Iranian Journal of Science and Technology, Transactions of Civil Engineering
https://doi.org/10.1007/540996-024-01675-4

RESEARCH PAPER

=

Check for
updates

Experimental Evaluation of Brick Unreinforced Masonry Wall
Out-of-Plane Capacity and Modeling Using the Yield Line Method

Fernando A. Osorio'2® - Jose F. Baena'- - Juan D. Jaramillo'® - Ana B. Acevedo'

Received: 19 July 2022 / Accepted: 7 November 2024
© The Author(s), under exclusive licence to Shiraz University 2024

Abstract

This paper presents a theoretical model to estimate the out-of-plane (OOP) force capacity of brick unreinforced masonry
(URM) walls with strong units and weak joints by applying virtual work and yield line theories for homogeneous plates. The
OOP force capacity of the wall was assessed by considering mechanical properties, support conditions, external axial load,
and self-weight load. The ultimate vertical and horizontal moments were calculated according to displacement and force
models, respectively, developed in previous works. These models consider wall and brick geometry, shear and compression
stresses in the joint-brick interface, and support conditions of the wall. The theoretical model presented herein combines
the previous models while adding the tensile strength (f,,,) of the mortar and assuming elastoplastic behavior of the ultimate
moments in both directions. The proposed model constitutes a useful tool to assess the OOP force capacity of brick URM
walls with one-way and two-way bending configurations. This paper presents results from experimental shaking table tests
and test results from previously published works to validate the proposed model. The comparison between experimental and
theoretical results revealed that the developed model predicts the OOP capacity if the appropriate information is available.

Keywords Out-of-plane force capacity - Brick unreinforced masonry walls - Virtual work theory - Yield lines theory

1 Introduction

Unreinforced masonry (URM) structures are recognized
as one type of construction most vulnerable to earthquakes
(Bruneau 1994; Salgado-Gélvez et al. 2013). Out-of-plane
(OOP) vulnerability of URM walls is a central aspect of this
problem since OOP failures have been widely reported after
seismic events by several research projects and remain one
of the causes of collapse and severe damage in buildings
(e.g., D’Ayala and Paganoni 2011; D’Ayala and Speranza
2003; Decanini et al. 2004; Giuffre, 1994; Moon et al. 2014,
Oyarzo-Vera and Griffith 2009; Page 1991; Penna et al.
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2014). During an earthquake, URM walls resist gravity and
shear forces. The in-plane capacity of walls resists shear
force, but they must also resist OOP acceleration, which
earthquakes impose on their mass. OOP capacity is provided
by bending around the “x” and “y” axes, corresponding to
the direction of length and height of the wall, respectively.
The bending capacity obeys mechanisms that depend on the
support conditions of the wall. Figure 1 shows the configura-
tion of bricks on a typical URM wall and the principal direc-
tions of analysis (“x” and *“y”), which are also the directions
of the ultimate vertical and horizontal moments, M, and
M Rys respectively.

Several researchers have performed experimental tests
and have developed theoretical models to assess the ultimate
vertical moment of URM walls subjected to OOP accelera-
tion, My, (Doherty et al. 2002; Penner and Elwood 2016a;
Sorrentino et al. 2008; Tomassetti et al. 2018) and the OOP
capacity when vertical and horizontal bending capacity are
activated (Derakhshan et al. 2018; Graziotti et al. 2019; Grif-
fith et al. 2007a, b; Griffith and Vaculik 2007; Jaramillo et al.
2008; Messali et al. 2017; Sharma et al. 2020a, b; Vaculik
and Griffith 2017, 2018). These studies have led to important
achievements, but at times diverge (Sorrentino et al. 2017).
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Fig.1 Brick configuration and direction of resistant moments in a
URM wall

Regarding the estimation of the capacity of URM walls
to withstand OOP forces through My, Doherty et al. (2002)
propose a displacement-based model using a trilinear
force—displacement relationship. The authors highlighted
that the proposed model presents a better representation for
walls subjected to high accelerations and low displacements.
On the other hand, Penner and Elwood, (2016a, b) conducted
shake table tests on five full-scale URM specimens, consid-
ering the flexibility of the diaphragms to which the walls
are usually connected at their lower and upper edges. With
the results of these tests, they validated a model (Penner and
Elwood 2016b) capable of predicting the seismic intensity
that causes the collapse of URM walls subjected to the con-
ditions set in the tests conducted. Tomassetti et al. (2018)
presented an SDOF model to predict the displacement and
force capacity of single-leaf and cavity URM walls subjected
to OOP forces, calibrated using results from experimental
shake table tests.

For the estimation of the capacity of URM walls to
withstand OOP forces through My, and My, several works
stand out, including those by Griffith and Vaculik (2007),
Vaculik and Griffith (2017), Graziotti et al. (2019), and
Sharma et al. (2020a, b). Griffith and Vaculik (2007) con-
ducted pseudo-static tests on eight full-scale URM walls,
including six with windows, applying OOP pressure to the
walls using air bags. They discovered a certain ductility
in the walls under this loading condition, with a conse-
quent displacement capacity after reaching their maximum
force-bearing capacity. The test results were compared
with the predictions obtained by the authors using mathe-
matical expressions based on virtual work, showing agree-
ment between the two types of results. Vaculik and Griffith
(2017) developed a nonlinear inelastic displacement-based
model to represent the behavior of URM walls subjected
to OOP forces without considering tensile strength in the
wall joints and assuming they are cracked. The model
results were compared with those obtained from previous
experiments (Griffith et al. 2007a, b; Vaculik et al. 2004),
showing a conservative estimate of the walls' capacity to
withstand OOP forces. Graziotti et al. (2019) presented
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the results of subjecting three single-leaf URM walls (one
of them with a window) and a cavity wall to OOP forces
using a shake table. The authors highlighted the influ-
ence of torsional shear resistance of the bed joints on the
walls' capacity to withstand OOP forces and mentioned the
capability of the model proposed by Griffith and Vaculik
(2007) to predict the capacity of URM walls to withstand
OOP forces. Finally, Sharma et al. (2020a, b) presented the
results of subjecting four URM specimens to OOP forces
on a shake table. One of these four specimens was also
subjected to vertical accelerations. The authors aimed to
develop strong unit-weak joint (SU_W]J) walls; however,
the results showed behavior contrary to this goal, attribut-
ing this to an underestimation of the torsional shear resist-
ance developed in the bed joints.

