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1- Introduction

In order to determine the location of free surface seepage,
various methods, such as analytical solutions, empirical
and approximate formulas, or numerical approaches
through flow network simulations, are employed.
Analytical methods for solving seepage in porous media
are based on solving the governing differential equation
with simplifying assumptions. While these assumptions
are acceptable under specific conditions, the applicability
of analytical methods is limited to problems with specific
geometries and boundary conditions.

Numerical methods, including Finite Difference Method
(FDM), Finite Element Method (FEM), and Finite Volume
Method (FVM), are also utilized to determine the location
of free surface seepage. The FDM for instance, discretizes
the Laplace equation, transforming it into a system of
linear algebraic equations. The domain is divided into a
rectangular grid, with nodes at the corners representing the
head values. Boundary conditions with specified head
values are applied, while unknown head values at other
nodes are estimated. Iterative techniques, such as the
relaxation method, are often employed, requiring multiple
iterations until convergence.

The FEM, another numerical approach, divides the flow
domain into discrete elements and generates a system of
equations for each element. Material properties and
boundary conditions are specified for each element, and
the system of equations is solved to obtain head values at
nodes. This method is advantageous for complex seepage
problems, allowing for the accurate modeling of intricate
geometries and high-gradient areas by adjusting the
element sizes.

To address the issue of unknown free surface locations,
a conventional approach involves using an approximate
free surface and refining it through trial and error. The
Boundary Integral Equation Method is also employed to
write equations for discrete points on the free surface.

These equations, relying solely on boundary information,
allow for determining the free surface location without
solving the entire problem. This method proves useful
when accurate solutions are only needed at specific points
or sections.

In summary, the discussed analytical and numerical
methods provide diverse approaches for analyzing seepage
problems. Each method has its advantages and limitations,
making them suitable for different scenarios based on
different factors, such as geometry, boundary conditions,
and the need for precise solutions at specific locations.

2-Materials and Methods
2-1- Differential Transform Method (DTM)

DTM is a semi-analytical numerical approach for
solving functional equations. Zhou first introduced this
method in 1986 for engineering applications, particularly
in the analysis of linear and nonlinear initial value
problems in electrical circuit analysis.

DTM utilizes the Taylor series expansion to represent
the solution of various equations in the form of a power
series. In the Taylor series method, calculating coefficients
requires obtaining various derivatives of the function at a
specific point, a task that becomes increasingly
challenging at higher orders. DTM involves a recursive
process to obtain the Taylor series solution of the assumed
equation. However, unlike other methods, derivatives are
not directly calculated; instead, a recursive process is
employed for computation. Consequently, this approach
significantly reduces the computational workload
associated with higher-order derivatives. One-dimensional
DTM, like other mathematical topics, consists of some
theorems that solve equations based on these theorems.
Some of the most used one-dimensional theorems of this
method are shown in Table 1.
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Table 1. Commonly used one-dimensional DTM theorems

Main function Differential transformed function
w(x)=u(x)xv(x) W(k)=U(K)+V(k)
k
W(x) =u(x)v(x) W(k)=zu(r)V(k -1
r=0
w(x)=Au(x) W(k)=A4U(k) , A=constant
K =
W(x)=x™ W(k):(S(k—m):{t o
du(x)
w(x) p» W(k)=(k +D)U(k +1)
w(x) dzu(zx) W(K) = (k +2)(k +D Uk +2)
X
wx) =980 W) =(k +3(k +2).(k + ) UGk +7)
dx

2-2- One-dimensional Column of Porous Medium and
Water with Free Surface

Figure 1 shows the pressure head distributed in the water
column with height when the pressure at the top and
bottom of the water column is known and the lower part of
the water column contains a porous medium:

y=0 p=0

y=w Free Surface

A A R

y=h = p=p*

1

Figure 1: One-dimensional Water Column with Undefined
Free Surface [9]

The problem of Figure 1 according to the research of
Bardet and Tobita is expressed as follows (Eq. 1):

2
d_p_ld_pzo pgg
dy?2 & dy
(1)
2
d—p:O p>e

Moreover, the boundary conditions of the problem are

(Eq. 2):
p=0 at y=0
p=p a y=h @

The physical (Eg. 3) and analytical (Eg. 4) solutions to

the above problem are described as follows in the previous
research.

p=0 y<h-p"

{ * * @
p=p +y-h y>h-p

d h pro

=-Z-@-)-e ¢ ) @)
[ &

In the next section, we will discuss the solution to the
above problem using DTM. Next, we will show that the
results of the above method will be in very good agreement
with the results of the analytical method.

2-3- Solution by Differential Transform Method (DTM)

According to the definition of the DTM in equation (4),
for the pressure values in the upper and lower part (porous
medium). respectively, we will have:

p1(y) =P1(0) + Py Q)Y +P(Q)y 2+

) ®)
P2(y)=P2(0)+Pa()y +Pp(2)y “ +--

Now, in order to solve the problem in equation (5)
using DTM, a differential transform must be taken from
the above two equations. Starting from the second rule
(p>e¢) of Eg. (1) and according to the relations defined

in Table 1, we have the equation by deriving it twice:
(k +2)(k +1)Py (k +2)=0 (6)

By placing different values of k and considering that a
constant number is multiplied by different values of P2, we
can conclude that it is P,(2)=P,(3)=...=P,(n)=0and
only two unknowns, P,(0)=P,(1), remain. Therefore,

according to the definition, the expansion of the second
rule can be written as follows:

Po(y) =P2(0) +Po(D)y 0]

Similarly, according to the equations in Table 1, for the
first rule of Eq. (1), we will have the same process as
before:

0 k
PUY)=PO+POY —— ®)
o s k!

So far, it has been determined that the solution of the
above problem with DTM depends on four unknowns
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P, (0), P, (D), P,(0),P, (1) , which will be obtained with four

boundary conditions according to Figure (1). First, apply
the two upper and lower boundary conditions of the water
column, Eqg. (2), and after applying the upper boundary
condition y =0, P;(0)=0will be obtained and by

applying the lower boundary condition, y =hin the

porous medium, P, (0) =P " —P,(1)h will be obtained. By

applying the boundary condition at the intersection of
water and porous medium, which expresses the equality of
the two equations, P1 and P, at the height of the free
surface d with the value of € , and also knowing that at the
intersection of water and porous medium, the condition of
flow continuity is established, we will reach the following
result:

o0

k
PO =PI Y —— ©
e k!

Now, by placing the obtained values, simplifying and
arranging them, in general, for different pressure values, it
can be written that:

o0 -1 0
dk yk
py(y) = E — -1 . » p<e
"kl ,’1
k=0 & *° K ;

(10)

k

pz(y):P*—Zx: d

e‘kk!

1
k=0 ko & X!

0 K -1
[2 i —1] [h+y] , p>e
Therefore, DTM could also achieve the exact solution of

the problem, equation (4). It should be noted that the above
solution is performed for the first time by DTM.

3. Results and Discussion

Knowing how to solve the problem analytically and
physically and the extended pressure method, for a water
column with a height of 10 m, a maximum pressure of 5
m, and a pressure head of 0.5 m, we will compare the
results of the above methods with DTM according to Table
2:

According to the values obtained from Table 2, DTM
has an acceptable accuracy compared to other methods and
the analytical method. As can be seen from Figures 2 and
3, the solution by EP, analytical, and DTM methods shows
the region of smooth transition between the porous and dry
surface and the wet surface, if this transition is broken in
the solution by physical method. Therefore, the solution to
the above two methods does not show the exact location of
the free surface of the leak like solving by physical
method. It can also be stated that with the increase of the
epsilon value, the answers of the differential
transformation method and the analytical solution match
each other.

Table 2. Comparison of the results obtained for one-
dimensional water column pressure at a certain height by
different methods

Error vs analytical

y (m) P (m) method
EP | DTM | EP DTM
0 0 0 0
05 0 0 0
1 0 0 0
15 0 0 0
2 0 0 0
25 10 0 0
3 20 30 -01
35 60 90 -03

4 0019 | 0025 -05
45 0056 | 0067 | -0.011
5 0167 | 0184 -016

S|Io Q| |C || |QC|QC Q||| |O

55 05 05 0
6 1 1 0
65 15 15 0
7 2 2 0
75 25 25 0
8 3 3 0
85 35 35 0
9 4 4 0
95 45 45 0
10 5 5 0
¥ (m)
5 .e I
4
S - DTM
Analytical
2 -+ Physical

P (m)

0.0005 0.0010 0.0015 0.0020 0.0025 0.0030

Figure 2. Comparison of the results obtained from the
physical, analytical, and DTM methods in the one-
dimensional water column with € =0.1



https://mechanic-ferdowsi.um.ac.ir/?lang=en

Mohammad Saleh Baradaran, Ahmad Aftabi Sani, Saeed Abrishami 4

ET 2 — P i
PR
T eaa, - DTM
3 -
- Analytical
2 o - Physical
I
$
1
4 ‘ s : Pmw)
0.05 0.10 015 i

Figure 3. Comparison of the results obtained from the physical,
analytical, and DTM methods in the one-dimensional water column
with € =0.8

4 - Conclusion

In the present study, an attempt was made to solve the
problem of the seepage of free surface in a one-
dimensional column of water including a porous medium,
whose governing equation is Laplace's equation, by DTM.
The results were compared with other existing methods,
such as physical solution and solution to the EP method.
Some of the findings obtained from the current research
are as follows:

* Solving by the DTM method can produce answers very
close to the solution of EP methods and analytical
solution, and these results, especially in the upper
water column, are much more accurate than solving by
the physical method.

* DTM solution, which is based on the expansion of the
Taylor series of functions, has a smaller amount of
calculations than the EP method and the analytical
method, which is an advantage to prevent the
occurrence of calculation errors in the prolongation of
the complex calculation process.

* The EP and DTM methods, as well as the analytical
method, have a smooth transition zone between the dry
and porous environment and the wet environment,
which in the case of the physical method, is a broken
and sudden zone.
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Application of Differential Transform Method for Solving Free-Surface Seepage Problem of One-
Dimensional Porous Media

Mohammad Saleh Baradaran Ahmad Aftabi Sani Saeed Abrishami

Abstract Several numerical methods, such as finite difference, finite volume, finite element, and so on, have been utilized
to solve the problem of the free surface seepage in one-dimensional and two-dimensional domains. The governing
equation of the seepage problem in porous media is the well-known Laplace equation. The finite difference and finite
element methods are based on meshing the desired surface and obtaining the head values at this level; and repeating this
process until convergence is reached. In this paper, a new method is proposed to solve the one-dimensional free-surface
seepage problem in one-dimensional water column based on the Taylor-series expansion, entitled Differential Transform
Method (DTM). It should be mentioned, up to now, DTM is employed to solve the various form of differential equations,
but it has not been used in seepage problems. For some verification purposes, the obtained results are compared with the
well-known finite difference method, and the good agreement is observed. Moreover, the analytical solution of the
problem is attained by the use of mathematical techniques and it is reported in the paper as an appendix. Also, according
to the results, it can be said that the DTM solution is more stable than the extended pressure and the analytical methods,
and this prevents the occurrence of calculation errors in the lengthening of the calculation process.

Key words Differential transform method, Porous media, Laplace equation, Free surface seepage, Extended pressure
method.
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1- Introduction

Infill masonry walls are widely used for interior partitions
and exterior walls in reinforced concrete (RC) structures in
many parts of the world. On the other hand, frame
structures with ordinary solid masonry infill were often
found to have a poor deformation capacity. Serious
damage and loss of the stability of many masonry infill
walls have been reported during recent earthquakes. The
capacity of masonry infills is defined in two distinct
modes, namely in-plane force and out-of-plane force.
There is considerable evidence that the in-plane and out-
of-plane modes interact with each other due to the
multifaceted nature of seismic events. Therefore, the
effects of interaction modes also have to be taken into
account. The interaction effect of the out-of-plane
behavior on the in-plane behavior of masonry infill in
terms of resistance and deformation capacity is one of the
behaviors that are very difficult to simulate and control in
laboratory conditions because the laboratory conditions
are different from each other [3]. But in-plane and out-of-
plane interaction behaviors can be identified to some
extent by modeling in finite element software. Some
researchers consider the interaction effect of in-plane and
out-of-plane significant, while others consider this effect
negligible, and this difference in the opinion of researchers
is a worrying issue. All studies showed that the detached
parts of the masonry infill without contact with the frame
are quite vulnerable to out-of-plane loading.

