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Abstract. The dynamic behavior of structures has always received considerable attention.
The dynamic behavior of structures requires a suitable numerical modeling method to
illustrate the behavior of the structure under dynamic loads. In this study, the response
of two identical unreinforced masonry walls to the underground blast was examined. The
experimental variables were the horizontal distance from the explosion point and the depth
in which the explosives were located. After examining the behavior of the masonry walls
under high-frequency dynamic loads, different numerical models were applied to simulate
the dynamic behavior of these two walls against the underground blast experiments. Thus,
several different factors were studied, including the yield criterion, the meso-type and
macro-modeling of the masonry wall, and the topography of the site. Finally, due to
the degree of accuracy required, it was concluded that each of the methods can be used;
however, the most appropriate and accurate modeling method for the unreinforced masonry
wall is the frictional-cohesive zone material and modified Mohr-Coulomb model, which
provided accurate and precise responses.

(© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

Masonry materials as the oldest building materials
have been extensively used in various countries around
the world thanks to the ease of construction, high
durability, beautiful architecture, and low maintenance
costs. In most brick structures, walls are the weakest
component due to low ductility and poor shear or
flexural strength. Therefore, identifying the behavior
of the masonry wall against the incoming loads plays an
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important role in the design of buildings and the safety
of residents. Therefore, various studies have been done
on the behavior of the masonry wall under different
loads and various types of modeling. Considering
brick and mortar use for building materials, Ali and
Page [1] presented a nonlinear numerical study of
such materials is presented. Dhanasekar et al. [2]
introduced a fracture level for masonry material by
considering it as a three elliptical member. Taking into
account different fracture modes and using three differ-
ent fracture criteria including Mohr-Coulomb friction
law, maximum tensile strain criterion, and maximum
compressive stress criterion, Andreaus [3] performed
comprehensive research on building materials. Ghiassi
et al. [4] proposed an orthotropic macro model for
static nonlinear modeling of masonry walls. Grande
et al. [5] proposed a new method to determine the



2988 AH. Akhaveissy et al./Scientia Iranica, Transactions A: Civil Engineering 28 (2021) 2987-3007

nonlinear response by examining unreinforced and
FRP-reinforced masonry walls under vertical in-plane
and lateral loads. Berardi [6] used the Meso mechanical
method to evaluate the onset of cracking and rupture
of the masonry wall under in-plane load. Panto
et al. [7] used a 3D discrete macro-element model
to numerically analyze masonry walls under off-plane
loads. Choudhury et al. [8] conducted a numerical
and experimental study on a masonry wall. In the
study, isotropic elastic damaging 3D modeling and
two-step homogenized Finite Element Method (FEM)
was used to predict the fracture behavior of masonry
wall. Compared with the experimental results, the
model is quite accurate. Giambanco et al. [9] modeled
the behavior of masonry structures at the interface
of mortar and brick by Interface Element Model. A
good fit between numerical and experimental modeling
was observed for the friction and separation cracks
between mortar and bricks. Francesco Parrinello et
al. [10] modeled the behavior of masonry structures
under cyclic loads using a FEM and a cohesive-
frictional interface constitutive model. Akhaveissy [11]
modeled the behavior of masonry structures using the
DSC/HISS plasticity model and accurately calculated
the behavior of the masonry walls, in comparison to
the experimental model. Akhaveissy [12] modeled the
strength of URM structures using a constitutive model
for interface element and predicted the lateral strength
of the masonry walls with higher accuracy than FEMA-
307 and ATC. Akhaveissy and Milani [13] employed
the pushover analysis to analyze the via Martoglio
structure (Catania, Italy) using equivalent frame and
discrete element and DSC/HISS methods. They also
detected the inspected the key and weak links of the
structure and suggested strengthening the structure
with steel bars. Numerical analysis of the retrofit struc-
ture showed that the ultimate strength and ductility
were increased by 80% and 70%, respectively. Due to
the brittleness of masonry structures, predicting the
ultimate strength of masonry structures has always
been one of the important issues in the design of such
structures. Using the FEM, Deng and Yang [14] nu-
merically examined ECC-retrofitted Confined Masonry
(CM) walls and presented a sensitivity analysis of the
numerical model of this wall. The masonry wall was
tested and numerically examined by Khan et al. [15].
Also, they examined a geosynthetic-reinforced soil wall
using 3D modeling on the macro scale. There are
different modeling methods for masonry structures,
including macro-modeling, Meso-modeling, interface
damage, and homogenization methods, which can be
used with regard to the concerned accuracy and compu-
tational costs. Meso-modeling methods provide more
appropriate accuracy than macro modeling methods
and one of these two methods should be selected
according to the relevant computational cost and accu-

racy. Karaton and Canakgi [16] investigated the effect
of the meso-model analysis of the masonry wall of the
head and bed region of the mortar using the finite
element method.

