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SUMMARY

Fundamental mechanical properties:of bricks and static loading tests
of masonry walls made of miniature bricks and full-scale bricks are reported
first, and elastic-plastic behavior, maximum load carrying capacity, degrada—
tion in load capacity, and deformability and ductility are discussed. As
the synthetic fruit of the static wall tests failing in shear and flexure,
an elasto-plastic analysis, a shaking table test and a dynamic response anal-
ysis using formulated hysteresis loops, an earthquake-resistant design prin-
ciple for brick masonry buildings is discussed in the latter half and a ra-
tional design recommendation is proposed for reinforced brick masonry
buildings to resist and survive severe earthquakes in a ductile manner.

INTRODUCTION

Brick masonry is one of the most popular structural systems in the
world which has a long history and is beautiful in appearance. However,
earthquake kills a large number of people by destroying masonry structures
despairingly, especially masonry residences. In Japan, new brick masonry
structures have seldom been constructed for quite a long time, attaching
suspicion to their earthquake-resistant capability, since a number of mason-
ry structure were severely destroyed due to the 1891 Nobi-Earthquake and
the 1923 Kanto-Earthquake. There are few researches on brick masonig }5)
Japan contrasting with active and abundant works in many countries.

This paper reports the fundamental mechanical properties of typical bricks
produced in Japan, load carrying capacity and deformability of unreinforced
and reinforced brick masonry walls in the former part. Discussion is con-
centrated on the effect of the vertical or horizontal reinforcements on the
load carrying capacity and ductility of the walls made of hollow bricks

which fail in shear or in flexure, and the theoretical method for the predic-
tion of the elastic-plastic behavior of the walls is developed. The formula-
tion of the hysteretic characteristics to apply to a response analysis is
summarized, confirming the applicability of the formulated loops to a dynam-—
ic response analysis following—up the behavior in the shaking table test.
Finally, a rational earthquake-resistant design principle and recommendation
for reinforced brick masonry buildings are proposed, emphasizing the method
of reinforcing to maintain the load carrying capacity without severe deteri-
oration after the attainment of the maximum load.
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FUNDAMENTAL PROPERTIES OF BRICKS AND WALLS

Fundamental mechanical properties of typical bricks produced in Japan
and their units with mortar joints are listed in Table 1. Fundamental prop-
erties of brick wall elements were investigated experimentally using three
types of miniature bricks which were reduced in 1/3 scale of proto-type
bricks. Shapes and dimensions are shown in Fig. 1. Average compressive
stress versus contraction relationships of wall elements and a brick itself
are illustrated in Fig. 2, comparing with the analytical results under the
assumed stress-strain relationships as shown in the figure. Envelope curves
for hysteretic characteristics of the miniature brick walls under alter-
nately repeated horizontal load are shown in Fig. 4. Details of the experi-
ments were reported in Ref. 13). Behaviors of the unreinforced single wall
(type 2) and the single wall reinforced only by vertical reinforcements
(type 4) are quite similar. Maximum load carrying capacity and the story-
drift angle at the maximum load increased in the cases of the H-type walls
{type 1 and type 3) with the end-wall elements which were perpendicular to
the main shear wall. The skeleton curves of the single walls which were
made of block-type hollow bricks shown in Fig. 1(c) and reinforced by verti-
cal and horizontal reinforcements were rather similar to that of the H-type
walls. The story-drift angle at the maximum load and deformability in-
creased to some extent by horizontal reinforcements, as shown in Fig. 4(b).
The average shear stress at_the maximum load was about 20-30 kg/cm (average
mortar strength = 240 kg/cm ).
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REINFORCED MASONRY WALLS FAILING IN SHEAR

EXPERIMENTS Cyclic horizontal loading tests for reinforced brick mason—
ry walls which were made of full-scale bricks shown in Fig. 5 and reinforced
vertically and horizontally as shown in Fig. 6, were done using the test
set-up shown in Fig. 7. Efficiency of horizontal reinforcements and the
effect of the vertical load on the maximum shear capacity and ductility of
the walls were investigated. The test results are shown in Fig. 8. Hori-
zontal reinforcements more than p = 0.85 % is required to expect ductile
shear failure as shown in Fig. 8(3). The maximum shear capacity was not
affected very much by the amount of horizontal reinforcements.
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ANALYSIS Theoretical analysis for the wall which failed in shear was
made using two-types of physical models which represent the resisting mecha-
nisms against shear. Concept of physical models of an arch-mechanism and a
truss-mechanism to estimate the maximum shear capacity which was reported in
Ref. 14) was extended to trace a load versus story-drift relationship of a
wall failing in shear. Physical models and symbols are illustrated in Fig.
9. Basic equations are developed in the incremental form as shown in Egs.
(1) ~ (8). The first two equations for each mechanism are compatibility
conditions and the last two are equilibrium equations. Load versus story-
drift relationship for each mechanism are given analytically by the fourth
equation when the instantaneous rigidity and the effective cross sectional
area at an arbitrary stage of loading are known. Total behavior of the wall
is given by the summation of the behaviors of two mechanisms. Analytical
results are shown in Fig. 11, comparing with the experimental results. The
maximum load carrying capacity, ductility and degrading behavior in load
capacity were beautifully caught by the analysis under the reasonable as-
sumptions for the stress-strain relationship for the diagonally compressed
brick wall based on Refs.15) and 16).
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REINFORCED MASONRY WALLS FAILING IN FLEXURE

