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SEISMIC BEHAVIOUR OF CONFINED MASONRY WALLS

MIHA TOMAZEVIC* AND IZTOK KLEMENC
Slovenian National Building and Civil Engineering Institute, Dimiceva 12, 1000 Ljubljana, Slovenia

SUMMARY

The results of tests of plain and confined masonry walls with h/[ ratio equal to 1-5, made at 1:5 scale, have been used to
develop a rational method for modelling the seismic behaviour of confined masonry walls. A trilinear model of lateral
resistance—displacement envelope curve has been proposed, where the resistance is calculated as a combination of the
shear resistance of the plain masonry wall panel and dowel effect of the tie-columns’ reinforcement. Lateral stiffness,
however, is modelled as a function of the initial effective stiffness and damage, occurring to the panel at characteristic
limit states. Good correlation between the predicted and experimental envelopes has been obtained in the particular case
studied. The method has been also verified for the case of prototype confined masonry walls with h/[ ratio equal to 1-0.
Good correlation between the predicted and experimental values of lateral resistance indicates the general validity of the
proposed method. © 1997 John Wiley & Sons, Ltd.
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INTRODUCTION

Confined masonry, i.e. masonry with vertical tie-columns, represents one of the most widely used masonry
construction systems in Europe, Asia, and Latin America. The basic feature of confined masonry structures
are the vertical, reinforced-concrete or reinforced-masonry bonding elements tie-columns, which confine
the walls at all corners and wall intersections, as well as along the vertical borders of door and window
openings. In order to be effective, tie-columns are well connected with the bond-beams along the walls at
floor levels.

It is generally believed that tie-columns prevent disintegration and improve the ductility of masonry when
subjected to severe seismic loading. In a way, similar behaviour of confined masonry is expected as in the case
of reinforced concrete frames with masonry infill. However, in the case of confined masonry, tie-columns do
not represent the load-bearing part of a structure. According to the requirements of recent European codes,
no contribution of vertical confinement to vertical and lateral resistance should be taken into account in the
calculation.’* The amount of reinforcement is determined arbitrarily on the basis of experience, and depends
on the height and size of the building.

Seismic behaviour of confined masonry has been already subject of experimental studies. By testing a series
of models of single storey masonry houses by subjecting them to dynamically imposed sinusoidal displace-
ments with increasing amplitudes, Umek?® concluded that vertical tie-columns significantly improve the
ductility of masonry buildings, but have little effect on the lateral resistance. Similar conclusions have been
obtained in Latin America by Meli* and Aguila et al.,> to name some typical reports. Correlation studies,
where the behaviour of plain masonry wall panels of usually poor quality masonry has been compared with
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the confined ones, have been carried out in China.®” Recently, Alcocer and Meli® studied energy dissipation
capacity and ductility of masonry wall assemblages, confined and reinforced in different ways, whereas
Aguilar et al.,’ Tiba et al.'® and Yoshimura et al.'! studied the influence of horizontal reinforcement on the
seismic behaviour. Moroni et al.'*'3 collected a data base of 50 tests of confined masonry walls in Latin
America and proposed a simple model, based on the statistical analysis of test results, to predict their inelastic
behaviour. They also conducted a parametric study and investigated the requirements regarding displace-
ment capacity and storey drift.

To obtain the basic data needed for the evaluation of results of shaking-table tests of models of confined
masonry buildings, recently carried out at Slovenian National Building and Civil Engineering Institute
(ZAG),** 3 confined masonry model walls, built at 1:5 scale, have been tested within the experimental part of
the research project. In addition, 3 referential plain masonry walls have been tested under similar loading
conditions to obtain the basic mechanical properties of the model masonry. Although the tested walls have
been relatively small, the expected mechanism of seismic behaviour has been adequately reproduced. Taking
advantage of experimental results, the observed behaviour and measured data have been used to develop
a rational method for modelling the seismic behaviour of confined masonry wall panels.