Komurcu and Gedikili [17] investigated the unre-
inforced masonry shear walls by using the macro and
meso modeling. The results show that Meso modeling
is very accurate in showing the cracking behavior of
the wall. On the other hand, the behavior of structures
against dynamic loads has always been a major issue in
structural engineering. One of the methods to generate
the dynamic load is to use the subsurface explosions
of soil by the means of explosives. A subsurface
explosion can produce a high-frequency wave, similar
to the vibration of the near-field fault [18-20]. In the
underground blast like earthquakes, some horizontal
and vertical waves are generated (P, S, LOVE, LR);
thus, the behavior of structures in the subsurface ex-
periments is in good agreement with the behavior of the
structures during a near-field earthquake [21]. Ma et
al. [22] examined the damage to the reinforced concrete
structures in a subsurface explosion by considering the
nonlinear behavior of the structure with two variables,
namely the horizontal distance from the explosion cen-
ter and the structure height by the LS-DYNA software.
The behaviors of brittle materials, such as reinforced
concrete structures and masonry structures, under
dynamic loads have always received attention, and
researchers have tried to provide the best method to
model the complex behavior of these structures. There-
fore, many researchers have examined the behavior of
masonry structures and provided retrofitting methods
for masonry structures under explosion load. The local
damage and fragments of unreinforced masonry walls
under close-in explosions were studied experimentally
by Shi et al. [23]. Wang et al. [24] investigated
the behavior of polymer-retrofitted masonry unit walls
under explosion load. In this study, by comparing
non-reinforced walls with polymer-retrofitted masonry
unit walls, the optimal behavior of the reinforced
wall against explosion load was identified. Li et
al. [25] investigated the performance of strengthened
infill unreinforced masonry walls against blast loads
through numerical and experimental study. It is worth
mentioning that soil plays a critical role in modeling
the structure against dynamic soil loads. Therefore,
soil modeling has a significant impact on the results.
Researchers are always in pursuit of new ways to model
soil. Hu et al. [26] investigated the propagation of
blasting waves around underground rock caverns using
the 4-D lattice spring model. To analyze wave propa-
gation in soil, Ma et al. [27] compared the capabilities
of two soil modeling methods namely finite element
modeling in Autodyn software and isotropic continuum
damage model. Using Autodyn3D, Hao and Wu [1§]
investigated soil modeling and the effect of soil type
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on the propagation of blast waves. In this study, the
behavior of masonry structures was investigated under
dynamic loads generated by the subsurface explosion.
Two experiments with different horizontal spacing and
crater depth were performed, and the wall behavior
was examined by recording acceleration at different
points. The different numerical methods were used
to model the masonry wall and soil and the effects
of macro and Meso modeling, meshing dimensions,
and Wiliam-Warnke and Menetrey-Willam fracture
surfaces on brick modeling were examined. Further,
the impact of the site topography, the Drucker-Prager
elastoplastic failure surface, and soil modified Mohr-
Coulomb and Laysmer boundaries were considered to
determine the best solution to model the behavior of
masonry structures under dynamic load.

2. Mechanical properties of materials and
dimensions of experimental samples

2.1. Mechanical properties of masonry wall
The masonry wall was built by bricks and sand/cement
mortar. The walls were 1200 x 960 x 100 mm, with a
ratio of h/l = 1.25. To test the compressive strength
of the mortar according to the ASTM ¢109/c109M
standards, 50x 50x 50 mm cube samples were used [28].
The compressive test of the masonry unit was carried
out according to the Australian Standard AS1012.9:
1999. All tests were performed after 29 days of
curing (Table 1). In Figure 1, the average compressive
strength of each element of the masonry unit is shown.
The compression test result was used to estimate the
other mechanical properties of the materials by the ACI
and ACI530 Standards [29].

() (b)
Figure 1. Compressive strength test: (a) Brick, (b)

masonry unit, and (c) mortar.

Table 1. Compressive strength of wall components.

Components of Average of

masonry compressive
wall strength
Brick 10.5 MPa
Mortar 7.2 MPa
Masonry specimen 8.4 MPa

2.2. Mechanical properties of the soil

A decisive factor in investigating the underground
blasts is the mechanical properties of soil. Due to
the fast wave transmission in the soil environment, the
CU test according to the ASTM D4767 standard [30]
was used to obtain soil mechanical properties. As the
crater soil is considered to be degraded and does not
have any cohesion, the internal friction angle of soil
can be calculated via the direct shear test according to
the ASTM D3080 standard [31]. For each experiment,
three soil samples from the site were used. Figure 2
shows the axial stress-strain diagram of the soil in
the triaxial compressive experiment. The strength
of the Mohr circle and strength envelope lines of
different samples are shown in Figure 2. According to
Table 2, the amount of cohesion, internal friction angle,
modulus of elasticity, and the Poisson ratio of soil are
0.02, 35, 530, and 0.37 MPa, respectively. According to
geological studies, the soil of the region was identified
as Glacial till (very dense (Figure 3)). By performing
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Figure 2. (a) Average of the axial stress-axial strain of
soil. (b) Mohr circle and strength envelope lines of soil.

Table 2. Mechanical properties of site soil according to
triaxial test.

Properties of glacial till

C' (MPa) 0.02
¢ (degree) 35°
E (MPa) 530
v 0.37
e 0.4
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Figure 3. View of wall foundations.
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Figure 4. Direct shear test for friction angle of the crater.

the direct shear test for the soil of the crater (crater
site), the value of internal friction angle was obtained
according to 3 experimental samples 35°(Figure 4).

