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Fig. 3. Macro-scale model under pure shear
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Fig. 4. Macro-scale model: a) panel under axial tension in the
vertical direction and b) panel under axial tension in the
horizontal direction
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Fig. 1. In-plane behavior of masonry at the scale of elements
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Fig. 2. Truss system equivalent to a masonry panel
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Fig. 7. Effect of cracking on compressive behavior
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diagonal tensile cracks
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Fig. 9. Removal of a tensile element in a diagonal failure mode
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experiment, (b) Truss model
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Number Bed-Joint Bending strength Diagonal Max Ratio of
of Sliding (KN) Tension force max
specimen Strength Strength in analytical
(KN) (KN) TaRa force to
- soft minimum
Rocking Toe- ware resistive
Strength Crushing (KN) force of
Strength failure
modes
Wall 1 17.19 5.2 5.37 3.25 3.42 1.05
Wall 2 21.56 15.61 16.11 9.75 10.2 1.049

Table 2. Comparison between numerical model and ASCE41
equation for diagonal failure mode.
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Fig. 12. The effect of vertical load on the shear sliding mode
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Number of Effecti Effective Ratio of Effecti Axial Lower- Lower- coeffici

specimen ve height Effective ve compr Bound Bound ent
length length to thickn essive compres tensile
Effective ess stress sive strength
height strength
L et L ’ o fe far «
cm cm cm Kkaf. ki kot
(cm) (cm) hegy (cm) G ¢ gz G2’
cm’
Walll 1000 1000 1 100 98.1 196.3 9.8 0.5
Wall2 1000 1000 1 300 98.1 196.3 9.8 0.5

Table 1. General specifications of two samples with diagonal
failure mode
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Fig. 11. Samples with diagonal failure mode
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Fig. 15. Effect of compressive strength of masonry before
deterioration of adhesion strength (c = 0.8)
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Fig. 16. Effect of compressive strength of masonry after
deterioration of adhesion strength (¢ = 0.8)
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sliding failure mode
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Fig. 14. Sample model to investigate the slip mode of mortar
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TaRa i3l 3 o
Number Bed-Joint Bending strength Diagonal Max Ratio of

of Sliding (kN) Tension forcei max
specimen Strength Strength n analytical
(kN) (kN) TaRa force to
_— softw minimum
Rocking Toe- are resistive
Strength Crushing (kN) force of

Strength failure

modes

Wall 1 15.68 19.05 20.85 18.59 13.89 0.87

Wall 2 78.4 118.54 117.6 83.15 65.67 0.82

Table 4. Comparison between numerical model and ASCE41
equation for diagonal failure mode.
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Number of Effecti Effective Ratio of Effecti Axial Lower- Lower- coeffici

specimen ve height Effective ve compr Bound Bound ent

length length to thickn essive compres tensile

Effective ess stress sive trength

height strength
L g L t o fe fa «
kaf ki kaf
(cm) (cm) hesf (cm) & ¢ 52) (6=
cm

Walll 3000 1000 3 100 29.4 196.3 49 0.5
Wall2 4000 1000 a4 100 147.1 196.3 147.1 0.5

Table 3. General specifications of two samples with shear
sliding failure mode
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Fig. 17. Samples with shear sliding failure mode
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Fig. 18. Lateral force-displacement of sample walls with shear-
sliding failure mode
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compression strut in a confined masonry
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Fig. 23. Transmission of vertical and lateral loads
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Fig. 20. Sequence of removal of vertical elements from the truss
model in rocking failure mode
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Fig. 21. General force-displacement diagram considering the
elimination of vertical elements due to traction.
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Fig. 26. Loading
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Number of adhesi Axial Effective Effecti Effecti Lower- Lower- coeffici
specimen on compress thickness ve ve Bound Bound ent
ive stress length height compres tensile
sive strength
strength
c a t L Pege fc fae a
%) (:,,‘Li) (cm) (cm) (cm) ¢ kg ) ¢ kg )
cm? cm?
Walll 71 5.3 19.8 366 182.9 62.8 7.1 0.5
Wall2 71 35 19.8 274.2 182.9 62.8 71 0.5
Wall3 71 3.5 19.8 182.9 182.9 62.8 71 0.5

