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Abstract: Nowadays there is still a lack of requirements for the out-of-plane design of confined
masonry walls. Current code requirements are mainly based on the in-plane behavior of those walls.
This research is divided into two parts. In the first part, two confined walls subjected to out-of-
plane uniform loads were tested in the laboratory. Confining elements with minimum cross-section
dimensions and wall aspect ratios smaller than one were considered. The variable studied was
the wall length. Out-of-plane load—displacement curves of walls were obtained. In the second
part, two design equations were developed to determine the out-of-plane strength of confined walls.
A design equation was developed to determine the corresponding in-plane forces transferred to
the confining elements. The out-of-plane strength of 6912 walls was determined using a computer
program based on the bidirectional strut method. A parametric analysis was carried out for the
out-of-plane strength considering different variables. Multiple linear regression analyses were carried
out to propose out-of-plane strength design equations. It was concluded that the experimental
out-of-plane strength increased, and the wall failure type changed as the wall length decreased. In
addition, the experimental out-of-plane strength of walls was well predicted with both out-of-plane
design equations.

Keywords: out-of-plane strength; confined masonry; out-of-plane design equations; walls;
bidirectional strut method

1. Introduction

Earthquakes and cyclones have caused significant problems related to human deaths,
financial losses, and damaged infrastructure, among others [1]. Various types of infras-
tructure have been damaged, such as masonry structures and concrete frames. Masonry
structures are commonly used for the construction of houses, hotels, and offices, among
others. The walls of a masonry structure that is under seismic or wind actions, can be sub-
jected to in-plane and out-of-plane loads. These out-of-plane loads can cause the collapse
of walls [2,3].

The out-of-plane behavior of masonry walls can be studied with experimental testing,
analytical methods, and numerical modeling [4]. There are experimental studies on the
behavior of walls subjected to out-of-plane loads for unreinforced [5–8], infill [9–13], and
confined masonry walls [14–22]. The number of these studies is limited compared with
those carried out for the in-plane behavior of these walls [23,24]. The main variables
considered were the compressive strength of masonry, unit type, aspect ratio (height over
length), slenderness ratio (height over thickness), support conditions, axial load, wall
openings, and in-plane stiffness of the surrounding frame elements of walls. There are
differences in the out-of-plane behavior of unreinforced, infill, and confined masonry walls.
Out-of-plane load capacity after the first cracks is greater for infill and confined walls than
for unreinforced walls. This is associated with the in-plane restriction provided by the
frame elements surrounding the wall panel. The difference in the construction procedure
between infill and confined walls changes their out-of-plane behavior. The wall panel is
constructed after the surrounding frame elements in infill walls, while the wall panel is
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constructed before the surrounding reinforced concrete frame elements in confined walls.
The construction gaps between the wall panel and the surrounding elements in the infill
walls delay the formation of an arching action mechanism.

In particular, the out-of-plane behavior of confined walls is associated with the
formation of horizontal, vertical, and diagonal cracks that divide the wall into wall
segments [15–17,19,20,22]. As the uniform out-of-plane loads increase, the wall segments
rotate and develop a two-way arching action mechanism. Compressive strut forces are
developed in the wall segments. These forces are transferred to the frame of concrete confin-
ing elements as in-plane forces. The out-of-plane strength is determined by the equilibrium
between the acting uniform loads and the out-of-plane components of the compressive
strut forces. Two types of wall panel failure can be observed: crushing of masonry and
snap-through of wall segments. It is observed that, in general, the cross-section dimensions
of confined walls tested in those studies were greater than the minimum specified in the
codes. Dimensions of confining elements were increased in those studies to avoid their local
failure. Therefore, additional experimental tests of confined walls with flexible confining
elements and aspect ratios less than or equal to one, as commonly used in construction
practice, are needed.

Different analytical methods have been developed to determine the out-of-plane
strength of masonry walls, such as the compressive strut method [10,16], yield line
method [9,16,25], and failure line method [16,25]. In addition, different numerical models
have been developed to calculate the out-of-plane strength of masonry walls, such as
the spring-strut method [16], bidirectional strut method [26], two-dimensional fictitious
truss [23], finite element method [27–29], discrete element method [30,31], and lattice dis-
crete particle model [32], among others. The analytical and numerical methods mentioned
have different levels of complexity and computational cost, and their accuracy in predict-
ing the out-of-plane strength of walls varies depending on the type of masonry wall. In
particular, the out-of-plane strength of confined walls is best predicted with the bidirec-
tional strut method [26]. This method has a low computational cost and is summarized
later in this paper. In the bidirectional strut method, failure of the unreinforced panel is
considered. However, the out-of-plane strength of walls can be also limited by the local
failure of concrete confining elements [20], for example, flexural, shear, and torsional failure
of those elements.