TESTS AND OBSERVED MECHANISM

In the specific case used for the verification of the proposed mathematical model, 380/240/38 mm model
walls, either confined at the vertical borders of the wall with 20/38 mm r.c. tie-columns, reinforced with two
® 3-2 mm diameter reinforcing bars (specimens AH), or without tie-columns (specimens BH) have been tested
(Figure 1). Although the walls cannot be classified as squat, their height to length ratio h/! = 1-58 indicated
that predominant shear behaviour can be expected when subjected to lateral loading.

Model masonry blocks with dimensions 78/38/58 mm, corresponding to 39/19/29 cm prototype blocks,
have been made of a special mix, composed of crushed brick aggregate, hydrated lime and Portland cement
in the proportion of 1-06:3-45:81. Mortar composed of Portland cement, hydrated lime and river-bed sand in
the proportion of 0-4:1:11 has been used for the construction of the walls. Micro-concrete composed of
Portland cement PC-45 and river-bed sand in the proportion of 1:5, has been used for casting the vertical
confining elements. Compression strength of blocks f,, mortar f, and concrete f, was 1:09, 0-45 and

§ N

“H+H___ 4Dy S -H+H___LDy S
T I < ) . % j I Y === S 2
TS e T 1
1 - 1L B
] 2y L[| af L
[ | “ Tk L L
@ |l | H ® 1 ] B
n i y v Y ! ‘ N

AH a9 BH o
112 24 2 11 38, JI3 L w 13 38,
. 50 N 12 y 50 L 2

Figure 1. Dimensions and instrumentation of walls. AH: confined masonry walls, BH: plain masonry walls
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Figure 2. Imposed displacements’ pattern

10-8 MPa, respectively. Commercially available fully annealed wire, with yield and tensile strength equal to
fy =266 MPa and f; = 344 MPa, respectively, has been used to reinforce the tie-columns. Compression f'and
tensile strength of masonry f;, obtained by testing unreinforced masonry walls at compression and shear, was
f =127 MPa and f, = 0-12 MPa. Modulus of elasticity of masonry, determined at 4 of compression strength,
was E = 942 MPa. Shear modulus was G = 185 MPa.

In order to study the seismic behaviour, 3 specimens of each, confined and plain masonry walls, designated
AH and BH, respectively, have been tested as symmetrically fixed in a test set-up, which made possible the
application of constant vertical load and programmed pattern of cyclically acting horizontal displacements
(Figure 2), while keeping the lower and upper boundary of the specimen parallel. Average compression stress
o = 0-28 MPa, approximately 22% of the masonry’s compression strength, has been induced by a constant
gravity load. Instrumentation of specimens AH and BH is presented in Figure 1.

Shear failure occurred in all cases. Whereas ductile behaviour has been observed in the case of con-
fined specimens AH, the behaviour of plain masonry walls BH was brittle. Uniformly distributed
diagonally oriented cracks formed in the case of confined specimens AH. Subjected to increased
lateral displacements, however, the cracks along the diagonals passed into the tie-columns. Masonry units
in the middle part of the wall and concrete of tie-columns at the corners started crushing before the
final collapse of the specimens, which was mainly due to the buckling of one or both vertical confining
elements. One single diagonal crack developed in the case of walls BH, leading to a sudden collapse along
a clearly formed diagonal failure plane at much smaller displacement amplitudes than in the case of confined
masonry specimens. Typical outlook of specimens AH and BH just before, or during collapse, is shown in
Figure 3.

The observed degree of damage has been used as one of the reference parameters in the modelling of
seismic behaviour of the walls. In the case studied, four distinct degrees of damage have been distinguished
and corresponding damage indexes defined:

(1) I, =0-25: The formation of first diagonally oriented cracks in the middle part of the wall, passing
through horizontal and vertical mortar joints. Elastic (crack) limit.

(2) I; = 0-50: Increased number of cracks, oriented diagonally in both diagonal directions. Generally, the
cracks are passing through horizontal and vertical mortar joins. Usually, this type of crack pattern is
observed at the attained maximum lateral resistance of the panel.

