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Abstract

This paper studies the in-plane response of unreinforced clay brickwork masonry wall panels.
For this purpose, a non-linear three-dimensional heterogenous Finite Element (FE) model was
developed using ABAQUS software. The model was validated against experimental studies ob-
tained from the literature. Then, a parametric study was undertaken to investigate the effects
of a) pre-compression, b) Height to Length ratio (H/L) of the wall and c) H/L of the masonry
units on the in-plane strength, initial stiffness, peak drift and ultimate drift limit. Finally, results
obtained from the FE computational models compared against those obtained from design
codes (Eurocode) for determining the in-plane force capacity and drift capacity of the URM
walls. From the analysis of results it was found that in most cases, Eurocode overestimates the
ultimate drift ratio when compared to the findings from the FE analyses.
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1 INTRODUCTION

Masonry is characterized by its ability to withstand high compressive stresses than tensile
ones. It is the mortar joint in a masonry wall panel which acts as a plane of weakness. Failure
in masonry wall panels depends among others on the material properties of bricks and mortar,
boundary conditions of the wall e.g., pre-compression levels applied on the wall, Height to
Length (H/L) ratio of the wall, H/L ratio of the masonry units etc. Typical failure mechanisms
in masonry wall panels include rocking, toe-crushing, sliding and diagonal tension failure. Over
the years, several studies investigated the in-plane response of masonry walls using experi-
mental tests, analytical methods and numerical models [1-5]. In this paper, code formulations
provided in Eurocode [6-9] for calculating the in-plane force capacity and drift ratio are com-
pared against results obtained from analytical and high-fidelity models. In particular, three dif-
ferent URM wall configurations (with varying H/L ratio of the wall) were considered herein.
Initially, the high-fidelity model developed based on the three dimensional FE software Abaqus
and validated against experimental test results found in the literature. The validated FE model
was then used into a parametric study where the H/L ratio of the wall, H/L ratio of bricks and
pre-compression of the wall were varied. A comparison between the findings obtained from
analytical models and FE analysis is also presented.

2 CODE FORMULATIONS FOR IN-PLANE RESPONSE OF URM WALLS

In this section, summary of code formulations for quantifying in-plane response (in-plane
strength, elastic stiffness, and drift) of URM walls are summarized.
2.1 Stiffness

Eq. (1) gives the estimate of the elastic stiffness (Kei) of the wall determined by considering
elastic beam theory [10,11].

1
Ko = —— (1)

aKEmI+ AnGm

where ‘h’ is the height of the wall, ‘E},,” is the Young’s Modulus of masonry (E,, = 550f,,)
and ‘G’ is shear modulus given by G,, = 0.4 E,,, [6]. Area moment of inertia, [ =tl13/ 12, ‘I’
and ‘t’ are length and thickness of the wall respectively. A, = [t is the cross-sectional area of
the wall while ag is a parameter that changes depending on the geometric boundary conditions
of the wall (e. g., ax = 0.83 for fixed-fixed walls and a, = 3.33 for cantilever walls).

2.2 In-plane strength according to Eurocode

Eurocode identifies three failure modes for URM walls under in-plane loading: flexural fail-
ure (toe-crushing), sliding failure, and diagonal shear failure. In-plane strength formulations
corresponding to different modes of failure are shown in equations (2) to (4):

1- Flexural toe-crushing (V):

N-l N
Vr = 2-hg (1 - 0.87-l-t-fm) @)
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where ‘N’ is the pre-compression load, ‘h,’ is the shear span measured from wall base (hy = h
for cantilever condition and hy, = h /2 for fixed-fixed condition), and ‘f,,,” is the compressive
strength of masonry.

2- Sliding failure (Vg;):
Va = for -t (3)

where ‘1"’ is the length of the compressed part of the wall, which depends on the eccentricity
‘¢’. For this study, e = 0 and hence [’ = . The characteristic shear strength of the masonry ‘.’
should be less than or equal to 6.5 % of brick compressive strength. It is a function of cohesion
of masonry ‘f,,o’ and pre-compression ‘o’ and is given as:

foko + 0.404 ;if bed and head joints are fully filled with mortar
0.5f,k0 + 0.40, ;if vertical joints are not filled with mortar

ka:{

3- Diagonal Tension (Vy;):

t-l
Vae =5 o /1+% *)

where ‘f;’ is the tensile strength of masonry obtained from experiments and ‘b’ is a shape
correction factor (1.0 < b = h/l <1.5). In this paper, URM walls with same thickness (t = 150
mm) and three different H/L ratios were studied (see Table 1). Material properties used in this
study are summarized in Table 2. Fig. 1 shows the dependence of the in-plane strength ON pre-
compression computed using the above-mentioned equations for all three URM walls.