Confined masonry walls are widely used in many countries in Latin America, Asia,
Europe, and Africa [33,34]. Most of the requirements prescribed in design codes for con-
fined walls are based on their in-plane behavior (e.g., Norm-E.070 in Peru [35]; NSR-10 in
Colombia [36]; NTC—Masonry in Mexico [37]). For example, in Mexico, the maximum
spacing of confining elements is based on the observed in-plane shear behavior of confined
walls. There are few design requirements for the out-of-plane design of this type of wall.
For example, the out-of-plane strength of cantilever walls should be provided by the verti-
cal confining elements. In this case, these elements are required to prevent the overturning
of the entire wall. In general, the interaction between the unreinforced masonry panel and
the surrounding reinforced concrete confining elements is not considered. This interaction
is important for the out-of-plane design of confined and infill walls [9–12,15–17,38]. There
is an out-of-plane design procedure for confined masonry walls that considers this inter-
action [20]. In this procedure, the confining elements are analyzed with a frame element
model. This procedure has two main steps: (1) determination of the out-of-plane strength
of confined walls and (2) determination of the corresponding in-plane forces transferred to
the concrete confining elements. Both steps can be carried out using the bidirectional strut
method. Unfortunately, this method is iterative and needs to be implemented in a computer
program. Therefore, the method is difficult to use in engineering practice. This shows
the need to develop simplified design equations to determine the out-of-plane strength of
confined walls with any aspect ratio, as well as design equations for the in-plane forces
transferred to the confining elements of walls. In addition, it is desirable to include a wider
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range of variables than those considered in experimental studies. This can be executed by
performing numerical simulations.

The first objective of this work was to test confined masonry walls with minimum
cross-section dimensions of confining elements as specified in codes. These cross-section
dimensions are typically used in construction practice. Walls with an aspect ratio smaller
than one were considered. The second objective was to develop design equations to
determine the out-of-plane strength and the corresponding in-plane forces transferred to
the confining elements of walls with different aspect ratios. In the first part, two confined
walls subjected to out-of-plane uniform loads were tested in the laboratory. The variable
studied was the wall length. In the second part, the out-of-plane strength of 6912 walls
was determined using a computer program based on the bidirectional strut method. A
parametric analysis was carried out for the out-of-plane strength considering different
variables. Two design equations were developed for the out-of-plane strength. A design
equation was developed for the corresponding in-plane forces transferred to the confining
elements. It was concluded that the experimental out-of-plane strength increased as the
wall length decreased. Snap-through failure of wall segments was observed for the wall
with the smaller aspect ratio. Crushing of masonry was observed for the wall with the
greater aspect ratio. On the other hand, the experimental out-of-plane strength of walls
was well predicted with the out-of-plane design equations developed in this work.

2. Methodology
2.1. Experimental Program

Two full-scale confined walls (M1 and M2) were considered in this research. The
total height (Hw) and thickness (t) of walls were 2710 mm and 143 mm, respectively. The
total length (Lw) of walls M1 and M2 were 3570 mm and 2750 mm, respectively. The
variable studied was the wall length (Lw). No axial load was applied to the walls. Concrete
blocks with three vertical cells were considered. Dimensions of blocks were 143 mm ×
192 mm × 396 mm (thickness × height × length). The block face shells had an average
thickness of 26 mm. The ratio between the net and the gross area of blocks was about 0.5.
Blocks were obtained from a single batch. Confining elements were designed to induce
wall panel failure and avoid their local failure [20]. The minimum dimensions of the
cross-section of the confining elements were considered: 150 mm × 150 mm (width ×
height) [37]. The frames of confining elements subjected to eccentric uniform in-plane loads
were analyzed. The models and the loads were proposed based on the bidirectional strut
method as described in Section 2.2. Concrete confining elements were designed by flexure,
shear, and torsion. Deformed steel bars with a nominal yield strength of 412 MPa were
considered for the longitudinal reinforcement (LR). Plain steel bars with a nominal yield
strength of 228 MPa were considered for the transverse reinforcement (TR). Plain steel bars
are widely used in Mexico. Details of LR and TR in vertical (VCE) and top horizontal (HCE)
confining elements are presented in Table 1.

An experienced worker was hired to construct the walls. These were constructed in
half-running bonds. Mortar in proportions by volume was 1:2:7 (Portland cement:lime:sand).
Mortar was placed on both the head joints and the face shells. The thickness of the mortar
joints was about 10 mm. The construction of the walls was in three steps as executed in the
southeast part of Mexico. First, seven block courses were laid and later the corresponding
part of the vertical concrete confining elements were cast. Second, the next four block
courses were laid, and the corresponding part of the vertical confining elements were cast.
Lastly, the top confining element was cast.
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Table 1. Longitudinal and transverse reinforcement details of walls.

Wall
VCE HCE

LR TR LR TR

M1 4 No. 3

No. 2 @ 90 mm (0–0.50 m)
No. 2 @ 200 mm (0.50–1.31 m)
No. 2 @ 100 mm (1.31–1.81 m)
No. 2 @ 50 mm (1.81–2.31 m)

4 No. 3
No. 2 @ 50 mm (0–0.40 m, 2.47–2.87 m)

No. 2 @ 70 mm (0.40–1.10 m, 1.77–2.47 m)
No. 2 @ 200 mm (1.10–1.77 m)

M2 4 No. 3

No. 2 @ 40 mm (0–0.30 m)
No. 2 @ 70 mm (0.30–0.80 m)
No. 2 @ 200 mm (0.80–1.51 m)
No. 2 @ 70 mm (1.51–1.91 m)
No. 2 @ 40 mm (1.91–2.31 m)

4 No. 3
No. 2 @ 40 mm (0–0.30 m, 1.91–2.31 m)

No. 2 @ 70 mm (0.30–0.80 m, 1.51–1.91 m)
No. 2 @ 200 mm (0.80–1.51 m)

