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ABSTRACT

Load-bearing masonry walls are an effective structural system for single-storey buildings such as
warehouses, theatres, community centres, and school gymnasiums. Usually, these types of walls reach a
height-to-thickness ratio greater than 30 and are subjected to combined gravity and lateral loads. Due to
their perceived vulnerability to second-order effects, North American masonry design standards (CSA S304
and TMS 402/602) set additional design criteria for these walls. In the previous version of CSA S304-14,
one of those design requirements was to assume a pinned base condition, neglecting the inherent stiffness
provided by the wall-foundation-soil interaction, which affects the strength and stiffness of slender masonry
walls. Current versions of CSA S304-24 and TMS 402/602-22 permit using a base support different of a
pin for any height-to-thickness ratio by using a more comprehensive analysis. This study aims to determine
the out-of-plane flexural response of masonry walls subjected to combined gravity and lateral loads under
various height-to-thickness ratios, types of soils, footing geometry, and foundation depth. The parametric
analysis showed increased flexural capacity and decreased deflections when the analysis included wall-
foundation-soil interaction. The foundation depth and soil capacity were the aspects that most affected the
base stiffness. Elastic effective height factors were proposed to account for base stiffness during the design
of slender masonry walls for different values of rotational base stiffness. These findings imply that
accounting for base stiffness in the analysis and design of slender masonry walls could be an untapped
source of strength and stiffness, which may lead to more cost-effective masonry wall designs.
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INTRODUCTION

Tall load-bearing masonry walls are commonly used in low-rise buildings, such as industrial facilities,
warehouses, retail establishments, and school gymnasiums. The flexural design of these walls is governed
by a combination of moderate gravity loads and out-of-plane lateral loads. When the height-to-thickness
(h/t) ratio exceeds 30, North American masonry design standards (CSA S304-24 [1] and TMS 402/602-
22 [2]) imposed special design criteria due to their perceived vulnerability to second-order effects. The
previous version of CSA S304 [3] mandated that designers neglect base stiffness despite the inherent
stiffness provided by the wall-foundation-soil interaction. In contrast, TMS/602 402 [2, 4] permits using
different types of base support for any h/t. The reluctance in the Canadian standard to account for the base
stiffness may stem from the need for simplified and conservative design expressions before computers and
specialized structural analysis software were more readily available and the lack of experimental data about
the rapidly degrading wall-foundation interface under cyclic loading. The current version of CSA S304 [1]
allows the designer to incorporate base stiffness through a comprehensive analysis which should include
buckling effects, rotational support stiffness, and reinforcement detailing.

Since the 1980s, little innovation has occurred in slender masonry walls, when the American Concrete
Institute (ACI) and the Structural Engineers Association of Southern California (SEASC) created a Test
Report on Slender Walls [5], which influenced the subsequent Canadian masonry design standards [3, 6].
Later studies on masonry walls did not explore walls featuring other base conditions but only pin-end
conditions [7—12] influenced by the ACI-ASEC [5] report. Few studies [13—17] have addressed the effect
of base stiffness on the out-of-plane behaviour of masonry walls after the ACI-SEASC [5] report. Even
though the studies related to base stiffness have demonstrated benefits of accounting for it, some important
factors for the out-of-plane behaviour of slender walls have been neglected.

To overcome the economic, time, and practical constraints in experimental programs, numerical simulation
has emerged as an excellent solution to provide reliable and cost-effective predictions of complex local
[18-22] and global [23—-29] behaviour of masonry structures. When the soil-structure interaction is included
in the numerical simulation, similar approaches are used to model the soil domain. Depending on the level
of detail of the required structural response, researchers opt to model the soil domain as a continuum [30-
34] using a micro-modelling approach, while the macro-modelling approach is used more often to model
the soil domain if the simplified model is enough for the required structural response. For instance, Pettit
et al. [15, 16] captured the soil-foundation interaction by defining vertical springs along the foundation.
However, the superstructure was neglected, and the springs were in the linear-elastic range.

This study aims to understand the effect of the wall-foundation-soil interaction in the out-of-plane flexural
response of slender masonry walls by developing a finite-element macro model with static soil-structure
interaction. A parametric analysis was performed, changing key parameters such as height-to-thickness
ratios, types of soils, foundation geometry, and foundation depth. Results were analyzed in terms of flexural
capacity, base stiffness intensity, and stability analysis to propose effective height factors (k) for different
foundation conditions.

