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AN ANALYTICAL MODEL FOR SHEAR-DOMINATED PARTIALLY GROUTED
REINFORCED MASONRY SHEAR WALLS
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ABSTRACT

Although many studies have been conducted on reinforced masonry shear walls since the mid of
the last century, those concerned with partially grouted (PG) reinforced masonry shear walls are
limited. Moreover, load-displacement analytical models for PG walls are scarce. Therefore,
developing simplified analytical models that can predict the behaviour of these walls is essential.
In the current study, an analytical load-displacement backbone model is proposed for shear-
dominated PG masonry shear walls. Due to the limited experimental data and the absence of
enough data points for the analytical model, a matrix of numerical models was established to cover
a wide range of parameters. The nonlinear finite element model was validated against several
experimental specimens from the literature. The parameters covered by the numerical model
included aspect ratio, spacing between vertical and horizontal grouted cells, axial load, ratio of
vertical and horizontal reinforcement, and compressive strength of grouted and ungrouted masonry
units. The analytical model is defined by five points: cracking, yielding, ultimate, 20% strength
degradation, and 40% strength degradation. The fifth point was essential as it was reported in
previous experimental results that there is a significant degradation in the strength immediately
after ultimate load. The analytical model was calibrated against a total of 65 shear-dominated PG
walls, 3 specimens from the existing experimental database and 62 specimens generated from the
numerical model. The results show that the proposed analytical model provides a good prediction
of the lateral load-displacement backbone of shear-dominated PG masonry walls.

KEYWORDS: masonry, partially grouted, backbone, shear-dominated, numerical analysis,
analytical model

' Ph.D. student, Department of Building, Civil and Environmental Engineering, Concordia University, 1515 St.
Catherine West, Montreal, QC, Canada, abdulelah.al-ahdal@concordia.ca

2 Owner’s Engineering Lead, Bruce Power, ON, Canada. Formerly, Postdoctoral Fellow, Department of Building,
Civil and Environmental Engineering, Concordia University, 1515 St. Catherine West, Montreal, QC, Canada,
Nader.essam.aly@gmail.com

3 Professor, Department of Building, Civil and Environmental Engineering, Concordia University, 1515 St. Catherine
West, Montreal, QC, Canada, khaled.galal@concordia.ca



INTRODUCTION

Partially grouted (PG) masonry walls have narrow limitations in the current building codes to be
used as seismic-resistant structural elements even though some post-earthquake inspections
reported that many of these types of walls did not experience a complete collapse in significant
earthquakes such as the 2010 Maule and the 2014 coast of Iquique earthquakes [1,2]. Additionally,
recent studies proposed various adjustments for PG walls such as using double-cells instead of
single-cell grouting for both vertical cells and bond beams and using bed-joint reinforcement in
addition to bond beam reinforcement to improve their performance and ductility [3—7]. Therefore,
while PG walls' behaviour is more complex and less predictable than that of fully grouted (FG)
walls, some detailing enhancements can be applied to this type of wall to produce more efficient,
more economical, and less materials-consuming structural elements.

Although various experimental studies have been conducted in recent decades to evaluate the PG
walls' in- and out-of-plane response, most of them concentrated on their shear behaviour. PG
masonry walls are only used with limited heights, i.e., low-rise buildings, which makes the
flexural-dominated PG masonry walls missing from the literature. To fill this gap, numerical and
analytical models were generated to study PG masonry walls' local and global behaviours.
Numerical modeling of PG walls has remarkable limitations in the research environment due to its
intricacy. On the other hand, simplified analytical (backbone) models are preferred by practicing
engineers due to their ease of application. These models are usually derived from extensive data
based on statistical analysis to produce more simplified expressions that can be used in engineering
practice. More recent analytical models were developed to simulate and predict the behaviour of
reinforced masonry shear walls (RMSWs) [8—12]; however, these models were only validated
against FG masonry walls and seem to be inapplicable to PG masonry walls. Therefore, developing
analytical models that describe PG masonry shear walls' behaviour becomes essential and, with an
equal degree, challenging.