Incremental out-of-plane uniform loads were applied to the walls until failure. The
wall test setup is presented in Figure 1. Two airbags of 3.0 m × 1.2 m (length × height)
were used to apply these loads. These bags were placed between the wall and a strong
reaction wall. Steel threaded bars were placed in the vertical and top confining elements to
join the wall to the reaction wall. Confining elements were restricted using simple supports
to prevent horizontal out-of-plane displacements. In wall M1, these supports consisted
of hollow steel sections with a steel round bar attached to it. In wall M2, these supports
consisted of individual steel plates with a steel round bar attached to it. The bottom end
of the vertical confining elements was attached to the laboratory’s strong floor to create a
fixed support. Pressure transducers were used to measure air bag pressure. Out-of-plane
loads reported in this work correspond to equivalent loads. These loads were calculated
using the ratio between the contact area of the airbags and the total wall area [22]. Linear
potentiometers LP1 and LP2 were used to measure out-of-plane horizontal displacements
(Figure 2). Linear potentiometers LP3 to LP14 were used to measure in-plane displacements
of the confining elements (Figure 2). A front view of the walls before testing is presented in
Figure 3.
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The compressive strength of concrete blocks and mortar was determined according to
NMX-C-036-ONNCCE-2013 [39] and NMX-C-061-ONNCCE-2015 [40], respectively. The
masonry compressive strength and the corresponding modulus of elasticity were deter-
mined according to NMX-C-464-ONNCCE-2010 [41]. Masonry flexural tensile strength
was determined according to ASTM E 72-2015 [42]. The concrete compressive strength
from confining elements was determined according to NMX-C-083-ONNCCE-2014 [43].
The experimental program of this research was similar to that considered in previous
works [16,17,19,20,22].

2.2. Bidirectional Strut Method

The out-of-plane strength of confined walls was calculated with a computer program,
developed in this work. This program was based on the bidirectional strut method [26].
Details of this method are presented in [44]. In this method, only failure of the wall panel
is considered, for example, crushing of masonry and snap through of wall segments. The
bidirectional strut method is briefly summarized as follows. An idealized wall cracking
pattern is assumed based on the wall aspect ratio (Figure 4). The wall is divided into wall
segments. The wall is additionally subdivided into vertical and horizontal strips (Figure 5).
Compressive strut forces associated with an arching action mechanism are developed in
each strip. The in-plane components of the compressive strut forces (in-plane forces, FT) are
applied eccentrically to the frame of confining elements (Figure 6). These confining elements
are modeled using frame elements with lengths equal to the strip widths. The frame
elements have six degrees of freedom per node (three translational displacements and three
rotational displacements). The nodes at the bottom of the frame are fixed. All out-of-plane
translational displacements of the frame are restricted. It is considered that out-of-plane
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wall translational displacements are applied at the wall center and that the wall segments
rotate in rigid body motion. An increment of the out-of-plane wall displacement is applied
in each load step. A structural analysis is performed on the frame of confining elements
considering eccentric uniform in-plane loads (FT) acting around the frame (Figure 6). In-
plane displacements are computed considering the effects associated with rigid body
motion and axial deformation of wall segments, as well as torsion of confining elements.
The structural analysis and the computation of the in-plane displacements are repeated
until the displacement convergence criterion is satisfied. The out-of-plane strength of
confined walls is computed considering the out-of-plane equilibrium between the external
loads (W) and the out-of-plane components of the horizontal and vertical compressive strut
forces (Figure 5). The input of the computer program includes the compressive strength of
masonry over the net area, wall height, wall length, wall thickness, wall axial load, width,
depth, modulus of elasticity, and shear modulus of the confining elements. The output of
the computer program for each wall is the out-of-plane strength that is calculated as the
sum of the contributions of the compressive struts in the vertical strips, horizontal strips,
and the wall axial load, as well as the type of failure and the in-plane loads.
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2.3. Primary and Secondary Variables

Primary and secondary variables were considered in this study. Primary variables
were the compressive strength of masonry over the net area ( fm), wall height (H), wall
length (L), wall thickness (t), depth of the confining elements (hce), and wall axial com-
pressive stress over the gross area (axial load) (σ). These variables were selected based on
experimental results of confined walls subjected to out-of-plane loads [16,17,19,20,22]. Wall
dimensions (H, L) were measured from the longitudinal axes of corresponding confining
elements (Figure 4). These wall dimensions were used to define the frame model dimen-
sions (Figure 5). Typical values considered for primary variables are presented in Table 2.
Modulus of elasticity (Ec) and shear modulus (Gc) of concrete of confining elements were
assumed constant and equal to 15,260 MPa and 6358 MPa, respectively. These values are
widely used for confined masonry in the southeast part of Mexico.

Table 2. Values of primary variables.

