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A Study of Nonlinear Finite Element Analysis of Confined Masonry Walls
by

Kazuhiko Ishibashi and Hideo Katsumata

1. INTRODUCTION

A series of experiments was carried out from 1991 to 1992 at CENAPRED in order to investigate the behavior of
confined masonry structure systems (brick masonry load-bearing walls confined by light reinforced concrete bond-
beams and tiecolumns) subjected 1o horizontal loads”?  Five types of confined masonry structures were tested,
providing much informanon on failure modes, load-deflection relations, hysteretic behavior, etc., which are very
vahable for undersianding their seismic behavior.

In order to obtain more general information on the seismic behavior of confined masonry structures,
development of theoretical methods for analysis is essential. The major problem in developing such methods lies
on the difficulty of modeling the mechanical characteristics of joints between bricks and the confinement rewnforced
concrete beams or columns in masonry walls. This is because the nature of joints is that of a mechanical
discontinuity.

The finite element method, ar this time, 15 the most suitable tool for analyzing the behavior of structures
which have mechanical discontinuities. The authors have tried to develop an appropnate finite element model
suitable for analyzing the seismic behavior of confined masonry structures. For this purpose, results of the
expertments mentioned above have been utilized. In the Appendix of this paper, results of the first stage in the
development, which is related to the modeling of boundary surfaces between masonry walls and surrounding
reinforced concrete clements are described, In the present paper, related to the second phase, results of the
application of the finite element method to the five tests of the experiments are presented.

The computer program used for analyses in this study is the code named "FINAL", which was developed
at the Technical Research Instinute of Obayashi Corporation, Japan. This program has been applied to static
nonlinear finite element analyses for reinforced concrete strucrures and in the program the nonlinearity of material
characteristics can be considered.

2, LOADING CONDITIONS SUPPOSED

In the experiments, test specimens were subjected to reversed cyclic horizontal loads. In the analysis, with one
exception to be stated befow, one-way monotonic incremental loads were supposed, because at this time both the
behavior of confined masonry structures under reversed cyclic loading, and the phenormena that cracks in walls ot
concrete may open very widely under reversed cyclic loading cannot be simulated.

Brick masonry walls of the test specimen WBW-B in the experiments were reinforced with horizontal high-
strength deformed wires against horizontal shear force and, therefore, cracks the brick walls were suppressed
from developing so widely (see Section 3). In the analysis of this specimen only, one cycle of reversed loading was
supposed in the range of small horizontal displacements.

3. ANALYTICAL MODELING OF TEST SPECIMENS
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31 Description of Test Specimens

Geometry and re-bar arrangements of the five test specimens used in the Expenments are shown in Figs 3.1 10 3.3,
Specimens were different by the type of connection between the two walls, the existence of parapet walls and the
amount and type of horizontal shear reinforcement in brick walls as follows;

Specimen WBW : Two walls were connected by a beam and a2 slab. Brick walls were not
reinforced. Hereinafter, it is called as prototype specimen.

Specimen W-W * Two walls were connected with steel rods.

Specimen WWW : Parapet walls were added to the prototype specimen.

Specimen WBW-E : Brick walls of the prototype specimen were reinforced with ladder-shaped high-

strength horizontal reinforcement at every two courses with a nominal
reinforcement ratio of 0.089%.

Specimen WBW-B : Brick walls of the prototype specimen were reinforced with horizontal high-
strength deformed wires at every three courses with a nominal reinforcement
ratio of 0.089%.

The loading system used 1n the experiments is shown wn Fig. 3.4.

32 Modeling of Test Specimen
In this analysis, the following assumptions were postulated for modeling the test specimens;

1 The plane stress condition was assumed in the analyses.

2) Effects of the foundation slab on the behavior of specimens would be negligible, so all the specimens were
. supposed to be completely fixed at the top of the foundation beam.

3) Four-node quadrilateral plane stress elements were used for modeling brick walls.

4 A tie-column and two buttress walls which had been connected to the tie-beam were supposed to be one

element having the superimposed characteristics of a remforced concrete element and a brick wall element.

I

Elevation

Fig. 3.4 Loading system



5)

6)

7)

8

%)

10)

11}

Steel rods of specimen W-W were replaced by a truss element.