The model developed herein combines the yield line
(YL) method with virtual work to estimate the OOP force
capacity of brick URM walls. Mg, and M, are calculated
according to Doherty et al. (2002) and equations developed
by Jaramillo (2002) and later modified by Jaramillo et al.
(2008), respectively. Tensile strength (f,,,) is included in
the equations used to calculate My, and Mp,,. Support con-
ditions, mechanical properties of masonry’and individual
materials, and brick and joint geometry are considered in
the model development. The considered mechanical prop-
erties include tensile strength, cohesion, and coefficient
of friction in the brick—mortar interface of the bed joints,
elasticity modulus of bricks, masonry specific weight, and
elasticity and shear modulus of the mortar.

Seven shaking table tests were performed at the Seismic
Engineering Laboratory of EAFIT University to validate
the theoretical model. Tests were conducted to evaluate
the influence of two variables: mortar strength properties
(compression and tensile strength) and support conditions.
Experimental results from this study and those from other
published works are compared to estimations from the ana-
lytical model presented in this work.

It must be mentioned that despite the significant impact
of the interaction between in-plane and OOP forces acting
on brick URM walls on their bearing capacity (Najafg-
holipour et al. 2013, 2014), this interaction has not been
considered in this work.

This paper is divided into four sections. After a brief
introduction in the first section, the theoretical YL and vir-
tual work model, including equations from Doherty et al.
(2002) and Jaramillo et al. (2008), are described in Sect. 2.
Material characterization tests, test setup, and the primary
experimental results are presented in Sect. 3. Comparisons
between experimental results, prediction of the theoretical
model, and experimental work from other research teams
have been included in Sect. 3. Finally, the last section con-
tains the conclusion and discussion of the study.
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2 Theoretical Model

In this section, YL theory and virtual work are briefly
explained. The ultimate resistant moments in the principal
wall directions and their combination in the diagonal resist-
ant moment (M) are described.

2.1 Yield Line Method

The YL method has been widely applied to calculate the
bending capacity of concrete slabs. The method predicts the
uniformly distributed force perpendicular to the wall plane
by considering its support conditions and ultimate resisting
moments in the two main directions. The YL method pro-
poses that the maximum uniform load supported by the slab
is reached when the moment acting along all YLs is equal to
the ultimate moment. In other words, all YLs exhibit elasto-
plastic behavior (Darwin et al. 2016).

The rules of the YL method applied to calculate the OOP
force capacity of brick URM walls in this work are listed
below.

YLs are straight.

YLs represent the intersection of two planes.

YLs represent axes of rotation.

The supported line edges of the walls are YLs. The bend-

Following these rules, it is possible to propose a location
for the YLs in each of the possible support conditions and
length (L) to height (H) ratios of brick URM walls. Figure 2
shows these patterns as defined by values a and b. Section 2.2
establishes the procedure to determine these values. The gray
dot appearing on each support condition case is assumed to be
the maximum virtual displacement point.

It is worth remarking that the lateral edge support condi-
tions are given by the returning walls, which are usually per-
pendicular to the wall subjected to OOP forces. It is assumed
to be a fixed-type support, where resistant bending capacity
is developed, as established in the rules of the YL method.
It must be said that the proposed methodology applies to
brick URM walls with strong units and weak joints (SU-WJ).
According to Sharma et al. (2021) this means that the YLs
will preferably border the units and, therefore, diagonal YLs
will be staggered.

2.2 Virtual Work

The virtual work method equates the external work (W,) gener-
ated by loads that cause a virtual deflection in the wall, with
the internal work (W) generated by the ultimate moment along
the YL due to the rotation caused by the virtual deflection.
W, and W, are calculated using Eqgs. (1) and (2), respectively:

L rH
ing capacity along these YLs depends on the edge con- W, =ty / / u(x, y)dxdy 6))
straint and axial load. 0J 0

e A YL between two wall segments must pass through the
point of intersection of the axes of rotation of the adja- !
cent wall segments. W= 214 Mplip; 2)
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Fig.2 Support conditions and yield line patterns
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where ¢ is the thickness of the wall, y is the unit weight of
the wall; u(x, y) is the displacement of each point of the wall
due to virtual deflection, U, which is assumed to occur at
the point indicated by a gray dot in each support condition
case presented in Fig. 2; L and H are the length and height
of the wall; My, is the assumed-constant ultimate moment by
unit length along YL [; is the length of YL;; ¢; is the rotation
around YL;; and n is the number of YLs on the wall surface.