2- Numerical modeling

In this paper, the laboratory models of Mansouri et al.
(2014) have been used for analytical models [4].
Analytical specimens, as shown in Fig. 1, consist of a
single-bay single-story RC frame and an RC frame with
solid masonry infill, with a scale of 1:2. The dimensions of
the masonry infill are 2100x1300x106 and the dimensions
of the brick are 31x49x106 (thicknessxheightxlength) in
millimeters.
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Fig. 1. Geometry and reinforcing details of reinforced
concrete frame and infill-frame masonry (dimensions in
millimeters) [32]

The masonry infill with four different connections with the

surrounding frame according to Fig. 2 was investigated:

1. The frame is connected to the masonry infill on four
sides (Fig. 2-a).

2. The frame is connected to the masonry infill on three
sides, the upper infill is a brick away from the beam of
the frame (Fig. 2-b).

3. The frame is connected to the middle frame of the
building materials on both sides, and the side vertical
lips of the infill are far a brick away from the
surrounding frame (Fig. 2-c).

4. The frame is connected to the infill of the building
materials on one side, and the side vertical lips and the
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upper lip of the infill are as far as a brick away from
the surrounding frame (Fig. 2-d).

c. Connect on 2 sides d Connect on 1 side
Fig. 2. Different connections of infill masonry with
frame

3- Finite Element Analysis

The numerical models are generated in finite element
ABAQUS soft. Static non-linear analysis (pushover) was
performed for the models of the masonry-infilled frame
with different boundary conditions. The results of the finite
element study on the interaction of in-plane and out-of-
plane masonry infills with different boundary conditions
are described. The effect of interaction on the seismic
response of masonry infill was analytically studied using
nonlinear statistics, or a so-called pushover. The ultimate
strength and effective stiffness of specimens can be
estimated based on the developed bilinear force-
displacement curves.

3-1 Out-of-plane loading

In this step, the out-of-plane pressure is applied on the
entire surface of masonry infills equal to the ground
acceleration from (1 g) to (10 g). The first specimen of the
masonry infilled frame is connected to its surrounding
frame on all four sides and has no distance from its
surrounding frame. The acceleration level (10 Q)
predominantly provided the greatest displacement in the
out-of-plane direction.

3-2 Out-of-plane loading after in-plane loading
Specimens were analyzed under in-plane loading and then
under out-of-plane loading. During the in-plane step, the
frame was applied and analyzed with the levels of drift of
0.5%, 1%, 2%, and 3%. During the out-of-plane step, the
damaged model was analyzed under a monotonic out-of-
plane pressure of 10 g. During the out-of-plane step, the
RC frame was restrained for out-of-plane displacement.

3-3 In-plane loading after out-of-plane loading

Specimens were analyzed under out-of-plane loading and
then under in-plane loading. During the out-of-plane step,
the damaged model was analyzed under a monotonic out-
of-plane pressure of 1 g. During the in-plane step, the
frame was applied and analyzed with a level of drift of 6%.
Analytical specimens then were loaded at different levels
of ground accelerations in the out-of-plane direction and

the amount of a reduction of strength and effectiveness was
measured with in-plane loading capacity.

4- Conclusions

In this study, RC frames infilled with solid masonry blocks
were examined using a nonlinear finite element approach
to investigate the performance of four infill support
configurations. The results of the investigations in this
paper can be summarized as follows:

The masonry infill connected on four sides has higher
stiffness and strength in out-of-plane loading than a
masonry infill connected on three sides. The stiffness
variations of masonry infill occur, at very high
accelerations because at very low accelerations, the
displacement of the infill does not occur in the out-of-plane
direction. The masonry infill is connected from four sides
in the relative displacement of 0.5%, 1%, 2%, and 3%. The
more the relative displacement is the more the out-of-plane
capacity drops. Therefore, the reduction of stiffness and
strength is directly related to the damage in-plane.

In the masonry infill connected to the frame on three
sides, when the relative displacement of the in-plane is
0.5%, the hardness drops more that the specimen where the
relative displacement of the in-plane is 3%. The reason
could be that the specimen with a relative in-plane
displacement of 3% sticks to its surrounding frame with
the arching action of the infill, and in this case, the stiffness
increases. The loss of the connection between the infill and
the frame leads to a greater loss in load-bearing and
deformation capabilities. In the investigation of the in-
plane behavior with the damage of the out-of-plane, the
specimen with a one-way connection had the greatest
decrease in stiffness, which was calculated to be about
40%.
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The effect of Boundary Conditions on the Seismic Performance of Out-of-Plane Masonry Infills by
Considering In-Plane Behavior Interaction

Delaram Ostad Jalil Shafaei

Abstract The observed damage during the past earthquakes shows that the damage of the masonry infill in the in-plane
and the reduction of the contact surface between the masonry infill and the surrounding frame led to an increase in the
vulnerability out-of-plane. Considering the different contact conditions of the masonry infill with the surrounding
concrete frame, the interaction, and influence of the out-of-plane on the in-plane behavior of the masonry infills, which
is a new topic in the field of seismic performance of the masonry infills. In this paper, the effect of different boundary
conditions the masonry infill and the reinforced concrete frame, which include four edges supported by the frame, three
edges supported by the frame, two horizontal edges supported by the frame, and one edge supported by the frame, by
analyzing three types of loading, which are: 1-out-of-plane loading only, 2-the out-of-plane loading after in-plane
loading, 3-the in-plane loading after out-of-plane loading, have been evaluated by using the finite element software
ABAQUS. The results demonstrated that the absence of proper connection between the frame structure and the infill
increases the out-of-plane direction vulnerability, and does not prevent their collapse. Previous damage due to in-plane
loading, which reached a maximum drift of 3%, can reduce about 70% of the out-of-plane capacity of the infill frame,
and consequently, the strength and stiffness were affected by the boundary conditions and type loading.

Key words Masonry infill, In-plane and out-of-plane interaction, Boundary condition, Finite element analysis.
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1- Introduction

Bridges are important and vital structures that facilitate
traffic at non-level intersections and reduce traffic in
transportation networks. These important structures have a
lower redundancy compared to buildings, resulting in a
higher probability of damage in these structures than
residential buildings. Therefore, scientists in the past two
decades have focused on the design, evaluation, and
utilization of materials with advanced specifications in the
field of civil engineering. One of these emerging materials
is ultra-high-performance concrete (UHPC) which, in
addition to its fine and homogeneous granulation structure,
has advanced mechanical characteristics, such as high
compressive and tensile strengths. Consequently, it has
become one of the efficient materials in the construction of
concrete bridges, especially in the discussion of deck
repair, pier construction and repair, and cast-in-place
connection elements. There are various methods to
evaluate Bridges. one of the most accurate methods is
incremental dynamic analysis (IDA). This analysis is
performed using a set of time history analysis (THA),
allowing the structure to be checked under the effect of real
earthquake records at each step to reach the collapse point.
Finally, fragility curves are drawn using IDA curves and
using statistical and probabilistic methods, such as normal
distribution function and cumulative distribution function,
and statistical parameters, including mean and standard
deviation. These curves illustrate the probability of
damage occurrence in the structure based on predefined
performance levels and states. This study aims to evaluate
the probability of damage and performance differences in
concrete BRIDGES with UHPC piers considering the
impact of far-field and near-field earthquake records. The
assessment will specifically focus on bridges with piers
heights of 5 and 8 meters and compare its performance

difference with conventional concrete, such as C25
concrete, under the same conditions.

2- Materials

The use of UHPC in all components of a bridge is not
economically justified due to its high construction cost.
Therefore, conventional concrete (C25) has been utilized
in the construction and modeling of the bridge deck, with
only the bridge piers incorporating UHPC. This allows
comparing the performance of piers made with this UHPC
with those made with conventional concrete. The
specifications of UHPC and conventional concrete are
presented in Table 1.

Table 1. Specifications of conventional concrete (C25) and

UHPC
s |z | 3 9
o =, » S o
c w =
3¢ 8 = S o
3a S < ~a 3
29 o 2. < & E
o |8 |5 | 5 &
8 3 = 0 2
=7 — @ = S
Q, C 8 g
< ~ = g
>0
2400000 | 0.2 3 25 Conventional
' Concrete (C25)
4743609 | 0.18 10 177.75 UHPC

3-Modeling

The bridges modeled in this paper are three-span
continuous concrete bridges with a span length of 20 m, a
total length of 60 m, and a width of 9.2 m, which provides
the possibility of creating a traffic lane in each direction.
This bridge configuration allows for the establishment of a
traffic lane in both directions. The presented bridge
prototype features three-column supports that act as
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transverse frames and are isolated from the deck using
elastomeric bearings. The model is developed in the CSI-
Bridge software, utilizing the frame element approach. In
addition, the utilization of elastomeric bearings allows for
realistic representation of the bridge's response to dynamic
loads. The CSI-Bridge software provides a comprehensive
platform for modeling and analyzing bridges, making it
well-suited for the detailed investigation of the bridge's
performance under various loading conditions. The details
of the modeled bridge in the CSI-Bridge software based on
the frame element are shown in Figure 1.

(b)
Fig. 1. Modeled bridge in the CSI-Bridge software in both:
(a) simple and (b) extruded configurations

4-1DA Analysis
In the IDA, a total of seven far-field and seven near-field
earthquake records were used based on ATC-63. The
seismic parameter used in this study was the maximum
ground acceleration and the engineering demand
parameter of the relative displacement of the bridge piers.
The horizontal components of the bridge were applied in
the longitudinal and transverse direction of the bridge. The
relative displacement in the longitudinal direction was
considered the main criterion in all models due to the very
small relative displacement in the transverse direction
compared to the longitudinal direction of the bridge.
Finally, by conducting a series of THA with
incremental steps of 0.1, IDA curves for each bridge
sample categorized by seismic fields were obtained. With
using probabilistic tools, the normal distribution function
and cumulative distribution function and statistical
parameters, such as mean and standard deviation, the
fragility curves based on damage states defined in HAZUS
were derived. Figure 2 shows the results obtained from the
fragility curves of bridge that have 5 m piers height, with
piers made of UHPC and conventional concrete under the
effect of earthquakes in both far-field and near-field zones.

