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Abstract

The shear behavior of confined masonry walls has been widely studied by many authors. Variables studied were the unit
type, types and quantities of steel reinforcement in confining elements, wall aspect ratio, openings and axial compressive
stress, among others. In contrast, the flexural behavior of confined walls has been scarcely studied, the authors only found
a single study on this type of behavior. In this paper, results of a study on the flexural behavior of confined masonry
walls are presented. Six full-scale walls were tested in the laboratory under constant axial loads and reverse cyclic lateral
loads until failure. The variables studied were the aspect ratio and the axial compressive stress of walls. Based on the
experimental results it was observed that the flexural behavior of walls was in general similar. The behavior was
characterized by horizontal flexural cracks followed by yielding of the longitudinal steel reinforcement of vertical
confining elements. After this, vertical cracks were observed on the masonry panels. These cracks were associated with
the brick bond pattern used in construction and the non-uniform vertical deformation on the walls. Vertical cracks caused
a reduction in the shear strength of the walls. Because of this reduction, diagonal shear cracks were observed on the
masonry panels. Failure of walls was associated with crushing of concrete at the bottom ends of the vertical confining
elements. As expected, flexural strength of walls increased as the aspect ratio decreased, or the axial compressive stress
increased. Flexural strength of walls was well predicted using flexural theory (kinematics, constitutive models and
equilibrium). A displacement ductility capacity of 6 and a drift ratio capacity of 1% are proposed for the walls studied.
For a displacement ductility at first yielding of 6, the normalized stiffness degradation of wall was about 20%. For a drift
ratio of 1%, the normalized stiffness degradation of walls varied from 9% to 33%.
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1. Introduction

In many countries of Latin America, central and south Asia, and eastern and southern Europe, confined
masonry walls are widely used as a structural system [1, 2]. Confined masonry consists of an unreinforced
masonry panel with flexible reinforced concrete confining elements around its perimeter. In this type of
construction, the masonry panel is constructed first and later the confining elements are concrete cast. The use
of confined walls in Mexico is very common because of their low construction cost and ease of construction.

The shear behavior of confined walls under in-plane lateral loads has been widely studied. There are
several experimental studies carried out by different authors. Main variables studied are the unit type [3, 4],
combination of clay and concrete units [1], types and quantities of steel reinforcement in confining elements
[5, 6], wall axial load [7, 8], wall aspect ratio (height over length) [8, 9, 10], toothing [11], wall openings and
type of reinforcement around openings [12]. In general, these studies considered the shear behavior of
confined walls with aspect ratios smaller than or equal to one. Only one study considered wall aspect ratios
up to 2.2 [10]. Walls considered by those authors were constructed using clay or concrete units. The shear
behavior of walls was characterized by diagonal cracks that eventually formed the traditional “X” final
cracking pattern. Failure of walls was mainly associated with propagation of diagonal cracks into the top and
bottom ends of vertical confining elements. Shear strength of walls was associated with the formation of the
first diagonal crack. It was observed that confining elements increased the loading and deformation capacity
of walls after reaching their shear strength.

In contrast, the flexural behavior of full-scale confined walls under in-plane lateral loads has been
scarcely studied. The authors only found a study on the flexural behavior of a half-scale structure tested in a
shaking table [13]. The structure consisted of two confined masonry walls with a reduced amount of flexural
reinforcement. The behavior of the structure was dominated by the flexural behavior of the walls. There are
some studies related to the in-plane flexural behavior of other types of masonry walls. In the case of reinforced
walls, the main variables that have been studied are the quantity and distribution of reinforcement [14, 15],
wall axial load [15, 16, 17] and wall aspect ratio [16, 17]. Flexural behavior of those walls was, in general,
characterized by flexural cracks over the wall height followed by vyielding of the longitudinal steel
reinforcement. Failure of walls was mainly associated with crushing of the masonry or the concrete at wall
ends. Flexural strength of walls was maintained over a certain maximum displacement ductility.

The objective of this paper is to study the flexural behavior of confined walls subjected to reverse cyclic
loads. Results of six confined walls subjected to lateral loads are presented. The variables studied were the
wall aspect ratio and the wall axial compressive stress. The final cracking patterns of walls are presented. The
lateral load — drift ratio curves for the walls are analyzed. A discussion related with flexural strength,
displacement ductility and drift ratios is presented.

