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1. Introduction

The idea of using active control for monitoring structural
oscillation was first introduced in 1972. Active control
methods try to reduce the amplitudes of oscillations by having
more influence on the dynamic characteristics of structure
when an external dynamic force occurs. In the structural active
control method, it is necessary for the control system to pick
up the status of displacements in the defined time steps. This
issue is important because the genetic algorithm by
monitoring these displacements is able to calculate the optimal
active control forces for each time step of the structure control
process. For this purpose, piezoelectric sensors are connected
in all floors of the structure. In this research, the genetic
algorithm was used to prepare suitable control forces.

The early development of genetic algorithm was done by John
Holland et al. at the University of Michigan in 1962.
Moreover, the implications of genetic algorithm were
developed by Goldberg in 1989. Safizadeh et al. conducted a
research to find the suitable location of the sensor in active and
passive systems, using developed optimization method and
genetic algorithm at the same time. In 2016, Zhai et al.
conducted a research to optimize the characteristics of
piezoelectric actuators connected to the structure, using
genetic algorithm. Moreover, in 2018, a research was
conducted in the state space to find the appropriate location of
sensors and dynamic actuators in the structure, so that the
energy required by the control system is minimized. In 2020,
Banaei and Alamatian proposed a new application of genetic
algorithms in active control procedure. The genetic algorithm
is founded based on trial and error and, accordingly, the effect
of time delay was considered during the control process. Also,
this method was performed using the new constrained
objective function and the direct numerical search method was
designed for evaluating and reducing time delay in control
process, which make it possible to use in real control systems.
In this research, by introducing a new process, the weighting
factors of the constrained objective function are modified in

each time step. To do this, first, the displacements of the
structure in each time step are obtained by solving the dynamic
equilibrium equation. Then, by evaluating the displacements
and using the numerical search subprogram, the weighting
factors of the constrained objective function are calculated in
such a way that the function is minimized in that step. After
that, the control forces obtained from the minimization of the
constrained objective function are determined. In the end, by
solving some numerical examples, the efficiency of the
proposed method is compared with the efficiency of other
methods. The results of linear modeling show that the use of
the proposed active control method using the genetic
algorithm with variable weighting factors is able to reduce the
displacements of the structure against the earthquake load to a
suitable extent. The displacement reduction using this method
is about 79% compared to the uncontrolled mode and about
36% in the linear mode compared to the genetic algorithm
method with constant weighting factors. Moreover, the results
of nonlinear structure show an average improvement of 45%.
Keywords: Active Control, Genetic Algorithm, Numerical
Analysis, Weighting Factors

2. Basics of the proposed control algorithm

The goal of the genetic algorithm is to find control forces in
such a way that the displacement of the structure is minimized.
As a result, the objective function is formed to indicate the
displacement of all dynamic degrees of freedom of the
structure. As the numerical value of this function is reduced,
the forces selected by the search algorithm are evaluated more
appropriately. In this research, the constrained objective
function is introduced as follows:

COin |Xi|'|:1+W1‘/(Xi_Y)2 +W2ﬁ

i=1

+W3[max{m—l,0}j +W4M:|
AX h,

(1)
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The value of the weighting factors of the objective function is
determined by the following equation system and by simplex
optimization method in each step:

C=> |wec @
K=1

> Iw =1 @)

K=1

0<w, <1 @)

After determining the optimal weighting factors, the algorithm
searches for control forces by keeping them constant in each
time step.

3. Results

To illustrate the effectiveness of the proposed method for
controlling the oscillations of the structure, several numerical
examples were solved. The results are presented as follows.

Table 1. The maximum displacement and force of Actuators in
a seven-story structure under the effect of the Northridge
earthquake load pattern

Dynamic maximum maximum
degree | displacement | displacement | Actuator
of on no on GA force
freedom | control state | control state | (kg.Force)
(cm) (cm)
1 4.05 1.61 16.64
2 7.78 2.71 14.31
3 11.48 3.64 19.74
4 15.08 4.22 16.87
5 18.71 4.56 18.41
6 21.38 5.84 19.74
7 23.46 6.03 21.09

Table 2. The maximum displacement and force of actuators in a
twelve-story structure under the effect of the Kobe earthquake
load pattern

Dynamic maximum maximum
degree | displacement | displacement | Actuator
of on no on GA force
freedom | control state | control state | (Kg.Force)
(cm) (cm)
1 1.13 0.58 9.11
2 2.21 0.62 9.03
5 5.03 0.72 6.84
6 6.27 0.84 8.17
10 8.96 0.84 6.14
11 12.23 0.82 6.12
12 12.81 0.84 6.03

Table 3. Comparison of the maximum displacements of three-
story structure under the effect of the Northridge earthquake
load pattern in the linear and nonlinear model

Dynamic | maximum maximum maximum
degree | displacement | displacement | displacement
of on no on linear GA | on nonlinear
freedom | control state | control state | GA control
(em) (cm) state (cm)
1 1.24 1.84 0.79
2 3.64 3.66 2.16
3 4.45 4,92 2.52

4. Discussion
The effectiveness of the proposed method in the active control
of the structure was shown. In this regard, the appropriate
criteria for defining the constrained objective function were
presented. Simplex optimization method was used to find the
optimal weighting factors. By using the direct numerical
search method, the displacement of the structure was
determined using the dynamic equation of the structure and
evaluating the data with the criterion of the constrained
objective function. The control forces reduced the
displacement of the structure. The innovations of this research
are as follows:

1) Presenting a new proposed objective function with four
weighting coefficients;