2.3. Underground blast test

In this study, 2 walls of similar dimensions (1200 x
960 x 100 mm) were tested. The test methods for the
two walls were almost the same, the only difference
was the amount of explosive used, the depth, and
the horizontal distance between the explosive and the
wall. In Sample (1), the explosive was placed at
a horizontal distance of 3.5 m from the wall and a
depth of 1.5 m. For Sample (2), these values were
2 m and 1 m, respectively. The T.N.T values in
the first and second experiments were 1.92 kg and
4.9 kg, respectively. Figure 5 shows the dimensions
of the samples and the location of the accelerometer
sensors with an accuracy of 0.01 g and 50 g power.
It should be noted that the horizontal acceleration on
the foundation and above the wall and the vertical
acceleration above the wall were measured in the first
experiment, though, only horizontal acceleration on
the foundation and above the wall was recorded in
the second experiment. The explosive was placed in
UPVC pipes and was completely enclosed using two
closures to transfer more energy to the soil. In each of
the two experiments, the explosive material was placed

960 (mm)
-_ .

Exp.1(L =3.5m, H=1.5 m, TNT =1.92kg)
Exp.2(L =2 m, H=1 m, TNT =4.9kg)

Vi
]/
7
Vi

]
7
Vil
I

I
I
I
I

I
I
I
I
I
I

1200 (mm)

I I
I I
I I
I I
I I
I I
I I

I I

I
I I

I
I I

I
I I

I
I I

I
I I

I
I I

]
7
7

jusi

@TNT

Detonation point

Accelerometer

Figure 5. The dimensions of the samples and the
location of the accelerometer sensors.

directly along the length of the wall and was covered
by the soil of the crater. It is worth noting that in
the first experiment, with 1.92 kg TNT, a horizontal
distance of 3.5 m from the wall, and a depth of 1.5
m, the wall behavior was almost linear, and no cracks
were observed in the wall (Figure 6). After two-times
integration from the horizontal time-acceleration curve,
the time-displacement curve will result. By using this
stage, the maximum absolute displacement of the wall
was calculated about 0.7 mm. According to FEMA
356 [32], this value is less than 0.1%, therefore it
is in the linear range and has immediate occupancy
performance (Figure 7). In the second experiment, the
amount of the explosives increased and the position of
the explosives was closer to the masonry wall, and the
cracks and fractures appeared in the fourth-bed joint
row of the mortar of the masonry wall. The results
showed that when the vertical wave approached, the
wall moved upward slightly, and when the horizontal
wave approached, the wall was impacted by the shear
wave shock and fractured at the joint of the fourth bed
(Figure 8). The response of recorded time-acceleration
to two masonry wall samples is shown in Figure 9. As
shown in Figure 9(b), the axis marked in the figure is
from 0.13 s to 0.25 s. This figure shows the time of
failure of the wall. In numerical analysis, this section
has been discarded.

3. Finite element modeling in different ways

To obtain the most appropriate numerical modeling
method, all effective parameters such as soil crite-
rion, far-field boundaries to prevent wave reflection,
modeling of the masonry wall, the topography of the
site, and dynamic loading imposed by the explosion
of the explosives were included. Hence, a stepped
logical process was adopted to find the most suitable
numerical response that is close to the experimental
results. Since the dynamic load power was greater in
the second experiment, the masonry wall was fractured
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Location of the accelerometerin the
masonry wall

Before the test

(e)

(d)

Figure 6. The first experiment: (a) Before the test, (b) during the test, ¢ = 0.03, (c) during the test, ¢ = 0.053, and (d)

after the test.
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0.7 — Absolute displacement on top of the wall

0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1
-0.2

Displacement (mm)

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Time (s)

Figure 7. Absolute horizontal displacement on top of the
wall in the first experimental.

and damaged in the fourth-bed joint row of the mortar;
hence, the second experiment results were used to
compare the numerical method using Ansys Software
and experimental data.

3.1. The fized parameter in all of the models
3.1.1. Boundaries

Boundaries play a determining role in numerical anal-
ysis. In this section, the effect of far-field boundaries
is examined by considering a simple example. In the
dynamic modeling of explosions and earthquakes in the
soil environment, the size and artificial boundary of the
finite element model can usually effectively determine
the dynamic response and wave attenuation in the
finite element environment. Selecting the fixed or
free boundary condition reflects the input wave into
the model. This reflection interferes with the input
wave and makes it very difficult to analyze the results.
Therefore, absorbent boundaries are necessary. A set
of non-reflection boundary conditions was proposed.
For example, to understand how the non-reflection
boundary works, viscous boundary element [33], strip
element [34], and infinite element [35] are included in
FEM. These methods can be applied to other types
of numerical methods. For instance, viscous bound-
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t =0.23s

Figure 8. A few frames of the second experiment and the wall fracture in the fourth-bed joint row.

ary element was utilized in Discrete Element Method
(DEM) [36] and Discontinuous Deformation Analysis
(DDA) [37]. In this research, a viscous boundary
element was used. For this method, the normal and
shear viscous tractions are given as Eq. (1):

t, = —pAC’pa, ts1,52 = —pAC,b,
a= 8 (5+2S—252) b= 8 (3+29)
157 ' 157 '
g (1- 21})7
2(1 —w)

E(l1-v)

G
=V STV area-ae W
where, p is mass density A is the equivalent site, C}, and
Cs, respectively, are the P-wave and S-wave velocities,
a and b are the dimensionless parameters, G is shear
modulus, v is Poisson ratio. In the numerical model,
to investigate the effect of boundary conditions, wave
propagation was studied via one-dimensional modeling.
The mechanical specifications (Table 1) were used. The
numerical model was considered to be two-dimensional,
with a length of 10 m in the longitudinal direction (X)

and a length of 1 m in the transverse direction (Y),
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Figure 9. Recorded time-acceleration results: (a) The
first experiment and (b) the second experiment.
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Figure 10. Input dynamic pressure.

with three different boundary conditions. The input
wave was applied to the left side of the model as a
dynamic pressure as shown in Figure 10. At point
A, the velocity value was checked for three different
conditions. The coordinates of point A are x = 9500,
and y = 500 mm. As indicated in Figure 11, the
numerical results of the three measurement points
identified in the above models are summed together
and then compared. Regardless of the damping effect,
there exists a negative wave velocity in the vicinity of
the right side of the boundary when the right boundary
of the model is a fixed boundary condition. This
state indicates that the input wave reflects on the right
boundary and propagates along the negative z-axis. In

Free boundary

i
Jl/> ]
!
!