2. Experimental program

Six full-scale confined walls were tested in the laboratory (walls M1 to M6). Walls were constructed
using hollow clay bricks with nominal dimensions of 115 mm x 200 mm x 320 mm (thickness x height x
length). The ratio between net and gross area of the bricks was about 0.54. The study variables were the wall
aspect ratio (H/L) and the axial compressive stress (o) (Table 1). Aspect ratios were selected to be greater than
one (1.1, 1.5 and 2.4) to facilitate wall flexural behavior. Axial compressive stresses of 0.24 MPa, 0.47 MPa
and 0.72 MPa corresponded to two, four and six-story masonry structures, respectively. The amount of vertical
reinforcement was selected to induce flexural behavior. Details of each confined wall are presented in Table 1.
In this table, H, L and t are the wall height, length and thickness, respectively. The wall height was measured
up to the point of load application.
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Table 1 — Details of confined walls

Wall | H(m) | L(m) | t(mm) | H/L | o(MPa) | p (%)

1 291 | 254 115 1.1 0.24 0.024
M2 | 291 | 1.88 115 15 0.24 0.033
M3 | 291 |1.88 115 15 0.47 0.033
M4 | 291 | 1.22 115 2.4 0.24 0.051
M5 | 291 | 1.22 115 2.4 0.47 0.051
M6 2.91 1.22 115 2.4 0.71 0.051

Cross-section dimensions of vertical confining elements were 115 mm x 115 mm (width X height).
Longitudinal steel reinforcement in those elements consisted of a 1#3 (9.5 mm) bar (Fig. 1). The corresponding
steel reinforcement ratio (p) is included in Table 1. This ratio was calculated using the wall cross-section. No
transverse reinforcement was placed on the vertical confining elements. Longitudinal reinforcement consisted
of deformed steel bars with nominal yield strength of 412 MPa. The amount of longitudinal steel reinforcement
of the walls was smaller than the minimum amount prescribed in the Mexico City Masonry Technical Norm
[18]. Walls were constructed in half running bond by an experienced worker. Brick courses were laid using
mortar in proportion by volume 1:3 (Portland cement: sand). Mortar was placed on both the face shells and
the head joints. Average thickness of mortar joints was 10 mm.

The average compressive strength of concrete of walls M1 to M6 was equal to 17.49, 18.10, 20.00,
18.36, 22.16 and 21.23 MPa, respectively. Corresponding coefficient of variation (CV) was equal to 0.08,
0.04, 0.03, 0.08, 0.02 and 0.01, respectively. Average compressive strength of units was equal to 16.33 MPa
with a CV of 0.06. Average compressive strength of mortar was equal to 15.85 MPa with a CV of 0.08.
Average compressive strength and modulus of elasticity of masonry were equal to 9.08 and 5077 MPa,
respectively. Corresponding CV was equal to 0.04 and 0.12, respectively. The average yielding strength of
the longitudinal steel reinforcement was equal to 445.7 MPa with a CV of 0.02. All values were calculated
using gross properties of corresponding cross-sections.

Each confined wall was tested with constant axial load and reverse monotonic cyclic lateral loads until
failure. Axial load for each wall was calculated using the corresponding axial compressive stress, wall length
and wall thickness (Table 1). Axial load was applied using a swivel beam, a spreader beam, two threaded rods
and a hydraulic actuator (Fig. 1a). Pressure in the actuator was maintained constant during the test using a
mechanical load maintainer [19]. Axial load was measured using two donut type load cells. This load was
verified using a pressure transducer. Lateral loads were applied using a steel frame, a loading steel beam, and
a two-way hydraulic actuator (Fig. 1b). Lateral load was measured using a tension-compression pin load cell.
Wall specimens were attached to the lab reaction floor.

Horizontal and vertical wall displacements and shortening or lengthening of wall diagonals were measured
using linear string potentiometers. Relative displacements between the loading beam and the wall, the wall
and the wall foundation, and the wall foundation and the reaction floor were measured using linear
potentiometers. Strain gages were attached to the longitudinal steel reinforcement of both vertical confining
elements. Two strain gages were located at the bottom of each bar.

Loading history used to test the walls was based on the protocol established in the Mexico City Masonry
Technical Norm [18]. This loading history has six initial reverse cycles controlled by load and subsequent
cycles controlled by drift ratios. The maximum target load was associated with yielding of the longitudinal
steel reinforcement of the vertical confining elements. The target load for the first two cycles was equal to one
guarter of the maximum target load, the third and fourth cycles to one half of the maximum target load, and
the fifth and sixth cycles to the maximum target load. After that, increments of drift ratios of 0.002 were
applied.
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Fig. 1 — (a) axial load test setup, (b) lateral load test setup

3. Experimental results

The flexural behavior of walls was, in general, similar. First, a horizontal flexural crack was observed
at the joint between the first brick course and the concrete foundation together with horizontal flexural cracks
on the bottom part of the vertical confining elements. After this, yielding of the longitudinal steel
reinforcement at the bottom end of the vertical confining element in tension was reached. As the drift ratio
was increased, horizontal flexural cracks propagated into the masonry panel and new flexural cracks were
observed along the height of the vertical confining elements. A single vertical crack was observed for walls
M2, M4 and M5 and two vertical cracks for walls M3 and M6 (Fig. 2). Diagonal shear cracks were observed
on the masonry panels. These cracks propagated from the top part of the masonry panels to the existing vertical
cracks. Out-of-plane buckling of one of the vertical confining elements was observed for wall M5. Failure of
walls was associated with crushing of concrete at the bottom part of the vertical confining elements. The final
cracking patterns of walls are presented in Fig. 2. Lateral load — drift ratio curves of walls are presented in
Fig. 3.

