANNS - AMNININVN SN SISTH
NS ISISISISISIN SN N NN FH NINNINININIS NS TS
TN IS IS SIS SIS SN NSNS N RA NS ISININS R RISIS
IS ISISISIQISNINSIS NSNS RE HES SIS NNNN NS
RIS IS ISISISIQISININIS NN S RA xS NN NNNNE
ESISISIS IS S RIRRISISIS S [ an NN NNNNENER
FEISIXINIS SNSRI S N SRR HSINININT INININY
FRIQIRSS SN S NS ISISISIS VIR SIS IS NN
FAQIKIKI XX ININSININIS IS NN RS =S S SN N[N R
TR o 20 NSNS @ = 45.9 ) IO QRINSN] 8K

" (Maximum Value of Principal Tensile Strain = 12500 1)

(b) Analysis Case 14 for specimen WBW-B having horizontal reinforcements
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Fig. 7 A comparison of crack pattern of masonry brick wall
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In order to compare the difference in crack propagations, cracking patterns of Case 1 for specimen WBW
and Case 14 for specimen WBW-B are shown in Fig. 7. The relative magnitude of the principal tensile
strain of cracked elements in the figures is indicated, that is, cracks drawn close to a line indicate small
opening and cracks drawn in a wide rectangular shape indicate large opening. It can be seen that cracks are
predominant diagonally in the center of the walls in Case 1, while in Case 14, cracks spread all over the
walls. Strain softening and crushing of concrete occurred in the wall near the maximum load.

CONCLUSION

The following conclusion have been obtained from the results of nineteen cases of analyses for five confined
masonry wall specimens having different shapes and different reinforcing conditions with major parameters
being the loading direction and the magnitude of vertical load.

1)The test results are simulated well by the analyses in which the reinfored concrete frame and the masonry
wall are connected by linkage elements consisting of two ortohogonal springs. The characteristics of the
spring in the shear direction is varied as a function of the compression force acting in the spring in the
normal direction.

2)It has been confirmed that the proposed analytical method is applicable to specimens with different shaped
wall, reinforcing conditions and loading directions.

3)The difference in the vertical load has an effect on the stiffness and the strength. But the effect is not re—
markable if the vertical load changes within +20% of the standard value, and the increase of the strength is
8% at the most when the vertical load increases by 20% of the standard value.

4)The strength was overestimated by the analysis for the specimen in which reinforcing bars had been
broken at welding portions during the early stages of the test, because breakage of reinforcing bars was not
taken into account in the analysis.

5)The stiffness and the strength obtained from the analysis previously loaded one cycle in the opposite direc—
tion were slightly less than those from the monotonic loading analysis.
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