(3) I, = 0-75: Heavy damage. Increased number of wide diagonally oriented cracks, passing also through
masonry units. Crushing of individual masonry units and shearing of concrete of tie-columns at the
upper section of the wall.

(4) I, = 1-00: Increased width of cracks, passing through masonry units, with crushing of units along both
wall diagonals. Crushing of concrete at the upper section of the tie-columns. Rupture of reinforcing
bars, or buckling and collapse of tie-columns. Final collapse of the specimen.

© 1997 John Wiley & Sons, Ltd. Earthquake Engng. Struct. Dyn., 26, 1059-1071 (1997)
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Figure 3. Typical walls after lateral resistance test. Confined (a) and plain masonry wall (b)

RESISTANCE ENVELOPE

Typical hysteresis loops, showing the relationship between the measured lateral load and displacements for
confined and plain masonry walls in seismic situation, are shown in Figure 4. The resistance envelopes, i.e.
the envelopes of hysteresis loops of all tested walls are compared in Figure 5. It can be seen that, by confining
the wall with r.c. tie-columns, lateral resistance and deformation capacity of a plain masonry wall is
significantly improved. In the particular case studied, the resistance has been improved by more than
1-5-times and the deformation capacity by almost 5-times. The analysis has shown, that, by preventing the
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Figure 4. Typical lateral load—displacement hysteresis loops. Confined masonry wall-specimen AH-3 (a) and plain masonry
wall-specimen BH-3 (b)
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Figure 5. Comparison of hysteresis envelopes obtained by lateral resistance tests of confined (specimens AH) and plain masonry walls
(specimens BH)
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Figure 6. Idealization of experimentally obtained hysteresis envelope

disintegration of the masonry, tie-columns increased the energy dissipation capacity of the plain masonry
wall by 6-7 times.

Lateral resistance

To model the seismic behaviour of a confined masonry wall, experimentally obtained resistance envelope,
representing the relationship between the lateral load and displacement during the seismic response of the
structure, is idealized with a trilinear relationship, shown in Figure 6. Three characteristic points (limit states)
are defined on the experimental curve, determined by three pairs of parameters (Table I):

(a) elastic (crack) limit: determined by lateral load (H,) and displacement (d,,) at the formation of the first
significant crack in the wall, which changes the initial stiffness,

(b) maximum resistance: determined by lateral load (H,,..) and displacement (dgn..) at the attained
maximum resistance of the wall, and

(c) ultimate state: determined by lateral resistance (H g p,,) at maximum attained displacement (d,,,,) just
before collapse.

© 1997 John Wiley & Sons, Ltd. Earthquake Engng. Struct. Dyn., 26, 1059-1071 (1997)
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Table I. Parameters of experimentally obtained hysteresis envelopes

Wall’s Hcr dcr Hmax deax Hdmax dmax
designation  (kN) (mm) (kN) (mm) (kN) (mm) U

AH-1 1-14 0-63 2-29 3-:03 0-72 12:52 3:56
AH-3 0-64 0-27 1-84 3-02 0-52 17-53 7-59
average AH 0-89 0-45 2-07 3-:03 0-62 15-03 5-58
BH-1 0-96 0-35 1-28 0-93 1-01 1-53 278
BH-2 0-76 0-26 1-36 1-02 0-88 177 312
BH-3 0-82 0-34 1-36 0-88 0-96 177 3:03
average BH 0-84 0-32 133 0-94 095 1-69 2:98

The values, given in Table I, are average values obtained at loading in positive and
negative direction.
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Figure 7. Typical distribution of lateral load between tie-columns and masonry wall panel

Correspondingly, the expressions for resistance and displacement at characteristic points of the idealized
envelope should be developed.