,_.
S
3

TR
#*“—— No Damage (C25)

©
3

—e— No Damage (UHPC)

=3
3

Slight Damage (C25)

~
=)

Slight Damage (UHPC)

=3
3

— — Moderate Damage (C25)

a
3

—a— Moderate Damage (UHPC)

IS
5

— - -Extensive Damage (C25)

@
S

—a. - Extensive Damage (UHPC)

Probability of Exceed (%)
3

~~~~~~~~ Collaps (C25)

=
o

~a.- Collapse (UHPC)

o
o
=4
@
-
)
-
o

20 25 3.0 35 4.0
PGA(9.81x m/s?)

@)

Pt

—— No Damage (UHPC)

No Damage (C25)

Slight Damage (C25)
Slight Damage (UHPC)
— — Moderate Damage (C25)
—a— Moderate Damage (UHPC)
— - = Extensive Damage (C25)

—= - Extensive Damage (UHPC)

Probability of Exceed (%)

wveeeeess Collaps (C25)
«@- Collaps (UHPC)

00 05 10 15 20 25 30 35 40 45 50 55 6.0 65
PGA(9.81x m/s?)
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Fig. 2. Fragility curves of modeled bridges with 5 m pier
height under the effect of :(a) far-field and (b) near-field
earthquake records

5-Conclusion

The results obtained from the analysis of fragility curves
indicate that UHPC, based on its homogeneous structure
and advanced mechanical properties, provides high
compressive strength. Through the creation of proper
confinement, UHPC not only enhances the elastic region's
capacity but also increases the base capacity in the plastic
region by introducing greater hardening and reinvigorating
the piers capacity. Consequently, the possibility of damage
occurrence in UHPC-based bridges is lower across all
defined performance levels compared to bridges with
conventional concrete piers. This demonstrates the
substantial impact of UHPC in improving the resistance
and stability of structures, achieving a minimum of 7.14%
and a maximum of 26.09% improvement in the ultimate
damage and collapse levels, compared to ordinary
concrete.

This significant improvement in structural behavior
and the increased potential of constructed elements
suggest that UHPC can be effectively utilized for reducing
cross-sections, optimizing designs, and achieving more
aesthetically pleasing architectural configurations.




(V‘—fﬁ))”“rd 4"‘/4‘;»«_;.:)3’ d//.«ﬁu_.wyu.&d

'ﬁ
‘/ ) w99 O 305 Suikigo @

O ezl ke el

O‘é/] 3 https://civil-ferdowsi.um.ac.ir/

ol olel ke,

TSN oouw ) oaliiul b wieilgs Fad oy 3 ond disle Sl b 4d Wi i s b sle) 53)
< (S ) ailed S99 R > S J <
6:'&3243&“

§ )

6 paie Lo ydosme D olol 4z 5
DOI: 10.22067/jfcei.2024.84877.1261

S S o L] polor] 5 peilecs o pollid G T il (SLaOISo 4 g yicss 5 oS5 g e S s (Sl o Sl > il 2 L OGS
S o o |y J 5 o Tl (o0t 3 Slow oS it i g B _nd Sl i Lo e 0o S Ol ioms Ol o3 0y st 1o et
Sl 235 (5l 0l ocksl oy G Olsioas ecbiadls a8 o ile sailis [ slagsy ol il oslizal lisd o pgo (Sloojlo ul oo T 4 amie
Ll g o 45 Co] }/L";‘/J)jdﬁ/? 3 si (Ken 5 LK (gl (ol 340 45‘;#%:5/5/2 by @J@w/,:ﬁwcjﬁa %‘:”‘/_u"i‘“gj ojle
ok i el i) S Lot o e 3] St e LSS 030 sutoms 5 o) Sl il 0y Conslie Cod B 5] e
sla b st ) 3 Slas andllas ol A5 o Ol (sloj J (slazolyle 3 Comi |, w/‘cjgw v (Sl il 1 osliza b a5 gy ol | SUSE o
CSI l35fppi i oaliseal b OT folowi 5 e 45 535 om i) [y i A 50 liss) b beodls? G oy jllookd ilon plagl b it o = o s b (55
Oy gl 5, ] Syl = shacs deslome 5 (IDA) oulig 5] Seolios ol Cogzr (O350 5 13 03 1 prslio (sl BS et 5 0L plowi/ Bridge

2 uyucjkﬂd‘vfbw/};«fu,fwuabou il glaal 4 Cond Al G548 0 b ool atl (sl 0 w/‘w,lfyd&b/ﬂda
O G 3 Shoe S gy ey VF ST 5 sy V&/.i/buﬁﬁjjjﬁ'af%c.é“);M’@”‘jjﬁ")@wlpc«{.ﬁ A5 50,5 o okalie Cojles wiles

] Sl jant s ((SauSs e el Sy Lo il G o o (Sl (s lg

Seismic Evaluation of Multi-Span Reinforced Concrete Bridges with Ultra High-Performance
Concrete Piers Using Fragility Curves

Hamed Ghadimi Moghaddam  Fereshteh Emami Mohammad Reza Mansoori

Abstract Bridges play a vital role in transportation, traffic management, and providing access to strategic locations,
especially during crises. Earthquakes are unpredictable events that disrupt critical transportation routes and damage
important structures. Innovative technologies, such as Ultra High-Performance Concrete (UHPC), offer hope for
enhancing structural flexibility and reducing damage. UHPC, known for its uniformity, low permeability, and durability,
increases the resistance of bridges to seismic forces and limits the spread of damage. One of the most effective methods
for assessing seismic vulnerability is Fragility Analysis. This study evaluates urban bridges with UHPC concrete columns
supporting cast-in-place concrete T-beam superstructures. The analysis was conducted using CSI Bridge software, and
appropriate ground motion records were selected for Incremental Dynamic Analysis (IDA) and damage level
calculations. The results indicate that the probability of damage exceeding a certain threshold in UHPC concrete piers
is lower compared to those made of ordinary concrete. Examining damage intensity levels reveals that highperformance
concrete, in Collapse state scenario, improves performance by a minimum of 7.14% and up to 26.09% in the best-case
scenario compared to Conventional concrete.

Key words Bridge, Ultra High-Performance Concrete, Incremental Dynamic Analysis, Fragility Curve,Damage index.
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1- Introduction

Back-to-back mechanically stabilized earth walls,
abbreviated as BBMSE by the American Association of
State Highway and Transportation Officials, are a type of
specific reinforced soil walls commonly used in the
abutments of bridges and retaining walls. Reviewing the
technical literature reveals limited studies on the seismic
behavior and fragility curves of reinforced soil walls and
back-to-back reinforced soil walls in particular. Therefore,
we investigated the seismic behavior of back-to-back
reinforced soil walls using probabilistic fragility curves
and examined the effect of the overlap length of the metal
strips on the vulnerability of these walls. For analysis,
BBMSE walls were numerically simulated using FLAC2D
Finite Difference Method software and validated against a
physical shake table model. Next, by using the results of
nonlinear dynamic analysis, fragility curves were
analytically developed based on seismic Intensity
Measures (IMs) of peak ground acceleration (PGA) and
peak ground velocity (PGV) for far-field and near-field
earthquakes.

2- Numerical modeling and dynamic analysis

Due to the nonlinear behavior of structures during severe
earthquakes, determining the seismic performance of
structures, the effects of ground motion on them during
earthquakes, and preparing fragility curves, require
numerous nonlinear analyses. In the present study, the
modeling was initially performed using the FLAC
software based on the dimensions of the shaking table
model with a strip length of 0.65 H (39 cm). The geometric
dimensions, layout, reinforcement method, and model
parameters followed the recommendations of common
codes and standards in this field. After the initial
validation, following the scaling laws, two models were
constructed based on the main dimensions with a unit
width-to-height ratio for the mutual interaction effect of
the walls. In the first model (A), a strip length of 9.3 m
(0.65 H) and an overlap length of 1.8 m (0.3 H) were
considered, while in the second model (B), a strip length

of 1.5 m (0.85 H) and an overlap length of 0.2 m (0.7 H)
were taken into account (Figure 1).
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Fig. 1. Numerical model in FLAC

The usual procedure for generating fragility curves
involves defining the maximum horizontal ground
acceleration as the seismic IM. However, research findings
suggest a stronger correlation between velocity intensities
and deformation demands. To cover the inherent
uncertainties associated with the stochastic nature of
earthquakes, two separate sets of far-field and near-field
earthquakes, each containing seven compatible records
with site conditions, were selected from the Pacific
Earthquake Engineering Research Center at the University
of California, Berkeley. The stronger horizontal
component of the time histories was dimensionlessized
based on two IMs, PGA and PGV, ranging fromOto 1 g
for PGA and from 0 to 100 cm/s for PGV, with incremental
steps of 0.1 g for PGA and 10 cm/s for PGV. These scaled
records were then applied to the model, and the maximum
horizontal displacement of the upper part of the wall was
extracted as the damage state (DS) from incremental
nonlinear dynamic analysis.

3- Developing fragility curves

The responses obtained from incremental nonlinear
dynamic analysis serve as seismic demands and are
compared with the selected displacement levels chosen as
capacities. If the demand exceeds the capacity, the
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structure is considered to have surpassed its performance
level. Considering the probabilistic nature of seismic
performance, the collapse or failure capacity of the
structure is calculated using suitable probability
distribution fitting. The generated fragility curves based on
the seismic intensity levels of acceleration and velocity,
with records categorized as near-field and far-field, are
presented in Figures 2 and 3. These curves depict the
behavioral changes of the wall until reaching the defined
failure state.
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Fig. 3. Fragility curves for model B

4- Conclusion

Each structure has its fragility curve, which can be used to

express the probability of structural damage at diverse

levels. The probability of failure and interpretation of

seismic vulnerability vary based on the chosen IM. The

key findings of this study can be summarized as follows:

1. Scatter coefficients and regression analysis showed that
the IMs of PGA and PGV are sufficiently effective in
estimating earthquake hazards to the back-to-back
wall.

2. Increasing the length of reinforcement from 0.65 H to
0.85 H and consequently, raising the overlap length
leads to a reduction in seismic damage probability by

approximately 35% in far-field earthquakes and up to
50% in near-field earthquakes. Moreover, the
decreasing trend of vulnerability risk in far-field areas