TYPICAL CONFIGURATION OF SLENDER MASONRY WALLS

Slender masonry walls in single-storey buildings typically range from 4 to 8 metres. Moderate gravity loads
and small inertial forces are expected when light roof systems are used. However, wind loads can be critical
due to the large spans and exposed areas in the out-of-plane direction. The design of these types of walls is
governed by flexure due to the combined effects of gravity and out-of-plane loads. To resist the combined
effects of gravity and out-of-plane loads, a vertical reinforcement configuration and grout scheme are
selected when designing these types of walls. To optimize the structural design, engineers often prefer



partially grouted (PG) walls over fully grouted (FG) walls to reduce self-weight and second-order effects.
Reducing the gravity load transmitted to the soil enables the use of strip footings when the soil is moderately
competent. Strip footings are complemented by foundation walls which, in masonry construction, can be
FG from the footing to the ground level. The connection between the wall and the foundation is made by
dowels fully anchored into the footing and spliced with the flexural steel reinforcement at the bottom of the
wall. Based on the description of a typical configuration of slender masonry walls, Figure 1 shows the
characteristics considered in terms of loading, reinforcing, and wall-foundation connection in the analysis
model.

Roof load

- HL.

Wall length

L
‘ . spacing spacing < spacing

Wall =1 — - ———r— —Tr—1
thickness I:;“B - ) Fjl_| ‘_| |_H_‘ B' 1
Unreinforced Reinforced
hollow cell grouted cell

Flexural
T reinforcement
o

v

[

g

‘ I I I Elt!rnlal!\ilndlpl'!%'lllr!"{

-
1
N \{’
Foundation depth (D

Dowel
Exterior PG
masonry wall

Concrete slab
on grade

Tension
lap-splice

External wind pressure

it epannn

< 2B;)
1

s
|

LU 'Foundation wall
7 (FG) Strip
u footing

Footing
thickness

.".’|

_;l i
| |

" Footing width (Bf) -

@}

Figure 1: Typical Loading, Reinforcing Configuration, and Foundation Connection

ANALYSIS MODEL

Numerical Model

The model was developed using displacement-based beam-column type elements in an open-source FE
software framework OpenSees [35]. A fibre cross-section was used to capture the material nonlinearity
through distributed plasticity. The homogenous behaviour of the masonry assemblage was simulated using
the material Concrete()2 based on the Kent-Scott-Park model [36]. The steel reinforcement was simulated
using the material Stee/02 with isotropic strain hardening based on the Guiffre-Menogoto-Pinto model [37].
A hysteretic material model available in the OpenSees library was used to implement the modified stress-
strain behaviour of the steel in lap splice, based on the model proposed by Barkhordary and Tariverdilo
[38]. The geometric nonlinearity was considered by implementing the Corotational geometric
transformation rule in the OpenSees library. The top of the wall is free in the global Y direction but
restrained in the global X direction while allowing rotation emulating roller support. The model was divided
into two modules to simulate the base of the wall. Module 1 consisted of simplified base conditions (pinned,
partially fixed, or fixed), while Module 2 explicitly modelled the soil-foundation interaction by using the
beam-on-nonlinear-Winkler-foundation (BNWF) method [39, 40]. Elastic beam-column elements were



used to model the footing, while the nonlinear properties of the soil were modelled using zero-length soil
elements (g-z, p-y, and t-z). The static vertical and lateral stiffness of the soil was obtained using the
equations proposed by Gazetas [41] and Mylonakis et al. [42]. Loading-wise, the macro model described
was analyzed using a monotonic push-over analysis. The vertical axial load (P) with eccentricity (e) was
modelled by the equivalent axial load and moment combination (P, M = P - ¢) while the self-weight was
applied uniform distributed along the height of the wall. The lateral pressure (w) is applied along the height
of the wall until the target displacement at midspan is achieved. The schematic drawing of the model

described is shown in Figure 2 while details of the soil-foundation interaction implemented in Module 2
are shown in Figure 3.
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Figure 2: Finite Element macro model composition (global axes: green; local axes: blue)
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Model Validation