As can be seen by analysing the mechanism of action of vertical confinement, strains in reinforcing bars
changed alternatively from tension to compression, indicating monolithic behaviour of the confined masonry
wall at small displacement amplitudes. By knowing the forces induced in the confinement, bending moments
at the bottom and top of the wall have been evaluated, and the contribution of lateral loading, carried by the
tie-columns, estimated. Typical results of such analysis are presented in Figure 7, where the calculated
resistance of vertical tie-columns H;., assuming the monolithic behaviour of the confined panel is correlated
with the measured lateral load H,,.,-—displacement d curve. In the calculation of the resistance of tie-columns,
the contribution of concrete H. has been added to the contribution of reinforcement H,. The assumed
contribution of masonry wall is obtained as a difference H,;; = Hpeas Hije-

As can be seen in Figure 7, the assumption of monolithic behaviour of a confined masonry wall panel is
acceptable in the linear range. In order to be consistent with the main structural material, the equation
proposed for the calculation of the shear resistance of plain masonry walls,> has been used to assess the

resistance of the panel:
ﬁAw )
H .= —+1 1
u,s b b + (1)
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SEISMIC BEHAVIOUR OF CONFINED MASONRY WALLS 1065

where H, , is the shear resistance of the wall, A, the area of the horizontal cross-section of the wall, g, the
average compression stress in the horizontal cross-section of the wall, and b the shear stress distribution
coefficient.

According to equation (1), shear resistance of a masonry wall depends on the level of compression stresses
due to gravity loads. In a confined panel, however, interaction forces develop between the confining elements
and masonry at the contact zones, which induce additional compression stresses:

0o = 0o,y T 00,i (2)

where

(i) oo,, = V,/A, is the compression stress in the masonry wall due to part of imposed vertical load V,
which is carried by the masonry wall panel. In the case of tested walls, where the ratio of concrete to
masonry cross-section area was relatively high, and the bond-beam on the top of wall was rigid,
Vs = 0-4V. In normal cases, V,, = V.

(i) 0y,;the additional compression stress in the masonry wall due to interaction between the masonry and
confinement.

The analogy with masonry infilled r.c. frames has been used in order to estimate the level of interaction
forces.!®!7 The shape and distribution of interaction forces between the r.c. tie-columns and masonry panel
is schematically presented in Figure 8. By assuming that the lateral load is carried by the wall, and taking into
account the equilibrium of moments of interaction forces, the following relationship between the lateral load
H and resultant of vertical interaction forces V; can be obtained.

Hs,,
o

Vi 3)
where V; is the resultant of vertical interaction forces, causing additional compressive stresses in the
horizontal cross-section of the wall, s,, the geometry aspect ratio (shape factor s,, = h/l), « the parameter
which depends on the assumed shape and distribution of interaction forces, induced by lateral loading H (see
Figure 8). It can be expressed as

_ (sz - sz)h
="

)

8 }
| . |h
i
| : | H; | X
L] =
5 i

Figure 8. Shape and distribution of interaction forces between r.c. tie-columns and masonry panel
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On the basis of damage observation, measurements and geometry of the tested walls, the value of
parameter o = 5/4 has been proposed to be taken into account in further calculations. Taking this into
consideration, vertical compressive stresses in the masonry wall due to interaction between the tie-column
and masonry can be calculated by

Vi S
= =H 5
0-0,1 AW OCAW ()

Equation (2) is used to calculate the stresses in the masonry wall panel due to imposed vertical load and
interaction forces between the confinement and masonry wall panel due to lateral load. If equation (2) is
introduced into equation (1), the following final form of equation, determining the contribution of a masonry
wall, confined with tie-columns, to the lateral resistance of confined masonry wall system, is obtained:

_fidy Vi
H, = Ch [1 + /Cf(l +ﬁAw> + 1} (6)

t,17

where C; is the interaction coefficient,” " which takes account for the distribution of interaction forces, as well
as the distribution of shear stresses along the horizontal cross-section of the masonry wall panel:

1
C;=2uab— 7
(= 2abs U

Since the contribution of tie-columns’ reinforcement in the small deformation range is small, it is not taken
into consideration. By definition, tensile strength of masonry is represented by maximum referential principal
tensile stress, developed in the referential elastic wall at the attained maximum resistance. Therefore,
if equation (6) is used to assess the resistance of the confined masonry wall at the attained elastic limit
(at the formation of first cracks), the calculated shear resistance of the panel should be reduced by reduction
factor C,,, indicating the experimentally observed value of crack limit to maximum wall resistance ratio
(Coo =H/H, ,=07—08):

Hcr = CcrHu,s' (8)

However, as soon as the damage progresses, the assumption of monolithic behaviour of confined masonry
wall panel is no longer valid. At larger amplitudes, tension in tie-columns’ reinforcement prevailed at both
directions of imposed lateral displacements. Namely, once cracked, the masonry panel pushed the tie-
columns sidewards and induced tension in the reinforcing bars. Vice versa, r.c. confining elements prevented
the disintegration of masonry and induced additional compression stresses in both, vertical and horizontal,
directions. However, the analysis has shown that the dowel action of tie-columns’ reinforcement improves the
resistance of the confined masonry panel at maximum resistance. The contribution of tie-columns’ reinforce-
ment due to dowel action is calculated by'®

Hy, = i0-8059d3 N ©)
1

where n is the number of reinforcing bars, d, the diameter of reinforcing bar, f, the compressive strength of
concrete and f; the yield stress of reinforcing steel.

Consequently, maximum resistance of a confined masonry wall is obtained as a sum of contributions of the
masonry wall panel (equation (6)) and r.c. confining elements due to dowel action of reinforcing steel
(equation (9)):

Hmax :Hu,s +Hd,r (10)

Earthquake Engng. Struct. Dyn., 26, 1059—1071 (1997) © 1997 John Wiley & Sons, Ltd.
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Not enough data have been obtained to physically model the strength degradation after the attained
maximum resistance and to calculate the remaining resistance of the wall at the ultimate limit just before
collapse. For practical reasons, the value of shear resistance capacity, calculated by equation (10), is reduced
by an experimentally obtained strength reduction factor C,;, representing the ratio between the remaining
resistance of the wall at ultimate limit and maximum resistance:

Hdmax = Cermax (11)

In the particular case studied, the value of C, = 0-4 has been evaluated from the test results. This value is
relatively low and is a consequence of relative slender walls that have been tested in this particular study. In
the case of squat walls, strength degradation of more than 30-40 per cent of maximum resistance, i.e.
C,, = 0-7-0-6 has been rarely observed. Consequently, in most practical cases, ultimate strength degradation
below 70 per cent of maximum resistance capacity, i.e. C,, less than 0-7, is not acceptable.

Stiffness

Masonry is an inelastic structural material, which does not behave elastically even in the range of small
deformations. However, for practical reasons, effective stiffness of the wall K., defining the slope of the first
branch of the idealized resistance envelope, is determined as the ratio between the lateral load and
displacement at the formation of the first significant crack in the wall:

Ke = HCr/dCl"' (12)

After cracking, stiffness of the panel is defined as the secant stiffness K = H/d, i.c. as the ratio between the
lateral resistance of the wall and corresponding displacement. The values of secant stiffness, calculated at
characteristic points of lateral load—displacement hysteresis envelopes (dc;, dpmax 1N dmayx), are given in
Table II for both types of tested walls. In order to estimate the degree of stiffness degradation, the calculated
values are also expressed in terms of the effective stiffness of the wall K. Stiffness degradation in dependence
on the imposed lateral displacements, obtained in the case of confined and plain masonry walls, is plotted in
Figure 9.

Since the degree of stiffness degradation is obviously depending on the observed degree of damage,
correlation between the damage index I and secant stiffness of the wall K, has been analysed. In the analysis,
secant stiffness of the wall has been expressed with the effective stiffness of the wall K., which can be easily
calculated by the well known methods of the theory of structures. This way, a general validity is given to the
proposed equation.