2) Presenting the proposed method using simplex optimization
method to determine the most appropriate weighting
factors in the constrained objective function instead of
using trial-and-error-based methods;

3) Considering the weighting factors of the objective function
as variables instead of assuming them to be constant during
the active control process, which increased the efficiency
of the new method.
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Studying the Effect of Weighting Factors of the Objective Function on the Performance of the
Genetic Algorithm in Active Control of Structures

Ali Banaei Javad Alamatian Reza zia Tohidi

Abstract In recent years, the use of smart numerical search techniques in active control of structure has been
considered by researchers. Genetic algorithm is one of these methods that is based on natural evolution patterns.
Here, the genetic algorithm is used to minimize the constrained objective function of the structure and determine the
appropriate control forces. By connecting the sensor to the degrees of freedom of the structure, nodal displacement is
monitored at each time step and genetic algorithm determines the proper control forces by using constrained
objective function and solving dynamic equation of the structure. Choosing appropriate constrained objective
function according to the structure conditions has a great impact on the efficiency of the proposed method. This
function is obtained by combining the structural constraints and the assumed weighting factors for each constraint.
Then, the weighting factors are calculated from the optimization methods. Such a process, leads to achieve a new
active control method based on using genetic algorithm. The efficiency and accuracy of the proposed algorithm are
investigate by controlling the oscillations of several structures. The results show that the proposed method is able to
reduce structural oscillations effectively. The results of the linear modeling show that the use of the proposed active
control method is able to reduce the displacements of the structure against the earthquake properly. By using this
method, the displacement reduction is about 79% compared to the uncontrolled mode and 36% in the linear mode
compared to the genetic algorithm method with constant weighting factors. In addition, the results in nonlinear
modeling of the structure show an average improvement of 45%.

Key Words Active Control, Genetic Algorithm, Numerical Analysis, Weighting Factors.
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1. Introduction
Considering that the accelerograms recorded in different

earthquakes are in the form of numbers that were measured
in short intervals of time, as a result, the numerical
evaluation of the dynamic response of structures is of great
importance. In addition, in severe earthquakes, the
structures enter the field of non-linear behavior and it is
necessary to calculate the non-linear behavior of the
structures using conventional numerical methods. Due to
the short distance of the accelerogram points from each
other, the points are usually connected with segments. As
aresult, at the junction of the segments, their slopes are not
necessarily equal to each other and only the values of the
function are equal to each other at the junction.
Considering that the linear interpolation of excitation is
one of the simplest interpolation methods, as a result, if the
time intervals between the points are small compared to
the natural period of the structure, the linear interpolation
is acceptable and has sufficient accuracy. But if the
structure in question is a structure with high stiffness,
which has a very small period and in other words, has a
very high frequency, the use of the linear excitation
interpolation method can be a challenge.

2. Interpolation by cubic spline method

This study compared the non-linear pseudo-acceleration
response spectra of elastoplastic systems with constant
ductility for the accelerogram of El Centro, which were
obtained by the linear interpolation method of excitation
and also by using the cubic spline function. Interpolation
by the cubic spline method is such that if there is n+1 point
and therefore n interval, a 3rd degree polynomial

f; (x):aix3+bix2+cix+di must be obtained for each

interval. As a result, in total 4n equation is needed to obtain
the unknown coefficientsa,;,b ,C;andd; by solving

them. This 4n equation is obtained as follows:

a) The values of the f; functions must be equal to the
values of the data in the internal points, which is
equivalent to obtaining the 2n-2 equation;

b) The first and last of the f; functions (f; and f,) must pass
through the beginning and the end of the data.
Applying these two conditions is equivalent to
obtaining 2 equations;

¢) The first derivatives of fi must be equal to each other in
the internal points, which is equivalent to obtaining
n—1 equation;

d) The second derivatives of fi must be equal to each other
in the internal points, which is equivalent to obtaining
n-1 equation;

e) The second derivative of the first and the last of f; (f.and
fn) must be equal to zero at the beginning and end of
the data. Applying the two conditions equals obtaining
2 equations.

Consider a sine wave with a period of one second and

a unit amplitude. Three cycles of this wave are drawn in

figure (2).

15

——Sine Curve
——Linear Inter.
1 — Spline Inter.

0.5

Amplitude

=0 05 1 15
Time(sec.)

Figure 1. diagram of sinusoidal curve along with its linear
approximation and also approximation with cubic spline function
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By connecting these 10 points to each other with straight
lines, a toothed diagram is obtained, which is very different
from the real sine wave. But when these 10 points are
connected to each other with cubic spline curves, it can be
seen carefully in Figure (1) that a smooth graph is
obtained, which is much less different from the real sine
wave.

Nonlinear response spectra were calculated for 1, 1.5,
2, 4, and 8 ductility. The nonlinear response spectrum for
ductility 1 is actually the same as the elastic spectrum. In
this study, the response spectrum with constant ductility
for El Centro accelerogram is presented. To calculate this
spectrum, it was done as follows. First, the maximum
displacement of the system is calculated by assigning a
very large number for the yield deformation uy. This
displacement is equal to the maximum displacement of the
corresponding linear system of the elastoplastic system.
Corresponding linear system means a system that has the
same stiffness as the elastoplastic system during its initial
loading and has the same mass and damping as the
elastoplastic system. As a result, the period of the natural
vibration of the corresponding linear system in oscillations
with small amplitude (u < uy) is equal to the period of the
elastoplastic system. In the amplitudes of movement larger
than uy, the period of natural vibration is not defined for
inelastic systems.