Results from the experimental testing by Alonso et al. [17] were used to validate the model. The
experimental program consisted of two full-scale, partially grouted walls, tested under combined eccentric
axial load and out-of-plane pressure. The walls were 8750 mm high, 1190 mm wide, and 190 mm thick,
with h/t = 46. The vertical reinforcement consists of 2-15M (area of 200 mm? each) bars at 600 mm.
Figure 4 compares the experimental load-displacement history from Wall-1 and -2 with the predicted
capacity curve from the numerical model. Figure 5 compares the tensile (steel) and compressive (block)
strains predicted in the numerical model with the strains captured during the test where maximum moments
were located. The results show that the numerical model achieved reasonable agreement in the global
(predicted out-of-plane capacity) and local (predicted strains at critical locations) response compared with
the experimental results of both walls tested under different base conditions.
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Figure 4: Model Validation — Global Response: (a) Wall-1 (pinned base); (b) Wall-2
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Figure 5: Model Validation — Local Response: (a) Strains at midspan in Wall-1 (pinned
base); (b) Strains at wall base in Wall-2 (fixed base)

Model Limitations
e The model does not include out-of-plane shear failure mechanisms since walls with heights > 3.0
m are flexure dominated, which is the primary focus of this research. If short walls are analyzed,
shear failure mechanisms must be included.



¢ The model cannot predict detailed local responses such as crack propagation, material degradation,
or join openings. A micro-modelling approach is recommended when detailed analyses are
required.

e The model does not account for dynamic loading or material degradation. For dynamic loading,
material models must incorporate degradation parameters and soil stiffness must be adjusted using
frequency-dependent dynamic factors.

PARAMETRIC STUDY

Fixed, Dependent, and Independent Parameters

Table 1 summarizes the fixed parameters that did not vary during the study. The walls analyzed were PG
with 15 MPa—20cm concrete masonry units (CMU) and reinforced with 15M bars every 600 mm. The total
axial load maintained a constant ratio of 0.9 with the maximum axial load allowed (0.05f,,,A,) by the TMS
402/406 [2] during the analyses. The out-of-plane capacity of the loadbearing-slender masonry walls and
the equivalent rotational base stiffness (RBS) were the dependent parameters of this study. These
parameters were obtained from different cases of slenderness ratio, soil type, foundation depth, and footing
width. Table 2 summarizes the independent parameters, such as wall height (h), soil type (Table 3),
foundation depth (Df), and footing width (Bf), were selected to investigate the effect on the dependent
parameters. The height of the walls varied according to the usual range found in single-storey buildings,
modifying the h/t ratio, the initial imperfection at midspan (0.1h), and the self-weight of the wall (B,,).
The maximum foundation depth used in the analysis was 1.20 m — the minimum depth recommended for
shallow foundations from frost heaving in cold climates.

Table 1: Fixed Parameters

Parameter Value

Wall thickness 190 mm
Wall effective width 1000 mm
Total axial load (P = P + B,) 40 kN/m
Load eccentricity (e) 63 mm
Compressive Masonry Strength (f;y,) 8.5 MPa
Tensile Masonry Strength (f;) 0.55 MPa
Effective area of steel per metre (45 ;) 333 mm2/m
Steel Yield Strength (f;) 400 MPa
Steel Modulus of Elasticity (Ey) 200 GPa

Table 2: Simulation Matrix

Parameter Values

Wall height (h) [4.8,5.8,6.8,7.6] m
External axial load (P) [31, 29, 26, 22] KN/m
Soil type: Sand [Loose, Medium, Dense]
Soil type: Clay [Soft, Medium, Stiff]
Foundation depth (Dy) [0.30, 0.60, 0.90, 1.20] m

Footing width (By) [0.60 — 1.60] every 0.10 m




Table 3: Typical Soil Classification and Properties [43]

. Unit Weight . Imemal Cohesion  Poisson's Modullu's of
Type of soil (kN/m?) friction angle (kPa) ratio Elasticity
(degrees) (MPa)
Loose 14.5 28 e 0.30 20
Sand  Medium 16.5 32 - 0.33 25
Dense 18.0 37— 0.38 45
Soft | 25 0.35 12
Clay Medium 145 e 50 0.35 30
Stiff 170 - 100 0.35 70