is more tangible during earthquakes with PGAs>0.4 g
and PGVs <4 c/s.

3. In fragility curves with PGA as IM, the minimum
probability of exceeding in the near-field compared to
far-field in model A for the levels of
undamaged/moderate damage, moderate
damage/severe damage, and severe damage/collapse is
2% to 22%, 2% to 17%, and 2% to 10%, respectively.
In model B, these values are 2% to 19%, 5% to 30%,
and 2% to 10%, respectively.

4. In fragility curves with PGV as IM, the minimum
probability of exceeding in near-field earthquakes
compared to far-field earthquakes in model A for the
levels of undamaged/moderate damage, moderate
damage/severe damage, and severe damage/collapse is
5% to 11%, 2% to 38%, and 2% to 9%, respectively.
However, in model B, a higher risk of vulnerability is
observed in far-field earthquakes compared to near-
field earthquakes, which may be due to the nonlinear
behavior of soil, irrespective of other complexities in
strong ground motion.
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Study on Seismic Vulnerability of the Back-to-Back MSE Walls Using Fragility Curves

Maryam Rahimi Alireza Firoozfar Hamid Alielahi

Abstract In this research, the seismic behavior of the back-to-back MSE walls has been assessed in a probabilistic
approach using the fragility curves and the effect of the overlapping length of the metal strips on the vulnerability of
this type of walls has been investigated. To this end, the back-to-back MSE walls are simulated using FLAC2D finite
difference program, and validated with a shaking table physical model test. So, using the results of nonlinear
incremental analysis, fragility curves are analytically extracted based on PGA and PGV intensity measures under far-
field and near-fault earthquakes. The obtained results, in addition to providing the possibility of predicting the
vulnerability of the wall in different seismic intensities, indicate that increasing the length of the metal strips from 0.65
to 0.85 of the wall height (increasing the overlapping length from 0.3 to 0.7wall height), reduces the probability of
seismic damage up to 35% in the far-field and by about 50% in the near-fault earthquakes, respectively.

Key words Fragility curves, Back-to-back MSE walls, Seismic vulnerability, Earthquakes, Numerical modeling, Near
Field and Far Field Earthquakes.
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1- Introduction

In our country, the technology of making pavements with
roller-compacted concrete has received less attention in
the past decades due to the low cost of bitumen. However,
roller-compacted concrete offers easy, fast, and relatively
low-cost construction, as well as good resistance and
durability. One drawback of concrete mixtures is their
brittleness, which is typically addressed by using steel bars
in conventional concrete structures. Roller-compacted
concrete pavements, however, do not use steel bars,
leading to the appearance of various cracks. To improve
the behavior of roller-compacted concrete pavements, one
solution is to use different types of fibers. Steel fibers, in
particular, offer technical and economic advantages and
can be added to the concrete mixture to enhance its
characteristics. This process involves adding a percentage
of short steel fibers to the concrete, which are randomly
scattered in different directions within the mixture,
resulting in improved concrete characteristics compared to
the concrete without fibers.

In roller-compacted concrete pavements, the brittle and
semi-brittle behavior of concrete allows for the application
of fracture mechanics concepts to investigate crack
growth. Laboratory samples are subjected to various
loading modes, including pure tension, pure shear, and a
combination of tension and shear. These modes are
referred to as mode | (pure tension), mode Il (pure shear),
and mode I/11 (combined tension and shear). The principles
of linear elastic fracture mechanics can effectively predict
crack growth and propagation. As a crack reaches a critical
limit, it suddenly expands, causing the sample to become
unstable and break. This research also explores the impact
of steel fibers on the fracture strength, compressive
strength, and tensile strength of rolled concrete.
Semicircular samples with edge cracks are used in a three-
point bending test to simulate pure tension, pure shear, and
their combination. Moreover, the compressive and tensile
strength of rolled concrete samples with steel fibers were

evaluated after 7 and 28 days.

1- Materials and Methods

In this study, the effect of variable percentages of steel
fibers on the mechanical properties of roller-compacted
concrete was investigated. The aggregates used in the
construction of roller-compacted concrete pavement must
be according to ASTMC33 standards. Water was sourced
from the water supply network of Tabriz city. Type Il
cement from Tabriz Sufian Cement Factory, with a
specific gravity of 3.19 gr/cm® was utilized according to
ASTM-C 188-89 standard. Steel fibers (54 mm in length
and 0.8 mm in diameter) were incorporated in roller-
compacted concrete samples. The mixing plan was
determined based on the Iran No. 354 standard and the
PCA standard. The mixing design method employed in
this research involved different concrete tests. In all
concrete methods, the water-to-cement ratio was carefully
considered to achieve the desired compressive strength or
durability requirements. The mixture components were
determined to ensure that the mixture was suitable for
compaction with a vibrating roller. This suitability was
assessed by determining the time required for sample
compaction under load and in vibration mode.

We investigated four different mixing designs, each
producing eight samples, making a total of 32 samples.
The amount of aggregates remained constant across all
mixing plans. The cement grade used was 350 kg/m?, with
a water-to-cement ratio of 0.42. For the first mixing
design, samples were tested without fibers, resulting in a
VB time of 33 seconds. Subsequent mixing designs
involved roller-compacted concrete with 0.1%, 0.3%, and
0.5% weight percentages, yielding VB times of 30, 40, and
45 seconds, respectively.

The uniaxial compressive strength test was conducted
according to ASTM C39/C39M-03 standards, with a
loading rate of 0.14-0.34 MPa/s. To assess the tensile
strength of the rolled concrete, cylindrical samples were
prepared and tested after 7 and 28 days, with a diameter of
15 ¢cm and a height of 30 cm. Strength testing was carried
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out using a universal device with a 15-kilonewton capacity
and under static loading with a constant rate.

To model the sample in Abaqus software, a sample with
the dimensions of (a=15 mm, R=50 mm, t=30 mm,
P=1000 N) was utilized as shown in Fig. 1. The entire
model was implemented using approximately 2800 8-node
rectangular elements. A very fine meshing technique was
employed to achieve more accurate results for meshing.
The crack angle was set to 0° for pure tension mode, 49°
for pure shear mode, and 15°, 30°, 40°, and 45° for
combined tensile and shear modes. The Me, which
indicates the contribution ratio of modes | and Il in
different loading modes of the combined mode, is defined
by equation (1).

2 K; (1)
e — -1
Meé = p- tan™"( ”)

In mode I, the value of this parameter is one, while it is
zero in mode I1.
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Fig. 1. Sample for fracture resistance test
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2- Results

Fig. 2 illustrates the results of compressive strength testing
for roller-compacted concrete with varying percentages of
steel fibers. The data from Fig. 2 indicates that the addition
of fibers at different percentages has led to an increase in
the compressive strength of the rolled concrete. The results
demonstrate that higher percentages of steel fibers result in
increased compressive strength after both 7 and 28 days.
This behavior is attributed to the ability of the fibers to
restrict and prevent crack propagation. By limiting the
spread of cracks, the concentration of stress in the cracked
area decreases, ultimately slowing down the growth of
cracks in fiber-reinforced concrete.

By adding steel fibers in different percentages to 7-day
roller-compacted concrete without fibers, the compressive
strength of the concrete increased by 10%, 24%, and 37%.
Similarly, the compressive strength of 28-day roller-
compacted concrete increased by 12%, 15%, and 36% with
the addition of steel fibers. This suggests that steel fibers
have led to a rise in the compressive strength of roller-
compacted concrete after both 7 and 28 days of curing. The
increase in the compressive strength of 7-day roller-
compacted concrete ranges from 10% to 37%, while the
increase in 28-day strength ranges from 12% to 36%. It can
be concluded that the effect of steel fibers on the
compressive strength of 7-day roller-compacted concrete
is slightly greater than that of 28-day rolled concrete.

The tensile strength test results are presented in Fig. 3,
indicating a general increase in the tensile strength of the
roller-compacted concrete samples with the addition of
steel fibers within the tested range. The 7-day tensile
strength rose with a range of 4%-26%, while the 28-day
tensile strength increased with a range of 14%-39%. The

highest effect on the tensile strength of roller-compacted
concrete is observed with 0.5% steel fibers compared to
other ratios. This improvement in tensile strength may be
attributed to the ability of the steel fibers to more
uniformly and effectively distribute the incoming load
within the roller-compacted concrete structure.

70 ~
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Fig. 2. Compressive strength of roller-compacted
concrete containing steel fibers
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Tensile strength (MPa)

0 0/1 0/3
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Fig. 3. Tensile strength of roller-compacted