After calculating the maximum deformation of the
linear corresponding system, the yield deformation uy is
considered a little smaller than the maximum deformation
of the linear corresponding system. The value of the
maximum deformation of the elastoplastic system is
obtained in this case. By dividing this value by the yield
deformation uy, the ductility of the system is obtained.
Then, we compare this ductility with the target ductility. If
it is less than that, again consider the yield deformation uy
a little less than the previous time, and if the obtained
ductility is greater than the target ductility, the yield
deformation, we consider uy a little more than previous
time and repeat this process until we reach the target
ductility for a certain period. By multiplying the amount of
yield deformation uy that leads to the target's ductility by
the square of the angular frequency of the corresponding
linear system, the value of Ay is obtained. The Ay
dimension is of acceleration and the spectrum related to
this parameter is called pseudo-acceleration response
spectrum, similar to linear systems. In this study, nonlinear
response spectra were calculated for 1, 1.5, 2, 4, and 8
ductility.

For a more detailed analysis, the time interval between
the points of the accelerograms were divided into 2, 5, 10,
20, 50 and 100 equal parts, respectively, and new
accelerograms were produced once using linear
interpolation and again using spline interpolation. Then,
the response spectra of these types of non-linear

accelerograms were compared with each other. The results
indicated that the maximum and minimum values had
significant differences. In addition, in most cases, the
maximum value of the difference was greater than the
absolute value of the corresponding minimum difference.
Most of the differences were related to periods below 0.3
seconds, although violations were also observed. The
meaning of the maximum and minimum values of the
difference is that once the elastoplastic spectrum was
calculated using the assumption of linear interpolation of
excitation and this spectrum was considered as the basis of
comparison, and in the second time, the elastoplastic
spectrum was calculated using the assumption of spline
interpolation of excitation and then the latest spectrum was
compared with the main spectrum. The maximum spectral
values obtained from the excitation spline interpolation
method were mostly higher than the corresponding
maximum spectral values obtained from the linear
excitation interpolation method, which occurred in the
range of 0.03 to 0.3 seconds. Moreover, the acceleration
magnification range in the interpolation method the spline
was wider than the linear interpolation method.

3. Conclusion

In this article, the non-linear pseudo-acceleration spectrum
of elastoplastic systems was calculated for 1, 1.5, 2, 4 and
8 ductility for El Centro accelerogram. The time interval
between the points of this accelerogram was 0.02 seconds.
To make the analysis more accurate and to reduce the time
interval between the points, new accelerogram were
created once using linear interpolation and another time
using cubic spline interpolation. The non-linear spectrum
that was calculated for these two types of accelerogram did
not have much difference in most of the periods, but in the
small periods which are related to stiff structures, the
difference was significant. The maximum values of the
difference between the two spectra were greater than the
absolute value of the minimum difference in the vast
majority of cases.
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Comparing Nonlinear Response Spectra of Elastoplastic Systems resulting from Two Excitation
Interpolation Methods

Masoud Mahmoodabadi MohammadJavad Hosseiny

Abstract In this article, the non-linear pseudo-acceleration response spectra of elastoplastic systems with constant
ductility for El Centro accelerogram, which were obtained by the linear interpolation method of excitation and also by
using the cubic spline function, have been compared with each other. Non-linear response spectra were calculated for 1,
1.5, 2, 4 and 8 ductility. For a more detailed analysis, the time interval between the points of the accelerogrgm were
divided into 2, 5, 10, 20, 50 and 100 equal parts, respectively, and new accelerograms were generated once using linear
interpolation and once using spline interpolation. The non-linear response spectra of these two types of accelerograms
were compared. The results of the work indicated that the maximum and minimum values had significant differences. In
addition, in most cases, the maximum value of the difference was greater than the absolute value of the corresponding
minimum difference. The main differences were related to periods below 0.3 seconds, although violations were also
observed. The meaning of the maximum and minimum values of the difference is that once the elastoplastic spectrum
was calculated using the assumption of linear interpolation of excitation and this spectrum was considered as the basis of
comparison, and in the second order, the elastoplastic spectrum was calculated using the assumption of spline
interpolation of excitation and then This last spectrum was compared with the base spectrum. The maximum spectral
values obtained from the excitation spline interpolation method were in most cases higher than the corresponding
maximum spectral values obtained from the linear excitation interpolation method, which occurred in the range of 0.03
to 0.3 seconds, and the acceleration magnification range was The spline interpolation method was wider than the linear
interpolation method.

Key words Linearly interpolated excitation, Cubic spline interpolation function, Elastoplastic mass-spring-damper

system, Constant-ductility response spectrum
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1. Introduction

Ground water tanks that are built in buried and semi-buried
ways are used for storing water to be used during peak
consumption in urban water supply networks. The
immediate and continuous use of these structures after the
earthquake is so important, so that their importance
coefficient is 1.4 in Iranian 2800 standard of seismic
provision. Therefore, reducing the seismic demand by
using isolators at the base level can be considered as one
of the new methods of retrofitting these structures.
Modeling the fluid and the effects of fluid-structure
interaction, close to the reality modeling of ground
motions by considering the simultaneous effect of
transitional and rotational components during an
earthquake and controlling the performance of additional
parts such as isolators are the important issues that should
be carefully considered and examined in the seismic
behavior of such structures.