In Figs 3.5 to 3.7 the finite element mesh supposed and the location of loading points are indicated. Each
quadrilateral finite element for brick walls has the same characteristics as those obtained in masonry prisms.
This was adopted to decrease the number of finite elements. The element height is supposed to be
approximately equal to two courses. The horizontal size of the elements is selected to be approximately
equal to the height. Size of quadrilateral finite elements was the same for all specimens.

Longitudinal and shear reinforcement in peripheral reinforced concrete elements were replaced with
elements having tensile stiffness in one direction and those elements were superimposed on the plane stress
elements for columns or beams.

Horizontal reinforcement in brick walls was replaced by truss elements.

Tensile strength of horizontal joint mortar in brick walls was about three times larger than that of bricks,
So, horizontal joints were replaced with equivalent spring ¢lements each having two nodes. Each spring
was located between the upper nodes of a lower brick finite element and the lower nodes of an upper brick
finite element.

In the experiments, with increasing horizental loads, separation and slippage were observed along the
boundary surface between brick walls and peripheral reinforced concrete tie-columns. [n order to simulate
this phenomenon, brick wall elements and elements for peripheral bond-beams and tie-columns were
connected by a two-node linkage element consisting of a pair of orthogonal springs.

Extemnal forces in the vertical direction were divided into three components and were applied to nearest
three nodes to the [oading points of the experiments. Horizontal loads were divided in two concentrated
forces and were applied to the two nodes shown in Figs 3.5 to 3.7.

Fig. 3.5 Finite element mesh and loading points for Specimens WBW, WEW-E and WBW-B



Fig. 3.6 Finite element mesh and loading points for Specimen W-W

g 1 iy i

Fig. 3.7 Finite element mesh and loading points for Specimen WWW



4.

ANALYTICAL MODELING OF MATERIAL CHARACTERISTICS

Material characteristics were supposed as follows:

1)

2)

3)

4

Mechanical characteristics of masonry prisms, concrete, joint mortar and re-bars were those results of
material tests conducted in the experiments.

Constitutive law of concrete under the plane-stress condition followed the orthotropic maodel proposed by
Darwin er al.” under the concept of equivalent uniaxial strain.

Failure criteria of concrete under biaxial stress condition followed the equarion proposed by Kupfer ef af.®,
The stress-strain relationship of concrete was supposed as shown in Fig. 4.1: linear-elastic up to the

occurrence of cracking in tension, and nomlinear as expressed by the exponential function proposed by
Fafitis et l.% for compression.

Og
Ocr L

* to (4ep, (.20R)

E £ . t E
s}

{a) Tension (b) Compression

Fig. 4.1 Stress {g)-strain {(¢) relationship for concrete, where E: Young’s modulus, o, uniaxial tensile strength,

5

6)

7)

8

9

og: uniaxial compressive strength and e,: strain at peak stress oz.

Cracking in concrete was judged to occur depending on the magnitude of principal stress. Afier cracking,
the stress and stiffness in the direction normal to the crack were assumed equal to zero.

Assumptions 2) to 5) were also applied 1o masonry prisms.

The stress-strain relationship of steel reinforcement in peripheral confinement elements was supposed to
be bilinear as shown in Fig. 4.2 (a). Stiffness after yielding was assumed as 1/100 of Young’s modulus.

The yield point of walls’ horizontal reinforcement was not well-defined; the stress-strain curve was typical
of high-strength cold formed bars. Therefore, the trilinear stress-strain relationship shown in Fig. 4.2 (b}
was assumed.

Material constants for concrete and bars used in the analyses are listed in Tables 4.1 and 4.2, From the
measured Young's modulus, the tensile strength of concrete and strain at the compressive strength were
derived from empirical formuiae as a function of uniaxial compressive strength, As for the Poisson’s ratio,
a conventional value of 0.167 was assumed.
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Values of E, o, 10 &; and ¢, t0 ¢; assumed in the calculation are listed in Table 4.1.

Table 4.1 Material constants assumed in the calculation (see Fig. 4.2)

E -8 a0, gy € € €5
WBW-E 1.86 5000 6000 6600 | 2688 5000 20000
WBW-B 1.97 6000 7190 7470 | 3046 5916 20000
Umt 108 kgf/em? kgfrem? micro-strain

Table 4,2 Material constants of concrete

X

Test Specimen EY v A €' *
(1¢° kgfrem?) (kgffem?) | (micro-strain) | (kgf/cm?)