Variable Values

fm (MPa) 2 4 6 10 -- --
H (mm) 2000 2500 3000 -- -- --
L (mm) 1500 2000 2500 3000 3500 4000
t (mm) 100 120 150 200 -- --

hce (mm) 150 200 250 300 -- --
σ (MPa) 0 0.079 0.157 0.235 0.314 0.392

Secondary variables were the wall aspect ratio (H/L) and the in-plane stiffness of
the frame of confining elements. This stiffness was divided into a vertical stiffness (Kv),
Equation (1), and a horizontal stiffness (Kh), Equation (2). The first equation was determined
by applying a unit vertical displacement at the mid-length of a horizontal confining element
fixed at both ends. The unit displacement was applied with an eccentricity equal to half of
the thickness of the confining element. Similarly, the second equation was determined by
applying a unit horizontal displacement at the mid-length of a vertical confining element
fixed at both ends. In both equations, flexural and torsional effects were included. In
Equation (1), Ihce and Jhce are the moment of inertia and the torsional constant of the
horizontal confining element, respectively. In Equation (2), Ivce and Jvce are the moment of
inertia and the torsional constant of the vertical confining elements, respectively. Based
on the combination of the values presented in Table 1, 6912 walls were considered in this
study, 1152 walls without axial load and 5760 walls with axial load.

Kv =

(
192 Ec Ihce Gc Jhce

Gc Jhce L3 + 48 Ec Ihce t2L

)
(1)

Kh =

(
192 Ec Ivce Gc Jvce

Gc Jvce H3 + 48 Ec Ivce t2H

)
(2)
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2.4. Design Equations for Out-of-Plane Strength and in-Plane Forces of Confined Walls

The out-of-plane strength and type of failure of the 6912 walls were determined with
a computer program developed in this work. This out-of-plane strength was defined as the
computational out-of-plane strength (Wc). Based on the results of the computer program,
it was observed that in about 90% and 10% of the cases, crushing of masonry and snap-
through of wall segments controlled the out-of-plane strength of the walls, respectively.
This last type of failure was related to walls with large compressive strength of masonry
and small stiffness of confining elements. Because of this reason, design equations were
developed considering all the walls together, that is, design equations were not developed
for each type of failure. A parametric analysis was carried out for Wc as a function of fm,
t, L, H, Kv, Kh and σ. The effect of hce was implicitly considered in Kv and Kh. Results of
the analysis were used to define function types and propose wall aspect ratio intervals as
presented later.

The first out-of-plane strength design equation was developed for confined walls.
The design out-of-plane strength (W1) was defined as the sum of the contributions of
the compressive struts in the vertical strips (Wv1), horizontal strips (Wh1), and the wall
axial load (Wσ1). Computational out-of-plane strength contributions (Wvc, Whc, and Wσc)
were calculated for the 6192 walls with the computer program. Multiple linear regression
analyses were carried out for Wvc and Whc as a function of fm, t, L, H, Kv, and Kh. In
addition, a multiple linear regression analysis was carried out for Wσc as a function of
fm, t, L, H, Kv, Kh, and σ. Power functions were selected for the analyses. Variables
were normalized to facilitate unit conversions and to determine exponent constants with
similar orders of magnitude. The coupling between variables was considered in the
selected functions. Three wall aspect ratio intervals were considered: 0.50 ≤ H/L ≤ 0.85,
0.85 < H/L < 1.15, and 1.15 ≤ H/L ≤ 2.00. The coupling between variables and the
number of intervals was based on the results of the parametric analysis.

A second out-of-plane strength design equation was developed for confined walls. The
out-of-plane strength (W2) was equal to the sum of Wv2, Wh2, and Wσ2, as described before.
New multiple linear regression analyses were carried out for Wvc and Whc as a function
of fm, t, L, H, Ec Ihce/L3, and Ec Ivce/H3. In addition, a multiple linear regression analysis
was carried out for Wσc as a function of fm, t, L, H, Ec Ihce/L3, Ec Ivce/H3, and σ. In those
cases, Ec Ihce/L3 and Ec Ivce/H3 represent the vertical and horizontal in-plane stiffness
of confining elements, respectively. In both cases, only flexural effects were included for
simplification purposes. Power functions were considered in the analyses. Variables were
normalized for the reasons described before. A reduced number of exponent constants
was considered for Wv2, Wh2, and Wσ2. This reduction was based on the standard error
of variables observed in the previous regression analyses. Two wall aspect ratio intervals
were considered for simplicity: H/L < 1 and H/L ≥ 1.

A design equation was developed for the in-plane forces (FT) transferred to the con-
fining elements. Computational in-plane forces (FTc) were calculated for the 6192 walls
with the computer program. Multiple linear regression analyses were carried out for the
in-plane forces of walls without axial load (FTc0) as a function of Wv

(
H2)/t and Wh

(
L2)/t.

Polynomial functions were selected for the analyses. Two wall aspect ratio intervals were
considered: H/L < 1 and H/L ≥ 1. In addition, a regression analysis was carried out be-
tween FTc/FTc0 and Wc/(Wvc + Whc ) to consider the effect of axial load on the out-of-plane
strength. A power function was considered for this case.

3. Results and Discussion
3.1. Experimental
3.1.1. Material Properties

The average gross compressive strength of blocks and mortar was 4.02 MPa and
3.54 MPa, respectively. The average gross compressive strength and corresponding modu-
lus of elasticity of masonry was 2.43 MPa and 4055 MPa, respectively. The compressive
strength of masonry over the net area was 4.97 MPa. The average gross flexural tensile
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strength of masonry perpendicular to bed joints was 0.14 MPa. The average gross flexural
tensile strength of masonry parallel to bed joints was 0.44 MPa. The average compressive
strength of concrete for walls M1 and M2 was 27.56 MPa and 26.43 MPa, respectively.