Fig. 2 — Final cracking patterns of walls
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Fig. 3— Lateral load — drift ratio curves of walls

4. Discussion of results

The experimental average flexural strengths of walls (M) are presented in Table 2. These strengths
were calculated using corresponding positive and negative maximum observed lateral loads. As expected, for
walls with the same axial compressive stress (walls M1, M2 and M4), the flexural strength increased as the
aspect ratio decreased (Fig. 4). For walls with the same aspect ratio (M4 to M6), the flexural strength increased
as the axial compressive stress increased (Fig. 3). Analytical flexural strengths of walls (Ma) are also presented
in Table 2. These strengths were calculated using flexural theory (kinematics, constitutive models and
equilibrium). A rectangular block was used for the compressive stresses of concrete [20]. This type of block
was used because the wall neutral axis was located within the height of the vertical confining element. A
stress-strain relationship of the steel including strain hardening was used [21]. A good agreement between
analytical and experimental flexural strengths (Ma/M.) was observed for the walls (Table 2). The ratio Ma/Me
varied from 0.98 to 1.06.

Maximum horizontal displacements were calculated for the walls, one in each loading direction. These
displacements were limited by a 10% strength degradation or the presence of the first diagonal crack on the
wall, whichever happened first. A value of displacement capacity (dm) (Table 2) was proposed for each wall
as the minimum between the maximum horizontal displacements in the corresponding positive and negative
loading directions.

Table 2 — Experimental and analytical flexural strengths, displacement ductilities and drift ratios of walls.

c P Me Ma dm dry o
Wall | H/L (MPa) (%) (kN-m) (kN-m) (mm) (mm) Hiy

M1 | 1.1 024 | 0024 | 237.71 | 237.71 | 28.0 3.0 9.33 | 0.96
M2 | 1.5 | 024 | 0033 | 151.82 | 158.37 | 515 3.6 | 1431 | 1.77
M3 | 1.5 | 047 | 0.033 | 201.47 | 199.76 | 30.4 24 | 1266 | 1.04
M4 | 24 | 024 | 0051 ]| 79.33 83.90 | 70.0 7.9 8.86 | 241
M5 | 2.4 | 047 | 0051 | 102.73 | 104.16 | 40.0 5.2 7.69 | 1.37
M6 | 24 | 071 | 0051 | 130.13 | 126.99 | 30.3 5.0 6.06 | 1.04
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Drift ratios were calculated dividing the displacement capacities (dm) (Table 2) by the wall height (H)
(Table 1). Wall drift ratios (o) are presented in Table 2. Displacement ductility is defined as the ratio of a
maximum displacement to a given yielding displacement. Maximum displacements of the walls were defined
as the displacement capacities (dm) (Table 2). Yielding displacements were calculated using the average strain
readings of 0.0022 (dr) (Table 2). This displacement is associated with first yielding of the steel reinforcement
of the vertical confining elements. Displacement ductilities at first yielding (z4,) are presented in Table 2. For
walls with the same axial compressive stress (walls M1, M2 and M4), drift ratio increased as the wall aspect
ratio increased. Corresponding displacement ductilities (z4) did not follow that trend because walls M1, M2
and M4, with the same axial compressive stress, had different axial loads (P) (Table 2) and different steel
reinforcement ratios (p) (Table 2). Displacement ductility («) increases as the axial load decreases or the
steel reinforcement ratio decreases. Wall M1 had the maximum axial load but the minimum steel
reinforcement ratio. Wall M4 had the minimum axial load but maximum steel reinforcement ratio. For walls
with the same aspect ratio (walls M4 to M6), as expected, drift ratios (6) and displacement ductilities (za)
increased as the axial compressive stress decreased. The displacement ductilities (4) of the walls varied from
6.06 to 14.31. The drift ratios () varied from 0.96% to 2.41%. These values showed that the confined walls
studied had a good deformation capacity under lateral loads. The minimum displacement ductility (z4) and
drift ratio () of the walls were about 6 and 1%, respectively. Based on those minimum values, a displacement
ductility capacity of 6 and a drift ratio capacity of 1% are proposed for the confined walls studied.