An extensive analytical analysis was executed in the present study to create a simplified backbone
model that predict the response of shear-dominated PG masonry shear walls based on a nonlinear
finite element (FE) numerical model. This numerical model is employed to generate a
comprehensive matrix to compensate for the experimental data shortage. Finally, this matrix in
addition to accessible experimental data are utilized to explicitly establish new analytical models
for PG masonry shear walls using regression analysis.

NUMERICAL MODEL

Due to the limitation in the experimental database, a numerical model is necessary to be developed.
Modeling of masonry structures is confined within three main approaches that have been used
widely in literature: macro models, micro models, and simplified-micro models [13]. In the current
study, the 2D simplified-micro modeling using ABAQUS/Expl-icit has been adopted, as shown in
Figure 1. Grouted and ungrouted cells were modeled as solid elements with thicknesses of the
concrete block and the face shells, respectively, while the reinforcement was modeled as a one-



dimensional truss element. The mortar was not physically modeled; however, its properties have
been defined using the cohesive element modeling through surface contact. For materials
definition, the uniaxial concrete model proposed by Hsu and Hsu [14] for concrete was utilized for
the grouted units while the uniaxial compressive and tensile stress-strain relationships of masonry
proposed by Ewing et al. [15] are employed for ungrouted units. Finally, the exact, experimentally
obtained stress-strain curves of the reinforcement were defined.
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Figure 1: Finite Element Model Using ABAQUS
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Figure 2: Samples of Numerical Model Validation

The model has been validated against eight experimental specimens by Bolhassani [5] and Malek
[16], and the results showed a good agreement with the experimental outputs. Figure 2 shows the
hysteric behavior of two samples (Wall-1 and Wall-2). As can be seen, the numerical model could
capture the initial stiffness, the yielding point, and the peak capacity. Moreover, the model was
able to simulate the hysteretic response of the PG masonry shear walls.



Table 1: Matrix of Numerical Models.

Reinforcement Ratios*

Grouted Ungrouted

Aspect Wall Comp. Comp. gt);l:;s*
ratio ID Vertical (%) Horizontal (%) Strength  Strength (MPa)
(MPa) (MPa)
174 01-02 0.308 0.034, 0.021 12.43 21.61 0.75
) 03 -04 0.432, 0.308 0.041, 0.28 12.43 21.61, 18 0.75
163 05 -06 0.308 0.029, 0.022 12.43 21.61 0.75
) 07-09 0.432, 0.308 0.044, 0.039, 0.029 12.43 21.61, 18 0.75
10 0.308 0.032 12.43 21.61 0.75
1.48 11-14 0.432, 0.308 83421’ 0.49,0.43, 12.43 21.61, 18 0.75, 1.25
15-19 0.308, 0.176 883;" 0.045, 0.036, 12.43 21.61 0.75
1.32 -
0.308, 0.176, 0.132, 0.064, 0.045, 0.048,
20-26 0.432 0.027 12.43 21.61, 18 0.75, 1.25
27-32 0.308, 0.176,0.132  0.065, 0.054, 0.032 12.43 21.61 0.75
1.11 0.308, 0.176, 0.132, 0.087, 0.065, 0.043, 0.25, 0.75,
33-46 0.432,0.247,0.185 0.032 12.43,15 2161, 18 1.25
4751 0.308, 0.176,0.132  0.084, 0.048, 0.036  12.43 21.61 0.75
0.308, 0.176, 0.132, 0.25, 0.75,
o 52-62 0.432. 0.247 0.084, 0.036, 0.048 12.43,15 21.61,18 125
) Wall-1"*  0.19 0.05 12.43 21.61 0.75
Wall-2"  0.18 0.05 12.43 21.61 0.75
Wall-3"  0.16 0.05 12.43 21.61 0.75

*Based on gross area.
**Experimental specimens tested by Maleki [16]