RESULTS AND DISCUSSION

Load-Displacement Curves

Load-displacement curves were obtained to evaluate the effect of the slenderness ratio (h/t), foundation
depth (Dy), and footing width (By) in the wall capacity for each type of soil. The lateral pressure (LP) and
lateral displacement at midspan (4,,;4) were normalized with the maximum lateral pressure (LP,,,,) and
wall height (h) obtained from the fixed base condition, respectively. It can be noticed in Figure 6 how
accounting for the wall-foundation interaction increases the out-of-plane capacity of walls and it is more
significant as the wall becomes more slender. For instance, when the wall was simulated with Bs= 0.60 m,
D¢=0.60 m, the out-of-plane capacity increased by 41% for loose sand and 50% for soft clay for walls with
a h/t = 25 while the increment was by 100% for loose sand and 126% for soft clay for walls with a h/t =
40, compared with the pinned base scenario.
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Figure 6: Load-Displacement Curves: (a) Loose Sand; (b) Soft Clay

Base Rotation Intensity and Equivalent Rotational Base Stiffness

The level of fixity provided by the wall-foundation interaction can be observed in Figure 7, the closer the
rotation ratio (6/6,,4y) is to zero, the base will tend to behave as a fixed condition, while if 8/6,,4, is
closer to one, the base will tend to behave as a pinned condition. For example, the base can be considered



as pinned within D¢ /h and By /h < 0.1, as partially fixed within D¢/h > 0.1 and 0 < B/h < 0.1, and
as fixed within D¢ /h and Bf/h > 0.1.
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Figure 7: Base Rotation Intensity: (a) Loose Sand; (b) Soft Clay

The equivalent rotational base stiffness (RBS) is a more practical interpretation of the base rotation intensity.
Table 4 and 5 show the range of equivalent RBS values from different h/t ratios (25, 30, 35, and 40)
obtained by using Eq.(1). Where M,, is the base moment and 8 is the base rotation at the maximum lateral

pressure.

(M

RBS = Mb
T8

Table 4: Equivalent Rotational Base Stiffness (RBS) on Sand

Dy By Loose Medium Dense

(m) (m) RBS (kN-m/rad)

0.3 0.6 80— 95 200 -290 320 - 460
0.3 0.8 210-300 530-730 1,500 — 2,260
0.3 1.0 720 — 840 4,800 - 5,600 40,600 — 41,550
0.3 1.2 4,600 —5,300 14,000 — 14,960 56,200 — 56,400
0.6 0.6 170 — 250 300 -430 420 - 600
0.6 0.8 490 - 650 1,300 -1,780 10,400 - 19,950
0.6 1.0 3,000 -3,400 9,800 —-10,600 43,600 — 44,050
0.6 1.2 7,250 — 7,500 24,800 — 26,600 56,800 — 56,900
0.9 0.6 250 - 400 350 - 550 510-700
0.9 0.8 950 - 1,170 3,800 - 4,850 28,800 - 30,550
0.9 1.0 5,200 -5,500 17,800 19,600 45,250 — 45,450
0.9 1.2 8,700 —9,070 28,350 — 28,500 57,200 — 57,250
1.2 0.6 360 — 500 490 - 660 700 - 870
1.2 0.8 2,100 - 2,500 8,500 -9,500 32,300 - 33,100
1.2 1.0 6,250 - 6,500 22,100 — 22,250 45,800 — 45,900
1.2 1.2 11,700 —12,300 28,800 —28,900 57,500 — 57,550




Table 5: Equivalent Rotational Base Stiffness (RBS) on Clay

Dy By Soft Medium Stiff

(m) (m) RBS (kN-m/rad)