The OOP force capacity is found by choosing the low-
est relation between internal and external work using

Eq. (3):

OOP Capacity(g) = mzn(%) ?3)

To find the OOP force capacity of a wall, the following
procedure must be done: (i) reasonable values for a and b
(shown in the YLs patterns in Fig. 2) are proposed; (ii) W,
is calculated for a virtual displacement at a point located
according to a and b values; (iii) W, is obtained after cal-
culating the My, [;, and ¢, for each YL as a function of
a and b values; (iv) the OOP force capacity is calculated
using Eq. (3); (v) a and b are modified and steps ii, iii,
and iv are repeated; (vi) the last value of OOP capacity
is compared to the previous value and the lowest is kept;
(vii) steps v and vi are repeated until the entire wall sur-
face is covered.

2.3 Ultimate Resistant Moments

This subsection explains how the ultimate horizontal, ver-
tical, and diagonal moments are determined. The ultimate
vertical and horizontal moments are described using the
models proposed by Doherty et al. (2002) and Jaramillo
et al. (2008), respectively. A methodology to calculate
the ultimate diagonal moment is defined with the previ-
ous proposals at diagonal YLs, where both mechanisms
are activated.

/)

U
3

2.3.1 Ultimate Horizontal Moment, MRy

The ultimate horizontal moment, MRy, is calculated using
the theoretical model proposed by Jaramillo et al. (2008),
which is a modification of the original version presented
by Jaramillo (2002). This model predicts the ultimate OOP
capacity of brick URM walls when only the horizontal
capacity mechanism is activated. This model establishes
that OOP capacity depends on the capacity of bed joints
to resist shear forces and the capacity of head joints to
resist tension and compression caused by rotation and
displacement between bricks. Figure 3 presents the basic
unit configuration of the horizontal bending mechanism,
deformations during its activation, and the linear compres-
sive—tensile stress distribution on the head joint.

The flexural acting moment is resisted by shear stresses
on the bed joints due to the rotation () illustrated in
Fig. 3. According to the elasticity theory model for torsion
on a rectangular section (Timoshenko and Goodier 1951),
these stresses are distributed on the bed joint. Additionally,
the tensile and compressive normal stresses of the head
joint contribute to the ultimate horizontal moment (Mg,).
An asymmetric linear stress distribution is considered for
these stresses, as shown in the right-most illustration in
Fig. 3. The tensile area goes until the tensile strength (f,,,)
of the URM is reached. The asymmetric stress distribu-
tion requires a displacement (6 = A — j,) that occurs at the
middle point of the joint, as shown in Fig. 3, and which
causes the neutral axis to move towards the compressed
area and generate an additional shear stress distribution on
the bed joint (considered to be uniform).

To guarantee the equilibrium of axial forces acting on
the masonry unit, Eq. (4) (reordered in Eq. (10)) is pro-
posed to represent the relation between 6 and 6 as a func-
tion of mortar elasticity and shear modulus, unit and joints
dimensions, and f,,, expressed as a fraction (a) of the ten-
sile stress that occur due to the displacement 6.

Head joint face
aﬁfA N 1
T gf’”' /2
M
t/2

Fig. 3 Basic unit configuration of horizontal flexion mechanism and normal stress distribution on the head joint. Adapted from (Jaramillo et al.

2008)
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4112(1 — az) — 211(2 + ”G”m”b) +1=0. 4

To find the URM wall M, an iterative process through
Egs. (4)—-(17) must be conducted. An a value is proposed to
calculate n using Eq. (10). Then, 6 is calculated using Eq. (11).
Using the values obtained for # and 0, 6 is calculated with
Eq. (9). A value for f,, is calculated using Eq. (13) and com-
pared to the URM f,,, obtained through characterization tests.
If the difference between these two values is insignificant, M,
can be calculate using Eq. (17). Otherwise, a new value for «
must be proposed and all variables recalculated.

Mgy, = Mgr + Mgc 5)
060G, K
RT = ﬂ 6)
Jn
Ky = LMLm3k1 @)
E,08h
My = Afzj (4n*(1 + &> Qe — 3)) = 3y + 1) (8)
5 =0ty 9)
2
2(2 + rGrmrb) + \/[2(2 + rGrmrb)] - 16(1 - az)
- 8(1 - a?)
(10)
T 2j
0 = max“Jh (11)
HGyk+2Gyn)
P+ Wy
Tmax = Jvo tu ¢ (12)
oE,a
Joue = /2 (13)
K=ok
=2 (14)
k, = 1 021Lm 1 Ly 15
= |30 1- g (15)

2 -1

| +0.6095<L—m> +O.8865<L—m>
k2 = 3 L Ly
LV!

16)
3 L (
—1.8023<a> +O'91<Z>

= R

3
ELM(4;13(1 +a’a—-3)-3n+1)+ HG,LKT
125, Jn
a7
Variables involved in the My, calculations and needed
to assess the OOP force capacity of brick URM walls
using the herein proposed model are listed and described
below.