2. Method

To model and analyze rectangular ground water tanks, the
finite element method was used in Ansys software with the
capability of 3D modeling of the tank and water, taking
into account the effects of their dynamic interaction and
the capability of modeling the nonlinear behavior of tank
and isolator materials. The tanks were modeled and
analyzed in two different volumes of 500 and 1000 m? in
three empty, half-full, and full states, with and without
base isolators. The behavior of water and concrete of tank
is assumed to be linear, but the nonlinear behavior of the
isolators in the finite element model is considered bilinear
with an initial stiffness of about 9 to 16 times of after
yielding stiffness. In the initial part of this research, the
behavior of the lead-rubber base isolator under cyclic
loading was investigated through a three-dimensional
finite element model. For this purpose, the rubber’s
inelastic behavior model was simulated using a suitable
hyperelastic model based on Ogden’s criterion with the
ability to consider large strains. Since 9 lead-rubber base

isolators are used in modeling the ground rectangular tank,
to reduce the number of elements in the main model of the
tank, an equivalent one-dimensional model, consisting of
a two-node linear elastic combination element in the
vertical direction and two two-node link elements in two
horizontal directions, are proposed. The values of stiffness
and strength of these elements are chosen in such a way
that whose hysteresis behavior is equivalent to the
behavior of the three-dimensional model of base isolators.
Figure 1 shows the geometrical properties of the lead-
rubber base isolators and their placement at the base level
of the ground tank.

In order to measure the simultaneous effect of the
translational and rotational components of earthquakes on
the dynamic response of concrete rectangular ground tanks
equipped with isolators, far-field ground motions were
selected and by simultaneously using the relations of wave
propagation theory and the classical relations of elasticity
theory, their corresponding rotational components were
produced by coding in MATLAB software. The validation
of the program written in MATLAB to produce the
rotational components was also checked using the
available recorded data. The effects of fluid-structure
interaction in the finite element model of water storage
tanks were modeled using the Lagrangian-Lagrangian
method. Moreover, the accuracy of finite element model
was investigated using existing experimental models.

3. Results

The results show that the presence of the isolator increases
the maximum horizontal displacement of the rectangular
ground tanks. The amount of this increase is different
according to the type of earthquake and the amount of
water inside the tank. The lowest increase in displacement
occurred when the tanks were half full. This issue can be
attributed to the effects of surface waves created in the
half-full state and the fluctuating pressures caused by the
impact of the wave on the tank wall. Moreover, by
increasing the volume of the tank from 500 to 1000 m?, the
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horizontal displacement of the tanks with the presence of
the base isolator decreased. Also, the results show that the
presence of the base isolators in all investigated cases of
the rectangular ground tank causes an increase in the
values of the base shear force and the uplift stress of the
tanks. Since the isolators reduce the response of the
structures by increasing their damping ratio and periods,
the above results can be attributed to the low initial period
of the ground tanks which place in the first part of the 2800
standard acceleration response spectrum. Figure 2
illustrates an example of the comparison of the results of
the time history of base shear and uplift stress of tanks with
and without the presence base isolators. The results also
show that the decreasing or increasing effect of rotational
components of earthquakes on the seismic response of
ground tanks is very small, and in general, its effect on the
seismic response of rectangular ground tanks can be
ignored.

¢ 650197 mm Rubber Bearing

¢170 mm Lead Core Middle Steel Plates
] ]

4. Conclusion

The results showed that the impact of the rotational
components of the earthquakes on the seismic response of
the ground water storage tanks in the full and half-full
states is less than 10% and in general, its effect on the
seismic response of the rectangular ground tanks can be
ignored. Moreover, the use of the base isolators in this type
of tanks increased the response of the tanks in all the
investigated cases, so that the base shear force increased
up to 4 times and the uplift stress increased between 8 to
23 times. This result can be attributed to the increase in the
period of the ground tanks from the initial range of the
response spectrum to the constant acceleration region of
the spectrum due to the presence of the base isolators.
Therefore, using base isolator in these types of structures
that have a very small period can cause inappropriate
effects.

| 2]
5 nfm
197 mm N
15 mm
170 mm
630 mm
@ 650 mm

Figure 1. Geometrical properties of lead-rubber base isolators and their placement in the base level of the tank
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Figure 2. Comparison of base shear force and uplift stress in cases with and without base isolators
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Dynamic Analysis of Concrete Rectangular Ground Tanks equipped with Base Isolators due to Transitional and
Rotational Components of Earthquakes

Leila Kalani Sarokolayi Leila Khanmohammadi Bahram Navayi Neya

Abstract In this research, the behavior of concrete rectangular ground tanks equipped with lead-rubber base isolators,
under the simultaneous excitation of transitional and rotational components of far-field earthquakes, has been investigated
using nonlinear time history analysis including fluid-structure interaction. For this purpose, first, the rotational
components of three far-field earthquakes were produced using the wave propagation and elasticity theory relations by
coding in MATLAB software. Then, tanks were modeled and analyzed in two different volumes of 500 and 1000 m? in
three empty, half-full, and full states in Ansys finite element software and an appropriate number of base isolators were
used at the base elevation. In the finite element modeling of the base isolator, a model consisting of one-dimensional
elements is proposed and used, that whose hysteresis behavior is equivalent to the behavior of the three-dimensional
model of the lead-rubber base isolators. The results of the research show that the decreasing or increasing effect of the
rotational components of the earthquakes on the seismic response of the ground tanks in full and half-full states is less
than 10%, and in general, its effect on the seismic response of the rectangular ground tanks can be ignored. Also, the use
of isolators in this type of tanks has increased the response of the tanks in all the examined states. So that the base shear
force has increased up to 4 times and the uplift stress has increased between 8 and 23 times, which can be attributed to
the increase in the period of ground tanks from the initial range of the response spectrum to the constant acceleration
region of the spectrum due to the presence of the base isolator.