WEBW Column 2.04 164.5 1315 19.2

Bearn/Slab 2.73 356.5 2178 293

W-w Colurn 231 228.5 2003 23.1

Beam/Siab 310 489 2 2360 35.6

wWww Column 1.89 0.167 132.5 1872 17.0

Beam/Slab 2.74 358.2 2131 299

WBW-E Column 2.27 220.0 1991 22.7

Beam/Slab 2.50 284.0 2079 26.2

WBW-B Column 2.26 217.0 1987 22.5

Beam/Slab 2.36 242.0 2022 239

*I Young's modulus calculated fromeq E = 0 [14-v'o; +0.582 (after Ref.8)

- Poisson’s ratio

. Uniaxial compressive strength; results of material tests from the experiments
*: Strain at uniaxial strength calculated from
*: Uniaxial tensiie strength calculated from

gy = (1.370y+1690) x 10° (after Ref.8)

5, = 1.07q,"* (after Ref.9)

E



Table 4 3 Material constants of reinforcing bars

Remforcing bars Cross Young's Yield

Sectional Area Modulus E Strength o,

(cm?) (0% kgfiem®) | (kgflem®)
Longitudinal bar #4 for WBW-B 1.27 198 4450
for others 1.27 192 4220
Longitudinal bar #3 for WBW-B 0.71 2.0¢ 4510
for others 0.71 1 88 4630
Shear bars #2 for WBW-B 0.32 {97 2810
for others 0.32 20 2750
Horizontal reinforcement #1 for WBW-E 0.08 186 6040
for WBW-B 0.12 197 7190

10) Material constants for masonry prisms used in the analysis are listed in Table 4.4. Young’s modulus was

calcutated according to the formula proposed in the Mexico City Building Code®. Compressive strengths
in the table are values obtained from compression tests in the experiments. The tensile strength of masonry
prism was assumed to be equal to 1/10 of its compressive strength based on flexural tests of bricks.
Poisson's ratio for masonry prism was supposed equal to that of concrete

1D Characteristics of the linkage element located in the boundary between the masonry panel and the RC
confining elements were assumed as follows:

iy The spring constant for stresses normal to boundary surfaces was 1.0 x 10? kgf/cm and the normal
stress-displacement relation was the one shown in Fig. 4.3 (a),
ii) The shear stress-shear slip relation in the direction paraliel 1o the boundary surface was that shown

in Fig. 4.3 (b), where the effect of normal compressive stress acting on the surface was based on
the results of shear tests on brick joints carried out by Fujii er al.”. Here, 1he shear stress 7, at
the turning point is

7, =7 + 0.80, [1]

where 7, 15 20% of the shear suength obtained from diagonal compression tests of masonry walls (see
footnote") and o, 1s the normal compressive stress acting on the boundary surface. From Eq. [1], the
friction coefficient between masonry prisms and the surrounding RC clements was supposed (o be 0.8.

In case that the normal stress g, 1s tensile, ¢, in Eq. [1] and stiffness K, in Fig. 4.3 (b} is assurned
to be zero.

' At the tme when the shear slip occurs under diagonal compression, shear stress 7, 15 equal to normal stress o,

T, =0, [f1]
Supposing the friction coefficient is 0.8, we can get the following equation:

r, =7 +08o, (f2]
Substituting Eg [f1] for Eq [f2]. we get

7, = 027,

10



12) The spring elements which represent the characteristics of joint mortar between bricks were assumed to
have load-displacement charactenistics as shown in Fig. 4.4

Table 4.4 Material constants for masonry prisms

E" p7 oy ey a3
{kgf/cm?) {kgffem®) tkpfiom®
WBW 3.237 % 10¢ 53.95 5.395
W-W 2.980 x 10¢ 49.67 4.967
WWW | 3.024x10* | 0.167 | 5040 | 0.002 5 040
WBW-E 2.895 x 107 43.25 4825
WBW-B 2.991 x 10 49,85 4.985

! Young's modulus calculated from E=6000g (after Ref 6)

" Ppisson's ratio

7 Umaxzial compressive strength; results of material tests in the experiments
*: Serain at uniaxial compressive sirength estimated from op/E=0.001667
“5: Uniaxial tensile strength calculated from a,=0y/10

T

Fig. 4.3 (a) Normal stress {(g,)-displacement (5} relationship at the boundary between brick masonry walls and
peripheral remforced concrete frames, where K = 1.0 x 10* kg/cm and o, is the tensile strength of bricks.