H/L 0.48 0.96 1.44
Height (mm) | 2600 2600 2600
Length (mm) | 5400 2700 1800

Table 1: Geometric properties of different URM walls studied in this paper

Eyp, (MPa) fm (MPa) fe (MPa) foro (MPa)
3190 5.80 0.50 0.26

Table 2: Material parameters of masonry used for the analytical study.

2.3 Limiting drift ratio according to Eurocode

The drift limits A, and A,,, corresponding to significant damage and near collapse limit
states respectively are prescribed by Eurocode.

For walls whose failure is governed by flexural mechanisms, A, =0.01(1- N/Itf,,) X

Ag,» 1s the drift corresponding to 10% drop in shear force for regular masonry given by Ag,,,

= 1.33 X Ag,. For shear sliding failure, Ag,, equal to 0.5 % is suggested when masonry unit

strength limits the sliding. Also, the residual shear strength corresponding to Ag,» (1.33 X Ag,,)

can be obtained from Eq. (3), without considering cohesion (f, o). Ultimate drift, Ap,, = 0.6%
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is suggested for walls failing in diagonal shear with a drop of 50 % in shear force at Ap,,
(1.33 X Ap,,) for regular masonry.
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Figure 1: In-plane shear capacity of URM walls according to Eurocode.

3 FINITE ELEMENT MODELLING AND VALIDATION

Numerical modeling provides an effective platform for investigating the structural response
of engineering systems at a fraction of the cost of experiments. Modelling approaches for stud-
ying the behaviour of masonry structures based on finite element method include (i) macro-
modelling [12,13] (i1) simplified micro-modelling [14,15] and (iii) detailed micro-modelling
[16,17,18,19]. In this paper, a simplified micro-modelling approach based on cohesive elements
and a VUMAT subroutine was implemented in Abaqus 2021 to model URM walls. Extended
masonry units were modelled as linear brick elements with reduced integration whereas cohe-
sive elements (COH3DS8) were employed to simulate the mortar joints and potential brick
cracks. Concrete damage plasticity model was used to simulate the material behaviour of ma-
sonry units and cohesive behaviour of joints was simulated using a VUMAT subroutine. For
detailed explanation of FE modelling and material parameters, the reader can refer to [20].

3.1 Validation of the FE model

The finite element model was validated against a quasi-static reverse cyclic test of a URM
wall (T1 wall) performed at ETH Zurich [5]. The wall was made of perforated clay bricks with
size 290 x 150 x 190 mm®. Material properties used in the validation of the finite element
model and the parametric study are presented in Table 3 and 4 accordingly. A pre-compression
equal to 10 % of masonry compressive strength was applied on the wall followed by a reverse
cyclic in-plane drift under shear controlled conditions. FE results are in good agreement with
the experimental results in terms of damage contours and load-displacement response (see Fig.
2 and 3). Furthermore, T7 wall (same as T1 wall but with cantilever boundary conditions), also
corresponds well with FE results, as experimental in-plane strength (Vexp) of T7 wall is 108
kN and Vgem is 112 kN.

3.2 Parametric Study

The validated FE model with a converged mesh size of 75 mm X 75 mm X 100 mm was
employed for a parametric study. In this paper, three different H/L ratios of single leaf URM
walls were considered (as mentioned in Section 2.2, Table 1) and pre-compression was varied
from 0.10f, to 0.70f, with intervals of 0.05fn. Finally, two different H/L ratios of masonry

1747



Hisham Tariq, Mohammad Amir Najafgholipour, Vasilis Sarhosis and Gabriele Milani

unit (H/L =0.655: H= 190 mm, L =290 mm and H/L = 0.310: H=90 mm, L =290 mm)
were considered in this study.