Key words Rectangular ground tank, Rotational component, Base isolator, Fluid-Structure interaction, Nonlinear
analysis.
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1. Introduction

A micropile is an in-situ or precast small-diameter pile that
was first utilized in the restoration and repair of historical
buildings damaged during World War Il. This
improvement involves excavating holes beneath the
structure and filling them with a mixture of cement grout
and steel reinforcement. Micropiles typically have a
diameter of less than 250 millimeters. Following their
deployment in some projects in Boston and New York in
1973, the use of micropiles expanded. The availability of
lightweight and small drilling equipment facilitated the
application of this method, allowing micropile drilling to
be performed in any condition and at any angle with
minimal noise and environmental impact. Additionally,
due to the small diameter of micropiles, it became possible
to reinforce foundations even in challenging access
situations.

Applying pressure during injection causes the
surrounding soil of the micropile to compact due to the
applied pressure. Moreover, as the grout infiltrates the soil
voids and interstices, the shear resistance of the soil
increases. Pressure injection causes the fluid portion of the
grout to permeate into soil voids and interstices, creating a
composite block that exhibits resistance against applied
loads. This process results in a strong bond between the
grout and the ground, leading to increased friction between
the micropile and the soil. Additionally, grout injection
into the soil contributes to soil improvement around the
micropile. Therefore, despite the small diameter of
micropiles, the use of this method significantly enhances
the load-bearing capacity.

In recent construction projects, micropiles have been
used for the construction of primary piles or the
reinforcement of existing piles in various projects, such as
high-rise construction. The advantages of using these
elements include enhancing the resistance and load-
bearing capacity of the pile, reinforcing the dynamic load-
bearing capacity of the pile, and compacting the soil
beneath it. These elements exhibit effective performance
in structures exposed to cyclic and dynamic loads, such as
wind loads, impacts from ship collisions, wave loads, etc.
(FHWA). Concerning coastal structures, the lateral load
imposed on the structure is typically between 10% and
15% of the vertical load, which can increase up to 30%.

In all previous research, the behavior of micropile-
reinforced piles has been studied under vertical or
horizontal loads independently, and the combined effect of
these loads under various micropile installation conditions
has not been addressed. The aim of this study was to
investigate the behavior of micropile-reinforced piles
under the simultaneous effect of vertical and horizontal
loads. Additionally, previous research have not discussed
the role of micropiles in the group behavior and the extent
of this role under various deformation conditions.
Therefore, this study examined the role of each micropile
in group behavior and evaluates its role under different
loading conditions and deformation scenarios.

2. Experimental program

To conduct research on a square pile reinforced with
micropiles, it is necessary to construct a device through
which horizontal and vertical forces can be applied to the
pile. Therefore, a specific laboratory setup was designed
for these experiments, consisting of various components,
including a horizontal loading frame, soil retaining
container, sand pouring system, water reservoir, and
displacement measurement system.

A steel box was employed to contain soil from as
reservoir with dimensions of 2 meters in length, 1 meter in
width, and 1 meter in height. The reservoir walls on three
sides were constructed from 10-millimeter thick steel,
while on one side, it was made of 5-millimeter thick glass.
To achieve uniform compaction of the soil (sand), it is
necessary to uniformly distribute compaction in the sand
reservoir. For this purpose, a system constructed in the soil
mechanics laboratory of Ferdowsi University of Mashhad
was utilized. This system consists of a triangular-shaped
base reservoir mounted on a movable steel frame. The
reservoir and frame have holes in which rods can be
inserted, allowing the adjustment of the reservoir height
and, consequently, the height of the applied load. The
bottom gate of the reservoir also has various patterns,
which are used to regulate the rainfall speed and the sand
discharge rate. By adjusting the height of the rainfall
surface to 80 centimeters, a compaction of 70% was
achieved for conducting the experiments.

The aim of this study was investigating the impacts of
micropiles on the geotechnical behavior of micropile-
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reinforced piles. Therefore, it is necessary for the pile to
have sufficient rigidity and exhibit no deformation under
applied loads. This process ensures that the measured
deformation occurs only under the settlement of soil
layers, and the deformation of the pile structure itself is not
affected. For this purpose, a square steel pile with
dimensions of 20 centimeters and a thickness of 10
millimeters was used. Moreover, for the connection of
micropiles to the pile, couplers with the desired angle were
utilized as Figure 1 shows.

Figure 1. A view of the couplers connected to the pile

The micropiles used in this study were formed from
deformed rebars with a diameter of 12 millimeters, without
ribs, and have lengths of 40 and 60 centimeters. The elastic
modulus and moment of inertia for these micropiles were
200 GPa and 0.102 cm? respectively. Considering
dimensional similarity, these values were equivalent to
concrete micropiles with an elastic modulus of 48 MPa and
a diameter of 30 centimeters. To consider the friction
between the micropile and the surrounding soil, the
surfaces of the rebars were coated with the sand.

The horizontal loading frame used in these studies
must possess sufficient rigidity to avoid deformation or
displacement during experiments. To achieve this, a
hollow section was used to construct the horizontal loading
frame. The frame consisted of two rebars with a diameter
of 2 centimeters, spaced 1.5 meters apart and connected to
each other at the top by a beam with a hollow section
measuring 10x10 centimeters. Additionally, at the bottom
of the columns, diagonal struts and plates were employed
to control the sway of the frame. Figure 2 illustrates the
loading grame.

Figure 2. The sand container along with the frame and
water tank
To investigate the lateral behavior of micropile-reinforced
piles, horizontal loading experiments were planned under
various conditions. These experiments were conducted in
two series, each involving two types of micropiles with
lengths of 40 and 60 centimeters. Moreover, to assess the
effect of the number of micropiles, arrangements of 2, 4,
and 8 micropiles were considered. Before applying
horizontal loads to each of the micropile-pile systems, a
vertical load was applied to the pile. This vertical load was
a percentage of the vertical load-bearing capacity of the
system, with percentages of 0, 15, and 30 examined in this

study.