Table II. Stiffness degradation at characteristic points of hysteresis envelopes

Specimen K. Kt max K imax
designation  (kN/mm) (KN/mm) Kgpa/Ke (KN/mm) Kyn.,/Ke

AH-1 1-82 0-76 0-42 0-06 0-03
AH-2(7) 1-70 0-54 0-32 0-02 0-01
AH-3 1-46 0-61 0-42 0-03 0-02
Average AH 1-66 0-64 0-38 0-04 0-02
BH-1 278 1-35 0-48 0-25 0-09
BH-2 291 1-33 0-46 0-50 0-17
BH-3 2-40 1-45 0-60 0-54 0-22
Average BH 2-70 1-38 0-51 0-43 0-16

Note: Values in Table III are average values, obtained at loading in positive and
negative direction. In the case of specimen AH-2, only negative branch of loading has
been taken into account

© 1997 John Wiley & Sons, Ltd. Earthquake Engng. Struct. Dyn., 26, 1059-1071 (1997)
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Figure 9. Stiffness degradation of confined masonry walls in dependence on imposed lateral displacements

Table III. Calculated parameters of hysteresis envelope

Limit state 14 H (kN) K (kN/mm) d (mm)

Elastic limit 025 1-11 3:45 032
Max. resistance  0-50 2-39 1-50 1-60
Ultimate state  1-00 096 0-07 14-08

The following boundary conditions have been considered in the analysis:

(a) effective stiffness K, of the wall is defined as the secant stiffness at the occurrence of first significant
cracks, i.c. at the damage to the wall, corresponding to Iy = 0-25;

(b) ultimate stiffness of the wall just before collapse, at the damage corresponding to I, = 1-:00, amounts to
2 per cent of effective stiffness K. (see Table III).

Taking this into consideration, a two-parameter equation of the form:
K=K,—./aly—b (13)

where a and b are the stiffness degradation parameters, has been proposed. Taking into account the assumed
boundary conditions and experimental results, the values of stiffness degradation parameters a = 1-281K?
and b = 0-320K? have been obtained, which gives equation (13) the final form:

K = K. (1 — /12811, — 0-320) (13a)

The comparison between the experimentally observed and calculated relationship between the damage to
the walls and stiffness degradation is shown in Figure 10. As can be seen, good correlation between the
experimental and predicted relationship has been obtained.

The stiffness of the wall depends on dimensions, mechanical properties of masonry materials, and
boundary conditions. Effective stiffness of the confined masonry wall panel is calculated by simple equation,
based on the theory of elasticity, which takes account for flexural and shear deformations of the wall:

h? xkh \ 1
K, = 14
‘ <BEIW * GAW> (14)
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Figure 10. Correlation between experimental and predicted stiffness degradation of confined masonry walls in dependence on damage
index
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Figure 11. Correlation between experimental and calculated lateral resistance envelopes

where I, is the moment of inertia of the horizontal cross-section of the wall, f§ the coefficient depending on
boundary restraints (f = 12 in the case of fixed-ended and § = 3 in the case of cantilever wall) and « the shear
coefficient of the section.

Since the dimensions of r.c. confining elements are relatively small, their contribution to lateral stiffness is
not taken into account explicitly. However, in the calculation of the moment of inertia of the section, gross
sectional area of the confined panel, including the dimensions of the tie-columns, with attributed masonry
mechanical characteristics, should be considered. Equation (13a) is taken into account to estimate the values
of stiffness of the wall at maximum resistance (damage index Iy = 0-50) and ultimate state (damage index
14 = 1-00).