0.3 0.6 110 -150 250-370 350 -520
0.3 0.8 240 - 340 640 — 860 2,700 — 4,100
0.3 1.0 580 — 750 8,500 — 8,900 23,200 — 23,800
0.3 1.2 3,120 — 3,450 12,850 — 13,000 32,900 — 33,150
0.6 0.6 140 — 200 300 —450 430 — 600
0.6 0.8 300-410 1,800 — 3,000 8,300 — 12,000
0.6 1.0 950 - 1,250 9,300 — 9,520 24,650 — 24,950
0.6 1.2 3,450 — 3,700 12,900 — 13,000 32,750 — 33,000
0.9 0.6 140 — 190 350 -500 500 — 700
0.9 0.8 340 — 450 4,200 — 5,350 15,500 — 16,550
0.9 1.0 1,650 — 1950 9,700 — 9,850 25,200 - 25,500
0.9 1.2 3,800 — 4,000 13,000 - 13,150 33,050 — 33,300
1.2 0.6 150 -200 390 - 570 650 — 850
1.2 0.8 400 — 480 5,750 — 6,150 17,150 — 17,650
1.2 1.0 1,500 — 1,800 9,700 — 9,850 25,200 - 25,350
1.2 1.2 4,050 — 4,200 13,150 -13,250 33,350 — 33,600

Stability Analysis and Elastic Effective Height Factors (k)

Stability analysis was performed on slender masonry walls with different h/t ratios (25, 30, 35, and 40) by
using Module 1 of the analysis model. The partially fixed condition was simulated using the lower bounds
of RBS from Table 4-5 with an initial imperfection of 0.1h at midspan, and an increasing concentric axial
load (P) was applied at the top of the wall until elastic buckling failure was reached. The load at the elastic
buckling failure with an end-restrained is known as elastic critical load (P.,.), while the load at the elastic
buckling failure under pin-end conditions is known as the Euler buckling load (P,) and can be obtained by
Eq. (2). Using P., and P, the elastic effective height factors can be calculated by Eq. (3).

2Ep 1.,

@ R=T
Fe
3 k= |22
® P

Where E,, is the modulus of elasticity of the masonry assembly, I, is the cracked moment of inertia, and
h is the height of the wall.

Table 6 shows a summary of the elastic effective height factors (k) obtained for different height-to-thickness
ratios (h/t) with different ranges of RBS values. The elastic effective height factor calculated (k¢qicuiated)
can not be used directly for design since ideal conditions are rarely achieved in practice. Therefore, the
elastic effective height factors proposed (kproposea) Were increased by 10% to account for uncertainties
such as workmanship (out-of-plumbness, reinforcement location, etc.), the position of the loads, variability
of material strength, and degradation due to the life cycle of the structure. However, a reliability analysis
(out of the scope of this study) is recommended to accurately account for the uncertainties previously
mentioned.



Table 6: Elastic Effective Height Factors (k)

RBS

h/t (kN-m/rad) kcalculated kproposed
25 80 — 150 0.9 1.0
25 170 — 650 0.8 0.9
25 > 700 0.7 0.8
30 80-110 0.9 1.0
30 150 - 530 0.8 0.9
30 > 580 0.7 0.8
35 80 0.9 1.0
35 110 -360 0.8 0.9
35 > 420 0.7 0.8
40 80 0.9 1.0
40 110 —-360 0.8 0.9
40 > 420 0.7 0.8

CONCLUSIONS

This study developed an analytical model to investigate the impact of wall-foundation-soil interaction on
the out-of-plane response of slender masonry walls. A parametric analysis was conducted by varying key
parameters, including wall height, soil type, foundation depth, and footing width. Based on the findings,
elastic effective height factors (k) were proposed, leading to the following conclusions:

Wall-foundation-soil interaction is an untapped source of stiffness that enhances the performance
of load-bearing masonry walls, increasing the out-of-plane capacity while reducing displacements.
The increase in capacity is attributed to the change of moment distribution along the wall height,
influenced by the presence of base stiffness, which is inversely proportional to the base rotation.
Base rotation is mainly affected by the foundation depth and the bearing capacity of the soil.

The benefit of accounting for base stiffness relies on the effective moment connection between the
wall and the foundation, which facilitates stress distribution into the soil creating a semi-rigid base
condition.

The application of elastic effective height factors can be an alternative for designers to account for
base stiffness in slender masonry wall design, reducing the impact of assuming a pinned base.

While this study demonstrates the benefits of wall-foundation-soil interaction under monotonic loading
and strip footings, further research is needed to evaluate the behaviour of the wall-foundation
connection under dynamic loading conditions. Investigating potential degradation mechanisms will
help determine whether the level of fixity remains consistent until failure.
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