3. Test results
To examine the collective behavior of micropiles, it is
necessary to investigate the behavior of each individual
micropile in a group and the role it plays in load-bearing.
For this purpose, the parameter LI is defined using the
Equation 1:

F ()
LI _fs
In this equation, Fq represents the force applied to each
individual micropile in a group under a specific
displacement and Fs is the force applied to a single
micropile under the same displacement.

As Figure 3 illustrates, an increase in the vertical load
leads to the emergence of two different behaviors under
different conditions. In the case of near failure, due to the
expansion of the plastic zone around the micropiles and the
interaction of their zones, an increase in the vertical load
has little effect on LI. In other words, this increase does
not have a significant impact on the efficiency of each
micropile in a group. This is in contrast to the increase in
the wvertical load, which enhances the efficiency of
micropiles in the 2-pile configuration (one on each side of
the pile). This is due to the absence of an interfering zone
in the vicinity of the micropiles. As evident, this behavior
is observable for both micropile lengths.
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Figure 3. The results of the tests in different conditions

4. Conclusion

The most important findings of this study are as follows:
1) In conditions where the foundation is reinforced with a
small number of micropiles (2 units), these micropiles,
when the foundation is subjected to lateral loads, are
unable to prevent the separation of the foundation from the
soil;

2) One of the crucial parameters in the collective behavior
of micropiles is the plastic zone around them. With an
increase in the number of micropiles and their proximity
to each other, the plastic zone expands. Due to the
interference between micropiles and the reduction in the
frictional force between micropiles and soil, the load-
bearing role of each micropile diminishes with an increase
in their number.
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Investigation of Lateral Behavior Micropiled Foundation under Combined Lateral and Vertical
Loading

Shadan Abedini Jafar Bolouri Bazaz

Abstract Micropiles are one of the most widely used components in civil engineering to strengthen foundations or
improve the soil. These elements are also used in wind turbines. In addition to the vertical force resulting from the
weight of the turbine, these tall structures are also affected by significant lateral force. This paper aims to investigate
the behavior of a square micropiled foundation with the dimension of 20 cm under lateral loading. For this purpose,
the reinforced foundation with 2, 4, and 8 micropiles with lengths of 40 and 60 cm in the sandy soil has been modeled
experimentally and subjected to static lateral load. Also, the effect of vertical surcharge load on lateral bearing
capacity has been investigated in different conditions. The results of the tests revealed that this type of reinforcement
has improved the bearing capacity up to 6 times in some cases. Studying micropile collective behavior unveiled that,
distant from collapse, micropile length minimally affected individual lateral capacity. In the extreme scenario (8
micropiles, 15% overload), this discrepancy was 30%. Varying micropile numbers near collapse produced two
contrasting behaviors: amplification in one and reduction in another case. The determining factor in both instances
was the micropile quantity, leading to a remarkable 200% role increase in the most extreme conditions.

Key Words Lateral bearing capacity, Shallow foundation, Micropile, Vertical load, Sandy soil.
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1. Introduction

Unlike saturated soils, which consist of only two phases,
and similarly dry soils, unsaturated soils consist of three
phases: solid, air, and liquid. To study the interaction
between these phases, we need to study the liquid bridge
between particles called meniscus. The shape of the
meniscus depends on the type of liquid and solid phase and
has a concave curvature on its outer surface for soil and
water. In unsaturated soils, the soil water retention curve
(SWRC) is used to investigate the relationship between
suction and water content.

The DEM is one of the numerical modeling methods
from a micromechanical point of view. The advantage of
particle-based methods is the use of established physical
laws and the consideration of the inherent discreteness and
heterogeneity of soil particles. In the DEM, each particle
is represented as a separate solid body that interacts with
neighboring particles through computational cycles that
use simple mechanical laws. This method was first
introduced for circular particles and was later developed
for modeling polygonal particles.

The DEM has been used to simulate the behavior of
unsaturated soils in the technical literature because it can
study the interaction between the three phases of soil
(solid, liquid, and gas) and investigate the role of the
meniscus and its impact on two adjacent particles. In these
simulations, particles have been modeled in two-
dimensional circular shapes, three-dimensional spherical
shapes, and two-dimensional elliptical shapes. Although
using particles with simplified shapes (circular, spherical,
and elliptical) reduces the modeling time and cost, it can
lead to misleading results because it cannot simulate the
realistic geometry of soil particles. Moreover, the
distribution of moisture between particles is usually
modeled as uniform or as a function of particle size, neither
of which accurately reflects the actual distribution of

moisture in soil pores.

Previous studies have used particles with simplified
geometry to simulate the behavior of unsaturated granular
soils. However, this study focused on using more realistic
polygonal particle shapes to simulate the two-dimensional
behavior of unsaturated granular soils. To this end, an
existing program for polygonal particles was used to
perform biaxial test modeling with different suction levels
in the pendulur regime range. The results were validated
against laboratory studies. In the next step of simulations,
the role of grading and particle size on shear strength of
unsaturated granular soils was investigated.

