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Floods can cause masonry buildings to become immersed for a long period of time,
which causes the building materials to deteriorate and thus affects the safety
performance of the structure. In this study, a long-term-immersed masonry wall was
considered as the research object and a cohesive element containing damage evolution
was used to simulate the mortar layer, establish a finite-element model of the separated
masonry wall and perform numerical loading experiments. Data on crack width
variation in the masonry wall was extracted using Python. The effect of a long-term-
water-immersion environment on the shear performance of masonry walls was
analyzed considering material deterioration. The results show that long-term flooded
masonry walls are characterized by low shear capacity and low stiffness and safety
reserves cannot be guaranteed. A partially immersed masonry wall is prone to damage
from the weak parts and has a high risk coefficient. The macro-damage degree of a
masonry wall immersed by a flood is not as serious as that of the original wall in the
early stage, but it suddenly increases in the collapse stage and the warning effect of
cracks is reduced, which requires special attention in safety assessments.

Keywords: Masonry wall, Crack width, Flood immersion, Failure, Damage grade.

floodwater in a timely manner and reduce flood peaks.
When flood disasters occur and the flood storage and
detention area is activated, some houses experience
long-term immersion and scouring because of the
flooding, which can damage the durability of building
materials and pose potential safety risks. Masonry
structure is one of the most common building structures

INTRODUCTION

In recent years, floods have frequently occurred in
China, exhibiting a wide range and periodicity. There
were 38 regional rainstorms in China in 2022 and the
direct economic loss caused by flood disasters
throughout the year was 128.9 billion yuans. A certain

number of flood storage and detention areas have been
established in China’s major rivers to store excess
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in rural areas of China. Few studies have been conducted
on the safety performance of masonry structures
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considering the combined actions of multiple disasters
(Dong et al., 2022). The performance of masonry mortar
will directly affect structural safety (Haddad and
Shannag, 2008). The seismic vulnerability of masonry
structures makes masonry buildings a weak part of
disaster prevention and mitigation and this has attracted
great attention at the national level (Chen et al., 2021).

Researchers have conducted many experiments to
analyze the changes in the mechanical properties of
masonry materials after water immersion. Franzoni et al.
(2015) explained the changes in the compressive
strength and elastic modulus of masonry materials under
dry and wet conditions by analyzing the microscopic
characteristics of the materials. It was experimentally
demonstrated by Sathiparan et al. (2018) that the
presence of water plays a crucial role in the deterioration
of material properties. The above mentioned research
mainly focused on the influence of moisture on the
performance of masonry materials from the perspective
of material experiments. It is feasible and necessary to
apply the experimental results in the literature to the
finite-element modeling of masonry walls after long-
term immersion.

Researchers  have  performed finite-element
simulations of masonry structures. The method of
homogenizing mortar and blocks into one material is
applicable to integral masonry structures (Song et al.,
2023) and the development of cracks can be determined
according to the plastic damage cloud diagram (Kujawa
et al., 2020), but it cannot reflect the impact of the
deterioration of the specific material performance. The
contact method is widely used to simulate masonry
joints, but it does not reflect the bonding properties of
mortar (Pandey and Bisht, 2014). On this basis,
simulating the mortar layer by using the viscous
interface model considering the bonding effect and
damage characteristics is widespread in the fine
modeling of masonry walls (Zhao et al., 2021; Zeng et
al., 2021). When the masonry wall is immersed for a
long time, the material properties and bonding strength
are affected. Therefore, the changes in the relevant
parameters should be investigated to simulate the shear
performance of immersed masonry walls.

In this study, masonry walls immersed by floods for
a long time were considered as research objects. To fully
consider the deterioration of the material and bonding
strength caused by long-term immersion, a finite-
element model of the separated masonry wall was
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established based on ABQUAS software and a
numerical low-cycle loading test was performed to
analyze the changes in the mechanical properties and
damage state of the wall before and after immersion.