3.1.2. Wall Test

The cracking pattern of the walls was in general similar (Figure 7). Initially, a horizontal
crack formed on the central area of wall panels. Later, diagonal cracks formed from the end
of the horizontal crack to the corners of the wall panels. Finally, a second horizontal crack
was formed parallel to the first one. Before failure, two horizontal cracks and two vertical
cracks were observed on the wall face in contact with the airbags. The upper horizontal
crack was between the tenth and the eleventh block courses. The lower horizontal crack
was between the first and the second block courses. Vertical cracks were located between
the concrete confining elements and the wall panel. The final crack distribution observed
in the tests (Figure 8) was similar to that observed in previous works [16,17,19,20,22]. An
idealized cracking pattern can be defined based on that observed in the test. This one
corresponds to the lines of rotation of wall segments considered in the bidirectional strut
method. For example, a single horizontal line on the central area of the wall panel is
considered (Figure 4) despite that, two cracks were formed on the tested walls. In addition,
cracks were observed in the confining elements (Figure 9). Larger cracks were observed
in wall M1 compared to M2 and walls tested in previous works [16,17,19,20,22]. This
was associated with a larger flexibility of the top horizontal confining element of wall M1
because minimum cross-section dimensions were considered.
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The out-of-plane load—displacement curves of walls M1 and M2 are presented in
Figure 10. A linear elastic behavior was observed up to the formation of the first cracks.
Thereafter, the behavior was nonlinear due to the formation of cracks. Failure of wall
M1 was related to snap through of wall segments. Failure of wall M2 was related to
crushing of masonry. The difference in the wall failure was related to the wall length and
corresponding in-plane stiffness of the top horizontal confining element. For example, the
top horizontal confining element of wall M1 was longer and more flexible; therefore, larger
in-plane vertical displacements were observed and the wall segments were able to rotate
up to the snap through failure. On the other hand, the top horizontal confining element of
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wall M2 was shorter and stiffer; therefore, smaller in-plane vertical displacements were
observed. The compressive strut forces in the wall segments increased as the wall segments
rotated. Finally, the corresponding stresses in the wall segments reached the masonry
compressive strength. The experimental out-of-plane strength of walls M1 and M2 was
7.53 kPa and 11.25 kPa, respectively; these values are indicated with markers in Figure 10.
It was observed that the out-of-plane strength increased as the wall length decreased.
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3.2. Parametric Analysis

Typical results of the parametric analyses are presented in Figures 11–17. Variables
that were kept constant in the analyses are included in the corresponding figures. It was
observed that as fm, t, Kv, Kh and σ increased, Wc increased (Figures 11, 12 and 15–17). On
the contrary, as L and H increased, Wc decreased (Figures 13 and 14). A relative increase in
the out-of-plane strength was observed for walls with an aspect ratio of one (Figure 13).
This increment was associated with the change in the idealized cracking pattern used
for this aspect ratio (Figure 4). The increment showed the need to use at least two wall
aspect ratio intervals for the design equations. In addition, it was observed that, as H/L
increased, Wc increased. For walls with the same height, as the wall length decreases, the
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aspect ratio increases. Walls with small lengths have larger stiffness Kv, and therefore larger
out-of-plane strengths (Figure 15). In addition, it was observed that the parameters related
to the geometry of the wall panel (t, L, and H) are those that have the greatest influence on
the out-of-plane strength of confined masonry walls. The out-of-plane strength of walls is
determined by the out-of-plane component of the compressive strut forces that are in the
wall segments. This component is a function of the wall geometry. Out-of-plane component
of compressive strut forces increases as the wall thickness increases or the wall height or
length decreases.
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3.3. Design Equations
3.3.1. Out-of-Plane Strength of Confined Walls

The first out-of-plane strength design equation proposed for confined walls (W1)
is presented in Equation (3). Corresponding constants Ai, Bi, and Ci are presented in
Tables 3–5, respectively. The second out-of-plane strength design equation (W2) is presented
in Equation (14). In both equations, the out-of-plane strength is in kPa.

W1 = Wv1 + Wh1 + Wσ1 (3)

where:

Wv1 = A0( fmo)
A1+A2ln(Kvo)(to)

A3+A4ln(Kvo)(Kvo)
A5(Lo)

A6+A7ln(Kvo)(Ho)
A8+A9ln(Kvo) (4)

Wh1 = B0( fmo)
B1+B2ln(Kho)(to)

B3+B4ln(Kho)(Kho)
B5(Lo)

B6+B7ln(Kho)(Ho)
B8+B9ln(Kho) (5)

Wσ1 = C0( fmo)
C1+C2ln(Kvo)(to)

C3ln(Kvo)(Kvo)
C4(Lo)

C5ln(Kvo)(Ho)
C6ln(Kvo)(σo)

C7+C8ln(Kvo) (6)

fmo = fm/(2 MPa) (7)

to = t/(100 mm) (8)
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Kvo = Kv/(100 N/mm) (9)

Kho = Kh/(100 N/mm) (10)

Lo = L/(1500 mm) (11)

Ho = H/(1500 mm) (12)

σo = σ/(0.1 MPa) (13)

W2 = Wv2 + Wh2 + Wσ2 (14)

Table 3. Constants Ai used to determine Wv1 in Equation (4).