My, =N

H: total height of the wall

e h, 1, and t: dimensions of the masonry unit

e j,and j,: thickness of the head joint and bed joint,
respectively

e 0 and §: angle of rotation and horizontal displacement
of the masonry unit, respectively

e My ultimate moment of the basic unit due to torsional
and shear stress in the bed joint

o Mpq: ultimate moment of the basic unit due to com-
pressive and tensile stress in the head joints

e Kj: torsional stiffness of the bed joint involved in the
flexion mechanism (Timoshenko and Goodier 1951)

e Ly and L, : long and short dimensions, respectively, of
the rectangular portion of the bed joint under torsional
stresses in the basic unit of the flexion mechanism;
depending on brick dimensions, L), and L,, can take
values of ¢ and (/ —j,)/2 or vice versa.

e Gy and E,;: shear and elasticity modulus of the mortar,
respectively

e 7,..: shear strength of the mortar joint-masonry unit
interface depending on the cohesion ( f,), friction coef-
ficient (u), axial load on the wall (P), and the portion
of the weight of the wall (Wy) over the bed joint

e 7: value that represents the equilibrium of axial forces
acting on the masonry unit when the ultimate horizon-
tal moment is reached; Eqgs. (4) and (10) consider only
the strength contribution of one bed joint of the basic
unit of the horizontal flexion mechanism

e «: value that depends on tensile strength of the mortar
joint-masonry unit interface, f,,

e rg: ratio between shear and elasticity modulus of the
mortar (G, /Ey)

e r,: aspect ratio of the bed joint and head joint (j,/j,)

e 1, aspect ratio of horizontal and vertical faces of the
brick in contact with mortar ((I —j,)/h)

e k: coefficient that depends on the geometric section
of the mortar subjected to torsion (Timoshenko and
Goodier 1951)

ek and k,: numerical factors that depend on the geome-
try of the torsional mortar section (Young and Plunkett
2002).

e N: number of bed joints per unit of length throughout

the wall height

=2
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As can be seen in the equations stablished for the OOP
force capacity model, f,; and f,,, were considered, which
implies a fully fixed bond between the bricks and mor-
tar joints. Other researchers have found that this bond is
achieved by bringing the bricks to a saturated-dry surface
condition (Mabheri et al. 2011).

As established in previous works, torsional shear resist-
ance in bed joints is a paramount parameter to assess the My,
of brick URM walls (Ordufia and Lourengo 2005; Sharma
et al. 2021). Further research is needed to improve the model
proposed herein to include a better understanding of the
coefficients involved in the estimation of shear resistance
in bed joints.

2.3.2 Ultimate Vertical Moment, M,
The ultimate vertical moment, M, of a brick URM wall

depends on several factors: geometry of the wall, axial

Fig.4 URM wall stress state
under support condition “Case
o

stress, support conditions of the wall edges, and density of
the masonry.

Doherty et al. (2002) proposed a displacement-based
methodology to estimate My, when the wall presents a hori-
zontal crack at medium height, which divides the wall into
two rigid bodies. My, is found by stability analysis. The
tensile strength of the mortar, f,,, is not considered in the
methodology presented by Doherty et al. (2002).

This research proposes calculating M, considering f,,, and
the possibility of a horizontal crack appearing at any point
throughout the entire height of the wall. Figure 4 presents the
stresses of a URM wall with the specific support condition
“Case 2” when the ultimate capacity is reached. The horizon-
tal displacement needed at the middle strip of a URM wall
to develop f,,, at its top or bottom edges is within a range of
0.10-5.00 p m, depending on the values of f,,,, mortar elastic-
ity modulus, and the point where the central crack is formed.
Taking this into account and considering that the collapse
forces transmitted to the wall during an earthquake are almost

T1= mta»]/ 2

C=P+f a2

T,=f as/2
T, B
Co=P+f a2+ W,

2, @) Springer
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instantaneous, it is assumed in the model proposed here that
S 1s Teached at the same time in the three YLs. The authors
recognized that there is no experimental evidence of this
behavior, but it is a convenient approximation to the reality
that considers all variables involved in the problem. It is also
valuable to mention that some experiments have shown that a
brick URM wall can develop cracks in bed joints before reach-
ing its peak force capacity (e.g. Graziotti et al. 2019; Sharma
et al. 2020a, b; Vaculik and Griffith 2018, 2007).

The ultimate horizontal moments presented on the three
YLs, with these support conditions, are calculated using
Eqgs. (18), (19) and (20):

1
Mo = ¢ [t + P1], (18)
Mgy = é[fm,t2 + Pt + Wyt|, (19)
My = é [ft® + Pt+ Wi, (20)

where W is the self-weight per unit of length of the wall and
y is the relative height where the horizontal crack appears,
calculated as y = b/H. The b value is found with the small-
est possible internal work, W,, considering the mechanical
and geometrical characteristics of the wall. The abovemen-
tioned variables are needed to assess the OOP force capacity
of brick URM walls with the model proposed here.

2.3.3 Ultimate Diagonal Moment, M,

The ultimate diagonal moment, My, is calculated by com-
bining the ultimate horizontal moment, M Ry> and the ultimate
vertical moment, My, , using tensorial transformation. The
My, is calculated with Eq. (21), following the criterion pro-
posed by Griffith and Vaculik (2007), where ¢ is the angle
of the diagonal YL with the horizontal, which depends on
the values of a and b. To determine the values of a and b,
the masonry unit bonding pattern is considered (see Figs. 1,
6 and 8), with a varying at a rate of / + j,, and b varying at a
rate of & + j, (see Fig. 3) during the iteration for calculating
the OOP force capacity of the wall as described in Sect. 2.2.
It is assumed, according to the results reported in Griffith and
Vaculik (2007), that the two resistant mechanisms are elasto-
plastic, and both are present at the same time on all diagonal
YLs. Since My, and My, are variable through the height of
the wall, My, is calculated for both end points of the diagonal
YL and the average of these two values is used as the ultimate
resistant moment of the diagonal YL:

My, = (sen(p)zMRy + (cosrp)zMRx. 1)

2.4 Remarks

It must be considered that the OOP force capacity calcu-
lated with Eq. (3) leads to an effective URM wall accelera-
tion (Ea) since the external work (W,) is calculated over the
entire area of the wall. Therefore, the OOP capacity must be
compared to accelerations acting all over the wall (effective
acceleration) and not those measured at its bottom.