Finite-element Simulation Method for Separated
Masonry Wall
Simplified Modeling of Separated Masonry Wall
Masonry materials are connected using blocks and
mortar layers. The strength properties of the two
materials are significantly different. The mortar layer is
weaker and more attention should be paid to it in the
seismic analysis of masonry structures. To analyze the
crack development and consider the calculation
efficiency, in this study, a modeling method described
previously (Kong et al., 2012) was used and a single
block was combined with the surrounding one-half
thickness of the mortar layer into a composite block. The
composite block was simulated using a solid element
and the mortar layer was simulated using a zero-
thickness cohesive element, as shown in Figure 1.

3 Brick
1/2h,, { FEEEE | g Motor layer
hy i Insert O thickness
1/20, ¥ ™ . cohesive element
T ——— . Composite block
hb+hml d

Figure (1): Schematic diagram of composite block

Determination of Constitutive Parameters of
Composite Blocks

The Drucker—Prager (DP) model (Drucker and
Prager, 1952) is used to simulate composite blocks. It is
widely used for friction materials, such as soil and rock
with
compression yield strengths far greater than the tensile

and is suitable for simulating materials
yield strength. The DP model requires that the flow
stress ratio, expansion angle and friction angle be input
and it uses the linear yield criterion. The compressive
the
compressive  stress—strain curve was calculated
(Kaushik et al., 2007) using Eqgs. (1)-(4) in this article.
The elastic moduli of the mortar, block and composite
block were calculated (Liu et al., 2008) using Eqs. (5)-

).

performance of a block determined using



Jordan Journal of Civil Engineering, Volume 18, No. 3, 2024

2

L =2t (1)

. (2
& =Cy, fg 7
E .
¢ 3)
0.27
C,= £ 025
m “4)
_ 0.22
E, =4467f, ©
. 0.94
E,, =1057f ©
4467 fbo'22 fn? 84
°  4.226 fbo'22 + fn?'84 o

Here, fC is the compressive strength of brick

masonry (MPa); fC is the peak compressive strength of

brick masonry (MPa); & is the compressive strain of

brick masonry; & is the peak strain of brick masonry;
Cm is the correlation coefficient of mortar compressive
strength; fm is the compressive strength of mortar

(MPa); fb is the compressive strength of the block
(MPa); E_is the elastic modulus of mortar; E, is the
elastic modulus of block; and EC is the elastic modulus

of composite block.

Determination of Mortar Layer Cohesive-element
Parameters

The zero-thickness cohesive contact model
considering friction was used to simulate the mortar
layer, while the “traction separation model” in
ABAQUS was used to explain the relationship between
interface tensile stress, shear stress and interface relative
displacement. The traction separation model is linear

elastic at the initial stage. After the ultimate strength is
exceeded, the interfacial strength begins to decrease.
The degradation behavior of the mechanical properties
can be simulated using the initial damage and damage
evolution laws. Quad damage was selected as the
damage model and damage evolution was defined
simultaneously.

The values of the mortar normal interface stiffness

kn and two tangential interface stiffnesses ks and kt
were determined based on a previous study (Aref and

Dolatshahi, 2013) and calculated according to Eqgs. (8)
and (9).

1 EE
hm Eb - Em (8)
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Here, Gb and Gm are the shear modulus of the

block and mortar, respectively. The shear modulus is
calculated according to the Poisson's ratio and elastic
modulus and the Poisson's ratio of the block and mortar

is taken as 0.15. hm is the thickness of the mortar layer

and the thickness of the mortar layer is 10mm for
calculation.

The damage constitutive model of the interface
includes two stages; damage initiation and damage
evolution. The secondary stress criterion is used as the
damage generation criterion, as in Eq. (10).

t 2 t 2 t 2
DRGECE
n S t (10)

0 . .
Here, tn , '[t0 and tso are the ultimate traction forces

in the online elastic stage of the traction separation
model. In this study, the traction force was calculated
according to Egs. (11) and (12) (Jiang and Zhou, 2019).
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The damage factor D is used to express the degree of
damage. Its initial value is 0 and it is 1 when the damage
is complete. The evolution criterion of energy is adopted
and the fracture energy is used to describe the damage
factor D. The softening mode is exponential and the
softening behavior is defined by the Benzeggagh-
Kenane criterion, as shown in Eq. (13). The fracture
energy is the total area under the traction separation
curve.