By using equations (8), (10), and (11), geometry of confined masonry wall, indicated in Figure 1, as well as
the actual values of mechanical properties of masonry materials and reinforcing steel, lateral resistance of the
tested confined masonry walls at characteristic limit states has been calculated. Equations (14) and (13a) have
been used to evaluate the stiffness. The calculated values are given in Table 111, where the displacements of
the wall, corresponding to characteristic limit states, are also evaluated. The calculated hysteresis envelope is
compared with experimentally obtained curves in Figure 11. As can be seen, good correlation between the

© 1997 John Wiley & Sons, Ltd. Earthquake Engng. Struct. Dyn., 26, 1059-1071 (1997)
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Table IV. Correlation between experimentally obtained and calculated values of parameters of resistance

envelope®!2
H, (kN) H pax (kN)
Wall h/l ao/f
designation ratio ratio Exp. Calc. Exp./Calc. Exp. Calc. Exp./Calc.
Wall 1812 1-0 0-093 559 950 0-58 119-5 927 129
Wall 1912 1-0 0-046 139-0 1641 0-85 190-0 2179 0-87
Wall 20'2 1-0 0-059 164-5 1621 1-01 186:0 2155 0-86
Wall 2112 1-0 0-046 1325 1641 0-81 1676 2179 0-77
Wall 2712 1-0 0 15119 1906 0-80 2040 2510 0-81
Wall 282 1-03 0 1460 1546 0-94 1890 2061 0-92
Wall 2912 1-03 0-025 173-0 16711 1-04 1938 2217 0-87
Wall 30'2 1-03 0-08 182:0 1888 0-96 2365 2488 0-95
Wall 3112 1-03 0-13 2133 2074 1-03 2352 2720 0-86
Wall MO® 1-01 0-14 70-8 709 1-00 1140 1150 0-99

experimental and idealized envelopes has been obtained in this particular case, indicating the validity of the
proposed model.

To estimate the model’s general validity, experimental results obtained by testing prototype size confined
masonry wall panels, published in the literature,”'? are correlated with calculated values in Table IV. Since
not all necessary data regarding the masonry material characteristics and reinforcing details can be found in
the papers, only a limited number of parameters has been verified. As can be seen, although the proposed
model, developed on the basis of tests of reduced size walls with height to length ratio i/l = 1-5, has been
applied to prototype walls with ratio h/l = 1-0, good correlation between the measured and calculated
resistance values has been obtained. The analysis of correlation indicates that the calculated values of
resistance at cracking and maximum resistance are overestimated by an average of 10 and 8 per cent,
respectively. However, since the reported testing details do not permit the harmonization of the values of
material characteristics with the values used in the proposed model, the conclusion should be considered as
indicative.

CONCLUSIONS

The mechanism of seismic behaviour of confined masonry wall panels with h/I ratio equal to 1-5 has been
experimentally studied by testing a number of confined masonry walls under seismic loading conditions.
Although built of model materials at a reduced, 1:5 scale, the basic relationships between the mechanical
characteristics of masonry and concrete of the model walls remained the same as in the case of the usual
prototype construction. This made possible the evaluation of test results and formulation of mathematical
model for seismic resistance analysis. In order to directly estimate the effect of confining the plain masonry
wall with vertical tie-columns on the seismic behaviour, the same number of plain masonry walls with the
same geometrical and material characteristics have been tested as referential specimens by subjecting them to
similar loading conditions.

On the basis of the observed behaviour and analysis of test results, a model for the prediction of lateral
resistance—displacement envelope curve, idealized by a trilinear relationship, defined with elastic limit,
maximum resistance, and ultimate state of the wall, has been proposed. Monolithic behaviour and predomi-
nant shear mechanism are the basis of the model at small amplitudes of deformation. After cracking of
masonry at maximum resistance, however, the contribution of tie-columns’ reinforcement due to dowel
mechanism is taken into account. Monolithic behaviour and actual boundary restraints are assumed in the
case of determination of effective stiffness of the confined masonry wall panel. Stiffness degradation has been

Earthquake Engng. Struct. Dyn., 26, 1059—1071 (1997) © 1997 John Wiley & Sons, Ltd.
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modelled as a function of effective stiffness of the panel and damage index at characteristic limit states. Good
correlation between predicted and experimental envelopes has been obtained, which indicates the validity of
the proposed mathematical model.
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