The elastoplastic behavior assumed in Sect. 2.3.3 is jus-
tified by the results obtained by Griffith et al. (2007a, b)
and Griffith and Vaculik (2007). The authors of those works
discovered a significant ductility in URM walls subjected to
OOP forces. Hence, if one of the ultimate resistant moments
described above is reached before the other during the appli-
cation of OOP forces, the wall could stand until the other one
is reached. However, it should be noted that the load applied
in the tests conducted by these authors was of a cyclic/static
type, which may have contributed to the ductility observed
in the walls.

It is essential to know that the model proposed here
should be used to assess the OOP force capacity of SU-WIJ
brick URM walls since the failure of the wall is assumed
to develop not through the masonry units but through the
wall joints.

The authors recognize the limitations of the proposed
model due to the assumption of reaching f,,, at the same
time in the three horizontal YLs, as explain in Sect. 2.3.2,
as well as that all the YLs reach their ultimate moment at
the same time.

3 Experimental Study

Material characterization, primary test setup, the loading
procedure, the main results from the experimental study, and
a comparison with theoretical model results are provided in
this section.

The goals of the experimental study were to validate
the proposed model and assess the influence of boundary
conditions and f,,, of joints in brick URM walls OOP force
capacity. Three boundary conditions were applied, and two
different f,,, mortars were used to build the experimental
specimens.

3.1 Material Characterization Tests

To characterize the materials used to build the specimens
tested in the experimental study, masonry compression
(f,,) (ASTM-International 2012) and diagonal crack shear
strength (f;) (ASTM-International 2010b), mortar com-
pression strength (f” ) (ASTM-International 2017) for two
different mortar qualities, brick compression strength (f”,)
(ASTM-International 2007), and cohesion ( f,), friction

2§\ Springer
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coefficient (u), and tensile strength of the joints (f,,,) tests
were carried out. Table 1 presents the mean values and
standard deviation of each test.

S Was obtained from five specimens constituted of two
units and one f’_,; = 7.18MPa mortar joint subjected to
flexural stresses by applying the ASTM C78 (ASTM-Inter-

national 2010a) standard. f,,, was calculated using Eq. (22):

m

_3PL
2421

St 22)
where P is the measured applied load, L is the specimen
spam, and ¢ and [ are the thickness and length of the units,
respectively.

The value obtained for y is lower than expected, but the
procedure described in British Standard (BSi) BS EN 1052-
3, 2002 (British-Standards 2010) was followed to experi-
mentally assessed it together with f,,,. Furthermore, a lower
value of i can be considered a characteristic of weak joints,
as it is needed to apply the proposed OOP force capacity
assessment methodology.

In Table 1 it can be seen that two f’,, mortars were used.
The bond between units of the specimens built using the
f' o = 1.04MPa mortar was broken by hand before the mor-
tar was completely hardened to obtain a zero (0) f,, and,
consequently, a zero f,,. This process was done for each
unit of each row (understood as the line of units between
two bed joints) to evaluate the influence of f,, on the wall
OOP force capacity. u was assumed the same value for both
mortar qualities; f,, is not needed to assess the OOP capac-
ity using the proposed model, so it was not tested for the
masonry built using the weak mortar. It was not possible
to test f; for this masonry since it has no cohesion between
masonry units and mortar.

3.2 Specimens

Seven specimens were subjected to sinusoidal cyclic loading
to measure the influence of two independent variables on
OOP capacity: support conditions and mortar quality (f” .
and f,,, respectively).

The specimens represent slender walls found in typi-
cal brick URM dwelling constructions in Colombia. Their
dimensions were defined according to architectural plans
collected during the earlier phase of this project. All

Table 1 Results of material characterization tests

specimens were 2.484-m high, 3.25-4.08-m wide, and
0.09-m thick. The specimens were built using standard hori-
zontally hollowed clay bricks with grooved surfaces. Typical
bricks were 0.39-m long, 0.19-m high, and 0.09-m thick.
Bricks were brought to a saturated-dry surface condition to
achieve a fixed bond between the mortar and bricks, follow-
ing the recommendations given in previous research (Maheri
et al. 2011). Bed and head joints were 0.017-m thick, con-
sidering that it is not common to find typical 0.01-m-thick
joints in Colombian brick URM buildings. Every wall fea-
tured 12 rows of bricks. Three support conditions were used,
represented by the “C#” in each specimen code, and the
conditions were correlated to the support condition cases
presented in Fig. 2. Whenever the support condition case
code has a single quotation mark () at the end, it means that
the specimen had not vertical displacement restriction nor
rotational restriction along the upper edge while lateral dis-
placement was avoided. Figure 5 shows schemes for each of
the support conditions applied to the specimens. The charac-
teristics of the specimens are summarized in Table 2. From
this table, it is easy to identify the meaning of each code
portion of the specimen.

3.3 Test Setup

The most important parts of the test setup are identified
by numbers in Fig. 6, where two examples of specimens
are shown (C5 and C2 support conditions at the left and
right, respectively). Test specimens (1) were built directly
on the shaking Table (2) at EAFIT University. A steel beam
C-shaped profile (3) was fixed to the shaking table and filled
with concrete to represent a realistic surface at the bottom
of the specimens. Stiff steel frames (4) were used to support
a second steel beam (5), which was filled with concrete to
impose the top support conditions. Stiff steel frames were
also built to ensure that the top and bottom edges of the
specimens moved without relative displacement between
them. Therefore, the acceleration in both points was identi-
cal. Accelerometers were placed at the base (6) and mid-
height (7) of each specimen.