Constant
Intervals

0.50≤H
L ≤0.85 0.85< H

L <1.15 1.15≤H
L ≤2.00

A0 9.6 9.0 5.5
A1 −0.325 −0.305 −0.26
A2 0.189 0.189 0.146
A3 3.41 3.27 3.34
A4 −0.309 −0.242 −0.237
A5 −0.099 −0.029 0.087
A6 −4.36 −2.53 0.387
A7 0.639 0.456 −0.122
A8 −0.838 −2.43 −5.32
A9 0.222 0.204 0.737

Table 4. Constants Bi used to determine Wh1 in Equation (5).

Constant
Intervals

0.50≤H
L ≤0.85 0.85< H

L <1.15 1.15≤H
L ≤2.00

B0 14.5 0.20 0.14
B1 −0.489 −0.38 −0.078
B2 0.184 0.20 0.136
B3 4.41 3.80 2.79
B4 −0.411 −0.344 −0.190
B5 −0.174 0.545 0.595
B6 −7.14 0 0
B7 1.07 0.003 0.066
B8 0.938 0 0
B9 −0.213 −0.26 −0.287

Table 5. Constants Ci used to determine Wσ1 in Equation (6).

Constant
Intervals

0.50≤H
L ≤0.85 0.85< H

L <1.15 1.15≤H
L ≤2.00

C0 6.4 6.3 12.2
C1 −0.676 −0.701 −0.961
C2 0.25 0.26 0.237
C3 0.514 0.418 0.34
C4 −0.617 −0.70 −0.605
C5 0.281 −0.044 −0.059
C6 −0.489 0.103 −0.077
C7 1.15 1.37 1.46
C8 −0.05 −0.105 −0.091

If 0.5 ≤ H/L < 1:

Wv2 = 7.1( fmo)
0.5(to)

2.1
(

Ec Ihce
(L3)(100 N/mm)

)0.6

(Lo)
−1.3(Ho)

0.1 (15)
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Wh2 = 4.0( fmo)
0.5(to)

2.3
(

Ec Ivce

(H3)(100 N/mm)

)0.5

(Lo)
−1.3(Ho)

−0.2 (16)

Wσ2 = 0.43( fmo)
0.4(to)

2.4
(

Ec Ihce
(L3)(100 N/mm)

)−0.3

(Lo)
1.(Ho)

−2.1(σo)
0.9 (17)

If 1 ≤ H/L ≤ 2:

Wv2 = 4.8( fmo)
0.6(to)

2.0
(

Ec Ihce
(L3)(100 N/mm)

)0.5

(Lo)
−0.3(Ho)

−0.8 (18)

Wh2 = 2.8( fmo)
0.6(to)

1.9
(

Ec Ivce

(H3)(100 N/mm)

)0.4

(Lo)
0.3(Ho)

−1.5 (19)

Wσ2 = 0.37( fmo)
0.5(to)

2.1
(

Ec Ihce
(L3)(100 N/mm)

)−0.4

(Lo)
−1.2(Ho)

0.3(σo)
0.9 (20)

The metrics of the multiple linear regression analysis carried out for Wv1, Wh1, and
Wσ1 (Equations (4)–(6)) are presented in Table 6. Similarly, corresponding metrics for Wv2,
Wh2, and Wσ2 (Equations (15)–(20)) are presented in Table 7. It is observed in these tables
that a high accuracy was obtained for all the equations. The design out-of-plane strengths
(W1 and W2) are compared with corresponding computational out-of-plane strengths (Wc)
for the 6912 walls (Figures 18 and 19). W1 and W2 were calculated with Equations (3) and
(14), respectively, substituting the input information of each wall that was analyzed with
the computer program. Figures 18 and 19 have a green reference line to identify cases in
which Wc was similar to W1 and W2, respectively. The average ratio of W1/Wc was equal
to 1.00 with a coefficient of variation (CV) of 0.11. The average ratio of W2/Wc was equal
to 1.04 with a CV of 0.21. As expected, the out-of-plane strength is better predicted with
the first design equation. In this equation, the interaction between the properties of the
wall panel and the stiffness of the confining elements were considered by the coupling
between variables, for example, coupling between fm, t, L, and H, with Kv in Equation
(4). In addition, in the first design equation, the stiffness of the confining elements was
calculated considering flexural and torsional effects. On the other hand, the second design
equation is a simplified version of the first one, is easier to use in engineering practice, and
predicts well the computational out-of-plane strength.

Table 6. Metrics of the multiple linear regression analysis carried out for Wv1, Wh1, and Wσ1.

Equation

Metrics of the Multiple Linear Regression

Correlation
Coefficient

Coefficient of
Determination

(R2)

Standard
Error

Number of
Observations

Wv1 (0.5 ≤ H/L ≤ 0.85) 0.993 0.986 0.051 576
Wv1 (0.85 < H/L < 1.15) 0.982 0.964 0.077 384
Wv1 (1.15 ≤ H/L ≤ 2.00) 0.997 0.993 0.031 384
Wh1 (0.5 ≤ H/L ≤ 0.85) 0.993 0.986 0.052 576

Wh1 (0.85 < H/L < 1.15) 0.974 0.949 0.091 384
Wh1 (1.15 ≤ H/L ≤ 2.00) 0.994 0.987 0.042 384
Wσ1 (0.5 ≤ H/L ≤ 0.85) 0.971 0.942 0.095 2879

Wσ1 (0.85 < H/L < 1.15) 0.903 0.817 0.171 1920
Wσ1 (1.15 ≤ H/L ≤ 2.00) 0.947 0.896 0.117 1917
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Table 7. Metrics of the multiple linear regression analysis carried out for Wv2, Wh2, and Wσ2.