Input wave SO — o @ N Qs - I

Input wave _Q

H

Non-reflection boundary

Input wave

o]
(a)

2.0

1.5
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n
~
£
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2
/
S
2 0.0 R 4

-0.5 | | — Free boundary condition

— Fixed boundary condition
Non-reflection boundary condition
-1.0
0.015 0.017 0.019 0.021 0.023 0.025

Time (s)
(b)
Figure 11. Comparison of three kinds of boundary
conditions: (a) Dimension and meshing of Finite Element
Method (FEM) and (b) wave propagations detected at
three measure points A.

some cases, the right boundary of the model is a free
boundary condition. Accordingly, when the incident
wave reaches the right boundary site, the wave velocity
rises sharply, therefore, there is a tendency for the
incident wave and the reflected wave to superimpose.
When the right boundary of the model is a non-
reflection boundary condition, no clear change can
be observed in the wave shape located at the right
boundary site in comparison to the incident wave.
Therefore, it could be said that the artificial boundary
does not affect wave propagation. According to the
numerical results, the implementation of non-reflection
boundary conditions could be effective. In the models
under discussion, the soil zone of all numerical models
is considered as the semicircle and in all models, radius
of the semicircle is 1500 mm. Regarding the velocity of
S and P waves, the required time for the wave to reach
the far-field boundaries is 0.046 and 0.022, respectively.
Accordingly, the return wave from the S wave does not
affect the behavior of the wall. At far-field boundaries,
the P-wave interference was reduced due to the non-
reflected boundaries. The combine 14 element was
used to model the non-reflected boundaries. This
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3D element considers linear behavior and dumping
coefficient.

3.1.2. Blasting load

To apply the pressure equivalent to the explosion of the
explosive TNT, Eq. (2) was used, which was applied
on the crater internal dimensions. In this equation, P,
is the maximum amount of pressure imposed by the
explosion of explosives, and t, is the time when the
wave resulting from the explosion reaches the structure.
According to the equation provided by the US Army
Code (TM5-855-1) [38,39], the value of Py in the
underground blast is determined as follows:

o
Pt:P()@f’ﬂ,

2.52R)_n’ @)

Py, = 48.8pcf, ( P

where p represents the mass density, ¢ is the average
velocity of wave propagation in soil, R is the distance
from the structure to the explosion center, and W
represents the weight of the explosives. All values were
calculated according to the aforementioned US Army
Code (TM5-855-1) and applied to the crater.

8.1.3. Numerical method

In this section, the FEM was compared with other
numerical methods to ensure that this method can
simulate underground blasts (high-velocity dynamic
behavior). The following example [40] was consid-
ered to compare the results of the FEM with other
methods. This experimental model has been studied
by some researchers and analyzed through different
numerical methods [41,26,27]. The dimensions of the
experimental model and the location of the blast load
are shown in Figure 12. For the numerical modeling
of this example, 4-node 2-dimensional elements were
used. In far-field boundaries, non-reflection boundaries
were used to minimize the effect of reflection and wave

80m [ [

60 m

B.
l' . 4m [l

z . |
o & |
‘ ‘ Blasting load [ ‘ ’ )
[

Figure 12. The dimensions of the experimental model
and the location of the blast load [40].

Figure 13. The numerical model meshing.

interference. Figure 13 shows the numerical model
mesh using the FEM (current study). Through the
analysis and comparison of the results, it is found that
the FEM has good consistency with other underground
blasting modeling methods. Figure 14 shows the
propagation of the wave in the environment at different
times. These results are in good agreement with Ref.
[26]. As shown in Figure 15, by examining the wave
velocity at point B (8 m above the blast point), it is
revealed that the FEM has good accuracy for modeling
the underground blasts. In what follows, to ensure the
validity of the results of the FEM, the experimental
model under discussion is examined using different
numerical models. Therefore, to provide a proper
model for investigating the behavior of a brick wall
under dynamic load, the finite element method is used.

3.2. Model (1)
Features of the Model (1):

(a) The masonry wall was modeled using macro mod-
eling;

(b) Soil geometry was considered and the site topog-
raphy was not considered;

(¢) The failure surface classic Drucker-Prager was
used for soil.