Additionally, a linear variable differential transformer
(LVDT) (8) was located close to the mid-height acceler-
ometer. The accelerometer at the base of the specimen was
maintained for the entire test, but the LVDT and accelerom-
eter at the middle height of the specimen were removed after

f,(MPa) f',(MPa) ' epi(MPa) ' pa(MPa) f,u(MPa) f' (MPa) f.o(MPa) u
Mean 0.63 1.93 7.18 1.04 0.16 2.74 0.29 0.25
Standard deviation 0.14 0.30 3.52 0.15 0.01 0.70 0.08 0.26
Number of specimens 9 5 12 6 5 29 9 9
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Table 2 Spgcimen Test Length (m) Height (m) Thickness (m) Support condition  f7,(MPa)  f, .(MPa)
characteristics i
1-C5-7-328 3.28 2.484 0.09 Case 5 7.18 0.16
2-C5-7-408 4.08 Case 5 7.18 0.16
3-C5’-7-328 3.28 Case 5’ 7.18 0.16
4-C5°-7-408  4.08 Case 5’ 7.18 0.16
5-C2°-7-325  3.25 Case 2’ 7.18 0.16
6-C2°-1-325 3.25 Case 2’ 1.04 0.00
7-C5’-1-408  4.08 Case 5’ 1.04 0.00
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Fig.6 Test setup

prudent acceleration to preserve the equipment. To achieve
the C5 support condition, a transversal brick URM wall (9)
was built on one of the vertical edges of the specimen, inter-
locking the bricks of the returning walls with those of the

specimens. The opposite vertical edge of the returning brick
URM wall was fixed to a steel beam C-shaped profile full of
concrete (10) to prevent the wall from moving in the acting
force direction.
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3.4 Loading Procedure

The specimens were subjected to incremental sinusoidal
accelerations in several stages with a frequency close to that
of the whole system (the shaking table and test specimen).
Incremental sinusoidal acceleration was used to better con-
trol the final acceleration carried by the specimens. It also
allows higher Ea in the shaking table with the same actuator
by resonance effects. An example of the incremental sinu-
soidal records used as input for the test of specimen 7-C5’-
1-408 are shown in Fig. 7.

3.5 Experimental and Theoretical Results

The fully detailed experimental results are reported in
(Baena-Urrea 2019). This section describes the most rel-
evant test results and the influence of support conditions
and mortar quality on OOP force capacity. Table 3 presents
obtained experimental and theoretical Ea values. The experi-
mental Ea value was obtained by multiplying the peak table
acceleration of the last stage by the amplification factor pre-
sented in Table 3. This factor was calculated by dividing the
acceleration at the base and at mid-height before removing
the mid-height accelerometer.

Due to this procedure, there can be a non-quantified
uncertainty in the experimental Ea values reported in

Table 3 Summary of test results

Specimen Experimen- Multiply-  Theoretical Theo. Ea
tal Ea (g) ing factor  Ea (g) to Exp. Ea
ratio
1-C5-7-328 1.13% 1.19 1.79 -
2-C5-7-408 1.13* 1.19 1.53 -
3-C5’-7-328  1.25% 1.19 1.49 -
4-C5’-7-408  1.24 1.18 1.25 1.01
5-C2°-7-325  0.89 1.00 0.57 0.64
6-C2’-1-325  0.18 1.00 0.08 0.42
7-C5°-1-408  0.47 1.20 0.45 0.97

“Specimen did not collapse. The shaking table reached its capacity

Table 3. Ratios of the theoretical and experimental Ea are
also shown in Table 3, except for specimens 1-C5-7-328,
2-C5-7-408, and 3-C5°-7-328 since they did not collapse
during the tests.

Specimens 1-C5-7-328 and 2-C5-7-408 represented
inter-story walls confined by two slabs at their top and
bottom edges. These specimens did not present visible
damage or cracks during any of the testing stages, even
when exposed to an Ea of 1.13 g. Their OOP force capac-
ity was higher than the capacity of the shaking table to
impose accelerations. Consequently, the specimens did not

Stage 1 Stage 2 Stage 3
__ 05 __ 05 05
9 ) )
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= o =
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- - -
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Fig. 7 Incremental sinusoidal accelerations used as input in 7-C5’-1-408 specimen test
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collapse. The final states of both specimens are presented
in Fig. 8 (A) and (B).

Specimen 3-C5°-7-328 was identical to specimen 1-C5-
7-328, but the vertical displacement and rotation at the top
edge were released, restricting it to lateral displacement.
After being exposed to an Ea of 1.25 g, the specimen did not
present any visible damage or cracks, as shown in Fig. 8 (C).
Once again, the capacity of the shaking table was reached
before the collapse of the specimen. That specimen became
specimen 5-C2’-7-325 by removing the returning wall at the
lateral edge. Finally, the specimen failed at an Ea of 0.89 g
with a horizontal crack at an approximate height of 1.60 m
(b = 0.884m), which was visible two load cycles before the
specimen collapse (see Fig. 8E). The expected b value from
the theoretical results was 0.96 m.