2. Numerical modeling of unsaturated soil

The capillary forces in unsaturated soils are due to the
presence of meniscus. To determine the meniscus forces,
it is first necessary to identify which particles form
meniscus and under what conditions it remains between
particles. Due to the more complex shape of the particles
compared to previous studies, it was assumed in this study
that meniscus only form between particles in contact and
disappear when the particles separate. In this numerical
simulation, the suction should be assigned to the sample as
an input value. Then, taking into account the geometric
properties of colliding particles, the possibility of
meniscus formation in each pore is investigated. After
identifying the particles in contact, it is necessary to
determine the geometric properties of the meniscus to
obtain the meniscus force between the particles.

In this simulation, about 2000 particles with five
different inscribed polygonal geometries were used. The
diameters of the circumscribed circles range from 0.3 mm
to 1.2 mm. The modeling was performed under confining
pressures of 50, 100, and 200 kPa and suction values of 0,
1, 3, 5, 30, and 100 kPa were applied to the sample. The
modeling stages in the program include the following
ones. First, particles were produced and randomly placed
in the simulation environment without making contact
with each other. Then, the particles were compacted until
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the sample porosity reached the desired level without the
particles overlapping. In the next step, confining pressure
was applied to the sample. Finally, deviatoric stress was
applied to the sample. It should be noted that the force due
to meniscus was considered in the third and forth steps.
Figure 1Figure 1 shows two colliding particles named
Particle 1 and Particle 2 and geometrical parameters
investigated for meniscus formation. In this figure, two
particles are overlaped each other (hatched area) and a
water meniscus is formed in one of the pores. The wetted
length of meniscus on the adjacent particle is L. L, and L,
are distances between collision points of two particles
from vertex of adjacent edge of meniscus. If the value of L
is less than the distance between the vertices of particles
and the collision point (L<min[L3,L,]), it is possible to
form a meniscus, otherwise the meniscus will not
intersects the edges of the particles and the desired pore
assumed to be saturated and therefore meniscus force
ignored in this pore.

3. Simulation results

Results showed that in all simulations the samples with a
suction had higher shear strength than samples without
suction. This is because applying suction to the sample
increases the meniscus force, which increases the
threshold shear force of the particles and consequently the
shear strength.

Figure 2 shows the changes in the ratio of maximum
deviatoric stress to mean stress (q/p)max. AS indicated,
increasing suction does not always increase shear strength;
it only increases up to a certain suction level that is called
optimum suction. Beyond this level, shear strength does
not increase and may even decrease. The optimal suction
value for this study is obtained 5 kPa.

Moreover, the results showed that an increase in the
confining pressure decreases the imapct of suction on the
increase in shear strength of the sample. The reason for this
phenomenon as indicated in Figure 3 is that increasing
confining pressure augments contact forces, while
meniscus force does not change without a change in
suction. As a result, the impact of meniscus force on the
shear strength of unsaturated soil decreases relative to the
impact of contact forces.

Particle1

Figure 1. Geometric characteristics of the meniscus formed
between two angular particles
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Figure 2. (g/p)max ratio versus suction for different confining
pressures
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Figure 3. Changes in meniscus force and meniscus
generation ratio versus suction

4. Conclusion

The simulation results are qualitatively consistent with

laboratory results available in the technical literature. The

main results are as follows:

1) Samples with suction have higher shear strength than
samples without suction at a constant confining
pressure. Moreover, by increasing suction to a certain
amount (called optimal suction), shear strength
increases, and after that, with further increase in
suction, the impact of increasing shear strength
decreases;

2) The impact of unsaturated forces on the shear strength
of granular soils decreases with increasing confining
pressure. This is because as confining pressure
increases, the effect of contact forces on increasing the
shear strength of soil mass increases while the amount
of unsaturated forces does not change without
changing suction. As a result, the ratio of meniscus
forces to contact forces decreases;

3) The amount of increase in shear strength depends on the
amount of meniscus forces and the number of pores
with meniscus. The existence of optimal suction is due
to the fact that as suction increases, the amount of
meniscus forces decreases. However, the number of
pores that can form meniscus increases, and these two
parameters create the maximum shear strength at a
certain suction;

4) With decreasing particle size, the impact of unsaturated
forces on shear strength increases, and at a constant
confining pressure and suction, samples with smaller
particles have higher shear strength.




WAE) V¥ F P s g3 5 Oy puwcligs

| 5
l j \ w99 S o 08 (swiligo @ A

https://civil-ferdowsi.um.ac.ir/ of ezl i ezl

KA A Sl Olrl ibes,

“lime St b9 I ooliel b 4bgf” Wiz 153 b ELEI pé (G141 B S5y (S0 (8 ilodud

D o S Ol ©

DOI: 10.22067/jfcei.2023.85350.1270
s D3 e Sin (siladle > plio Ul [ms (sliml gy o] 435, )5 am o7 5 ) 40 ajjjﬁ/‘é[r..j/j:.é sl gode (gl Ou\.ﬁb;
sl lagp O o/ w’/,fj//.jwjj g0 Lima (sl 0 4 (6 gm0 3 ‘_;J'L.«JJAJ‘/‘:J[LLA/@&[.,J//.:.& sl St b, agp ool o
b (s ollr a5 o o oslizad 458 i 3 il (iladde ol o clidkd o 43,8 L5 55 (60,5 U (S5 ls oole oy 40 )3 IS 457 a2 dldS
M s J o DS e ot LS 2 Q/inu,aifb/’j dolin 4 am i by Célte i s Segto LSS Ol Ol o 5 25l DS 23y IS
b3 s il s w0l s e 4l (G dme s b2 yls S il I 40 Lads 3 ] G Sete S5 (63,5 5 S0l D3 s O
Cpad oy Cunglés o paivin d> U 5SCo 2)55) Loas™ ol mls A S S 6 sme 0 (HISSL Coed Cils adlraan (sl i 5 La IS o
Coaslie p Sepio el ) cailotos (20 A1 L 4SS sl ptas bl o A8 8y Conslis A0 GRG0 S ey 5 bl 2158
S5 S 1531 b5 ol 2y S o5y St 3,08 oIl 45 5l L i il Sl L b S5 il by o 205