Eprick (MPa) 10520 Dilation Angle (y) | 31°
Density (kg/m?) 2400 Eccentricity (g) 0.1
Poisson’s Ratio 0.15 Gb0/Cc0 1.16
fm (MPa) 5.80 K. 0.67
ft.orick (MPa) 1.27 Viscosity Parameter | 0

Table 3: Material properties of masonry used in FEM.

Parameter Horizontal Joints | Vertical Joints | Brick cracks
ft (MPa) 0.138 0.0375 1.27

G (N/mm) 0.125 0.034 0.107

c (MPa) 0.26 0.07 1.91

Tan(d) 0.94 0.94 0.75

G (N/mm) 1.25 0.34 1.07

kn (N/mm3) 28.9 7.81 400

Ksxy (N/mm?3) 5.93 1.62 400

K1/Kt 0.76 0.76 0.76

Table 4: Material properties of the interface elements.
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Figure 2: Damage patterns from experimental tests and finite element analysis.

4 NUMERICAL RESULTS FROM THE FINITE ELEMENT ANALYSIS

Flexural failure mechanisms were observed for the URM walls simulated using FEM. Par-
ticularly, slender (H/L = 1.44) and square (H/L = 0.96) walls failed in rocking followed by toe-
crushing for low intensities of pre-compression, whereas higher pre-compression resulted in
toe-crushing failure mode. Hybrid failure mechanisms (i.e., a combination of diagonal sliding
and flexure failure) were observed for squat walls under low pre-compression, whereas toe-
crushing was seen in squat walls under high pre-compression. In [20], an extensive investiga-
tion and discussion of the failure mechanisms of such walls and their dependence on the pre-
compression, height to length ratio of the wall and height to length ratio of bricks is presented
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Figure 3: Load vs drift curves from experiments and FEM.

For studying the in-plane response of flexure controlled URM walls, in-plane strength Vy,
numerical stiffness Knum (secant stiffness evaluated at 10—40% of in-plane strength), drift ratio
corresponding to in-plane strength Apeak and the ultimate drift ratio Ay (drift ratio at 80% of the
in-plane strength in post peak region) were considered. A discussion on the influence of pre-
compression, height to length ratio of the wall and height to length ratio of the masonry units
on these parameters follows.

4.1 In-plane strength

From the FE findings, it was shown that the in-plane strength of the wall increases as H/L
ratio of the wall decreases. This trend still existed if the in-plane strength in unit length of the
wall was considered, see Fig. 4. Pre-compression strongly affected the in-plane strength of the
walls. For all walls, the in-plane strength would increase initially as pre-compression increased,
peak at P, values between 30% and 45% of masonry compressive strength, and then begin to
decline as illustrated in Fig. 4. Furthermore, numerical results demonstrated that as the H/L
ratio of the wall decreases, the in-plane force capacity becomes more sensitive to the pre-com-
pressive stress. Hence, the effect of pre-compression and height to length ratio of the wall on
its in-plane strength can be interdependent, meaning that for the walls with lower H/L ratio
same increase of pre-compression can result in a greater increment of in-plane strength than the
wall with higher H/L ratio. In-plane strength was found to be very less sensitive to height to
length ratio of the masonry units for square and slender walls whereas for squat walls H/L ratio
of bricks had some effect on the in-plane strength as shown in Fig. 4 (a).
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Figure 4: In-plane strength in relation with pre-compression for different H/L ratios of wall and two H/L ratios of
bricks (a) In-plane strength (kN) (b) In-plane strength in unit wall length (kN/mm)

4.2 Stiffness (Knum)

As expected, increase in the numerical stiffness of the wall (calculated at 10% of in-plane
strength) was observed as H/L ratio of the wall decreased, as lower H/L ratio corresponds to
higher area moment of inertia of the wall (see Fig. 5). Also, pre-compression does not seem to
have any considerable effect on the numerical stiffness of the URM wall as shown in Fig. 4 and
supported by the results [15,21]. The mean change in numerical stiffness for all the walls caused
by the variation of pre-compression from 10% to 70% of masonry compressive strength is 7%.
Slender walls (H/L = 1.44) and (H/L)brick = 0.655 show maximum change in the stiffness due
to the variation of pre-compression, which is 11.8%. H/L ratio of masonry units significantly
affected the stiffness, with bricks having lower H/L ratio yielding lower wall stiffness (Fig. 5).
A lower H/L ratio of bricks results in a greater number of bricks and mortar joints inside the
wall, which results in a greater degree of anisotropy and a subsequent reduction in the stiffness
of the wall.

