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7.3 Case 10 and 11; Specimen WWW

In Fig. 7.3.1, horizontal displacement relations calculated in Cases 10 and |1 are compared with the corresponding
hysterctic curve obtained in the experiment. Ultimate shear strengths and drift angles caused at ultimate states are
listed on Table 7.3 in comparison with test results. It is observed from the figure and table that elastic rigidities
and ultimate shear strengths are in general in good agreement with test resuits, but there is a big difference in drift
angles at ultimate strengths between calculated values and test results,

Table 7.3 Ultimate shear strengths and corresponding drift angles in Cases 10 and 11

Case Ultimate Shear Strength Drift Angle at Ultimate Strength
Test (tf} | Cal. (tf} | Test/Cal. Test (10% Cal. (10%
10 25.9 27.3 0.95 1.62 1.24
11 28.5 27.0 1.06 3.08 1.54

Computed deformation patterns at a horizontal load of 18if are shown in Figs 7.3.2 and 7.3.3 in
comparison with test results, Crack development is shown in Figs 7.3.4 and 7.3.5, where crack patterns for a
horizontal load corresponding to the ultimate shear strength are compared with those recorded in the experiments.

Calculated deformation patterns and calculated crack patterns in brick walls are in good agreement with
test results. However, slip or separation along boundary surfaces between columns and brick walls, which were
not observed in the experiment, were obtained in the analyses.

Q(tf)
30 | | T 1)
— ]
10 F
ﬂ /
T
17
| : 4 Case 10; Positive ldg
=11 R SRR 7 sc i 7| == Cass 11; Negative [
! _/" — Experiment
-390 | ]_ 1 1 6{CITI)
-3.0 =2.10 =-1.0 0 B0 2.0 3.0
I I : ) ’ R
-G 0190 -0. 005 0 0. 005 0. k1)

Fig. 7.3.1 Load (Q)-displacement (&) relationships calculated in Case 10 and Case 11
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7.4 Cases 12 and 13; Specimen WBW-E
Specimen WEBW-E had the same geometry as Specimen WBW, but its brick walls were horizontally reinforced with

a pre-fabricated ladder-shaped reinforcement. In Fig 7.4.1 the load-displacement relationships calculated in Case
12 and 13 are compared with test results  Calculated load-displacement curves are in good agreement with test
results in the drift angle range from -0 002 to +0 002, However, outside this range, a considerable difference
between calculation and test restlts are observed The discrepancy is attributed to the fracture of the ladder-shaped
remforcement at a dnft angle of around 0.002. Failure of horizontal reinforcement led to degradation of the load-
displacement relation, but in the calculation such kind of fracture of reinforcement was not taken into consideration.

Looking at Table 7.4, a big difference in the values of ultimate shear strengths and corresponding drift
angles are observed berween computed and test results

Table 7.4 Ultimate shear strengths and corresponding dnfi angles m Cases 12 and 13

Case Ultimate Shear Strength Drift Angle at Ultimate Strength
Test (tf) | Cal. (if) | Test/Cal. Test (107 Cal (107
12 33 45.2 0.69 2.21 7.52
13 342 47.3 0.72 5.00 6.37

Crack development, including ships and separations, and crack pattemns at the final stage compared with
test results are shown n Figs 7.4.2 and 7 4.3 When ulumate strength was attained in the calculation, diagonal
cracks propagate all over the brick walls and strain softening ot concrete crushing eccurred at wall corners. These
are phenomena which did not appear in Specimen WBW (see Figs 7.1.6 10 7.1.9), and imply the effectiveness of
horizontal reinforcement in brick masonry walls. Should the ladder-shaped reinforcement had not fractured in the
experiment, the ultimate strength of Specimen WBW-E would have been larger.