G® =Gy +(GS —Gnc)(%]
GT
(13)

C . . . .
Here, Gn is the critical fracture energy of failure in

. c .
the normal direction of the contact surface; GS is the

critical fracture energy of failure in the first shear

direction of the contact surface; GS is the sum of the

fracture energy in the two shear directions of the contact

surface during the loading process; GT is the sum of the

fracture energy in the shear direction during loading;
G s the sum of the fracture energy in the normal
direction and shear direction of the contact surface
during the loading process; ¢« is the BK index, which
is taken as 2.0 in this paper.

According to the tests by Dolatshahi and Aref (2011)
and Mohammed (2010), the normal and tangential
fracture energies are estimated according to the
calculated values of the interface tensile and shear
strengths, as shown in Eq. (14).

0(40
Gr? (GSC):G:, test (Gs(,: teSt)%
n, test (ts, test) (14)

Here, tr?’ test= 0.25MPa and t = 0.35MPa,

s, test
respectively, representing the normal strength and
tangential strength of masonry obtained from relevant

tests; whereas G’ 18N/m and Gs test = 125N/m,

n, test
respectively, representing the normal fracture energy
and tangential fracture energy of masonry obtained from
relevant tests.

Because of the poor plumpness and bond strength of
the vertical mortar joint, its strength and fracture energy
are generally taken as 0.5 times those of the horizontal
mortar joint.

Modeling and Verification of Finite-element Model
of Masonry Wall
Establishment of Finite-element Model of Wall
Based on the masonry wall test as the background, a
finite-element model of the separated masonry wall was
established for low-cycle loading simulation. The W02
wall in a study (Jiang et al., 2019) was selected as the
research object and the wall size was 2100 x 1560 x 240
mm (length x width x thickness), a single brick size was
240 x 115 x 53 mm (length x width x thickness), as
shown in Figure 2. The masonry materials were M5
mortar (measured compressive strength of 1.19 MPa)
and MU10 clay brick (measured compressive strength
of 12.66 MPa). The parameters of the block and mortar
layers were calculated according to the above-
mentioned parameter calculation process. Some of the
parameters are listed in Table 1. The concrete loading
beam and ground beam were set with a large elastic
modulus to ignore their deformation.

Loading beam > |2 "t s e ol
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Figure (2): Dimensional drawing of masonry wall
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Table 1. Partial calculation parameters of separated wall

Elastic Modulus Parameters of mortar layer of horizontal mortar
(MPa) IS (10°°N/m?) FE (N/m) UT (MPa)
Mortar Brick | K Ks =Kq G, G =G | t t =t/
532 1058 | 145.00 63.00 0.0111 | 0.0974 | 0.154 0.2730

IS, Interface Stiffness; FE, Fracture Energy; UT, Ultimate traction.

The composite block and concrete beam were
simulated using a solid element (C3D8R) and a zero-
thickness cohesive element (COH3D8) was inserted at
the joint of the block to simulate the mortar layer, as

T
1
T
11

T
GROGN

shown in Figure 3. The normal “hard” contact and
tangential friction contact were set and the friction
coefficient was taken as 0.75 (Ding et al., 2015).

(1) Finite element model of wall (2) Element of mortar layer
Figure (3): Finite element model of wall and mortar layer

To coordinate the deformation, the upper end of the
wall was connected to the loading beam and the lower
end was connected to the ground beam. A fixed
boundary was set on the bottom surface of the ground
beam and a 0.516-MPa vertical pressure was applied to
the surface of the upper loading beam. The loading beam
surface was coupled to point RP-1. The displacement

amplitude was increased by 1.2 times that of the
previous step and the X-direction displacement was
loaded at RP-1 on the side of the loaded beam. The
display dynamics were selected in the analysis step and
the effect of cell deletion was set. The finite-element
wall loading setting is shown in Figure 4.

X-direction displacement mp

RP-1

Loading curve

Fixed boundary

Figure (4): Loading diagram of wall model
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To observe the damage and deletion effects of the
cohesive element in the postprocessing stage, it was
necessary to set the corresponding parameters in the
field variable output and select SDEG, DMICRT and
STATUS.