concrete containing steel fibers

3- Conclusions
Based on the experimental and analytical results, the

following conclusions could be drawn:

e The compressive and tensile strength values of roller-
compacted concrete samples improve after 7 and 28
days when steel fibers are present. This improvement in
resistance is directly proportional to the rise in fiber
percentage, up to 0.5%.

o The failure load of all roller-compacted concrete samples
increases with higher percentages of steel fibers in all
loading modes.

e The highest fracture resistance value is observed in
pure tensile mode, while the lowest value occurs in pure
shear.

e The most suitable amount of steel fibers for fracture
resistance is 0.3% of rolled concrete, as there is no
significant difference in fracture resistance beyond this
amount. However, for increasing tensile and
compressive strength, the most appropriate amount of
fibers is 0.5% of rolled concrete.
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Experimental Evaluating the Effect of Steel Fibers on the Mechanical Properties of Roller-compacted
Concrete

Ramin Chaleshi Babak Golchin Ramin Meshkabadi

Abstract The use of roller-compacted concrete in construction projects, such as road paving, parking lots, dam
construction, and industrial pavement, is attributed to its quick implementation, relatively low cost, and sufficient strength
without the need for steel bar. However, the brittle nature of roller-compacted concrete prompted an investigation into
how steel fibers could improve its mechanical behavior. This research focused on the effect of steel fibers on fracture
strength, compressive strength, and tensile strength of roller-compacted concrete. The study involved testing semicircular
samples with edge cracks under three-point bending loading to simulate pure tension, pure shear, and their combination.
Additionally, the compressive and tensile strength of roller-compacted concrete samples with steel fibers were evaluated
at 7 and 28 days. The laboratory results showed that adding 0.1%, 0.3%, and 0.5% steel fibers improved the 28-day
compressive strength by 12%, 15%, and 36%, respectively, and the tensile strength by 14%, 21%, and 39%, respectively.
Moreover, the failure load of all samples increased in all loading modes with higher percentages of steel fibers, leading
to greater resistance to crack growth. The study identified 0.3% of steel fibers as the most effective amount for improving
the fracture resistance of roller-compacted concrete in different loading modes, while the optimal percentage for
enhancing the compressive and tensile strength was determined to be 0.5%.

Key words Roller-compacted Concrete, Steel Fibers, Strength, Fracture Toughness.

- *
Al o VEYVYO OT o ed eyl 5 VE VA Wlis il s
Al el 3T ol ol dms il jas wdige 03,5 Ol jae L) il (1)
Email: b.golchin@uma.ac.ir el el s o235 (Ol jes wdiga 03,5 Ololinl oJ s s 5 (Y)

el el Gies o5 (o 58 (slacs sl puSils skl (1)

v


https://civil-ferdowsi.um.ac.ir/article_45114.html?lang=fa
https://civil-ferdowsi.um.ac.ir/
https://civil-ferdowsi.um.ac.ir/article_45114.html?lang=en
https://civil-ferdowsi.um.ac.ir/article_45114.html?lang=en
mailto:b.golchin@uma.ac.ir
https://orcid.org/0000-0002-7329-1596

S o Sl lasita 63V 58 S 05581 il AT s

aA

oS 350 bl e U Vsene Ll i85
5 oA s LI sge Soso a el Sy el
gt g okt Wl 50 by (oS 050 UL B0 5 A0S S 5
5 Ll e bt SaVl e Sl J sl Sl eslizal
Odewy 5 S5 Ay b a3l J3e S 5 5L 5 A, s i
Bgad 5wl 2 S S U sbe S5 Sl ae Sow
[4] o asl g S 5 5luLL
o R oy s eV SUL Gl e s s
e S Caglie gy pas Hsile gl taal g ol sl
s s 5 Glus a5 ¥ SUN L <l
VY 5 A T o Ol a3V G [B] weastls
ST IR S S RASCRTANY Ol 4 s L U
23Ul V5 Oloms 3l Laboslsne 4IS 55 e S 15 eslinad
S slin oS sls OLIS b 5 g +/00 Ologes 45 O Caed 5 A
b e 51U o SR o3V GUI L hes oz 258
STl L s S e Iy il eSSl 4 A s o8
s p2S Cnslie S o i i doys VY /8
YA 5V o 5 Aoy /Y Olge 4 hag o o SUL (651>
S sk a s b e SISO € ped 4 Lol 055,
Ggos d ol Hhag s b OUN oy /Y gy lad sas
2L [5] e S aslae 05 gl SU O
Ssl S 3 4 5o 1y oV SUNB] OLlSes 5 Js
Ol oLyl Gasw s S eslatul diny S 9 K o
Aas e e ) Sew g solad Caplie SUI 4S5l
52 Bk sk GUI S glads s 5l 7] O,Kes 5 Leone
slaasl s S eslaal on gbablse L S8, )
s sl s 1 GUI sl 5l esliad Ll e
R R e S S JAKJ{L‘)T Oladlae Hs sls slglny
Faman SUl L 5 (g5 U s 5 0L 5 Sz s
labglsee Cotl 53 oz Aoy +/F 5 0/Y e s
CnSs Slasein SU ) gl slacn As S eslanal
Ok (Sl Glagm 4 S | (g ap Slain Loy wlis
GUI 51 [B]0,an 5 J5S 5ol S e [2] sl OLES LI

Se o slad sad agd Sl Ao )s ) 5 /0 Hlde js 63V

Ao e

o3 bbb o g Sl S el (61585 5 ol glaay 3o
ke a4y baa ja ol ol B 5 o i slacs 1S e
Ol Jds & be 5528 53 5 pdi o M 3l 58 51 ook
3 om b sless ool gl wilS glaaas 55 5 Loy
el @S I3 e e S SEE n o sl e
Cooglie coatlor 53 ol e ag g (Ctle G 5 O g
Sl 53 Jsd B 4w SGw ) ol (S o elss
el Sl Sl e S LS el g5l slaaY
el 0T Siss 5 sl 60 K3 (i slab jlos
G b ooV sl e b o slassle S| s s 0yl
@V gl Sl 5l Se o glagsluss 02 apde
G 5 oMl 355 4 Esl el opl [1] 545 ed esliza
Sl 35m3m sla Jomely 51 K 33,5 o Laesla ol s Ciloies
N gl Sl eslil (Sds g slagilug, ey s
5 o ke glle B 4 oV U 2] asl e
GBI gl Ll o slae sl 53 (6L 55 558 (ool
(S iz Ol 51 S 0 g IS SO ol (oY b
SIS A2l o ol S 63V 5 SUI I o3 iz 5
okS|, bglse 5y il Olgr s S YLK O s 4
I el 1y g Slasein 63V GUI s ey Ll
Slge 51 Sde n lagy 5 [8] das e 35 SUIL O
Sl S 4SS Wl e 3ol 5lge 5 s s sl ol
Lo Cwslie 5 oS 500 S olul o o ) 1es slacl>
SHGSE g 5 s sy Oz 5 s kb ol o
4 Jos onl 3 e3lital 2 (S Sl S slase
OF Caglie 5 JEor AS o KaS o )3 1oa Ol i ials
5 0S15 213 b 5l sl ge 3l eslinal . das e tal 311
B s S a4 S Ode Sl s S e sl

Aas o LAl u,wsz.x.s&é;;},
O3 feg 505 5y Lo a Se o glagsla) 5o
o3l S 5 Al ) 2 50 S SO alie 51015
025 «(SMIE,L slasge gl 5l eslinad b owas cpl 55 58
sor AT sl s S S o Ol O e
Doyl i Sl an s b lASLL ol s S e
555 Jlasd 250 Al By 5 RIS S5 5 Ll

H"T“& AJL«J‘[,,:&&_/JWL/LW

938 Ol as odiga 4



49

U Ko el = ol KU -l sl

3V slse 4

J'..{)Jdl;g:,..i);)di‘wd\.m
Slege 5 T (4l

¥ Ul

ARl slad sa g
sl B b 4y
@3V SUl s glado s b mllas bl
Gl gl B 3 ekl g angs
s ad (35 Jos

\ 4
ARG gbens

Golid o slia

5ES o glie
Sl CA.AJU.A

PRSP p—:—:))i” Vs

L god 45 sl 053 3150

35 e oslizal SHe il cile o &S el
ol cule, | ASTMC33 (gutiuails (glas bl AL
23 S o ksl g 5o (faa d dudls ke
(V) Jsdr 3 eslizal 540 s s Sl ga (V) Jsd
el eds 5 (V) Jgdr 5 5 e ls 5y (ghudils
e L odd g 3,5 ed Gl 5ol e 5150 s e
Ol o Olapw al)lS ST ¢ 58 Olaw oslina |5 50 Olas
xS el o SYNAL ol o smasie 055 b 58
sbend LT =5 2L o ASTM-C 188-89 5 Il llas
g 55 Sl ol SL(E) Jadm s eslewl 55 50 Olous
DY Jsb b o6 o 53 53V S 51 (SHe (i slaa pol
2 dsb i A el | e o A RS e s
55 i3 JELLKs Voo e gl 258 Caglis 5 #V/0 U

sl 0l 0315 DL Sde (93Y 5 U (Y) s

OB et 5 (olEb s slie xSl U ) s S ealizd
SEe L, [9] sheme 5 g i Las s |y S
GV Ol do s U o jam o ) (S s
) 5 sy ol 53 S s S 5L 535530 ol e
oL [10] 0L Kas 5 sl il s S o SO
23 S ples Lls e (s3Y 58 SUI 03533 45 sl
S, s Sl et G Ol g s ) ) Sk 52
2 Vs Ol e b Ol e wslS Slidss
S sdalie (S (5 il o sladi s

SAE sl clSl ) sz el sadle o
ob e esdke JI1-13] ol 4 S 515 o Kaagh 4 55 5, 40
Ciles glade 53 o Dlinl glab e s ki, ol Sale
e 5 5SS [14] UL 5 Lo by 228 5 5 5
f3osn ol Ko Sy ) 53 el 0 o [15]
3,50 [16] OKes 5 sl oo Ja 55 (S 5 5 S 5 0
Sy e 4 [11] O 5 (6,508 .ol 48 S ) 3 anlllas
5edd ol il sl S n glab s 13 S5
slasse Mg sl lass opl os Al SaaY e 2
ladi sl 5 labaii e s (slad gl Sl (6 1S ,L il
S sl OLaS bahlesl sl eslizal IsS 5 (gl plseas
ol L3k las ol (SEe s 55 dr Ol
Ol &0 Ol s JI12]01L K0 5 la, b o 20l 580
g,m{.dc,u LS ey Sk S L, s
G5A e Sl & O ol 28l L a8 sl 0L Lo ol
CanSs i, [13] O 5 0K b e s S
T L0 (o Joee 53 5 o2 (S5 A ) (Sl
0> aby 8w las Slasie 5 oS15 Olpe oS sl 0L
S8 o ol e caslis p Sile o cx Ll

2oV OUl Gl glads,s o iasn opl Lo
sshe pds g o p SEE o SO Slasis
RSV I AP S EY u“'«'L‘“ (\)Jg_:); S s V_:w)g\

i3S Ol o pnlige 4 o

”“ru‘& vwwiﬂjwﬂw



S o Sl lasita 63V 58 S 05581 il AT s

PSS CJLA.A Glodls ) Jsd

V0 /0 \Y/0 \q Yo o ghon) S o311
AR OV-Y: Ve-¥0 AEEELY Voo ASTMC33 &Lk.a )Lm 63 gl>s
A Yo a0 Voo Sl o3 Aoy
oslizal 340 sl CJLA» Sloo g ¥ Jgd
Gy Olasia ab g 0 3510k
e e 14 dlscaiys o3Il Slas ASTM C137
xS e o S 5hS YOP Sist o geasis O35 ASTM C127
Y/ il il Ao ASTM C131
AY w53 03 F o Sl sy las (Sl ds ) ASTM D5821
VO AT oY D VA Y8 V0 (o ghon) I 31
- \V-Y AR SN FO-YA AV=0Y AREEVN AREELNY ASTMC33 las s 03 s
Y A Yv of s \4% Voo N BTV AR WS
‘b.n,‘CJb df?s;;wl)u;u:wl;)yllc;gwﬁwow ¥ Jad

Al o S g gl G ol 3 s Sl w e gL
3 ORI YOF o)led a5 3l 31 B = b yns (s
o B b sls i &3S eslizul PCA 5510k
L O pleze duails 35 5 bylsue 035 o s 0 SHl2
S el slite Jsame slai sl 4t S8 4 gla )
Sl eslial b DY (oo ol s e eslizal LM~ b
S sl &S s ol n Sl slagibel
4ol o pls Sl L b (5lad gl 4 sl
4 byl Sl pramen 5 35S o 13 B e Sl 8l
SHE L oS15 gz bl DS 45 Wisd e e IS
a0 Gl ol plasl aly 2 DS cnl il i glo s 5
S 53 5 5l Lo g (ST 5 g 05V Ol et s,
53,8 o s (0 ol s 0bey) b
JA o s B 2 b e 5 ler Gl o
YY gsazme 3 5 dgei A DIl 2 b a0 oS sl 4B S
Ui LM 2 b ales s ool eds anle gl
YO Oleaw Dl ol ol 4§ L s cul il K
a5 8 53 /¥Y Ol it Ol Cd 5 S o 0 S5LS

Fran Qo 55 55m50 dops | Olow pland S 5
YV/YY SiO2
s Al203
T/VO Fe20s
£Y/04 CaO
Y/ MgO
\/VA SOz
A Na20
+/OA K,0

oslatal 5,50 (e3Y 8 U Y IS

H"r“& ‘/L“‘;‘["MJWJL”

2 It palige



U Ko ol = ozl b = e sl

Caoslie Jilesl sy 50 a8 SEle oy 4 gas SO (7)) SKS sS
K;MJ‘ o b.)‘b QL:'.! ‘4\3.9)§ )\J—; d)w

Golid caslie b3l o&aas ¥ IS

o sad Sale n 508 Caglie (tlesT plouil g

Ul 510 b 4y ()l Cuaslie (slad sal Alen (slail 52
cj))\‘/\j\/&:;,.dﬁ‘u&;k&&qL))\;;lcjb)'ljudsu\“
oAbV an 5 (S o lad el ramer A0 S 4y
Ll 2 b a el s w o SAS A b Loy e
e 0234 95 535,V e 3 ade S e g sl b LS
S Caaslie Silesl (F) ISe ol s b3t 55, YA

Aas e olis )y S il sl sk sl (55,

Sl dsos 95 5 23S Caslie b S

b Jl sy oo 51 eslizal b oS ile3l plonl
Sl b Skl (S0 Co s s SN0 b

BIAEE T W FCN N I OV G JI TR P SIR L1

e 3 el ey S s anle 5 8 il ol el
SUIOLL 3 5255 o LSl Olewes gl 40 LYt fas
Sl e ay (Shlie JFh 4 a0V
4i35 1/0 Shlse s 4 sdias LS55 slpe peled e
b il BB s (S i g e b gl ol e
Wiz s b e auy o)l I3 Aol LB e sy &S
O Gy el B3 b L3 51 3 58 O b oS (5518 g1l szl
Olej 5 355 50 gy oS i o 5m oo 35550 0213 53