11
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Fig. 4.3 (b) Shear stress (r)-shear slip (S} relationship at the boundary between brick masonry walls and
peripheral reinforced concrete frames, where 7, = 9.2 kgficm®, # = 1.84 kgf/em® and §;, = 0.1 mm.

Fig. 4.4 Load (F)-displacement (8) characteristics for spring elements at horizontal jeints, where vatues for K, F,,
F, and &, comespond to Young's modulus of joint mortar (4 x 10° kgf/cm®), tensile strength of joint mortar (560
kgf), compressive strength of joint mortar (4629 kgf) and displacement calculated from the strain of joint mortar
(0.028 cm) at the compressive strength, respectively. F,, was supposed to be 60% of F,.

5. CONDITION SETTING FOR ANALYSIS

Nineteen sets of conditions were prepared for calculation as listed on Table 5.1. Horizontal and vertical loading
conditions were major factors to produce those variations. The other factor was the pretension in the. steel rods,
which were used to connect the top of the two walls of test specimen W-W. In the experiments, 6 t of pretension
in total were recorded in the rods before starting the horizontal loading. The aim of Case 7 in the table is to

12



examine the effects of this pretension, so that where 6 ¢ of pretension were introduced into the connecting rods
before starting horizontal leading and were maintained up to the final stage of calculation.

In Table 5.1, "positive" or "segative” direction of horizontal foading corresponds to the cases that the
horizontal load 1s applied to the top of walls "from left to right™ or "from right to left” on Fig. 3.1, respectively.
A vertical load of 25 t was applied to test specimens. A vertical load of 30 t and 20 t are equal 10 a 20% 1ncrease

and decrease from 25 t, respectively
Cases 18 and 19 correspond to a positive and negative loading cycle of a reversed one-cycle of loading,

respectively

Table 5.1 Cases analyzed

Case Specumen Direction of Vertical load Remarks on loading
horizontal load (9] conditions
L Positive 25
2 WBW Negative
3 Positive 30 Cne-way monotonic
4 20 loading
5 Positive 25
] Megative
7 W-w Positive 25 Pretension, 6 ¢, in
connecting rods
g Positive 30
9 20
10 WWW Posittve 25
-—
il Negative
12 WBW-E Positive 25 One-way mMonotonic
13 Negative loading
14 Positive 25
15 Negative
16 WBW-B Positive 30
17 20
18 Positve 25 Cyclic loading
19 MNegative

13



6. CALCULATION PROCEDURE

Brick masonry walls of the five test specimens were not reinforced or lightly reinforced with herizontal steel
bars. When analyzing the behavior of these structures subjected 1o horizontal loads, it is very difficult ro get
convenient solutions even if calculations are iterated for convergence. because the stress redistribution
accompanied by the occurrence of cracking and slippage cannot be accomplished smoothly in the calculation.
Therefore, in this paper, iterational calculations m order to get convenient solutions was not intended, but a
small size of load or displacement increment in every step of calculation was used, thus leaving some amount of
unbalanced forces over for the next step.

The calculation was performed after the tangent stiffness method. Loading sequences for the aineteen
cases of calculations were as follows:

{Cases I to 6 and Cases 8 to 11]

Step 1 : Apply a vertical load of 25tf, 30tf or 20tf

Steps 2 to 16 . Apply hoerizontal load increments of 1.0tf up to a total horizontal load of 15tf

Steps 17 to 60 : Suppose a horizontal displacement increment up to a total horizontal displacement
equal to 1.4 cm. If the load increment corresponding to the displacement increment
exceeds 0.5tf, then a load increment of 0.5tf was adopted.