Reliability Verification of Finite-element Model of

Masonry Wall
At the beginning of loading, with an increase in the

horizontal displacement to 1.09 mm, cracks first appear
in the middle and lower parts of the wall. When the
horizontal displacement increases to 4.15 mm, the peak
load reaches 138.56 kN. When the wall is damaged after
subsequent loading, several inclined cracks appear in the
brick masonry wall and run along the wall. The inclined
cracks expand into type-X cracks. The corresponding
diagrams of the final failure of the test and simulated
wall are shown in Figure 5.

- M

I

(a) Simulated crack form  (b) Test crack form(Jiang et al., 2019)
Figure (5): Comparison between simulated and test wall cracks

are relatively close. The test results, numerical
simulation results and deviations are summarized in
Table 2.

The skeleton curve of the masonry wall obtained by
simulation was compared with the test results. As shown
in Figure 6, the overall shapes of the two skeleton curves

Test skeleton curve
— — Simulate skeleton curve = =~

100+ +

150

Load/(kN)
wn
[ f=]

1
w
<

-100 | >

-150 1

-8 -6 -4 -2 0 2 4 6 8
Displacement/(mm)

Figure (6): Skeleton curve of masonry wall obtained from test and simulation

Table 2. Comparison of test and simulation results of masonry wall

CL CD PL PD CDL CDD

(kN) (mm) (kN) (mm) (kN) (mm)

(Jiang et al., 2019) 98.70 1.13 128.90 2.61 109.60 9.00

Simulaiton 76.50 1.09 138.56 4.15 106.00 7.13
Deviation -22.50% | -3.50% -6.97% 59.00% -3.28% | -20.70%

C, Cracking load; D, displacement, P, Peak; L, Load; CD, Collapse damage.
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The simulation results are similar to the
experimental results, except for the peak displacement.
In the simulation, the damage evolution was set for the
model mortar layer. When the damage reaches the set
parameter 1, the mortar layer performance declines.
However, in the test, the failure point of the mortar layer
was not absolute. Therefore, the simulation error of the
peak displacement is relatively large. Nevertheless, the
simulation method used in this study is reliable overall
and can accurately reflect changes in wall shear
capacity, crack development and mortar damage.

Effect of Long-term Immersion on the Shear
Capacity of Masonry Wall
Simulation Parameters of Long-term Immersion
Masonry Wall

Flooding affects mechanical properties of cement
materials. During flood disasters, the extreme case of
house immersion time can last for more than one month.
Jing et al. (2017) found that the compressive strength of
mortar and clay bricks tended to be stable after long-term
immersion; therefore, the conservative residual strengths
of the clay brick and mixed mortar were determined, as
calculated according to Egs. (15) and (16).

f, . =0.73f,
f, . =055f

s)
(16)

Here, fl,res is the conservative residual strength

2,res

value of the brick in a wet state after long-term

immersion and f, .. is the conservative residual

strength of the mixed mortar in a wet state after long-
term immersion.

The above equations provide the strength reduction
for the deterioration of mortar and brick. At the same
time, flood immersion can also affect the bonding
performance of brick masonry. In the saturated moisture
content state, the normal bond strength of the masonry
decreased by approximately 40%. The shear strength of
the brick masonry decreased by more than 50% after
long-term immersion (Zhao et al., 1997). Therefore, in
this study, a reduction calculation was performed when
simulating the traction force parameters of the mortar
layer viscous element of the immersed masonry wall, as
shown in Egs. (17) and (18).

t' =0.5x0.1f

2,res

a7
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2,res
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Here, t, is the normal traction force of the immersed

masonry wall and ¢; is the tangential traction force of
the immersed masonry wall.

For the simulation in the wet state, the friction
coefficient is taken as 0.6 for simulation in wet state
(Code for design of masonry structures (GB 50003-
2011), 2011). The wall modeling process and loading
settings are the same as those described above.