Qan

5t
Fig. 7.4.1 Lload (Q)-displacement ()

relationships calculated 11 Case 12 and Case
13

it

3

~—Case 12; Positive Idg
- --=- Case 13, Negative
—— Expenment

L L 4 {em)
-3t =2.0 -1.0 ¢ 1.0 11 110

=0. 010 -0, 009 1 9, 005 0. 0190
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7.3 Cases 14 to 19; Specimen WBW-B

Specimen WBW-B had also the same geometry as Specimens WBW and WBW-E, but walls were horizontally
reinforced with two high-strength cold-drawn deformed wires at every three courses. The summary of analyses
results and their comparison with test results are presented in Table 7.5,

In Fig. 7.5.1 the load-displacement relationships caleulared in Cases 14 and 15 are shown and are compared
with the test results. In Case 14, the calculated relation agrees well with the 1est resules, though the efastic rigidity
and displacement at ultimate strength were a little larger than those measured in the experiments. Calculated values
of ultimate shear strength and displacement ar ultimate strength in Case 15 were larger than test results by about
20%. Effects of loading sequence of horizontal force are clearly observed in the range of horizontal {oad over 30tf,
where shear rigidity and shear resistance in the negative loading (Case 15) are larger than those in positive loading
(Case 14).

Table 7.5 Ultimate shear strengths and corresponding drift angles in Cases 14 to 19

Case Ultimate Shear Strength Drift Angle at Ultimate Strength
Test (tH) Cal, (1) | Test/Cal. Test (10 Cal. {10%
14 46.8 46.1 1.02 T.41 10.43
15 41.1 50.5 0.81 6.01 8.91
16 - 46.1 - - 7.32
17 - 44.5 - - 8.17
18 46.8 44.5 1.05 7.41 8.32
19 41.1 43.7 0.94 6.01 4.96

The effect of vertical load on the load-displacement relationship are observed in Fig. 7.5.2, where the
curves for Cases 14, 16 and 17 are compared: as in other specimens, vertical load did not greatly affect the elastic
rigidity but it increased the ultimate sirength and the stiffness in the plastic range.

In Fig. 7.5.3, the load-displacement curves for Case 14 (monotonic positive loading) and for Case 18
{cyclic loading) are compared. A similar comparison is shown in Fig. 7.5.4, for Case 13 (negative monotonic
loading) and Case 19 (cyclic toading). In Case 18, horizontal load was applied up to 20tf in the negative direction
first, then unloaded 1o zero, and finally reloaded in the positive direction to the ultimate state. On the other hand,
in Case 19, horizontal load is applied up to 20tf in the positive direction first, then unloaded to zero, and finally
reloaded in the negative direction up to the ultimate state. In Fig. 7.5.3, slight difference is observed at
displacements larger than 1.5 cm between Cases 14 and 18. In Fig. 7.5.4, it is observed that the cyclic loading
and loading sequence contribute to reduce the shear rigidity in the plastic region, ultimate shear sirength and
ductility.

In Figs 7.5.5 to 7.5.10 the crack development (including slips and separation) and crack patierns at the final
stage compared with test results are shown. When ultimate strength was atrained in the analysis, inclined cracks
propagated over the brick walls and strain softening or concrete crushing occurred at wall comner.  The details of
the crack patterns can be seen on Fig. 7.5.11, where crack patterns for Case 1 are also shown for comparison.
These tesulis are in good agreement with the 1est resulis.  Horizontal wires in brick masonry walis of this tesi
specimen also fractured in the experiment as in the case of Specimen WBW-E. However, fracture occurred at a
drift angle larger than 0.006 after steel plastification. This is considered the reason why the analyses resulis for
Specimen WBW-B are very similar to the behavior observed in the experiment.
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8. CONCLUSION

In this paper, the finite element method was applied to the analysis of confined masonry structures subjected to
honzontal loads. Results of the experiments on full-scale confined masonry walls conducted at CENAPRED in 1991
1o 1992, were utihzed for investigating the validity of the application.

The most criical point when applying the finite element method to confined masonry structures is the
selection of suitable analytical models which represent the mechanical characteristics of the boundary between the
remforced concrete structural members and the brick masonry walls. In this paper, coupling elements on the
boundary, each of which has two springs in the directions normal and paralle! to the boundary surface were used.
The spring in the direction parallel to the boundary surface had a spring constant which depended on the magnitude
of normal stress acting on the boundary surface.

The horizontal load-horizontal displacement relationships calculated were, in general, in good agreement
with the test results. In some cases, the analyses did not correlate with the test results well. This was attributed
to an 1nadequate modeling of the boundary conditions.

In the analyses presented, convergence of solutions in every step of calculation was not complete, but at
this time there is no analytical solution to prevent this problem.