In this method, the wall was modeled as a macro and
the size of each element was approximately 30 mm
(Figure 16). In other words, by using the mechanical
properties of the unit, the entire wall behavior was
considered the same as the masonry unit. Further,
Wiliam-Warnke failure surface [42] was used to in-
vestigate the nonlinear behavior of the masonry wall.
This failure surface includes cracking in tension and
crushing in compression. The values of compressive
and tensile strengths of the masonry unit were set to
be 8.4 MPa and 0.4 MPa according to the experimental
results (Figure 16). The values of the input parame-
ters of William Warnke’s failure surface were entered
according to William Warnke’s recommendation [42].
The numerical model of the wall with Solid65 element
with 30 mm dimensions was free-meshed. The soil was
modeled as a semicircle with a radius of 15000 mm
centered on the explosions site (crater). The waves
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t =0.0034 s

Figure 14. Wave propagation in the soil at different times.
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Figure 15. Comparison of finite element method and
other numerical methods.

Y Yy
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_somn_ | iy
Crater

1200 mm
1300 mm

T

Lysmer boundary
point

Figure 16. A schematic view of the finite element model,
wall meshing, soil zone, and crater.

were prevented from reflecting by increasing the soil
dimensions. The soil with solid65 element near the
crater and the wall with smart size 2 were free-meshed,
and the dimensions of the mesh increased from the
center of the model. For the nonlinear behavior of soil,
the classic Drucker-Prager model was used. Through
dynamic analysis of the problem of Model (1), it is
found that the maximum values of ground acceleration
were almost the same in numerical and experimental
models (Figure 17(a)). However, the frequency of the
numerical model has disappeared, which is probably
caused by not considering the topography of the site.
Also, by comparing the horizontal acceleration of the
top of the wall with experimental results, it is found
that the maximum acceleration response was relatively
close to each other in the numerical and experimental
models; however, due to the growth of cracking in the
elements and its continuity, the William-Warnke yield
surface could not consider the dynamic behavior of
the model correctly after cracking (Figure 18). In
this model, the shear transfer coefficient of the open
crack (8;) was about 0.3 and it was about 0.7-0.9 (8.)
when the open crack was closed under the effect of
the structural behavior [43]. Since the value of the
shear transfer coefficient drops sharply during multiple
crack closing and opening cycles less shear is trans-
ferred between two surfaces. William Warnke failure
surface cannot decrease the shear traunsfer coefficient
(Figure 17(b)). The reflected wave at the far-field
boundary is investigated and the magnitude of the
force reaching the Lysmer boundary element is shown
in Figure 19(a). At time 0.025 s, the wave caused
by applying the pressure on the crater has reached
the far boundaries in the numerical model. If this
wave can be noticed after colliding the boundary and
returning to the original point, the wall, then there
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Figure 17. Comparison of the time-acceleration graph:
(a) Above the wall, and (b) on the foundation.
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g

Figure 18. Cracking pattern of brick wall with free
meshing at the end of the analysis.

would be an oscillation at 0.05 s in the response to the
acceleration on the foundation. As it can be observed in
Figure 19(b), there is no obvious wave returning to the
system. To prove this claim, the model was analyzed
without Lysmer boundary elements (Figure 19(b)),
and it was revealed that the wave has returned to
its original point at 0.05 s, implying that the wave
recurrence has taken place. Therefore, it can be said
that the boundary elements have been very effective.
Therefore, it is important to consider the modeling of
far-distance and absorbing boundaries and the radius
of the soil zone in numerical modeling to achieve an
appropriate response.
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Figure 19. (a) Force of an element on Lysmer boundary

specified in Figure 5 and (b) time-acceleration on the
foundation without Lysmer boundary.

3.3. Model (2)
Features of the Model (2):

(a) The masonry wall was modeled using macro mod-
eling and meshing size as large as a brick;

(b) Soil geometry was considered without topography
of the site;

(¢) The failure surface classic Drucker-Prager was
used for soil.

In this model, compared with the Model (1), the soil
modeling parameters are fixed. As observed in the
previous model, due to the expansion of the cracks
and their continuity in the elements of the masonry
wall, the fractures progressed in most parts of the
wall. This implies that the wall behavior was far away
from reality. Therefore, the dimensions of the elements
(meshing) were changed in this model, and the size
of each element was considered to be approximately
equal to that of a brick. This decision was made
according to the results of the behavior of the wall
under dynamic loads since experimental Model 2 was
fractured at the mortar. As a result, the size of each
wall element was modeled like a brick, so that the
Gaussian points were almost close to the actual mortar
location. This allows elements entering the plastic
region to be collapsed according to the position of
the wall Gaussian points with respect to this region
[13,44-46]. The meshing and crack pattern is shown
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Figure 20. (a) Meshing and cracked patterns at the end
of the analysis. (b) Comparison of the time-acceleration of
Model (2), Model (1), and experimental model.
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in Figure 20(a). In Figure 20(b) the results of the
examination of the horizontal acceleration above the
wall clearly show that by increasing the size of the
elements, the numerical results become more consistent
with the experimental results. Given that the Gaussian
points of each element in the experiment were close to
the actual location of the mortar, it can be claimed that
more consistency with experimental results is achieved.

3.4. Models (3) and (4)
Features of Model (3):

(a) The masonry wall was modeled using macro mod-
eling and meshing size which was as large as a
brick;

(b) Soil geometry was considered together with the
topography of the site;

(¢) The failure surface-classic Drucker-Prager was
used for soil.

Features of the Model (4):

(a) The masonry wall was modeled using macro mod-
eling and meshing size which was as large as a
brick;

(b) Soil geometry was considered together with the
topography of the site;

(b)
Figure 21. (a) A schematic of the numerical model. (b)
Experimental model and site topography.

(¢c) The failure surface-modified Mohr-Coulomb was
used for soil.