Vertical cracks were observed for walls M2 to M6, one for walls M2, M4 and M5 and two for walls M3
and M6. For walls M3 to M6 the first vertical crack was observed after the corresponding flexural strength.
For wall M2 the vertical crack was observed first. Vertical cracks formed on the wall side in compression.
These cracks were, in general, located on the bottom brick courses at about 150 mm from the joint between
the vertical confining elements and the masonry panel (Fig. 2). Vertical cracks were associated with the brick
bond pattern used in construction and the non-uniform vertical deformation along the wall length. The mortar
head joints of alternating end bricks were vertically aligned (Fig.2). It was observed during testing that vertical
cracks formed first at those head joints and then propagated into the bricks. This was related to the smaller
compressive strength of the mortar of joints compared with that of the bricks. The non-uniform vertical
deformation along the wall length was caused by the difference between the modulus of elasticity of concrete
and masonry. The modular ratio between concrete and masonry was about 3. For example, under only axial
load, the axial stress on the wall is uniform but the bricks close to the vertical confining elements tend to
deform less than those located at the wall midlength. This deformation gradient was greater for the walls with
the smaller length. Wall M1 with the largest length did not have any vertical crack. Under lateral loads, the
compressive stress increases at the corresponding wall end. Vertical cracks divided the walls into wall
segments. As the “effective” wall length decreased, the shear strength of the walls also decreased. This
strength reduction triggered the formation of the diagonal cracks observed on the walls.

The secant stiffness at yielding of the steel longitudinal reinforcement (Ky) of the walls M1 to M6 was
equal to 19959, 8463, 21772, 2737, 5574, and 6775 KN/m, respectively. Each yielding stiffness was calculated
using the displacements at first yielding (dy) and only the first positive cycles. For walls with the same axial
stress (walls M1, M2 and M4), the secant yielding stiffness decreased as the aspect ratio increased. For walls
with the same aspect ratio (walls M4, M5 and M®6), the secant yielding stiffness increased as the axial stress
increased. Normalized stiffness degradation (Ki/K,) curves for the walls as a function of the displacement
ductility (1#) and drift ratio are presented in Figures 4a and 4b, respectively. The secant stiffness (K;) of each
positive cycle was divided by the secant yielding stiffness (K,). Load cycles up to the values of displacement
capacities of walls (dm) (Table 2) were included.

For a given displacement ductility (z4), the normalized stiffness degradation of walls was similar
(Fig. 4a). For displacement ductilities (4) of 2, 4, and 6, the normalized stiffness degradation was about 55%,
30%, and 20%, respectively. For a given drift ratio, the stiffness degradation of walls was different (Fig. 4b).
For a drift ratio of 0.5% and 1%, the normalized stiffness degradation varied from 18% to 60% and 9% to
33%, respectively. The relationship between displacement ductilities (1) and corresponding drift ratios of
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walls are presented in Fig. 4c. For walls M1, M2, M3, M5 and M6, the displacement ductility capacity of 6 is
reached before the drift ratio capacity of 1%. For wall M4, with the smallest secant stiffness at yielding, the
drift ratio capacity of 1% is reached first.
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Fig.4 — (a) Normalized stiffness degradation as a function of displacement ductility, (b) normalized stiffness
degradation as a function of drift ratio and (c) relationship between displacement ductility and drift ratio of
walls.

5. Conclusions

Six confined masonry walls with aspect ratios greater than one were tested in the laboratory under reverse
cyclic lateral loads. Walls were designed to induce flexural behavior. Based on the results obtained in this
work, the following conclusions are presented:

e Flexural behavior of walls was characterized by yielding of the longitudinal steel reinforcement
followed by vertical and diagonal cracks. Failure of walls was associated with crushing of concrete at
the bottom ends of vertical confining elements. As expected, flexural strength of walls increased as
the aspect ratio decreased, or the axial compressive stress increased. Flexural strength of walls can be
determined using flexural theory (kinematics, constitutive models and equilibrium).

e The confined walls studied had a good deformation capacity under lateral loads. The displacement
ductilities at first yielding varied from 6.06 to 14.31 and the drift ratios from 0.96% to 2.41%. Based
on the observed minimum values, a displacement ductility capacity of 6 and a drift ratio capacity of
1% are proposed for the walls. For a displacement ductility at first yielding of 6, the normalized
stiffness degradation of wall was about 20%. For a drift ratio of 1%, the normalized stiffness
degradation of walls varied from 9% to 33%.

e The vertical cracks observed on the walls caused a reduction in their shear strength. Because of this
reduction, diagonal shear cracks were observed in the walls. Vertical cracks were associated with the
brick bond pattern used in construction and the non-uniform vertical deformation on the wall.
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