ACKNOWLEDGEMENT

This research is conducted as a part of the CENAPRED-JICA (Japan International Cooperation Agency) cooperative
program on the earthquake disaster prevention.

The authors express their sincere thanks to Dr. Roberto Meli, Research Director, CENAPRED, Dr. Sergio
M. Alcocer, Head of the Seismic Test Area, Research Department, CENAPRED, Mr. Lorenzo D. Sanchez and
Mr. Tomas Sanchez, Researchers, Research Department, CENAPRED, for their effort in conducting the
experiments on confined masonry sttuctures and also for offering the data of this research. Mr. Motoji Saito, a
former Japanese expert dispatched to CENAPRED from 1991 to 1992, provided information and data on the
material characteristics of confined masonry structures. Many thanks are extended to him.

REFERENCES

I} Ishibashi, K., R Meli, .M. Alcocer, F. Leon and T.A Sanchez (1992). Experimental study on
earthquake-resistance design of confined masonry structures, Proceedings of IOWCEE, Madrid, Vol. 6, pp 3469-
3474,

2) Ishibashi, K and H. Kanemaru (1992) Seismic tests of confined masonry structures using selid clay bricks
in Mexico (Part 1) (Part 2}, Proc. of Anrual Conv., Struct. I, All, pp. 1969-1972, (in Japanese).

3) Darwin, D. and D.A Pecknold (1977). Nonlinear biaxial stress-strain law for concrete, Journal of the
Engineering Mechanics Diviston, ASCE, Vol. 103, No EMZ, pp. 229-241.

4} Kupfer, H.B and K.H. Gerstle (1973). Bchavior of concrete under biaxial stress, Jourral of the
Engineentng Mechanics Division, ASCE, Vol 99, No, EM4, pp. 853-866.

5) Fafitis, A. and S P. Shah (1985). Lateral reinforcement for high-strength concrete columns, ACT Special
Publicarion, No. 5P-87, pp. 213-232.

52



6) Departamento del Distrito Federal (1989). Normas Tecnicas Complementarias para Disefio y Construccitn
de Estructuras de Mamposteria. Gacete Oficial del Departamanto del D.F., p. 19,

7 Fujir, K., T. Kubo, H. Katsumata, et al. (1990). Evaluation of seismic capacity and retrofit of an existing
brick masonry structure (Part 1 - 4), Proc. of Annual Conv., Struct. {1, AlJ, pp. 1009-1016, (in Japanese).

2) Amemiya, A. and H. Noguchi (1990). Development of finite element analytical program of high strength
reinforced concrete members (Pant 1: Development of concrete model), Proc. of Annual Conv., Struce. If, AU, pp.
639-640, (in Japanese).

9N State-of-the art report on high strength concrete (1991), chapter 2, 3.3.1; Tensile strength: edited by AlJ,
(in Japanese)}

53



APPENDIX: Preliminary Analysis on Modeling of the Boundary Element between Brick
Masonry Walls and Peripheral Concrete Frames

Typical mechanical properties of confined masonry structures are:

1} mechanical discontinuity at the boundary surface between brick masonry walls and the confining reinforced
concrete members (tie-columns and bond-beams),

2) non-homogeneity of masonry walls which consist of bricks and joint mortar,

3) brittle nature of the failure mode of masonry walls since horizontal wall reinforcement 15 not provided, and

4) large variation of marerial characteristics

which are major faciors thav make the theoretical analysis very difficult.

According to the aurhors’ preliminary investigation, the first property, thar 15 mechanical discontinuity at
the reinforced concrete and brick boundary, has the most critical effects on crack development and load-displacement
relations of confined masonry structures. I[n this paper, the authors adopted a two-spring linkage element as an
equivalent of the property of this boundary surface. In this appendix, the preliminary analysis, which served as
basis for the two-spring hnkage element assumed in this paper, is described.

Al. Concept of Two-Spring Linkage Element

At the boundary surface brick masonry walls and confining reinforced concrete members (hereinafter, boundary
surface), separation and slippage have to be taken into consideration in the analysis When analyzing reinforced
concrete structures, two-spring linkage elements are used in order to simulate the behavior of discrete eracks. The
concept of this linkage element 15 shown in Fig. Af. The element consists of two orthogonal springs, one of which
is effective in the direction normal to the boundary surface (normal spring) and the other is effective in the direction
parallel to the boundary surface {parallel spring). Normal and parallel springs represent the behavior of separation
and slippage, respectively  Authors tried to apply this linkage element to confined masonry structures.