Therefore, there is a difference between the acceleration
on the foundation resulting from the numerical analysis
in this model and the experimental results, it seems
unlikely to expect the numerical responses to be close
to the experimental result by ignoring the site topology.
In this model, the natural complications of the site
were generally modeled to examine the impact of the
topography of the site. In the second experiment, there
was an embankment at a distance of about 3 m back of
the wall with an average height of 2.5 m. In this model,
without considering minor variations of natural compli-
cations, the embankment was uniformly modeled with
a distance of 3 m from the wall and a height of 2.5 m.
The effect of the site topography was investigated, as
shown in Figure 21. Numerical analysis fully revealed
the effect of topography and regional complications
on the numerical responses. Numerical analysis fully
revealed the effect of terrain and regional complexity
on the numerical response. The maximum acceleration
value on the foundation was in good agreement with
several initial oscillations. These appropriate numerical
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Figure 22. Comparison of time-acceleration of Model (3)
and experimental model: (a) Top of the wall and (b) on
the foundation.

responses to the soil resulted in an increase in the
maximum acceleration above the wall (Figure 22(b)).
Further, given that the Drucker-Prager classic yield
surface determines its yield criterion based on initial
C and ¢ (elasto-plastic), this behavior is likely to be
far from reality. In the following model, the modified
Mohr-Coulomb yield criterion [47] was used, to allow
for better behavior in soil modeling. This yield surface
models the soil behavior of two yield surfaces, that is,
it defines the yield criterion after the first yield based
on residual strength parameters C’,¢'. The following
equation is established for its strength parameters:

C '
tan ¢ < ten @' 3)

Following the first yield, the residual strength is 80%
of the initial strength [48]. The input values of the
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Figure 23. (a) Modified Mohr-Coulomb in the 2D stress
space and (b) comparison of the criterion of classic DP
and modified MC with triaxial experiment (confining
pressure is 0.8 MPa).

mechanical parameters for the modified Mohr-Coulomb
yield criterion are shown in Table 3. Figure 23(a)
shows the yield surface of the modified Mohr-Coulomb
in the 2D stress space according to the soil charac-
teristics of the test site. To ensure the accuracy of
the finite element results, the triaxial experiment was
modeled under confining pressure of 0.8 MPa. Fig-
ure 23(b) shows the results of the numerical modeling
of the triaxial experiment obtained through the classic
Drucker-Prager yield criterion and the modified Moher-
Coulomb. It is clear that the results of the modified
Mohr-Coulomb are close to the experimental results
and have almost greater potential to model the soil.
Model (4) is a combination of Model (3) and the
modified soil Mohr-Coulomb yield surface. Therefore,
by comparing the response of the acceleration on
the foundation in numerical and experimental models

Table 3. Input parameters of modified Mohr-Coulomb yield criterion.

Property of Mohr-Coulomb

Initial inner friction angle (¢)

Initial cohesion (C')

Dilatancy angle (v)

Residual inner friction angle (¢')

Residual cohesion (C')

Soil Crater
35 33.95
0.02 0
35 35
0.8 x35 0.8 x33.95
0.8 x 0.02 0
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Figure 24. Comparison of the time-acceleration graphs of
the Model (4) and the experimental model.

(Figure 24), it can be found that this failure surface
can model the soil behavior better than Drucker-Prager
classic yield surface under dynamic load. Hence, this
numerical failure surface can be considered as a proper
failure surface for soil modeling under dynamic and
static loads. Accordingly, in this study, the parameters
of the soil model are considered to be fixed.

3.5. Model (5)
Features of Model (5):

(a) The masonry wall was modeled using Meso mod-
eling with cohesive-frictional interface;

(b) Soil geometry was considered together with the
topography of the site;

(¢) The failure surface-modified Mohr-Coulomb was
used for soil.

In this model, a Meso modeling method with frictional-
cohesive zone material was used for numerical modeling
of the wall. This method is more accurate than the
macro method and has a higher computational cost
than the previous model. The fracture is probable
for both conditions where separate brick and mortar
modeling are considered, and there is a possibility of
failure and sliding for any part of the masonry unit that
is susceptible to failure in terms of strength. In this
part, the failure surface of Menetrey-Willam [49] was
used to investigate the nonlinear behavior of bricks, and
the friction-cohesion zone material method was used
to simulate the behavior of mortar. The bricks were
modeled in 3D using Solid185, and each node had three
degrees of freedom. The contact and target elements
were used to model the mortar by considering the be-
havior of the cohesive zone. This model can model the
brittle behavior of the masonry wall and the separation
and sliding of bricks according to the first and second
fracture modes [50-53]. As illustrated in Figure 25,
the schematic diagram shows the Meso method for
modeling masonry units. Since the brick shows a brittle
behavior like concrete, the Menetrey-Willam [49] yield

Unit Mortar

Interface

Unit/Mortar

Figure 25. Details of the meso method.

criterion was used to model the nonlinear behavior
of the brick. The failure surface can simulate brittle
behavior relating to tensile and compression softening.
The general form of the nonlinear behavior of tension
and compression is similar to Figure 26. The Cohesive
Zone Material (CZM) model was used for investigating
the behavior of the mortar as the interface. This
method is based on the relationship between tension
and separation. To introduce the mortar as an interface
between the bricks, the CZM method with the contact
element was used which includes friction in addition
to tension and separation. The CMZ behavior is
introduced based on Figure 27. Given that debonding
has been considered in both the normal and shear
components, the Mixed-Mode Debonding was used to
introduce CMZ. The normal and tangential stiffness
values were calculated according to Eq. (4):

EE,, GG, (@)
h(Eb - Em)7 h(Gb - Gm)

In addition, the fracture threshold is based on the
power form (Eq. (5)). When determining the fric-
tion between the contact surfaces where debonding
occurred, the tangential stress is calculated as the max-
imum value between the tangential stresses governed
by the debonding model, and the tangential stress is
governed by the friction law.