Similarly, specimen 4-C5°-7-408 was identical to speci-
men 2-C5-7-408, but the vertical displacement and rotation
at the top edge were released, restricting to lateral displace-
ment. The ultimate Ea carried by specimen 4-C5°-7-408 was
1.24 g. The failure took place five cycles after the first crack
appeared (horizontal crack), just after the specimen detached
from the transverse wall, as shown in Fig. 8D. The bricks of
the transverse wall reached their tensile strength and failed

due to the imposed acceleration. This means that the speci-
men had weak units — strong joints (as described by Sharma
et al. 2021) in its union with the returning wall, perhaps due
to the variability in mortar or unit properties. The specimen
collapsed after this failure, exhibiting a horizontal crack
at a height 1.60-m from the base (b = 0.884m). Figure 8D
shows the precise moment of failure from a diagonal view
to observe its complete pattern. The expected b value from
the theoretical results was 1.20 m.

To evaluate the influence of the mortar quality, the last
two specimens were built using a poor cement mortar with
a compression strength of 1.04 MPa. The bond between
units of the specimens built using this mortar was broken
before the mortar was completely hardened to obtain zero
(0) f,,; and, consequently, zero f,,. The Ea that specimen
6-C2’-1-325 carried was 0.18 g; it presented a horizon-
tal crack at a height of 1.80 m (»=0.684 m) just before
collapsing (see Fig. 8F). A b value equal to 0.50-m was
obtained from the theoretical results. Additionally, speci-
men 7-C5’-1-408 resisted an Ea of 0.47 g and presented
horizontal and diagonal cracks that appeared four cycles
before specimen collapse, which indicates that the side
edge support was strong enough to activate the horizontal

Fig. 8 Final state of unit tests for specimen A 1-C5-7-328, B 2-C5-7-408, C 3-C5°-7-328, D 4-C5’-7-408, E 5-C2’-7-325, F 6-C2’-1-325, and G

7-C5’-1-408

i .
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bending resistant moment and develop some ductility (see
Fig. 8G). The expected a and b values from the theoreti-
cal results were 1.80 m and 0.20 m, respectively, but the
experimentally obtained values were 1.20 m and 0.60 m,
respectively.

These results show that the quality of the mortar and,
thus, f,,, has a considerable influence on OOP force capacity.
The Ea resisted by specimens built with the strong mortar
was at least 2.6 times higher than that for specimens built
with the weak mortar (comparing specimens 4-C5’-7-408
and 7-C5’-1-408). Table 3 shows that the Ea carried by
specimen 5-C2’-7-325 was almost five times greater than
that of specimen 6-C2’-1-325. Moreover, the specimens with
strong mortar were stiffer, which allowed them to resist a
greater Ea with an equivalent lateral deformation. In Fig. 9,
acceleration versus displacement at the initial stages at
medium height for all the specimens but one are plotted.
Unfortunately, during the first stage of testing of specimen
5-C2’-7-325, the data acquisition system failed. Therefore,
accelerometer and LVDT information for this specimen is
not available for the first stage.

Additionally, when the walls are vertically confined,
i.e., vertical displacement and rotation at the top edge are
restricted, the OOP force capacity increases because there
is a non-quantified additional reaction at the top edge of the
specimen that causes an increase in its stiffness, as shown
in Fig. 9B and C. As mentioned above, the failure of the
vertically confined specimens (1-C5-7-328 and 2-C5-7-408)
could not be reached due to the capacity of the shaking table.

The results also exhibit the influence of the lateral edge
support condition on the OOP capacity of the specimens
and their failure pattern. The OOP capacity of brick URM
specimens supported at bottom and top edges is independ-
ent of their length. The results indicate that the lateral sup-
port condition significantly increases the ultimate capacity,
even for long walls where this support condition is less rel-
evant. The ultimate capacities of specimens 7-C5’-1-408 and
4-C5’-7-408 were 2.6 and 1.4 times higher than 6-C2’-1-
325 and 5-C2’-7-325, respectively, but side edge support

did not significantly increase the stiffness of the specimens,
as shown in Fig. 9D.

It is worth noting that the experimental to theoretical Ea
ratios for specimens 4-C5’-7-408 and 7-C5’°-1-408 presented
in Table 3 are very close to one (1.00), while for specimens
5-C2’-7-325 and 6-C2’-1-325, the theoretical values are
close to half of those of the experimental. The latter results
may be caused by the development of a rotation restriction
in the top edges of the specimens, which was assumed to be
nonexistent.

3.6 Comparison of Model Results to Experimental
Results from Third Parties

The model proposed herein calculates OOP force capacity
in terms of Ea. Only previous experimental results present
as Ea carried by the specimens, or any value that allowed to
calculate it, were considered. These results were compared
with theoretical results obtained by the authors of this work.
Additionally, only specimens reported by authors as SU-WJ
masonry, or those for which this characteristic was identifi-
able in the failure crack patterns, were included in this work.
In Table 4, experimental results from previously published
work that fulfill the above statements are presented. The the-
oretical Ea calculated via the model proposed here, using the
material characterization explicitly reported in those reports
as input, are also presented in Table 4.