Comparison of Shear Performance of Masonry Wall
after Immersion

The hysteretic and skeleton curves of the masonry
wall after immersion obtained from the simulation were
compared, as shown in Figures 7(a) and 7(b). The wall
stiffness was calculated according to Eqg. (19) and
normalized. The changes in stiffness are shown in
Figure 7(c).

_[R+-F
I
|Ai|+|_Ai| (19)

Here, +F; and -F; are the loads at the peak point of
the i times reciprocating load, respectively; +A;j and -A;
are the displacements of the peak point of the i times
reciprocating load, respectively.

The crack development pattern and mortar damage
nephogram of the immersed wall are shown in Figures
8(a) and 8(b), respectively.

Comparing the skeleton and stiffness curves
revealed that the shear performance of a masonry walls
changes significantly after long-term flood immersion.
After immersion, the ultimate shear capacity of the
masonry wall was reduced by 44.26 kN, a decrease of
31.73%. The damage displacement increased compared
with the original wall. When the masonry wall reached
the ultimate load, its strength decreased slowly and was
almost flat. After immersion, the strength of the material
decreased and the initial stiffness of the wall was much
lower than that of the original wall. During the loading
process, the stiffness decreased gradually; however, this
change was not significant. The observation of wall
cracks and mortar layer damage shows that the cracks in
the immersed wall developed more seriously when the
wall was damaged and almost all mortar units ceased
working. At that time, the bearing function was mainly
performed by the friction between the materials.
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(a) Comparison of hysteresis curves (b) Comparison of skeleton curves
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(c) Comparison of masonry wall stiffness changes
Figure (7): Comparison of mechanical parameters between original and immersed walls
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(@) Crack pattern of immersed wall

(b) Damage of immersed wall mortar

Figure (8): Damage to immersed wall

The immersed masonry wall exhibited a low bearing
capacity and low stiffness. The wall mortar and bonding
performance decreased significantly and the shear
performance was mainly provided by friction. The shear
capacity of the immersed wall was clearly insufficient
and a safety reserve could not be guaranteed. This
phenomenon may be more prominent in single-layer
masonry buildings with low vertical pressure.

- 462 -

Effect of Partial Immersion on Shear Performance of
Masonry Wall

A finite-element model of a partially immersed
masonry wall was established. The range of influence of
the immersion was set to a half of the wall height and
the material properties of the corresponding parts were
changed. The modeling process and loading settings
were the same as those described above.

The skeleton curve of the partially immersed wall
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was compared with that of the original wall, as shown in

Figure 9.
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Figure (9): Comparison of skeleton curves
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(a) Crack pattern

The cracks in the lower wall developed more
significantly. Partial sliding occurred in the middle of
the wall and the failure mode changed. According to the
analysis of mortar damage, part of the immersed wall
had serious damage and almost all failures occurred
during the loading process. This was because the mortar
strength and bonding performance of the lower part of
the wall were far lower than those of the upper wall. The
mortar on the upper wall was less damaged and did not
participate fully in the loading process. These results
demonstrate that some immersed walls may be damaged
from the weak parts and the shear capacity decreases
significantly, indicating greater risk.

Analyzing the Damage of Masonry Wall by Crack
Width
Extracting Crack Width Data of Masonry Wall Model
Reflecting the degree of damage to a masonry
structure using the interlayer displacement angle is
difficult. As a typical apparent physical index of a
building structure, the crack width reflects the safety
state and degree of damage of a structure. To analyze the
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As Figure 9 shows, the difference between the
skeleton curve of the partially immersed wall and that of
the original wall is obvious. Taking the original wall as
the initial state, the ultimate shear capacity of the
partially immersed wall was reduced by 85.57 kN, with
a decrease rate of 61.75%, indicating significant danger.

The crack development pattern and mortar damage
cloud diagram of the wall at the time of failure are
shown in Figures 10(a) and 10(b), respectively.

(b) Damage of wall mortar
Figure (10): Damage to partially immersed wall

change in crack width in the simulation process of a
separated masonry wall, the ABQUAS postprocessing
results were processed using Python to extract the crack
width data.