G\ @\
=1 n — P n
(Gcn> +<Gct) ’ G / du

Gn = / rduy. (5)

Since the nature of the underground blasting wave
is dynamic, it is evident that the dynamic friction
coefficient is decreasing as a result of decreasing friction
between particles with a steepness relative to the static
friction coefficient. This reduction is considered in the
ANSYS software by Eq. (6):

k, = ki =

p=MU x (14 (FACT—1)exp(=DC x V,1)). (6)

3.5.1. Numerical modeling and calibration of model
CZM parameters
To calibrate the input parameters of Model (5), ex-
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Figure 27. The behavior of interface element using
stress-separation.

perimental data should be used. Since the pressure
test was conducted only for the mortar and given
that the compressive strength of the mortar used in
the construction of the wall was close to the strength
value of the mortar used in the Chaimoon three-point
test [10], the strength parameters measured in the
experimental data by Chaimoon was used to model the
wall in this study. Therefore, the Chaimoon test was
used to test the parameters of the behavioral model
with the frictional-cohesive zone material. Three-
point flexural test which was tested by Chaimoon and
Attard [10] is shown in Figure 28. In this section, the
bricks behavior was considered to be linear due to its
high compressive strength, and the input coefficients

o>
y'

p LVDT

230 gy

g
g
=}
<
[xr]
Yy
y COMD gage -
| o 1200 mm o

Figure 28. Dimensions of Chimoon and Attard [10]
experimental model and how to apply the load.

were calculated according to Table 4 to model the
mortar behavior (Table 5). To compare Meso and
macro methods, Chaimoon and Attard [10] experiment
was modeled using both Meso and macro methods. In
macro modeling, the compressive and elastic strength
of the mortar was used for numerical modeling. Tt
seems logical to use the mechanical properties of the
mortar as equivalent to the mechanical properties of the
masonry unit since the brick strength is extremely high
and the mortar has fractured. Hence, the mechanical
properties of the mortar were considered in macro
modeling. Figure 29 shows the meshing in Meso and
macro methods. The comparison of the fracture modes
in Meso, macro, and experimental models reveals that
the Meso model has a high potential to model the
complex behavior of brick walls Figure 30(a) and
(b); however, given that the initial stiffness is well
simulated in the macro modeling, it behaved almost

Table 4. Measured strength parameters of materials by Chimoon and Attard [10].

Masonry unit Dimensions E (MPa) v

fc (MPa) f, (MPa) f, (MPa) Gj (N/mm) G} (N/mm)

Brick 76 x 230 % 110 17500 0.15

Joint 10 mm 3360 0.2 7.26

31.13

- 0.564-2.436
0.002 0.037

0.086 12 f.
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Table 5. Frictional-cohesive zone material coefficients.

Property of frictional-cohesive zone material

Maximum normal contact stress (omax)

0.135

The critical fracture energy density (energy/site) for normal separation (Gcn,) 0.002

Maximum equivalent tangential contact stress (Tmax) 0.18
The critical fracture energy density (energy/site) for tangential slip (Get) 0.037
Artificial damping coefficient (77) 0.998
Flag for tangential slip under compressive normal contact stress (/3) 1
Normal contact stiffness (K,) 225
Tangential contact stiffness (K) 106
Coefficient of friction () 0.5

(e)

Figure 29. Numerical modeling: (a) Meso modeling: (b)
interface element, and (c) macro modeling.

linearly before reaching the ultimate strength, and
then lost the strength, and could no longer simulate
the softening behavior Figure 30(c). This means that
the linear behavior of the model continues and when
the ultimate strength is reached, the sample fractured.
Therefore, comparing the work done by Meso and the
macro-method shows that the behavior represented
by the macro-modeling is significantly different from
reality. By comparing the amount of work done by
each method, it can be seen that the amount of energy
absorbed by the system in the macro modeling is
significantly different from that in the experimental

model (Eq. (7)):

W =Fd(Nm), Wep =285 (J),

Whteso = 2.38 (J), Whtacro = 0.64 (J). (7)

According to Figure 31 the Meso method, the crack
sites in the numerical and experimental models are in
good agreement, however, in the macro model, the
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Figure 30. Comparison of numerical and experimental
models: (a) The load-displacement graph of the numerical
model using meso and experimental methods, (b) COMD
using meso and experimental methods, and (c) the
load-displacement graph of the numerical model using
macro, meso, and experimental methods.
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Figure 32. (a) Interface meshing and (b) brick wall and
foundation meshing.