Gika]
b4

7
!

{a) Separation (b) Shippage

Fig. Al Concept of linkage element

A2, Cut-off Strength of Normal Springs

The normal spring has to be cut off when the stress acting on the spring exceed the bond strength of the boundary
surface ¢,. However, the bond strength o, was not measured in the experiment, and so three cases of calenlations
were conducted with reference to the test results for Specimen WBW, supposing g, = o (Case A), 0.0 kgfiem?
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{Case B) and 5.4 kgffem™ (Case C). Here, 5.4 kgf/cm’® in Case C is the tensile strength of bricks obtained from
bending tests.

Table Al and Figs A2 and A3 show the results of calculation, where the following can be observed:

1) There 15 very little difference in load-displacement relationships and ultimate shear strengths for Case A
and Case C.

2) In Case A and Case C, calculated elastic rigidities are larger than the test results and calculated ultimare
strengths are smaller than the test results.

3 In Case B, the calculated elastic rigidity is in good agreement with the test results but the stiffness in the

plasuc region and displacement corresponding to the ultimate strength are too small or too large compared

with the test results, respectively.
4} Crack patterns ad deformation modes are not well simulated in all cases.

As a result, the cut-off strength of 3.4 kgf/em® may be too large and a lictle smaller values should be better
to be supposed However, no data is available to select an appropriate cut-off strength at this time. If 5.4 kpf/em?
1s assumed as a cut-off strength, the elastic ngidity will probably be estimated at a jarger value than the true value.

Table Al Ultimate shear strengths and corresponding drift angles in Cases A 10 C

G, Ultimate Shear Strength Deft Angle at Ultumate Strength
Case | (kgficm®)
Test {tfy | Cal. (tfy | Test/Cai. Test (10%) Cal. (10%
A oo 26 4 23.5 1.12 1.35 0.85
B 0.0 264 26.3 1.00 1.35 2.32
C 3.4 26.4 23.5 1.12 1.35 0.84
Q¥

— Case AandCaseC

--- CaseB
____ Expenment / Specrmen WBW
; V4 ; 8 {cm)
k] v 5 Wi [ ]
{ N . . | Rrad}

Il
0 090y a0 a0 a 004 905

Fig. A2 Load (Q)-displacement (5) relanonships in Case A, Case B and Case C
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A3.  Shear Stress-Shear Slip Relation for Parallel Springs

Two kinds of models were assumed in order to simulate the slip phenomenon as shown in Fig. A4. The shear
stress-shear slip relation is assumed to be bi-linear in both cases, but the trigger shear stress, at which the slip
occurs, was fixed at 9.2 kgf/cm?® (this value is selected from the test results in Ref. 7) in Model-1, and in case of
Model-2 it was assumed to be a function of the normal stress acting at the boundary surface.

T T
i
Tt - Ty
Kz = K{/100 o = K9/100
080y,
r -t c
Ky ! K1 Kz = F1/100
|
s L
31 84 s
Model-1 Ty = 8.2 kgticm®, §1=05mm Model - 2. 1y = 9.2kgf/em?, Tq = 021y
Sy =0 1mm

Fig A4 Shear stress (r)-shear slip (S) relationship at the boundary

Two cases of calculations (Case Db and Case E) were conducted in order to simulate the test results on test
specimen WBW (n the experiment, assuming these two models. In the calculations, the cut-off strength of normal
springs was supposed to be 5.4 kgffem?,

Resuits are shown in Table A2, Figs A5 and A6. Observing these results. it looks that Model 2 can
simulate the behavior better than Model 1.

Table A2 Ultimate shear strengths and corresponding horizontal displacements in Cases D and E

Ultimate Shear Strength Dnft Angle at Ultimate Strength
Case | Slip Model
Test (¢ | Cal. (tf) | Test/Cal. Test (10 Cal (109
D Model 1 26.4 24.8 1.06 1.35 159
E Model 2 26.4 23.5 1.12 1.35 084
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