4.3 Drift corresponding to peak load (Apeak) and ultimate drift ratio (Au)

Pre-compression, height to length ratio of the wall, and height to length ratio of the bricks
were found to affect both Apeak and Au. With increase in pre-compression, Apeak as well as Ay
decreased with an exception of squat wall with P. = 0.15f, and (H/L)prick = 0.312 (see Fig. 6
and 7). This particular wall configuration deviated from the trend and Ay at Pc = 0.15f;, is higher
than A, at Pc = 0.10fn. A hybrid failure, which involves both rocking and sliding followed by
toe-crushing, was observed in squat walls at low levels of pre-compressive stresses. Addition-
ally, height to length ratio of the brick have a significant impact on the shear failure mechanism.
Bricks with smaller H/L ratio tend to resist the diagonal sliding failure [20] and it causes failure
in the form of vertical cracks passing through bricks and head joints. As a result, there may be
a need for a greater amount of drift in order to cause 80% drop in shear force in this case which
explains the deviation in the trends of ultimate drift ratio.

In general, it was observed that Apeak increases with an increase in the H/L ratio of the wall
with a slight variation in squat walls with (H/L)urick = 0.310 under pre-compression (0.15 -
0.25)fm. Also, the walls having bricks with lower H/L ratio had low Apeak (see Fig. 6). Ultimate
drift ratio showed strong dependence on height to length ratio of the wall as well as H/L ratio
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of the bricks. Squat walls with high (H/L)urick exhibited higher ultimate drift ratio for pre-com-
pression levels varying from 10% to 25% of masonry compressive strength, see Fig. 7 (a).
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Figure 5: Variation of numerical stiffness (Kyum) With pre-compression for URM walls with different H/L ratios
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Figure 6: Variation of drift ratio corresponding to peak load (Apeak) With pre-compression for URM walls with
different H/L ratios (a) (H/L)brick = 0.655 (b) (H/L)prick = 0.310

Ductility in the post-peak region can be assessed by the ratio Auw/Apeak , see Fig. 8. When this
ratio is equal to one, it implies brittle failure; nevertheless, as it grows, it also indicates an
increase in the ductility in the post-peak region. Aw/Apeak showed very different trends depending
on the height to length ratio of the bricks. For (H/L)prick = 0.655, Au/Apeak Was almost equal to
one for slender and square walls under all pre-compression levels indicating a brittle post peak
behaviour, but higher values of Au/Apeak for squat walls under low pre-compression (0.1fy —
0.25fm) implied a relatively ductile post peak region. For lower (H/L)prick = 0.312, slender and
square walls demonstrated some post peak ductility for P. = (0.10f, -0.25f) and higher pre-
compression caused brittle failure whereas squat walls showed post peak ductility only for P =
(0.10fm and 0.15fy).
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Figure 7: Variation of ultimate drift ratio (A,) with pre-compression for URM walls with different H/L ratios
(a) (H/L)brick =(0.655 (b) (H/L)brick =0.310
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Figure 8: Variation of (Aw/Apeak) With pre-compression for URM walls with different H/L ratios
(a) (H/L)brick = 0.655 (b) (H/L)prick = 0.310

5 COMPARATIVE ASSESSMENTS WITH CODES OF PRACTICE

In this section, the results that were produced via numerical modeling are compared with the
results that were obtained from the design code formulations.

5.1 Stiffness

The comparison between numerical stiffness (Knum) and elastic stiffness is presented in Fig.
9. Since pre-compression has no significant influence on the numerical stiffness, the mean of
the numerical stiffnesses at different pre-compressive stress values is shown in Fig. 9. The stift-
ness of the URM wall was significantly overestimated by Eq. (1), and this finding has been
reported in the literature [22,23]. The reason for this overestimation is the anisotropic behaviour
of the masonry which is not taken into account by Eq. (1). Numerical stiffness (Knum) was found
to be, on average, 52 % of the stiffness calculated using the elastic beam theory. The effective
stiffness is typically in the range of 40-80% of the elastic stiffness as indicated in the literature
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[15,24]. Assuming that Knum is the effective stiffness, Knum is within the abovementioned range
(0.4-0.8 Ke1) for most of the cases as shown in Fig. 9.
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Figure 9: Comparison of stiffness obtained from numerical modelling and elastic beam theory for different URM
wall configurations.