midpoint of the sample is symmetrically affected by
the plastic strain, which is far away from reality. The
parameters listed in Table 5 were used for modeling the
brick interface. The behavioral model of soil was the
modified Mohr-Coulomb in terms of the topography
of the zone. The soil model and its meshing were
similar to those of the Model (4). Brick elements
and interface meshing are shown in Figure 32. The
comparison of the time-acceleration top of the wall
between the numerical and experimental models shows
that there is good agreement between the behavior
of the numerical model and the experimental model
(Figure 33). In addition, the comparison of the sliding
position of the numerical model and the experimental
model also shows that there is good agreement between
them. In this case, the sliding occurred in the third
and fourth bed joint rows. In fact, in the fourth

—— Numerical horizontal acceleration on top of the wall
— Horizontal acceleration on top of the wall

V)

o
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Figure 33. Comparison of time-acceleration in the
cohesive-frictional interface constitutive model and
experimental models.

bed joint row, a similar break occurred in the wall.
Therefore, the amount of separation and sliding of the
interface elements seems logical in Figure 34. The
wall failure is a sliding failure [54], which usually
occurs from the first few rows. To ensure the accuracy
of the analysis, given the fact that the error rate
in the numerical analysis was set to be ¢ < 0.001,
the examination of the error value in each loading
indicated that the error value and the maximum strain
of plastic in each loading were proportional to each
other (Figure 35). This is perfectly proportional to the
amount of acceleration reaching the entire system (soil
and wall). Then, the energy generated by the explosion
is reduced and damped into the zone, giving the system
elastic behavior. The number of iterations at each time
step makes this problem very clear (Figure 36).
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maximum strain of plastic in each sub-step.

8.6. The first experimental model

After fixing all the parameters obtained from the
numerical Model (2), the numerical model of Sam-
ple (1) is modeled with a value of 1.92 Kg TNT.
This experiment was conducted in the same zone and
there was almost no natural complication at a radius

Cumulative time
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=
=)
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Cumulative iteration number

0 100 200

Figure 36. The cumulative time of analysis versus the
number of cumulative iterations.

of 15000 mm around it. Hence, the zone is modeled
smoothly in the numerical model. Additionally, the
explosion crater and location of the explosives were not
similar to those in the second experiment. Moreover,
its shape was modeled numerically as excavated in the
experiment site. The form of meshing and position
of the crater with respect to the wall are shown in
Figure 37. The numerical results of the Meso modeling
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Figure 38. Comparison of the results of finite element
and experimental models: (a) Horizontal acceleration on
the foundation, (b) horizontal acceleration above the wall,
and (c) vertical acceleration above the wall.

in the first experiment are shown with the equivalent
value of 1.92 kg T.N.T in Figure 38. In the first
experiment, besides the horizontal acceleration on the
foundation, the vertical acceleration above the wall is
also recorded. The comparison of the results of the

numerical method and the experimental method shows
that these modeling methods have quite appropriate
consistency. It is worth noting that the behavior of the
wall in this experiment was almost linear.

4. Conclusion

In this study, the behavior of the unreinforced masonry
wall was investigated under high-frequency dynamic
loads. Two unreinforced masonry walls were exposed
to underground blasting. Then, there was an attempt
to introduce the best numerical model which describes
the behavior of the wall under high-frequency dynamic
load:

e In the first model, the classic Drucker-Prager model
was congidered for soil and macro modeling was
considered for masonry wall with free meshing. The
maximum wall acceleration was predicted to be
approximately appropriate. For the interconnection
of the cracks, however, the numerical solutions were
no longer close to the experimental behavior. The
maximum response of numerical accelerations to the
soil was also appropriate; however, the behavior
became away from reality in the continuation, which
is likely to be caused by the elastoplastic behavior
of the soil as well as the topography of the site;

e In the second model, the soil parameters were fixed
but the wall meshing was changed. Moreover, the
dimensions of each wall element were changed to
be as large as a brick, which makes the behavior
of the wall more suitable than the previous model.
It is possible since the wall fracture occurs within
the mortar seams, and the larger elements cause the
Gaussian integral points to be located closer to the
location of the fracture and provide a more suitable
behavior in reality;

e In the third and fourth model, because the soil
and masonry wall parameters remained unchanged,
the topography of the site became more realistic
and the natural complications of the region were
approximately modeled. This caused numerical
responses to become closer to reality. As a result,
the topography of the site is a major parameter in
numerical modeling. In the following, by replacing
the classic Drucker-Prager model failure criterion
with the modified Mohr-Coulomb for the soil, it
was observed that the responses are extremely close
to reality. In this regard, the soil behavior in the
numerical model improved due to the reduction of
soil strength parameters after the first yield, and the
actual situation is also the same;

e In the fourth model, since the soil behavior was
considered in terms of the Mohr-Coulomb fracture
surface, the topography of the site in the pre-
vious models nearly approached the experimental
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behavior. Hence, the main focus was on the
wall behavior. The masonry wall was modeled by
using the frictional- cohesive zone material interface
method, which is based on Traction-Displacement.
The Menetrey-Willam failure criterion was also used
for the behavior of the bricks, which can include soft-
ening in tension and compression. In this model, the
parameters of the frictional-cohesive zone material
were first validated. Then through the examination
of the numerical model, it is observed that the ex-
perimental results were in good agreement with the
numerical model. Therefore, this modeling method
can be introduced as the most appropriate method
for modeling the behavior of the walls, but more
time is needed for the analysis of the computational
costs in comparison to the other models. In this
study, the general procedure to acheive the best
numerical method to model the behavior of the soil
and masonry wall under high-frequency dynamic
loads was explained. This could serve as a guide
for researchers to identify the process and method
to achieve the most appropriate response.
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