ANALYTICAL MODEL

Database of Numerical Models

A total of 65 PG masonry shear walls, presented in Table 1, were established as a database for
developing the analytical backbone model for shear-dominated PG masonry walls. Three walls
were experimentally tested by Maleki [16] while the remaining 62 specimens were numerically
generated for aspect ratios ranging between 1.0 and 1.75. Fixed wall length limited the number of
vertical spacing to only three spacings of 285, 570, and 855 mm between grouted cells, while
varied heights permit extending the matrix by increasing the number of bond beam spacings. In
addition to the horizontal and vertical spacing parameters, different bar diameters were employed
to expand the covered area of vertical and horizontal reinforcement ratios. Furthermore, three
constant axial stresses of 0.25, 0.75, and 1.25 MPa were applied on walls alternatively to
investigate the effect of axial load on the walls’ behaviour. Finally, the compressive strengths of
grouted and ungrouted masonry of the original experimental study by Maleki [16] were used with
an approximate extension of + 20% to duplicate the walls.



Evaluation of Previous Analytical Models for PG Walls

Several analytical models have been developed to describe the behaviour of masonry structures.
Specifically, four backbone models [9,11,12,17] were generated to predict RMSWs response in
terms of several performance points, however; most of these models were calibrated and validated
against FG walls. In this section, these analytical models are tested against random samples of the
established matrix of the numerical models (walls 05, 13, and 16) to investigate their validity
against PG masonry walls. Although, walls 05, 13, and 16 were selected randomly, they were
distributed to cover different parameters. These walls were intentionally selected to have different
aspect ratios of 1.63, 1.48, andl.32, respectively. Moreover, they have similar vertical
reinforcement ratio of 0.308 but different horizontal reinforcement ratios of 0.029, 0.043, and
0.045, respectively.

As can be seen in Figure 3, the available models, [9,11,12,17], cannot accurately describe the
behaviour of PG walls. All models overestimate the initial stiffness of PG masonry walls since
they consider the gross stiffness before cracking. Moreover, ASCE 41-17 and Ezzeldin et. al.
models, [11,17], overestimate the post-peak behaviour and predict failure at higher displacement
values. Thus, developing simplified analytical models specialized for PG masonry shear walls is
essential.
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Figure 3: Evaluation of Previous Analytical Models for PG Walls



Parameters of Proposed Model

This section describes the development of a load-displacement backbone model that can predict
shear-dominated PG masonry shear response walls. Five key-points define the proposed model:
cracking, yielding, ultimate, 20% strength degradation, and 40% strength degradation. The fifth
point is considered to account for the post-peak negative stiffness in the force-displacement
relationship of PG masonry walls. The shear-dominated walls are characterized by the masonry
shear strength, 1},,, and nominal shear capacity, V,,, of the walls as presented by Egs. (1) and (2)
[18].

V. =0.16| 2 M, f! 1

m — Y Vf dv m,eff’ ( )
d

V,=(V,b,d,+025F,)y, +(0.6OAV f, _vj o
S

Masonry shear strength, V;,,, and nominal shear capacity, V},, were considered to be the yielding
and ultimate capacities, @, and Q,,, respectively. Furthermore, using the materials properties, the
cracking, M., moment can be calculated, and then its corresponding capacity, Q,, is determined.
Finally, the strength of the fourth, Q, g,, and fifth, Qg ¢, points are determined as 80% and 60%
of the ultimate strength, respectively.

Figure 4: Proposed Backbone Model for PG Walls

The corresponding displacements to the five key points were determined by laying out the values
of the performance points on the envelopes of the numerical models. Once the displacements are
obtained, the secant stiffnesses of the points are calculated from Hooke's law, as shown in Eq. (3)



and presented by Figure 4. Finally, regression analyses were carried out to relate the stiffnesses
obtained from the numerical models and the theoretical gross stiffness, K, calculated by Eq. (4).
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RESULTS AND DISCUSSION

Stiffness Expressions for Proposed Model

To establish simplified expressions for stiffnesses, the linear type of regression analysis with a
non-zero interceptor, to improve the coefficient of determination, was employed in the present
study. Moreover, both directions (push and pull) of the numerical models were considered to
account for the opposite-directional response and introduce the walls' averaged stiffnesses. This
also doubled the density of the data, which would lead to more statistically confident results. 10%
of the walls were arbitrarily chosen and excluded from the analyses to be blindly tested against the
developed analytical model including one sample of the experimental specimens by Maleki [16]
(six numerical and one experimental samples).