O3y Oloss et o35 B 5l el 2laS )l g0 5l 05N
335 0 (6 S o3l Gl gl &3y Jame 53 St 5l eel
Lo C_}Ja 23 Sl il (ST 5 @l e 4 opl oS
SUI sk ShlesT plomil gl OF 3l el Jtl (slads yod oS U
ol ol sdal s 4 B YT gy Ol ol wb, LIS 4
O 5N e Glado s b (SE n Ol - b sl Ol
Cowd 4 3B F0 5 ¥o e i 5w (S 2 035 Ao 2)
o esls OLES pllas LM - b (0) Jsd 55 .o okal
A s, LB = 5 b e e 51 o
NSRS (P P R PYRJUGICI S IFCIPS WP & T
33 g 0303 13 5ol Jes o 31 S Sle a3 Yo sana
ot 3 o ol STl g sl Jas Oy IS 5
SR e slsr 03 el YY Coe b 5e5 03 5 055 )
Gl szl (glads g .5 o3lel Lo zala3T (gl U 355 oo 0303
LOT o ld BS 5 5 Lpd e o3ls iy Calg 5o

335 o sl

‘J)Jwéﬂ&&.]a}b?\cjb;)@)} OJ}-\P,-

Kg/m® Kg/m® | Kg/m® | Kg/m® | Kg/m®
/%Y Y vay \YAA Al Sl

a8 Oy sl
ASTM s ltlal b (g (golis Canslin iales]
2 L Y BN IS0 &5 L C39/C39M-03
oo Glolgmal S bl b s LCd O 4l
el Ol gl e els S1E olid gl oKaws e

oo il (5140 gl g oS ol 25 ST oy L

i3S Do pnlign 4

H‘orﬂ& aJLo.ﬁ‘/'.l@_}‘;wJLw



Sl o Sl Slasiie 6358 G 034551 00 8K T s

bt QLI YA 550 50 e IS sduoladl sl s S
S e Sl g s ke 4 S ssleul o S A
38 oslital 52 sl Shu e Sl WS

Q l @)

-+ »

S glie s bl (gl eds Ol i sed § IS

Sk glab gl

Slab sl c S5 il 5l Sl gl Ll s
G gas 55513 S8 5l s (0) K2 53 sl 1
Dlasad il ol esls OLAS oKius s 03,5 S 5 6“ﬁ‘°r¢3
0 Sa calralr Ol (RIBI LG e s ol
b e S e O Sl ey s 4Bl Rl 5L
Bghe Stk 5 LB LS Sl L Ol S
b o () UK s edis a3ls 0L IS 6l ankas
o SURLST Pl Sl (8 F b 505 6 230 et
5614 S 5 bl Gl S | | e K aslia
2o @sad cpl il L OIGI 0T s (1850 s
Sl S 5 s sl sl LIS O 4w s Sl
i g Shesliiul by sl plas Srast sbadd gad slmil (6
4 ged 1l gl Glad god 5 b e 5 0 (S0 bl
JAS L OIS e 8 Sloglops shie b bS5
S Fslie 850 Bl i o) S5 bl a sl Sl i
350 5,8 e ws a4 all b s U el i 58 sy
SSsbularys i o SFalLolg el Ll i iS
A lase 55 S5 OAd o8 (o asls S s Grees
03,51 oz 4y Sl 03,8 o DI 350 53 W sad 50 i
(V) aasly 51 glo uls e Slad 5ad Kl —s
13 g oo eslizal
(e s e ")
R'R) yma P

(Szd Coales t oS gri RS 5 dsb Slhass
g0 g o QLT e plaesd S 0 & S S5 45l5 0
o2 Yi WU shaakes syl Soliwl S aze SLP (i1, 1)
sawdia 4 Yi A Sl e A5 oSy s Kiy IS5
33doms OLJl 5 IUT Sl estize 1L 5 3505 (Kans 4 505 (6,108,0
L S/R=0.43 5a/R=0.3 L & 503 (5| » Yi Jltis .l o cs 4
Js 33 5 edel w3 4 5 gdoes Oladl (3l a5l eslina |
ol atalie LG (V)
IS w503 51 e sSUT 158l 5 53 6650 (s3lwdile ol
oslezw 1 (@=15 mm, R=50 mm, t=30mm, P=1000 N) L (%)

H"r“& ‘/L“‘;‘["MJWJL”

2 It palige



U Ko ol = ozl b = e sl

Shape factor
N

[EEN
1

={T=YI

0 5 10 15 20

25 30 35
Angle (°)

40 45 50

Sloglaps (phast 4503 5 eslizul L (g 8 ,L calises (glas 4o gl slml gl (goue Jels v e

Colg s s eks S S S 5 asl g S el Jhals
JD;LSA)‘JQJ%H‘;:.LGJJJJSJJM)\;&JM&GSW
sdalin o3V OUl jaa> 5 5 e n glad sl
U Giake ¥8) o655 dsb ol ol s Wl ool G
sl 035 63V 5

QJ)j)‘LthL:.H Q}Ju o)'})\/‘;ﬂ.b&qéjw C,.A}u.a
Caoglds ilhl o (dlie slado s 53 ooV U
up“‘W\QJMM)JYV)Y$¢\'J\MM&JD6JW
YO NY %}QcJJJYAﬂ&—&LSJLu@jULA)bJJ})
$3¥ 55 OUlas ol cplodiasOlis ol pl sl Ao 13 V7
S o e gy Sde g ol Caslie il 4 e
B C,A}LE.A ﬂ\ﬁ‘ U'~’~‘ Sl 6)9) \‘/\}V LS)}TJ‘“'G
)JJMJDVVUJ‘\'j‘cjj)vtﬂ}&qé)wu)w
de‘j&dl}W\M)bV?L}J‘\YwJa)))Y/\;LA}LiA
%&QJJJV&&LSJJT&&ﬁd)y).A tJL:j\J:JU
.LM\AJ’)JV/\&&d)jTJA&‘}l

DL )_};»S 4}-.}_9; 9 MLJ.' QLA)L\.J VY’\ o)l.q...: 4-2-7\—‘»9
)\.LE.A ‘LM\) L;.:.y Lg)‘l.wj) éj\é&j \J.q-\ ‘f‘J‘b U‘p}‘#
ISl ¥ B YA o Vians [ SEl oyt L5 Can sl
Al JSLLEL Y0 51 zaS WL SEe meisy YA aasiie
S Ceglie gl Ken o3V 55 OUI g5l slad sas 45
At JLLE YO )

Wr s ao gl el S s ge sl gl S 5wl
=S5 S ge sl sl 5 YA Ll s se sl ol
s Y07 ¥ X AOL S Sl b s S
3T las e S lis s S ME il s 4z S
@ s e DLl S 5 s (IS L il sla -
By o iy pxs (V) oy &) 50

Me = 2 tant (M)
= %tan (=—)

“JWLS‘JJ}(_iJ“lJJJ\JJI ))ﬁdl})b]’lﬁbb L.)J"‘)"LE'A

oy
ol aslie Jile T b bl a4 bl i cnl
LI s 5 BUIL ol o35, YA 5V (SHE G bk sal
O S el G Sd G glis s A Al g s
2,8 o A s 25 SHE

PSRRI R
S (5L sl gl ool s a4y i (M) IS
Lol ol enls Ol ooV OUl Cilisee slads s s
cile glads s s OUl ous wlal L () K8 w4 i
Ol s ol anl (Bl S n oolsd Calis
Coslis il Bl 4 e 5V 55 U Lo ys [Ll53l a8 das s
Syl e s 8 e 03sn YA 5V Sl s e s (gl
S eSS sl 5 038 s 3 SUI Uls s Ols s 1y
G e S5 O3S sl nl 38 Olpe S 5 eS

i3S Ol o pnlige 4 o

H‘»rﬂ& c;L«J‘rpC@j‘;wJLw



Sl o SUSe ety 63V G 033531 36 s KL e

Vot

70

7 Days
60

50
40
30
20
10

0

Compressive strength (MPa)

o e e e e e

Rt o

e 28 Days vy = 4/532x + 31/455

R2=

y =5/099x + 37/41
R2=0/9983

0/9875

"
ek
"

e e T e T e I
R
Ry M g M g M g M g Ty Ry Ty Ry Py
e e ey v ey e W e e e e e

0/1

0/3 0/5

Steel fibers (%)

63V B ol S oolis caslie A IS

7 Days
128 Days

"ty
Lelts
"

LA e

Tensile strength (MPa)

T
ST

y:

R2=0/92

y = 0/35x + 2/45
R2=0/9761

e

0/23x + 2/3

=
_ - .
- ul
|
|
|
|
%
Cols
%

ML

(i
R R 0 R
CLAr R T A A T A LA T T LA

L'l

Sputy

R R P R

DT T Th T T TR T Th Th T Th T
R R g g g
=

e |

0/1

0/3 0/5

Steel fiber (%)

63V Bl gyl S LiiS caslie 4 IS

53 3V OUl 5 i Olg e pl e tod Lo s T
&;«ﬂjuﬂ BE Lﬁw J.JLAMM)\J»EA U'ij:‘;":‘ Aoy /0
)tb-l.w BE) b aé)l) &)\K}L’ JJ‘M‘}J LS)Y)A QJL;.H S .\...::Lv
Sl m5s S5 s SoSes Spen S
b bS5 Il B e tsle bl o sl b
Glaiasy oo Lldd Sl (225 sla 25 5485 (‘K'*‘“
L}:_j}d’)b [9] 6“’“-’6‘@"‘%@‘ ol odalie db‘y‘)ﬁ
G Glado s gl |y (S aiS Caglis s g 3 5
‘C,M\JSSQFJY.J‘JJ;JZ)U?L;;Y_,AQL:J\M)J\)'/9\/
&\J:z-_;)‘J;LA 4))M54;->fjmbf QL&)L&JVV\ o)La..j: &Lﬁ

e Sle o glad sl L2ES Cuslie gl g | ekl

&ijuﬂl.:g_au‘u)buurﬁti) .]aLJ)( (/\)Jg_.ijh

S sb Olaa cul sl osls bl o sbadsad (g,L08
L.L_éutwjb)\uuﬂwdjbhxddﬁgb&J}..Irg;ce.)uhu.a
o590 YA Cwslie (5l Hlsgad B 3515 392 5 oo slde ol

Q—w‘ajjjvujmj‘rm
dﬁ.&&:{du&ﬂﬂsu‘,&a

Q) IS5 s aiS cuslie alesl Sl edel cs @ =l
mﬁufu\j@%;wlmvjbw\auo:bum
cu.f,iuﬂsj_,,co;}w);dayjéc_'al.:Hoz_}QJc\éLé\L_JkS)_,k
B B JS 5 (S o Sl 55 Casle
o)))vﬂﬁwujm)Ju}mﬁ‘f‘w\w‘
‘-;”\\cwej})Y/\aiJS@)uJ)b)M)JYf Lf“f)‘

H"r‘& UL«J‘/,,:&AJWJLN

938 Ol as odiga 4



U Ko ol = ozl b = e sl

S |0 oJ\JQmiuﬂ.‘u&ﬁb}AJ&mSJJb}acupﬁ.’u
L;:‘Y).éQQ\Mjbﬁly\QéMbdaguJJ}szl@u
J'L)LSLAAJ}N rl.a: g:,_.w..i_.\::)b 46)\J§JL) LSLA)}A quJ DL
(5 S 2 s S Sy B8 Sl S sl e ooV
S 55d o DL Rl pl ol Ca i a5 ca 2SS
Gladsod 4 ol SBUI gl S 5 S glad gl
Ap 03 G Swslie (1L glas e plas 55 SUI O
}ubfuu)b AR e)Lm.ja ALJLJ B JJLA;.Z‘JQSJ:.LZ)

[1] sl ois Oy Se

Luutwjbw?%()&(d\)p[1]@‘5};
JJMZSQJ)LEAQS‘];)\)}NW‘LSJLJJQAJL&AMLLA‘J.{J

RGN njjjv@juﬁj‘ﬁiﬁajj)"/\

S o sk ged eSS L
Sl SU Il 5 5l ol (g3de el (V) IS s
Sl ok 03l OLES Slo s sheast & 3a (SKE oyl 13
o ek s cen S o glin 0351 Cows w0 = ol
lad sl CnSa Sl olie (F) Jgdr 5 s eslanal  SWe
Slo gl sla s sai Sl s Bl g S o
S 3 se ol (1AL il (slas g )3 glasl LlaS

Shape factor

0 r

=J=YI
=0—-YIlI

5

10 15 20 25 30 35 40 45 50

Angle (°)

S5l lsad Ve S

Lg)l.lf)b_h}.l:mdu:fjadizlb&@q;b)!;&}: é\aﬁ\amj TEY RN -2 P S PR S

Sl ke Sl e Sl e S L Sk M| ©) S sl
(BUI dsys +/0) (KN) | (GU dsss +/F) (KN) | (GUIHasys o) (KN) | (BUI s s +) (KN) ’

/44 o/Ar O/AF £/00 |

V/YY $IAQ S/ /54 N 0
/8y VY £/9) AR OV v
AIVY AIYY /Y OV ¥ it
/1y Nidd VN4 FINY AV 0
4/f) q/Y+ V/¥Y /04 . 4

i3S Do pnlign 4

H‘»r“‘_g c)w‘ﬁl@_}wdlw



S S latin Ly 53V S 0298 b a S ST e

\K¥4

ol o3 ek el (A 0 02 S5 g sl Sl
@3V OUl ooman ol (LRI 5 ) M0 s (G
035y s Seke el Canglie Ll Bl
555 e 6L il (glas s
)\séjézu&Wquﬁﬂésyjédwﬁt
S @8l 53 JSKE ) el o o3l 0LE OY) IS
Sl ar ooV OUl sl S cl S Cglis
Sal S g S Caglis Gl Ll SUI O
ol V51 5SS e SUI O SHe o o3V
SOl (S S S glie a5 sl ol sdiasOLES
bogse s Coslan 31 i Sl S5 A s s
Lo /Y e 5l iy (63 58 BUI s 5 330 .l U O 5
ol Sl Sl S e 3y s Sl 3 st
Cnslie S p 2 (8 ool s 4 OUI ang Slie o5
Aoy /Y ISl calise glasse 5o S o S

.K:A-Aﬂl ,5:&1;" ¢ JNJ. dj) Js

S L il glas ge 53 CS Cun glin
23 GHELL ciles glasse ss (SEE o Gl sl
O I V) sladsar 5o oV SUI Ciln glads )
b il slasge () JKE ol edd esls LS
JKG 5l as b Olea s e LS Sl K glia
G a gl RS e 5 JWENL s sd e edalie (V)
GBI Ol 5 OBU ol Sle K Calis el
Sso 53 CeeSd Cuglie Slie o i gy il e JalS
Al e BLEL el 5 s e o meS 5 alls iiS
Conslie I3l o @3V OUl 0ds 8Ll oomen
Gl e glasge 5o S S n cus
Coaglie (B OAS BLSI L (S a5 L oan 35 o0
(Ll o) MP=0 s 4yl b asily hals ol o oSl
@Y B O 5 U sl S S e glin
s OMEL sl g ple & Cond 550 HlURe o S @

390088 Sl ool 038 Cllas ol OIS e 45 age 4

Sl ge 53 GBUI Gy S o sad ol G S Caglis V J s

SIS ke
A& f0 L Yo \0 . (4 33) S 5 al3
. AVN YO NG AN \ M€
. /2 AQ YN Y04 /008 «/O3A Ky (MPa.vm )
YAV /Y45 /YAy YAV VAP . Kyir (MPa.vVm )
YA Pk YO0 /fOV +/OA /04 Kers (MPa.v/m)

ez ge 53 BUI s s v /) gl (S o glad gl CunKE Ceplie A Jgds

SIS il
9 0 ¥ Y 0 . (r39) S 5 a3
: LAV + /YO L0V * /AN \ M®
. YA YaF VY VY VIAAY K¢ (MPa.vm )
AL YARhs C/YAY e A . K¢ (MPa.v/m )
AT EYY /080 5O AV JAAY Kefs (MPa.v/m )

H"T“& AJL«,J‘[,,&:AJWL/L«

938 Ol as odiga 4



Vv d;b/’&;ﬁw/)—"@g&b —J;J(?J:.»/)

NS L Calizen (lasse 55 doss /Y sl Se o lad sad Ko Caslie 4 Jgr

¥4 AN \E Yo N . (4 53) S 5wl

. A YO i <IN ) M€

. VYY VYV E “JAQV “IASA Kif (MPa.vVm )
</FAA «/faY /04 /fAY YSY . Kye (MPa.vVm )
CFAA OV N VY A5V VIASA Kegr (MPa.v/m)

Sl Cilie (glas e 5o Ao s /0 S o (slad ged G Caeglie Vo Jpdr

" o i Y 0 ~ (33 S 53
. A Yo LoV VAN \ M®
' AT YR EAY VAvE CATY Kif (MPa.vm )
VY V/£44 /oYY V/FAQ YT . Kyif (MPa.vm )
VY /oYY Y < IVAY «/AM ATy Keff (MPa.vm )
1

0/8

o
=
»

Keff (MPa.m0. 5)
o
=

g N PR

0/2 - =0=0.10%

0.30%
0 =0=0.50%
0 0/2 0/4 0/6 0/8 1
ME
Sl S sl (5580 il slasse Ll V) S
2
00.10%
ys | ©0.30%
20.50% B _

1/6 1 | m ] _
g a1 . i} o
=1/4 |: |:| :| ,: - :I |:

T 6 1 T I S

ULER TR R TR I

0/8 L L % N 5

0 0/2 0/4  me 0/6 0/8 1

6)1,'@)@-,_&,\:‘5»«6&:}«):&(&&&@&iu;&»ﬁézyjédlﬁl\ﬁ?t (AR

wjlﬁuwww‘gj«b ’F'T“‘_QULQJ‘/,.:AAJWJLA



SN Sl oo 3Y58 G 03551 i KT ey

ARPA

laslgly

[14,15] w.&l.a LSJS')L.’. E) [12,13] Cwlﬂ C]a.w ui}) )‘ oj)ﬁ\ A

slety cnl bl 55 pr eslinad a3l s Jo s
sleesls 5 s la Sy ol aj Olid=d 3 54
338 eslinal S o slad ped Sl SIS

‘LSJL':"'; CAA‘)LEA ‘L;AYJ..B ;SL:S\ )\ oale il J:A)j”i U’-{\ B Y

Bl s |y Sle g Gl K3 Coglan 5 LAES S glis
S el 3 Ses (S5 ey o5 il x5 il oS
Sy AIS (S XS i e ke S5 53
Sl i g sl esliwl (Sas 3V SUI Ol e
o3 ol G i3 s Olse J 28 (B 655 2 milin
lie gla 5y sleslaiul ioman 5 gad eslan ol S
N R P

s Eals y GUl s S

S Bl

S S 4o
wujuﬁ}gjdiﬁjdjmuju.ﬂﬂj}:w‘)s
Sy fsdy aax 5 Ok oY SLI ol S o
JATCA_wJMﬁ) @L’bj@ﬁ)‘}w}f})}ﬂ L;..Lv}}

M))‘J,.B];‘U@Jbé:.brj

0 Sle o glaaiges AiS 5 g lis caglie e )