Some significant differences between experimental Ea
reported by other authors and theoretical Ea calculated here
can be observed in Table 4. It is important to consider that it
was not possible to access some characteristics of the URM
used in previous works needed to calculate theoretical Ea.
In Table 5, missing characteristics and assumed values are
presented for each specimen tested in other works. The spec-
imens reported in Table 4 are included in this work since
the authors consider it important to have third-party experi-
mental results to validate the proposed model, even though
not all specimen mechanical properties were reported in the
works from which these data were obtained.
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Fig. 9 Displacement vs. acceleration at mid-height
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Table 4 Experimental and
theoretical results for previously
published work

Reference—Specimen Support con- Length (m)- Experi- Theoreti- Theo. Ea to
dition case  height (m) mental Ea  cal Ea (g) Exp. Ea ratio
(&
Dazio (2008)-W2SS c2 1.20-2.40 0.18 0.30 1.65
Dazio (2008)-W2CP2 c2 1.20-2.40 1.20 1.24 1.03
Simsir et al. (2004)-S3 c2 1.30-1.93 2.04 1.85 0.91
Graziotti et al. (2019)-CS-005-RR  C6 3.98-2.75 2.01 2.44 1.21
Graziotti et al. (2019)-CS-000-RF  C4 3.98-2.75 1.44 1.17 0.82
Graziotti et al. (2019)-CL-000-RF  C4 4.02-2.76 1.71 1.23 0.72
Derakhshan et al. (2018)-B1 Co6 4.05-2.53 0.70 0.72 1.04
Vaculik and Griffith (2018)-D1 ce’ 1.84-1.23 3.25 5.39 1.66
Vaculik and Griffith (2018)-D2 Cce’ 1.84-1.23 1.47 2.90 1.97
Griffith et al. (2007a, b)-Wall 1 Cce’ 4.00-2.50 2.64 3.30 1.25
Griffith et al., (2007a, b)-Wall 2 Cce’ 4.00-2.50 1.69 1.71 1.01

Table 5 Assumed URM characteristics from other works

Reference—Specimen Assumed char-  Value
acteristic
Dazio (2008)-W2SS Gy 2500 MPa
Dazio (2008)-W2CP2 E, 6250 MPa
o 0.20 MPa
u 0.50
Simsir et al. (2004)-S3 Gy 3500 MPa
Ey, 8750 MPa
o 0.20 MPa
u 0.50
St 0.05 MPa
Derakhshan et al. (2018)-B1 Ey, 52,700 MPa
o 0.13 MPa
u 0.50
Vaculik and Griffith (2018)-D1 o 0.13 MPa
Vaculik and Griffith (2018)-D2
Griffith et al. (2007a, b)-Wall 1 o 0.13 MPa
Griffith et al. (2007a, b)-Wall 2 U 0.50
% 18.00 kN/m?

Despite the abovementioned missing data for third-party
tests, seven out of eleven experimental Ea to theoretical
Ea ratios are between 0.75 and 1.25, which are considered
good results by the authors of this work. Furthermore, ratios
obtained for specimens 4-C5°-7-408 and 7-C5°-1-408, give
the authors confidence in the proposed model since the input
parameters for the theoretical Ea were assessed under their
supervision.

Despite specimens (Dazio 2008)-W2SS, (Dazio
2008)-W2CP2, and (Simsir et al. 2004)-S3 having a C2’
support condition case, they validate the assumption men-
tioned in Sect. 2.3.2 and verify the influence of f,, on the
OOP force capacity of URM walls.

4 Discussions and Conclusions

A mathematical model to assess the OOP force capacity of
brick URM walls and an experimental study to verify the
accuracy of the model were presented in this paper. The
model combines the equations provided by Jaramillo et al.
(2008) and Doherty et al. (2002) with YL and virtual work
theories. f,,, was included in the calculations of My, and
My, In the proposed model, it was assumed that walls, under
supbort conditions that allow them to develop both of resist-
ant moments, have certain ductility since the walls will stand
until both of resistant moments are reached. This ductility
was supported by observations made during the experi-
mental study for specimens 4-C5°-7-408 and 7-C5°-1-408.
For these specimens, the theoretical Ea to experimental Ea
ratios were 1.01 and 0.97, respectively. Despite the proposed
model assuming applicability only for SU-W1J brick URM
walls, the theoretical Ea to experimental Ea ratio obtained
for specimen 4-C5°-7-408, which presented a tensile rupture
of the returning wall units, was very close to 1.0. This result
indicates that either the failure in the joints of the returning
wall and specimen union was almost reached, or there was
a weak unit in the returning wall that led to a general tensile
failure across the edge.

On the other hand, theoretical results for specimens
5-C2’-7-325 and 6-C2’-1-325 were not close to the experi-
mentally obtained values. The authors attribute this to two
different factors: (i) there is still work to do in order to
improve the proposed model and better assess the influence
of f,,, on brick URM walls OOP force capacity and (ii) the
support condition of these two specimens was assumed to
develop zero (0) restrictions to rotate at the top edge of the
specimen, however, some non-quantified restriction may
have occurred.

The ratios between theoretical and experimental results
for tests reported in literature show significant dispersion.
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The authors of this work attribute it to the lack of impor-
tant input information to assess the theoretical Ea value via
the proposed model, since not all the parameters needed
for its execution were presented in previously published
works developed by other authors. Those parameters were
assumed herein by considering an extensive literature
review. However, seven of the eleven ratios obtained were
close to one. These results provide confidence in the model
proposed here.

Regarding the experimental results, it can be seen that
(i) specimens with the possibility of rotation and verti-
cal displacement at their top edge have a significantly
lower OOP force capacity compared with those that do
not have this possibility. (if) The OOP force capacity of
the brick URM walls increases with the increase of f’,,
and f,,,. (iii) The lateral support condition increases the
OOP force capacity of brick URM walls, even in long
OOP-loaded walls. (iv) This condition also increases wall
ductility since it allows development of both My, and My,
under SU-WJ configuration, otherwise a fragile failure
may occur.

There is still experimental work needed to better under-
stand the behavior of brick URM walls when subjected to
OOP forces and to continue improving the proposed model.
However, URM is a very heterogeneous material, and it is
difficult to control its mechanical properties.
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