5.2 In-plane strength

Fig. 10 compares the in-plane strengths calculated from Eurocode equations and FE model-
ing (H/L of brick = 0.655) for different walls subjected to varying intensities of pre-compres-
sion. It can be observed that the analytical relations and FE results are in good agreement for
slender walls (H/L = 1.44) for all levels of pre-compression. For square walls (H/L = 0.96),
Eurocode relations predict the in-plane strength with good accuracy for pre-compression levels
(0.10f - 0.25f,) whereas certain overestimation by Eurocode can be observed for these walls
under pre-compression levels (0.30fn -0.70fm). A very significant overestimation of in-plane
strength can be observed for squat walls (H/L = 0.48) especially for pre-compression (0.25f, -
0.70fm). Similar discrepancy between the in-plane strengths determined from FE analyses and
analytical formulations (ASCE 41-17 and Italian Code) was reported by [1]. The design codes
do not consider a possibility of the occurrence of the combined failure (rocking and diagonal
shear failure). Furthermore, the reduction factor, k (= 0.87 in Eurocode, 0.7 in ASCE 41-17 and
0.85 in Italian Code) in the toe-crushing relation is defined just to idealize the constant distri-
bution of the compressive stresses at the base of the wall and it does not take into account the
height to length ratio of the wall and the constraint conditions. These two factors can be at-
tributed to this huge difference between the results from numerical simulations and analytical
formulations.

5.3 Load-drift curves

Load-drift (P-A) curves are represented as piecewise linear curves using the formulations
discussed in section 2. In the elastic region, a bilinear relationship is assumed in which P =
K,; X A is assumed till 0.7V, and 50% reduction in K,; is considered for the second part of the
elastic region up to yield drift (A,). A zero slope is assumed between A,, and A,, followed by
reduction in shear force at A,, according to the failure mode. Fig. 11 shows the comparison of
load-drift curves obtained from FE modelling and analytical equations. Clearly, H/L ratio of
the bricks have a significant influence on the in-plane response of the URM wall panels. Fur-
thermore, the revised version of Eurocode overestimated the drift capacities for almost all the
cases. This is partly because most of the code equations are proposed based on the experimental
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tests on solid brick walls which tend to have high drift capacities [5,25]. A good agreement
between FE results and code equations was found in terms of in-plane force capacity for low
levels of pre-compression (10-20 % of masonry compressive strength) only and the deviation
between the results increased with decrease in H/L ratio.
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Figure 10: Comparison of in-plane strengths obtained from numerical modelling and Eurocode formulations for
different URM wall configurations.

6 CONCLUSIONS

This paper presents the numerical investigation of URM walls under in-plane shear with
focus on cantilever (fixed-free) boundary conditions. A 3D FE model developed in ABAQUS
is implemented in an extensive parametric study to investigate the influence of pre-compression,
height to length ratio of the wall and height to length ratio of the bricks on the in-plane response
of URM walls. Additionally, a summary of analytical relations given in Eurocode for quantify-
ing the in-plane behaviour of URM walls in terms of in-plane strength and drift ratio is also
presented. A comparison of results obtained from FE analyses and code provisions is also pre-
sented.

In most cases, Eurocode overestimates the ultimate drift ratio when compared to the findings
of FE analyses. In-plane strength is also overestimated by Eurocode except at low levels of pre-
compression (0.1fn — 0.2f). A very huge disparity between the results of design codes and FE
analyses can be seen in case of squat walls (H/L = 0.48).

Analytical models determining the drift ratio can incorporate normalized pre-compression,
H/L ratio of the wall and the geometric boundary conditions. Furthermore, an extensive exper-
imental study on the perforated URM walls, particularly squat walls, is suggested to better
quantify the in-plane response of the walls.
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Figure 11: Comparison of Load vs drift curves obtained from FEA and design code formulations.
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