Load carrying capacity and ductility of the reinforced walls failing in
flexure are discussed in this section. Test specimen is illustrated in Fig.
12. Typical hysteretic load-displacement relationship under constant com-—
pression and alternately repeated horizontal load is shown in Fig. 13.
Behavior is quite ductile as shown in the figure and ductility is not af-
fected by the magnitude of axial compression in the range of average compres-—
sive stress less than 20 kg/cm . The maximum bending capacity of the wall
was well predicted by the additive strength method in which the maximum load
capacity was given by the sum of that of reinforcements and that of brick
portion as shown in Fig. 14. In the case of out-of-plane bending for walls,
behavior was also very ductile and the maximum load capacity was predicted
in reasonable accuracy by the same manner of the analysis for singly rein-—
forced concrete beams as shown in Fig. 15.
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MODEL OF HYSTERESIS LOOPS

Formulation of hysteresis loops which is valid not only in the small
deformation range but also in the large plastic deformation range is very
important to estimate dynamic response behavior of this type of structures
under a severe earthquake. The first author et al. proposed the new method
for the formulation of hysteresis loops in Ref. 17). Concept of the formula-
tion is shown in Fig. 16. The formulated hysteresis loops (Fig. 16(a)) are
represented by the summation of three basic loops; a degrading model having
an arbitrary skeleton curve (Fig. 16(b)), a slip model which is able to pre-
sent the load deterioration of the arbitrarily prescribed magnitude (Fig.
16(c)), and a bi-linear model (Fig. 16(d)). When a skeleton curve, share
parameters of basic loops for load carrying capacity B and D, and a deterio-
ration paramenter are given, the hysteresis loops are fixed determinately.

A skeleton curve can be given experimentally or analytically as mentioned
previously. B, D and the deterioration parameter are given on the basis of
experimental investigations. Examples of the formulated hysteresis loops
are shown and compared with the statical experimental results in Fig. 17.
The results of a dynamic response analysis using the formulated loops are
shown in Fig. 18 comparing with the shaking table test results which were
reported in detail in Ref. 13). The formulated loops traced the static
loading test results very well and the dynamic response analysis can predict
the response in the shaking table test in reasonable accuracy.
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DESIGN RECOMMENDATION FOR REINFORCED BRICK MASONRY BUILDINGS

On the basis of the experimental and theoretical investigations men-
tioned in the preceding sections, the authors propose a reinforcing princi-
ple and an earthquake-resistant design recommendation for brick masonry
buildings, especially for two- or three-storyed brick masonry residences.
The proposed design recommendation is applicable to the type of structures
which would be made of the bricks shown in Fig. 5 or bricks with the same
quality as them, and reinforced by completely infilled concrete in cores,
and vertical and horizontal reinforcements.

Principle and recommendation (1) Ultimate horizontal load carrying capac-
ity is ensured by an appropriate arrangement of walls and columns having the
prescribed cross sectional area. Minimum requirement for a wall cross sec—
tional area is based on the following principle. Story shear coefficients

at the attainment of the allowable shear stress of the walls, at initial
shear cracking in the walls and at the maximum load carrying capacity should
be 0.25, 0.7 and 1.0, respectively. Assumsd average shear stresses at crack-
ing and the ultimate state are Tcr=7 kg/cm” and t =10 kg/cm®, respectively.
The previous experiments guarantéed about T = 20 kg/cm~ at cracking. The
prescribed minimum wall area corresponds to"B3em length of the wall with 15
cm thickness per square meter of the floor area in the case of the 1lst story
of two-storyed buildings.

(2) Amount of horizontal reinforcements in walls and columns is determined

so as to be able to maintain the initial shear cracking stress of the wall
only by shear reinforcements, satisfying Eq. (9).

Ty =pw-cry = Tap (9)
where t© , p and ¢ denote shear stress at yielding of horizontal reinforce-
ments, YoriZontal ¥einforcement ratio and yield stress of reinforcements,
respectively.

(3) Amount of vertical reinforcements in walls and columns against bending
is given 'so as to yield in tension just when the wall or column attains its
shear cracking stress, satisfying Eq. (10).

a, = 0.5 t h' P, (10)
where a,,t and h' denote the required cross sectional area of vertical rein-
forcements, the thickness of walls or columns and the clear height of walls
or columns, respectively.

(4) Main reinforcements and shear reinforcements in spandrel beams and wall
elements attached to the spandrel beams are to be determined to ensure that
the walls and columns could attain the prescribed ultimate strength.

Referring that the previously mentioned experimental results guarantee
the greater shear strength than the assumed value, all elements in the struc-
ture designed according to the proposed design recommendation could be ex—
pected to fail in flexure and behave in a satisfactorily ductile manner.

CONCLUSION

On the basis of the experimental and analytical investigations, the
following conclusions can be drawn.
(1) Masonry walls made of block-type hollow bricks with cores can be appro-
priately reinforced by vertical and horizontal reinforcements and can be
ductile even when shear failure takes place with more horizontal reinforce-
ments than p, = 0.85 %.
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(2) Ultimate shear strength and a skeleton curve of brick masonry walls can
be predicted analytically in reasonable accuracy by the compound physical
model analysis based on an arch-mechanism and a truss-mechanism.

(3) Behavior of brick walls failing in flexure is very ductile in both cases
of out-of-plane bending and in-plane bending. Maximum flexural load capaci-
ty can be predicted by the additive strength method.

(4) Hysteretic restoring force characteristics of brick walls can be formu-
lated by the proposed model which is composed of the sum of three fundemen-
tal models; a degrading model, a slip model and a bi-linear model, through
the whole range of loading including load deterioration and degradation.
Dynamic behavior can be caught by an elasto-plastic response analysis to
which the formulated hysteresis loops were applied.

(5) Building structures designed according to the proposed reinforcing prin-
ciple and the design recommendation can be expected to behave in quite a
ductile mannar under a severe earthquake.
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