[Case 7]

Step 1 : Apply a total vertical loads of 25tf

Steps 2to 7 : Apply the pretension with a 1-t increment

Steps 8to 22 : Apply the horizontal load with an increment of 1.0tf up to 15¢f

Steps 23 to 60 . Apply a horizontal displacement in steps up to 1.4 ¢m but so that the corresponding
load increment did not exceed 0.51F

[Cases 12 to 17]

Step 1 : Apply a vertical load of 25tf, 30tf or 20

Steps 210 16  : Apply the horizontal load with an increment of 1.0tf up 1o 15tf

Steps 17 to 100 : Apply a horizonral displacement in steps up to 4.0cm but so that the corresponding
load increment did not exceed 0.5tf

[Cases 18 and 19]

Swep 1 : Apply a vertical load of 25tf

Steps 2 to 16 : Apply positive horizontal load with an increment of 1.0tf up to 15¢F

Steps 17 to 26 : Apply positive horizontal load with an increment of 0.5¢f up to 20tf

Steps 27 to 66 : Apply positive honizontal load with a decrement of 0.5tf down to zera

Steps 67 to 81  : Apply negative horizontal load with an increment of 1.0tf up to 15tf

Steps 82 to 165 : Apply negative horizontal displacement in steps up to 4.0 cm but so that the
corresponding load increment did not exceed 0.5tf

Calcutation was stopped when the horizoatal resistance of the specimen began to decrease. This was

because results of calculanton in an unstable specimen are not reliable

7. ANALYSIS RESULTS

14



7.1 Cases 1 to 4; Specimen WBW

In Fig. 7 1.1, horizontal load-horizontal displacement relations catculated in Cases 1 and 2 are compared with the
corresponding hysteretic curve obtained in the test. It is observed that the calculated elastic rigidines were a little
larger than the test results, but the ultimate shear strengths and the corresponding displacements are in good
agreement with those observed 1n the experiment (see Table 7.1). In addition, the difference in the values of
ultimate shear strengths for positive and negative loading 1s little. In this paper drift angle is defined as the ratio
of horizontal displacement to specimen’s height.

Table 7 1 Ultimate shear strengths and corresponding drift angles in Cases 1 to 4

Ultimate Shear Strength Drift Angle at Ultimate Strength
Case
Test (tfy | Cal. (ify | Test/Cal. Test (10%) Cai. (107
1 264 24.8 1.06 1.35 1.55
2 25.5 240 1.06 1.53 1.12
3 - 26.8 - - 1.98
4 - 233 - - 1.47

In Fig. 7.1 2, the load-displacerment curves caloulated in Cases 1, 3 and 4, in which vertical loads were
25¢f, 30tf and 20tf, respectively, are compared. Effects of vertical load in the elastic region are not observed, but
in the 1nelastic region where the horizontal load was higher than 17 or 18tf and inchined wall cracks had occurred.
The effect of vertical load in this region is on the rigidity and ultimate shear strength: the hugher is the vertical load,
the farger are the rigidicy and ultimate shear strength. Comparing Case 1 with Cases 3 and 4, it can be readily seen
that an increase of vertical load by 20% caused an increase of ultimate shear strength of 8% and, also, that a 20%
decrease of vertical load caused a 6% decreasc of the ultimate shear strength. Comparable effects are observed in
normal reinforced concrete columns and walls subjected to axial loads.

Calculated deformation patterns at a horizontal load of 18:if are shown in Figs 7.1.3 to 7.1.6 and are
compared with test results. Calculated shapes are in good agreement with the test results. Note that displacement
scales are dufferent

Calculated crack development is shown in Figs 7.1 6 10 7.1.9  Crack patterns when horizontal loads
reached ultimate shear strength are compared with those recorded in the experiments. Cracking evolution are
sumilar in every case and can be described as follows:

1) Initial shear slips occurred along boundary surfaces between masonry walls and confining RC members.
2) Cracks occurred at lower comers of walls and continued along tie-columns and foundation bears.
3 During the extension of the cracks in [ower positions of tie-columns, more shear cracking appeared in

central parts of walls in the opposite side of the horizontal loading point. Similar shear cracks
appeared, a little later, in another walls.

4) Shear cracks extended along the diagonal. Boundary surfaces between masonry walls and RC members
separated. Maximum strengths were recorded for such condition.