Among the three groups of opposites in the cohesive
element, only the normal opposites can be separated
from each other and the separation direction is defined
as the thickness direction. In the eight-node element, the
top surface is defined by the first four nodes, while the
bottom surface is defined by the last four nodes. The
thickness direction is from bottom to top and the
distance between the top and the bottom of the unit can
be considered the crack width, as shown in Figure 11.

k

Thickness
direction

Figure (11): Diagram of thickness direction of
cohesive element
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Comparison of Masonry Wall Crack Width Change
and Damage

Using the above method, the change curve of the
crack width with time during the loading process of the
original and immersed masonry walls was extracted and
the residual crack width data is depicted in Figure 12.

30

Original wall
= - = Residual crack width of original wall
25
Immersed wall
’é\ — - — Residual crack width of immersed wall ,’
g 20r
B 15;
=
§ 10t
£
&}
5k
0 R
0 5 10 15 20
Time/(s)
Figure (12): Variation of crack width of
masonry wall

According to the change in crack width, the cracks
in the original wall appear to open and close repeatedly
with reciprocating loading. However, the wall is prone
to permanent cracks after immersion and this does not
change significantly with reciprocating loading. During
development, the crack width of the immersed wall is
smaller than that of the original wall. When the load
reaches the failure stage, the crack width of the
immersed wall suddenly increases, forming a residual
crack significantly wider than that of the original wall.

Jiang et al. (2018) analyzed the relationship between
the interlayer displacement angle and the macro-damage
degree (crack width) of a masonry structure. Su et al.
(2013) determined that the limit value of the interstory
displacement angle for the collapse of a masonry
structure is 1/150.

The crack widths corresponding to the interlayer
displacements of the corresponding failure levels during
wall loading are listed in Table 3.

Table 3. Crack width of masonry wall corresponding to different damage grades

Crack width Crack width | Crack width of
Inter-story . . . .
Damage grade displacement angle limit/mm (Jiang of original immersed
et al., 2018) wall/mm wall/mm
Basically intact 1/1000 0.1 0.49274 0.13944
Minor damage 1/670 1.0 1.647 0.6555
Moderate damage 1/330 5.0 5.0 1.4
Serious damage 1/165 10.0 14.6 11.28
Collapse damage 1/150 / 16.66 24.16

From the performances of the two wall crack widths
in Table 4, when the interlayer displacement of each
damage grade is loaded, the crack width of the original
masonry wall at each stage is equal to or greater than the
corresponding relationship in Table 3 and the crack
width has the function of failure early warning. The
crack width of the immersed wall before the serious
damage stage is lower than the crack width
corresponding to the degree of damage and is smaller
than that of the original wall as a whole. However, when
the loading reaches the collapse stage, the crack width
of the immersed wall suddenly increases and becomes
much larger than that of the original wall. Therefore, the
macro-damage degree of the immersed masonry wall is
not as serious as that of the original wall in the early
stage; however, it is prone to sudden collapse damage
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and the early warning effect of cracks is reduced, which
requires special attention in safety appraisal.

CONCLUSIONS

(1) A cohesive element considering contact was used to
simulate the mortar layer and the damage evolution
of the cohesive element was defined. A finite-
element model of a separated masonry wall was
established for numerical low-cycle loading
simulation. A comparison between the simulation
results and previous test results proves that the

simulation method can reliably show the
development of cracks and the damage to the mortar
layer.

(2) Long-term flood immersion affects the strength
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properties of masonry materials and the bonding
performance of mortar. After immersion, the
masonry wall exhibited a low bearing capacity and
a low stiffness. Most of the mortar layers failed in
the late loading stage and the shear performance
was mainly provided by friction. The shear bearing
capacity of the wall after immersion was
insufficient and its safety reserve could not be
guaranteed.

The mortar strength and bonding performance of
the partially immersed wall decreased. The soaked
part of the wall was severely damaged during the
loading process and almost all of it failed. The
mortar in the unimmersed part of the wall was less
damaged and did not fully participate in the loading.
Some immersed walls may be damaged from weak
positions, indicating great danger.

After processing the ABQUAS software post
processing data using Python, the change data of the
crack width of the masonry wall with time was
defined and extracted. The analysis of the crack
width and damage degree shows that the macro-

)

(4)
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