As shown in Table 2, the cracking and yielding stiffnesses of shear-dominated PG walls were
found to be 33.4% and 25% of the gross stiffness, K,, with intercepts of 2.865 and 3.249,
respectively. The higher interceptors demonstrate that the expressions are notably shifted due to
data accumulation at higher values. The ultimate stiffness was 62.3% of that of K, with a negative
intercept of -2.056. The increase in the slope and the negative interceptor would produce lower
displacements at the ultimate capacity as anticipated in shear-dominated walls. On the contrary,
post-peak points experienced slightly lower slopes of 46.5% and 21.7% with intercepts of 1.115
and 1.409, respectively. Regarding the R-squared, the walls recorded acceptable values for the five
points of 84.6%, 90.9%, 83.5%, 92%, and 90.6%, respectively, as shown in Figure 5.

Table 2: Stiffness Expressions for Proposed Model

Point Stiffness expression
Cracking K. = 0334 K, + 2.865
Yielding K, = 0.250 K; + 3.249
Ultimate K, = 0.623 K, — 2.056
20% degradation Kygy = 0.465 K, + 1.115
40% degradation Kooy = 0.217 K, + 1.409
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Figure 5: Regression Analysis of Stiffnesses for Shear-Dominated PG Walls

Validation of the Proposed Model Against Selected Samples

Figure 6 presents the numerical envelopes of the randomly selected samples (walls 34, 41, and 51)
with proposed quint-linear model. As can be seen, the proposed model can accurately predict the
response of shear-dominated PG masonry walls. Unlike the available analytical models in the
literature, the model could estimate the initial stiffness, and the yielding and ultimate
displacements. In addition, the displacements of the post-peak points were reasonably anticipated.
Furthermore, the cracking point was demonstrated to be essential to adjust the initial stiffness.
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Figure 6: Validation of the Proposed Model Against Selected Samples

Validation of the Proposed Model Against Excluded Samples
As indicated above, 10% of the total walls were arbitrarily excluded for validating the developed
model. These walls included six numerical and one experimental specimens (walls 02, 04, 14, 28,



35, 60, and Wall-2). As illustrated by Figure 7, the developed model is capable of capturing the
behaviour of shear-dominated PG masonry walls. The initial stiffness, the yielding and ultimate
displacements, and the post-peak response were well-predicted. It is worth mentioning that the
walls with relatively high flexural capacities showed higher ultimate capacities than the
theoretically expected values (increase of 4.6% and 7.4% for wall 14 and wall 60, respectively),
as shown in Figure 7.
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Figure 7: Validation of the Proposed Model Against Excluded Samples
CONCLUSION

In this paper, a 2D simplified-micro model using ABAQUS/Explicit has been generated and
validated against experimental data in the literature. Consequently, this FE model was utilized to
establish a matrix of 62 numerical models extrapolated from three experimental specimens to cover
a wide range of parameters. A brief evaluation of the available analytical models in the literature,
[9,11,12,17], was introduced to demonstrate that there is a need to develop simplified analytical



models that predict the behaviour of PG masonry shear walls. Therefore, a quint-linear backbone
load-displacement model was developed using regression analysis. Finally, five stiffness-based
expressions were derived for shear-dominated PG masonry walls that relate the secant stiffnesses
of the five performance points. The results showed that the wall’s stiffness at cracking point is
only about one third of the expected stiffness (gross stiffness), which is a significant finding to
account for during the design of PG walls. Moreover, the results demonstrated that the yielding
stiffness of PG walls is much lower than that estimated by design standards (i.e. CSA), with a
maximum value of 25% of K. On the other hand, the ultimate stiffness was found to be in a
reasonable range compared to the previous models, Ashour and El-Dakhakhni [9], with a value of
62.3% of K,, for shear-dominated walls. Although, the post-peak stiffnesses showed relative
fluctuation that reflect the nature of PG walls’ behaviour beyond peak capacity, they reasonably
predicted the behaviour with stiffnesses of 46.5% and 21.7% of K, for Kyg, and Kjg¢y,
respectively. These outputs are essential to be considered in design standards as the current
provisions are overestimating PG masonry shear walls.
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