Sag 63 O Hea= 55 eisy YA 5V clal)l-
SO 4 e 3l OU ds s Sl Cweslie b laol e
AL e Rl IS slas e pled 53 2V 5
'C)uaJB-&ﬁﬁc,_.«&_ic,.aij)Lu»wJuS}mﬁ
.M.}Lio

ol 5 i 53 6 L ) SEE 5 desss oYl
;@lmuﬁfa )\..\.E.A BE] LSG}J; J;Lﬁ C.Jju; c)‘.,\.;l'.ﬁ
Coaslie Ll 5l GUI e o b 55 e

CM‘&&M)D'/OJ‘M&)W}M

aale

"Guidelines for the design, implementation and maintenance of concrete paving of roads", The Plan and Budget

J. LaHucik, S. Dahal, J. Roesler and A. N. Amirkhanian, "Mechanical Properties of Roller-compacted Concrete

with  Macro-fibers”, Construction and Building Materials, Vol. 135, pp. 440-446, (2017).

W. Zhang, S. Gong and J. Zhang, "Effect of Rubber Particles and Steel fibers on Frost Resistance of Roller

Compacted Concrete in Potassium Acetate Solution"”, Construction and Building Materials, Vol. 187, Pp. 752-

S. Fuan, M. Ke, L. Kanghe, L. Kun and M. R. M. Aliha, "Influence of Specimen Geometry on Mode | Fracture
Toughness of Asphalt Concrete”, Construction and Building Materials, Vol. 276, pp. 122181, (2021).

N. Vazifehkhah, A. R. Manafpour, "Effects of Steel and Polypropylene Fibers on Tensile Strength of FRC with
the Same Base Strength”, Journal of Civil and Environmental Engineering, Vol. 42, no. 69, pp. 47-56, (2013).

[1]
Organization, (2018).
[2]
https://doi.org/10.1016/j.conbuildmat.2016.12.212
(3]
759, (2018). https://doi.org/10.1016/j.conbuildmat.2018.07.244
[4]
https://doi.org/10.1016/j.conbuildmat.2020.122181
(5]
[6]

H. shaddel, M. Kheyry ghojehbigli and A. Enayati Tekleh, "Behavior Pattern of Compressive and Tensile Strength

of Structural Lightweight Concrete Consisting perlite, Leca and Steel Fiber", Analysis of Structure and

H"T“&Uu‘ﬂ:ajwdld ot O e pnligo 4y L


https://sama.mporg.ir/sites/publish/SitePages/ZabetehView.aspx?mdid=5049
https://sama.mporg.ir/sites/publish/SitePages/ZabetehView.aspx?mdid=5049
https://www.sciencedirect.com/science/article/abs/pii/S0950061816321456
https://www.sciencedirect.com/science/article/abs/pii/S0950061816321456
https://doi.org/10.1016/j.conbuildmat.2016.12.212
https://www.sciencedirect.com/science/article/abs/pii/S0950061818319160
https://www.sciencedirect.com/science/article/abs/pii/S0950061818319160
https://www.sciencedirect.com/science/article/abs/pii/S0950061818319160
https://doi.org/10.1016/j.conbuildmat.2018.07.244
https://doi.org/10.1016/j.conbuildmat.2018.07.244
https://www.sciencedirect.com/science/article/abs/pii/S0950061820341842
https://www.sciencedirect.com/science/article/abs/pii/S0950061820341842
https://doi.org/10.1016/j.conbuildmat.2020.122181
https://ceej.tabrizu.ac.ir/article_514_9741033a2f69d2259b470011d99d8d80.pdf
https://ceej.tabrizu.ac.ir/article_514_9741033a2f69d2259b470011d99d8d80.pdf
https://www.sid.ir/paper/380056/en
https://www.sid.ir/paper/380056/en

ST Ko sl = pzelS b =l

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Earthquake, Vol. 15, no. 2, pp. 47-57, (2018).

M. Leone, G. Centonze, D. Colonna, F. Micelli and M. A. Aiello, "Fiber-reinforced Concrete with Low Content
of Recycled Steel Fiber: Shear Behaviour", Construction and Building Materials, Vol. 161, pp.141-155, (2018).
https://doi.org/10.1016/j.conbuildmat.2017.11.101

P. Sukontasukkul, U. Chaisakulkiet, P. Jamsawang, S. Horpibulsuk, C. Jaturapitakkul and P. Chindaprasirt, "Case
investigation on application of steel fibers in roller compacted concrete pavement in Thailand", Case studies in
construction materials, Vol.11, (2019). https://doi.org/10.1016/j.cscm.2019.e00271

F. Seifollahi, Y. Mohammadi, "The effects of nano silica and steel fibers on mechanical properties of roller-
compacted concrete pavement"”, Concrete Research, Vol. 13, No. 2, Pp. 31-43, (2020).
https://doi.org/10.22124/jcr.2020.14965.1405

M. Abu-Bakr, H. F. Mahmood and A. A. Mohammed, "Investigation of metakaolin and steel fiber addition on
some mechanical and durability properties of roller compacted concrete”, Case Studies in Construction
Materials, VVol.16, (2022).

https://doi.org/10.1016/j.cscm.2022.e01136

M. Fakhri, E. Amoosoltani, "The Effect of Reclaimed Asphalt Pavement and Crumb Rubber on Mechanical
Properties of Roller Compacted Concrete Pavement"”, Construction and Building Materials, Vol. 137, Pp. 470-48,
(2017).

https://doi.org/10.1016/j.conbuildmat.2017.01.136

E. Rahmani, M. K. Sharbatdar, M. H. Beygi, "The effect of water-to-cement ratio on the fracture behaviors and
ductility of Roller Compacted Concrete Pavement (RCCP)", Theoretical and Applied Fracture
Mechanics, Vol.109, pp. 102753, (2020). https://doi.org/10.1016/j.tafmec.2020.102753

E. Sengun, B. Alam, R. Shabani and I. O. Yaman, "Strength and fracture properties of roller compacted concrete
(RCC) prepared by an in-situ compaction procedure", Construction and Building Materials, Vol.271, Pp.121563,
(2021). https://doi.org/10.1016/j.conbuildmat.2020.121563

M. R. M. Aliha, A. Razmi, A. Mansourian, "The Influence of Natural and Synthetic Fibers on Low Temperature
Mixed Mode I+ 11 Fracture Behavior of Warm Mix Asphalt (WMA) Materials", Engineering Fracture Mechanics,
Vol. 182, Pp. 322-336, (2017).https://doi.org/10.1016/j.engfracmech.2017.06.003

B. Golchin, R. Safayi, "Effect of Carbon Fibers on Fracture Toughness of Asphalt Mixtures Using Linear Elastic
Fracture Mechanics", Journal of Transportation Infrastructure Engineering, Vol. 4, no 2, pp. 77-92, (2018), (In
Persian).

M. M. Mirsayar, A. Razmi, M. R. M. Aliha and F. Berto, "EMTSN Criterion for Evaluating Mixed Mode I/11
Crack Propagation in Rock Materials”, Engineering Fracture Mechanics, VVol. 190, pp. 186-19, (2018).
https://doi.org/10.1016/j.engfracmech.2017.12.014

M. Delnavaz, K. Eshaghi, "Treatment of Petroleum Wastewater Using new Fe-ZSM-5@TiO2/Ag Nano
Photocatalys", Ferdowsi Civil Engineering, VVol. 34, No. 2, pp. 71-86, (2021), (In Persian).

B. Golchin, M. Aliyan and R. Meshkabadi, "Evaluating the Effect of Para-fiber on the Technical Properties of in

u"”}"ﬁu/j“ﬁfﬂ’l“#“f/“;’ ’f'r4u<_oju‘p.2@ngﬂw


https://www.sid.ir/paper/380056/en
https://www.sciencedirect.com/science/article/abs/pii/S0950061817323061
https://www.sciencedirect.com/science/article/abs/pii/S0950061817323061
https://doi.org/10.1016/j.conbuildmat.2017.11.101
https://www.sciencedirect.com/science/article/pii/S221450951930244X
https://www.sciencedirect.com/science/article/pii/S221450951930244X
https://www.sciencedirect.com/science/article/pii/S221450951930244X
https://doi.org/10.1016/j.cscm.2019.e00271
https://doi.org/10.1016/j.cscm.2019.e00271
https://jcr.guilan.ac.ir/article_4182_en.html
https://jcr.guilan.ac.ir/article_4182_en.html
https://www.sciencedirect.com/science/article/pii/S2214509522002686
https://www.sciencedirect.com/science/article/pii/S2214509522002686
https://www.sciencedirect.com/science/article/pii/S2214509522002686
https://doi.org/10.1016/j.cscm.2022.e01136
https://www.sciencedirect.com/science/article/abs/pii/S0950061817301630
https://www.sciencedirect.com/science/article/abs/pii/S0950061817301630
https://www.sciencedirect.com/science/article/abs/pii/S0950061817301630
https://doi.org/10.1016/j.conbuildmat.2017.01.136
https://www.sciencedirect.com/science/article/abs/pii/S0167844220303293
https://www.sciencedirect.com/science/article/abs/pii/S0167844220303293
https://www.sciencedirect.com/science/article/abs/pii/S0167844220303293
https://doi.org/10.1016/j.tafmec.2020.102753
https://doi.org/10.1016/j.tafmec.2020.102753
https://www.sciencedirect.com/science/article/abs/pii/S0950061820335674
https://www.sciencedirect.com/science/article/abs/pii/S0950061820335674
https://www.sciencedirect.com/science/article/abs/pii/S0950061820335674
https://doi.org/10.1016/j.conbuildmat.2020.121563
https://doi.org/10.1016/j.conbuildmat.2020.121563
https://www.sciencedirect.com/science/article/abs/pii/S0013794417303843
https://www.sciencedirect.com/science/article/abs/pii/S0013794417303843
https://www.sciencedirect.com/science/article/abs/pii/S0013794417303843
https://www.sciencedirect.com/science/article/abs/pii/S0013794417303843
https://www.sid.ir/paper/251517/en
https://www.sid.ir/paper/251517/en
https://www.sid.ir/paper/251517/en
https://www.sciencedirect.com/science/article/abs/pii/S0013794417310160
https://www.sciencedirect.com/science/article/abs/pii/S0013794417310160
https://doi.org/10.1016/j.engfracmech.2017.12.014
https://civil-ferdowsi.um.ac.ir/jufile?ar_sfile=407567&lang=en
https://civil-ferdowsi.um.ac.ir/jufile?ar_sfile=407567&lang=en
https://www.trijournal.ir/article_155014.html?lang=en

Q_(:Lé&;‘;(:jb@Qwﬂ&)yjj«Jéf/u';j)j/ﬁ‘z“"(ml{iiuj/—w)ﬂ \AK

Plant Hot Recycled Asphalt Mixture and Determining a Suitable Combination”, Journal of Transportation
Research, Vol. 20, No. 3, pp. 85-102, (2023), (In Persian).
https://doi.org/10.22034/tri.2022.323109.2999

[19] A.R. Kordjazi, F. Pooya Nejad and F. Shahabian, "Modeling the Patch Load Resistance of Plate Girders Using a
Support Vector Machine”, Ferdowsi Civil Engineering, Vol. 28, No. 2, Pp. 109-124, (2016), (In Persian).
https://doi.org/10.22067/civil.v28i2.63162

[20] A. Kordjazi, f. Pooya Nejad, "Prediction of Ultimate Bearing Capacity of Axially Loaded Piles Using a Support
Vector Machine", Ferdowsi Civil Engineering, Vol. 24, No. 1, pp. 71-90 (2012), (In Persian).

rf'r‘&ﬁju‘ﬂm,wtju ot O e pnligo 4y L


https://www.trijournal.ir/article_155014.html?lang=en
https://www.trijournal.ir/article_155014.html?lang=en
https://civil-ferdowsi.um.ac.ir/article_29931_en.html
https://civil-ferdowsi.um.ac.ir/article_29931_en.html
https://civil-ferdowsi.um.ac.ir/article_26931.html?lang=en
https://civil-ferdowsi.um.ac.ir/article_26931.html?lang=en

Ferdowsi Civil Engineering, 36, 4, 2024. (111-126)

D

Ferdowsi Civil Engineering

Vi

) K o i i . .
Ay https://civil-ferdowsi.um.ac.ir
Ferdowsi Iranian EPayement
i i Concrete ngineering
University Institute  Association of Iran
of Mashhad

Impact of Polymer Emulsion on the Shear Strength of Aeolian Sand

Research Article
Mahsa Heravi!, Akbar Cheshomi?
DOI: 10.22067/jfcei.2024.82427.1229

1. Introduction

Nowadays, the development of transportation