3 Comparing Cases 2, 3 and 4, the higher the vertical load, the smaller the amount of inclined cracking in
walls.

15
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—— Case 2; Negative
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Fig. 7.1.1 Load (Q)-displacement () relationships calcufated in Case 1 and Case 2

Q{tf)
3 ! !
29
20
15
Case 1; Verticat! load = 25 if
10 k e Case 3; =30 1f
------ Case 4, =20t
Experiment; =251t

[

i}

1.
] 0.092 0.004 0. 408

Fig. 7.1.2 Load (Q)-displacement (3) relationships calculated in Case 1, Case 3 and Case 4
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7.2 Cases 5 to 9; Specimen W-W

In Fig. 7.2.1, horizontal load-horizontal displacement relations calculated in Cases 3 and & are compared with the
corresponding hysterctic curves obtained in the experiments. It is observed in the figure that the elastic rigjdity
calculated m Case 5 was a little larger than the test result, but values of the ultimate shear strength and the
corresponding displacement are in good agreement with test results (see Table 7.2). In Case 6, all those values are
in good agreement with test results. In addition, due to effects of the loading sequence, the elastic rigidity was
higher for positive loading, and the drift angle at the ultimate shear strength was larger for negative loading.

Table 7.2 Ultimate shear strengths and corresponding dnft angles in Cases 1 10 4

Ultimate Shear Strength Drift Angle at Ultimate Strength
Case §
Test (tfy | Cal. (tfy | Test/Cal. Test (10 Cal. (10%)
5 22.2 23.2 0.96 1.38 1.33
6 24.0 23.1 1.04 1.57 1.54
7 222 23.0 0.97 1.38 1.29
8 - 237 - - 1.23
9 - 21.8 - - 1L.40

In Fig. 7.2.2, the load-displacement relation caleulated in Case 7 is compared with that obtained in Case
5. No difference was observed between those two relations so that the pretension, which was recorded in the test
and analytically introduced in the connecting rods, had no effect on the seismic behavior of specimen W-W.

In Fig. 7.2.3, the load-displacement relations in Cases 5, 8 and 9 are compared to discuss the effect of the
vertical load. From this figure and Table 7.2, similar effects of vertical load as those described in the preceding
section (7.1) can be observed.

Qg
30
Fig. 7.2.1 Load (Q)-displacement (3)
2k it relationships calculated in Case 5 and Case
f . 6
w F A
t
‘ !
-8 F b
—— Case 5, Positive ‘
-0 ~==: Case 6, Negative "
Expenment 1
-39 L 1 1 B {em)
-5 ¢ -1 -1t ] 1.0 210 [
L 1 1 | R
~p 410 =4, 005 0 9. 00% g. 014
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Calculated deformarion patterns at a horizontal load of 18tf are shown in Figs 7.2.4 to 7.2.9 and are
compared with test results. Calculated patterns are in good agreement with test results.

Computed crack development 1s shown in Figs 7.2.10 to 7.2.14. Crack patterns for honzontal loads
corresponding to the ultumate shear strength are compared with those recorded in the tests. In these graphs, it can
be observed that inclined cracks appeared on many finite elements along the diagonals of brick walls in every case.

Q)
10 T T Y
Fig. 7.2.2 Load (Q)-displacement ()
; relationships calculated in Case 5 and Case
! 7. where P is the pretension which is
ntroduced to steel rods.
1
5
wk gl y o7 4 T T Case 5 P=zem
Case7, P=6t |
5 Expernment, P =61 |
§
] 8 {cm)

Fig. 72.3 Load (Q)-displacement ()
relationships calculated in Case 5, Case 8 and
Case 9

Case 5; Vertical load =25 if 4

------ Case§;’ =301 |
------ Case 9, =201t
Expeniment; =251

9 0.9 110

0 0.902 0.004 0. 008



In the experiments, however, the number of diagonal cracks in brick walls was not so many but a few cracks were
predominant. In spite of this difference, we can conclude that the crack parterns obtained by calculations may
suggest a good image of the real phenomenon.

o= +

Calculation / Case 5 a

Fig. 7.2.4 Deformartion pattern at a horizontal load of + 18if in Case 5 and its corresponding test result
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Fig. 7.2.5 Deformation pattern at a horizontal load of -18tf in Case é and its corresponding test result
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