Equation

Metrics of the Multiple Linear Regression

Correlation
Coefficient

Coefficient of
Determination

(R2)

Standard
Error

Number of
Observations

Wv2 (0.5 ≤ H/L < 1.0) 0.978 0.957 0.088 576
Wv2 (1.0 < H/L ≤ 2.0) 0.988 0.975 0.061 384
Wh2 (0.5 ≤ H/L < 1.0) 0.977 0.954 0.092 576
Wh2 (1.0 < H/L ≤ 2.0) 0.991 0.982 0.051 384
Wσ2 (0.5 ≤ H/L < 1.0) 0.972 0.945 0.092 2880
Wσ2 (1.0 < H/L ≤ 2.0) 0.904 0.817 0.164 2877
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Experimental results of 20 confined walls subjected to out-of-plane uniform loads are
presented in Table 8. In this table, We is the experimental out-of-plane strength. Results of
walls 1–2 are from this work, while walls 3–10 were taken from [20], walls 11–12 from [16],
walls 12–14 from [17], walls 15–18 from [19], and walls 19–20 from [22].
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Table 8. Wall properties and experimental out-of-plane strength.

Wall fm
(MPa)

Lw
(mm)

Hw
(mm)

t
(mm)

σ
(kPa)

Ec
(GPa)

hvce
(mm)

hhce
(mm)

We
(kPa)

1 4.97 3570 2710 143 0.00 18.46 150 150 7.53
2 4.97 2750 2710 143 0.00 18.08 150 150 11.25
3 6.20 3770 2760 113 78.45 16.79 250 250 8.81
4 6.48 3770 2760 115 81.40 17.90 250 250 10.49
5 6.17 3770 2760 120 79.43 17.37 250 250 11.06
6 4.15 3770 2760 114 80.41 17.90 250 250 7.33
7 6.20 2950 2760 113 87.28 17.19 250 250 13.44
8 6.48 2950 2760 115 92.18 17.81 250 250 17.61
9 6.17 2950 2760 120 78.45 17.64 250 250 18.06

10 4.15 2950 2760 114 85.32 17.59 250 250 14.24
11 5.68 2950 2720 144 0.00 14.66 250 250 16.51
12 4.08 2950 2720 116 0.00 16.37 250 250 14.26
13 5.28 3700 2700 144 65.70 16.39 200 200 14.59
14 5.28 3700 2700 144 196.13 16.99 200 200 15.96
15 6.22 3570 2710 144 0.00 17.13 150 170 10.01
16 6.22 2490 2710 144 151.02 17.13 150 170 18.43
17 6.22 2490 2710 144 0.00 17.13 150 170 14.78
18 6.22 2490 2710 144 0.00 17.13 150 170 15.79
19 5.96 1930 2710 145 0.00 18.19 150 150 19.72
20 5.96 1930 2710 145 340.20 18.32 150 150 24.23

The design out-of-plane strengths (W1 and W2) of the 20 confined walls are compared
with corresponding experimental out-of-plane strengths (We) (Table 9). In this table, wall
dimensions with respect to longitudinal axes (H, L) are included (Figure 4). The average
ratio between W1/We and W2/We were 0.97 and 0.91, respectively. The corresponding val-
ues of CV were 0.18 and 0.17, respectively. As expected, the first design equation predicted
better the experimental out-of-plane strength of walls for the reasons described before.

Table 9. Comparison between design and experimental out-of-plane strengths.

Wall L
(mm)

H
(mm) H/L We

(kPa)
W1

(kPa)
W2

(kPa)
W1
We

W2
We

1 3420 2560 0.75 7.53 6.27 6.06 0.83 0.80
2 2600 2560 0.98 11.25 12.43 11.36 1.10 1.01
3 3520 2510 0.71 8.81 8.63 8.15 0.98 0.92
4 3520 2510 0.71 10.49 9.70 9.03 0.93 0.86
5 3520 2510 0.71 11.06 10.38 9.73 0.94 0.88
6 3520 2510 0.71 7.33 7.50 7.08 1.02 0.97
7 2700 2510 0.93 13.44 15.30 14.62 1.14 1.09
8 2700 2510 0.93 17.61 16.80 16.00 0.95 0.91
9 2700 2510 0.93 18.06 17.85 17.37 0.99 0.96

10 2700 2510 0.93 14.24 11.98 12.41 0.84 0.87
11 2700 2470 0.91 16.51 23.84 24.27 1.44 1.47
12 2700 2470 0.91 14.26 11.93 12.12 0.84 0.85
13 3500 2500 0.71 14.59 10.54 10.41 0.72 0.71
14 3500 2500 0.71 15.96 12.53 12.44 0.79 0.78
15 3420 2540 0.74 10.01 7.53 7.53 0.75 0.75
16 2340 2540 1.09 18.43 18.98 15.62 1.03 0.85
17 2340 2540 1.09 14.78 17.53 14.09 1.19 0.95
18 2340 2540 1.09 15.79 17.53 14.09 1.11 0.89
19 1780 2560 1.44 19.72 17.16 17.52 0.87 0.89
20 1780 2560 1.44 24.23 20.78 21.16 0.86 0.87

Average 0.97 0.91
CV 0.18 0.17
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3.3.2. In-Plane Forces

The design equation proposed for the in-plane forces transferred to the confining
elements of walls (FT) is presented in Equation (21). In Equations (22)–(25), W can be
replaced by W1 or W2, Wv by Wv1 or Wv2, and Wh by Wh1 or Wh2, respectively. FT0 and FT
are in kN/m. W, Wv and Wh are in kPa (kN/m2). L, H, and t are in meters.