Table 7. Masonry walls tested by Abrams et al

et gl e Laigal ¥ IS Slasiie 0 Jgie

Number of Effecti Effective Ratio of Effecti Axial Lower- Lower- coefici
specimen ve height Effective ve compr Bound Bound ent
length length to thickn essive compres tensile
Effective ess stress sive strength
height strength
L et L t - fe [ «
cm cm cm kaf. k; kaf.
(cm) (cm) hefs (cm) (o] e gz) G2’
cm’
Walll 1000 3000 0.3 100 29.4 196.3 98.1 0.5
Wall2 1000 1000 1 100 49 196.3 49 0.5

Table 5. General specifications of two samples with flexural
failure mode
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Fig. 24. Samples with flexural failure mode
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Fig. 25. Lateral force-displacement of sample walls with
flexural failure mode
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TaRa i le 5 Mo

Number Bed-Joint Bending strength Diagonal Max Ratio of
of Sliding (kN) Tension force max
specimen Strength Strength in analytical

(kN) (kN) TaRa force to
softw minimum
Rocking Toe- are resistive
Strength Crushing (kN) force of
Strength failure
modes
Wall 1 25.48 19.05 20.71 100.57 13.82 0.72
Wall 2 6.53 3.00 3.21 6.93 2.86 0.93

Table 6. Comparison between numerical model and ASCE41
equation for flexural failure mode.
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Fig. 28. Three-dimensional geometry
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Fig. 29. Comparison between numerical and experimental
results
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Fig. 27. Comparison between numerical and experimental
results (a) wall 1, (b) wall 2, (c) wall 3
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Table 8. Material properties of arch sample

Sy s anglae 5 (M) SSE 5 (ol Jbe sl
ARl b g3de Lo 3 ocal oy O o5 = Sl
Joolom 355 o 03 o8 slalen il 1 (V) S
s AT e b ks Sislen o
@3t Jde sl Y S

| 2022

25 4)
em om

> .
S

.

5 trom——g W5
253 o en

:
:
2

]

Fig. 31. Numerical model
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Abstract

In this research, a truss model is introduced to simulate the in-plane behavior of masonry walls in different
failure modes. In the proposed model, the structural members are divided into smaller two-dimensional panels
and then a truss system is used to model each panel. The geometry, dimensions and behavioral model of these
truss elements are introduced according to the behavior mechanism and failure modes of the masonry walls.
It is shown that the masonry walls can be well modeled by choosing the appropriate dimensions for the
horizontal, vertical and diagonal elements and also using the appropriate material models.

The dimensions of the truss members are determined in such a way that the stiffness of the truss model is the
same as the stiffness of the initial panel, under different loading conditions. In this regard, the computational
method introduced by Aghababaei is used. The elasto-plastic-fracture model developed at the University of
Tokyo is applied for compressive behavior of elements. Barimani et al. evaluated and verified the accuracy of
this model. Also for tensile and post cracking behavior of masonry, the tension softening model of Maekawa
et al. is used.

The proposed model is implemented in the nonlinear finite element software, TaRa, developed at Tarbiat
Modares University. In addition to the ability to model the reinforced concrete frame systems under monotonic,
cyclic and dynamic loads, this software is capable of modeling the behavior of structures in large deformations,
progressive failure and elements removal. The capability, accuracy and validity of the program in simulating
the structural behavior of reinforced concrete have been shown in previous researches. In this research, this
software is used to develop the proposed truss-based method for modeling the in-plane behavior of masonry
structures.

In order to apply the effects of cracking on the compressive behavior of diagonal elements, a softening model
dependent on the crack width is introduced. The idea used is generally based on the smeared track approach.
In this model, after identifying the pair of each diagonal element and as soon as a crack occurs in one diagonal
element, by multiplying the force values in a proposed function, the behavior of the other diagonal element is
modified. Although in the proposed model, the friction angle is not defined as the main input parameter, but
the results show that based on the compressive strength of the masonry, an equivalent friction angle can be
expected for the masonry. The results of the parametric study in shear sliding mode showed that the capacity
and behavior of these samples are affected by the tensile and compressive strength of diagonal elements. In
such a way that the tensile strength is related to adhesion in the Mohr-Coulomb model and the compressive
strength is effective on the friction angle.

Analytical results are evaluated based on ASCE41 code in different failure modes. Also, for verification, two
I-shaped masonry walls, three masonry walls with rectangular cross-section and an arched walls are
numerically analyzed using the proposed model and the results of numerical and experimental tests are
compared. The results show that the proposed model, while simple, has a good ability to estimate the nonlinear
behavior of masonry wall.

Keywords: masonry wall, nonlinear, in-plane behavior, numerical modeling, macro-model
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