infrastructure in the arid and semi-arid regions of the world
has made aeolian sand a borrows source in these regions.
Aeolian sand has uniform granulation and does not have
plastic properties, making it difficult, and in some cases
impossible, to be compacted. This group of soil has a low
bearing capacity due to looseness and granular structure.
In a loose and saturated state, it has liquefaction potential
under cyclic loading, and in the vicinity of water, it is wet
and potential to collapse. Quartz is the main mineral of
aeolian sands, which is accompanied by small amounts of
feldspars and calcite. In unconfined conditions, it has poor
geotechnical performance and needs improvement.
Densification, reinforcement, drainage, and adding
additive materials are the most important ways to improve
the engineering characteristics of aeolian sands. Lime,
cement, bitumen, and chemical additives are examples of
additive materials for improving the engineering
characteristics of aeolian sands. Much research on the use
of polymer emulsions for stabilizing aeolian sands and
granular soils has been performed since the late 1960s.
Polymer emulsions are very small polymer particles (0.05-
5 pm) dispersed in water and usually produced by
emulsion polymerization. Being non-toxic, non-polluting,
and cheap, they are considered a successful enhancer.
Large areas of Iran, including parts of the Khuzestan plain,
are covered with aeolian sands, and it is necessary to
improve their engineering parameters by various methods
in order to use them as borrowed sources. The present
research investigated the effect of different percentages of
vinyl acrylic polymer (VAP) emulsion on the shear
strength parameters of aeolian sands in the mentioned
areas.

2. Laboratory Program

2.1. Materials

The materials used in this research are aeolian sand from
the Hor al-Azim region (Khuzestan Plain) and VAP. VAP
is a viscous polymer material hardened by dissolving in
water and losing moisture. It binds soil particles together
and creates and increases soil strength. In this research,

aeolian sand was mixed with 10%, 20%, and 30% VAP,
respectively. Consequently, to determine the shear
strength, four distinct samples with different percentages
of sand and VAP were prepared and used for the next
stages of the research.

2.2. Methods

The methods used in this research include a standard
compaction test and a direct shear test. These two tests
were performed according to the standards of ASTM D
698-78 and ASTM D 3080-90. The compaction test was
performed in order to determine the maximum dry density
and optimum water content and the direct shear test was
performed to determine the shear strength parameters of
the samples. The VAP was dissolved in water, and the
weight ratios of VAP to water (P/W) 10, 20, and 30 were
chosen (P/Wx100=10%-20%-30%). According to the
maximum dry density determined from the compaction
test, the weight of the soil to be placed inside the shear
molds was determined. Next, the prepared VAP solutions
of 10%, 20%, and 30% were added to the soil in a way that
the sample reached the optimum water content. The
specified amount of soil was poured in three layers into
cubic steel molds with a length and width of 5.7 cm and a
depth of 3.7 cm to provide the possibility of compacting
them to reach the maximum density. To speed up the
sample preparation process, 15 cubic steel molds were
used. The prepared samples were placed in the molds for
1,7,14, 21, and 28 days and then subjected to direct shear
test. To perform the direct shear test, the steel molds were
embedded in the mold of the direct shear machine and
were sheared by four vertical stresses of 0.25, 0.5, 0.75,
and 1 kg/cm?. The reason for choosing four vertical
stresses in the direct shear test was to check the results
more closely and to eliminate the outlier data. By applying
horizontal load and measuring horizontal displacements,
the tests continued until reaching the maximum shear force
necessary to break the sample.

3. Analysis of results
The results showed that with increasing the curing time,
soil cohesion (C) increased and internal friction angle (¢)
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decreased. The rise in C with longer curing time results
from filling the pore spaces between the grains with VAP
solution and sticking the soil grains to each other. The
reduction of ¢ is due to a layer of VAP on the grains'
surface. This layer is the reduction of the friction between
the grains. To investigate the simultaneous effect of C and
¢, shear strength (S) was determined for each sample. For
this purpose, the vertical stress was considered 1 kg/cm2.
The results of the direct shear test showed that changing
the percentage of VAP for one-day curing time had no
effect on the shear strength. Therefore, it can be said that
if the solution is not allowed to dry, it will not affect the
shear strength of the sample. For the curing time of 28
days, the effect of VAP concentration on the shear strength
is evident as the sample stabilized with 10% solution
shows lower shear strength than the samples stabilized
with 20% and 30%. The C and ¢ of the sample stabilized
with 10% VAP in one-day curing time was 0.0006 kg/cm?
and 32.33 degrees, respectively. Therefore, this sample has
practically no C and its shear strength is caused by the ¢ of
the sample. The C and ¢ of the same sample reached 0.76
kg/cm? and 9.87 degrees after 28 days, respectively. A
significant increase in C and a decrease in the ¢ of the
sample were seen. For this sample, the shear strength was
0.63 kg/cm? after one day, while it reached 1.02 kg/cm?
after 7 days and showed a 104% increase. The C and ¢
when 20% VAP was used after one day of curing time was
0.004 kg/cm? and 32.39 degrees, respectively. In this case,
despite the rise in the concentration of the VAP solution
compared to the previous case, there was no change in the
C and ¢ of the sample compared to the sample without
additives due to the short curing time, but after 28 days, C
was 1.13 kg/cm? and ¢ reached 7.41 degrees. Accordingly,
the shear strength after 28 days showed a 101.6% increase
compared to the curing time of 1 day. The C and ¢ for the
30% VAP after 1 day were 0.0138 kg/cm? and 32.44,
respectively, which is similar to the previous two cases due
to the short curing time. However, there was practically no
change compared to the sample without additives. After 21
days, the C of the sample was 1.18 kg/cm? and ¢ was 6.40
degrees. Therefore, the shear strength after one day of
curing was 0.63 kg/cm?, which reached 1.3 kg/cm?after 21
days of curing, indicating an increase of 106.3%. This
issue clearly shows the effect of curing time on increasing
the shear strength of the sample, while also specifying that
the effect of curing time on increasing the shear strength
of sand is much higher than the concentration of the VAP
solution.

4. Conclusions
The present study aimed to investigate the effect of VAP

on the shear strength of aeolian sands in the Hor al-Azim

region. First, solutions with concentrations of 10%, 20%,

and 30% of VAP were made and added to the soil sample.

Next, samples with maximum dry density and optimum

water content were made and were subjected to direct

shear tests in the curing times of 7, 14, 21, and 28 days to
determine the shear strength parameters, and the following
results were obtained.

- By increasing the curing time and the concentration of
the VAP solution, the shear strength of the samples
increased. The shear strength of the sample stabilized
with 10%, 20%, and 30% VAP solution showed an

increase of 104%, 111.7%, and 113.3%, respectively,
compared to the sample without additive.

By raising the concentration of the VAP solution and the
curing time, the cohesion of the samples increased. The
adhesion of the sample stabilized with 10%, 20%, and
30% solution at the curing times of 28, 28, and 21 days
reached its maximum values of 0.76, 1.13, and 1.18
kg/cm?.

Electron microscope images revealed that the formation
of bridges and connections between grains with
increasing VAP solution concentration and curing time
is the reason for cohesion improvement. Placing the
polymer between the grains reduced the friction between
them and decreased the internal friction angle of the
stabilized samples.

Increasing the curing time and the concentration of the
VAP solution raised the shear strength of the sample, but
the effect of the curing time was greater than the
concentration of the VAP solution.
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Investigation Impact of Polymer Emulsion on Shear Strength of Aeolian Sand
Mahsa Heravi Akbar Cheshomi

Abstract The present study has investigated the effect of vinyl acrylic polymer emulsion (VA) on the shear strength of
aeolian sands in the Khuzestan plain. For this purpose, after sampling the aeolian sands of the mentioned area, a standard
compaction test was performed and the optimum water content and maximum dry density of the aeolian sand were
determined. Then, solutions with percentages of 10, 20 and 30% of polymer material were made and added to the aeolian
sand in such a way that it reached the optimum water content. The prepared soil with maximum dry density was placed
in square metal molds kept in the laboratory for 1, 7, 14 and 21 days and then subjected to direct shear test. The results
of the direct shear test on the stabilized samples showed that by increasing the curing time and the concentration of the
polymer solution, cohesion and the shear strength increase and the angle of internal friction decreases. So the polymer
solution with a concentration of 30% has caused a 146% increase in shear strength aeolian sand. Electron microscope
images (SEM) show the creation of bridges between sand grains in the stabilized samples, which is the reason for the
increased cohesion and shear strength of the samples.

Key words Aeolian sand, Shear strength, Cohesion, Internal friction angle, Polymer emulsion.
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