FT = FT0λ (21)

where:

FT0 = 2.0 + 0.035
(

Wv(H2)
t

)
+ 0.01

(
Wh(L2)

t

)
if 0.5 ≤ H/L < 1.0 (22)

FT0 = 2.1 + 0.01
(

Wv(H2)
t

)
+ 0.05

(
Wh(L2)

t

)
if 1.0 < H/L ≤ 2.0 (23)

λ = 1 if σ = 0 (24)

λ = 0.95
(

W
Wv+Wh

)−0.4
if σ > 0 (25)

The metrics of the multiple linear regression analysis carried out for FT0 (Equations (22)
and (23)) are presented in Table 10. It can be observed in this table that a high accuracy was
obtained with both equations for FT0. The design (FT0) and computational (FTc0) in-plane
forces for walls without axial load are compared in Figure 20. FT0 was calculated with
Equations (22) and (23), substituting the geometry of each wall that was analyzed with
the computer program together with Wvc and Whc. Figure 20 has a green reference line
to identify cases in which FT0 was similar to FTc0. The average ratio between FT0/FTc0
was 1.00 with a CV of 0.26. In addition, the ratio between FTc/FTc0 and Wc/(Wvc + Whc) is
compared for walls with axial load in Figure 21. The average ratio of [FT/FT0]/[FTc/FTc0]
was 1.00 with a CV of 0.06. It was observed that the computational in-plane forces are well
predicted with the design equation. In addition, it was observed that the ratio between
FT/FT0 was always equal to or less than one (Figure 21). This means that the presence of
the axial load reduces the in-plane forces because they are opposite to each other.
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Table 10. Metrics of the multiple linear regression analysis carried out for FT0.

Equation

Metrics of the Multiple Linear Regression

Correlation
Coefficient

Coefficient of
Determination

(R2)

Standard
Error

Number of
Observations

FT0 (0.5 ≤ H/L < 1.0) 0.949 0.901 3.613 576
FT0 (1.0 < H/L ≤ 2.0) 0.912 0.832 6.010 576

4. Conclusions

Two confined walls subjected to out-of-plane uniform loads were tested in the labo-
ratory. The variable studied was the wall length. In addition, two design equations were
developed to determine the out-of-plane strength of confined walls. The out-of-plane
strength of 6912 walls was determined using a computer program based on the bidirec-
tional strut method. A parametric analysis was carried out for the out-of-plane strength
considering primary and secondary variables. A design equation was also developed for
the corresponding in-plane forces transferred to the confining elements. Based on the
results obtained in this work, the following conclusions are presented:

• The cracking pattern of walls was in general similar. Initially, a horizontal crack formed
on the central area of wall panels. Later, diagonal cracks formed from the end of the
horizontal crack to the corners of wall panels. Two horizontal cracks and two vertical
cracks, located approximately around the wall panel, were observed on the wall face
in contact with the airbags. The final cracking pattern of the walls was similar to
those observed in previous works for corresponding walls. In addition, larger cracks
were observed in the confining elements of wall M1 compared to those of M2 and
walls tested in previous works. This was associated with a larger flexibility of the top
horizontal confining element of wall M1 because minimum cross-section dimensions
were considered.

• The experimental out-of-plane strength increased as the wall length decreased. Failure
of wall M1 was related to snap through of wall segments. Failure of wall M2 was
related to crushing of masonry. The change in the failure type was related to wall
length and the corresponding change in the in-plane stiffness of the top horizontal
confining element.

• The computational out-of-plane strength of the confined walls studied was controlled
by the crushing of masonry and snap-through of wall segments at about 90% and 10%,
respectively. Because of this reason, design equations were developed considering
all the walls together, that is, design equations were not developed for each type
of failure.
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• The out-of-plane strength of confined walls increased as the compressive strength of
masonry, the wall thickness, the stiffness of the confining elements, and the wall axial
stress increased. On the contrary, this strength decreased as the height and length of
walls increased. The parameters related to the geometry of the wall panel (thickness,
length, and height) are those that have the greatest influence on the out-of-plane
strength of confined masonry walls.

• The computational and experimental out-of-plane strengths of confined walls were
better predicted with the first design equation. In this equation, the interaction between
the properties of the wall panel and the stiffness of the confining elements was included.
In addition, in this equation, the stiffness of the confining elements was calculated
considering flexural and torsional effects.

• The second out-of-plane strength design equation is a simplified version of the first
one, predicts well the computational and experimental out-of-plane strengths, and
was developed for engineering practice.

• The design equation for the in-plane forces transferred to the confining elements
predicts well the computational in-plane forces. The presence of the axial load reduces
the in-plane forces because they are opposite to each other. This design equation is
required to design the reinforced concrete confining elements.
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