D3 IS 3l s wd St O3 dime sl sy bl e Sl GoulsT (Se g

Numerical Simulation of Behavior of Unsaturated Granular Soil with Polygonal Particles Using
Discrete Element Method

Mohammad Hossein Jalalian Ehsan Seyedi Hosseininia

Abstract Numerical modeling of unsaturated soils has become increasingly popular in recent years. The Discrete
Element Method (DEM) is a powerful tool for modeling granular materials by focusing on particle interactions. In this
study, the behavior of unsaturated granular soil was investigated using two-dimensional DEM by considering meniscus
formation among particles. Unlike previous studies that simply considered particle shapes as circular or spherical, this
study used more realistic polygonal particles shape that forming meniscus can be examined in different pores with
respect to the geometry and arrangement of the particles. However, because of symmetry in circular and spherical
particles, the shape of the meniscus among these particles depends only to the size of the particles. To this end, using a
program based on the DEM was developed and a soil sample were simulated under different suction values and
confining pressures. The results showed that the shear strength of the sample augments by increasing suction until a
specific value and then, decreased with further suction increases. It was also observed that the effect of meniscus force
on increasing shear strength decreased with increasing confining pressures. Modeling particles of different sizes also
showed that the effect of meniscus force is greater for smaller particles and decreases with particle size.

Key Words Unsaturated Soil, Descrete Element Method, Polygonal Particles, Liquid Bridge, Effect of Particles Shape.
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1. Introduction

Soil improvement is one of the important fields in
geotechnical engineering for improving the mechanical
and deformation properties of soil. Evaluation of
mechanical behavior of the soil-structure interface as an
effective factor on the strength performance and
deformation of the structure, has been the focus of many
researchers. Since the interaction of the structure and the
soils around it have a great impact on the soil bearing
capacity, it is important to study the physical conditions.
In the structures that are in contact with the soil, the force
is transferred through a very thin layer called the contact
surface between the soil and the structure, and this force
exchange causes large local strains in the contact surface.
Shear loading causes large and irreversible changes in the
structure of materials with lower hardness and shear
resistance. The shear resistance caused by the friction
between the soil and the structure can be calculated from
Nl do

T=o0/.tang +C @

where, 1 is the shear strength at the contact surface of soil
nd structure, ¢ is the friction angle between soil and
ucture, C is the adhesion between soil and structure, and
o/ is the effective normal stress on the contact surface of
soil and structure. As a result, it is expected that the soil
grains will experience critical conditions at the contact
surface.
The aim of this research was to investigate the impact of
different physical conditions of the soil-structure contact
surface on the behavior of the soil-structure interface by
large-scale direct shear test. To achieve this aim, 27 series
of large-scale direct shear tests were performed and the
methods of roughing, covering the contact surface with
geotextile and using Persian gum were used as physical
variables in the curing time of 3, 6, and 9 days.

2. Materials and equipment

Persian gum: Persian gum (PG) is obtained from the
natural secretions of mountain shrubs or wild almond trees
in different regions of Central Asia. This gum is usually
obtained from tree branches and by scratching its bark.

Table 1. Physical and chemical properties of

Persian gum
Properties Persian gum
Appearance white, brown, yellow crystals
Solubility in water 30% soluble-70% insoluble
pH 4.4
Carbohydrates (%) 91.3
Protein (%) 1.2
Humidity (%) 5.14

This research was carried out in three levels of 0.3, 0.6
and 0.9 weight of Persian gum.

Soil: Varzaneh sand was used for the study. The results of
direct shear tests showed that internal friction angle of the
soil is 29.7° and the cohesion is 6 kPa.

Steel: To conduct a large-scale direct shear test, ST37 steel
with dimensions of 29.5 x 29.5 mm and a thickness of 5
mm was used in three states of smooth, using geotextile
and rough.

Table 2. Friction angle between soil and surfaces

surface Friction angle between the soil and
the surface (degrees)

Smooth 18.2

Geotextile 19

Rough 19.8

Modified large-scale direct shear test: The modified
large-scale direct shear test has a box with dimensions of
300 x 300 mm and a height of 150 mm, by which the
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sample is cut at the contact surface between soil and steel.
All the tests were performed at three normal stress levels
of 50, 100, and 150 kPa and at a constant rate, and the
relative density of the samples was considered a constant
value of 30%. The difference between the modified direct
shear test and the normal direct shear test is that in the
normal direct shear test, both the upper and lower halves
of the cutting box are filled with soil, but in the modified
direct shear test, the tested structure is made of different
materials such as steel, concrete, and wood. Instead of the
soil, it is placed in one of the two upper or lower halves.
The way of conducting the test is that, first the normal
stress reaches the desired value, and then the device moves
at a constant rate and the values of shear stress and vertical
displacement are taken. This test continues until the shear
stress reaches its maximum value and then the shear stress
decreases or constant.

3. Conclusion

Persian gum is known as a hydrocolloid and

environmentally friendly gum, which is also found in

abundance in Iran and is much cheaper than other gums.

Based on the results of carried out tests, the following

conclusions are drawn:

* The use of Persian gum will improve the friction angle
by about 4 degrees and increase adhesion by up to 30
times;

* This gum can also be used to increase the bearing
capacity of steel piles;

* During a fixed amount of Persian gum, with the
roughness of the surface of the steel, the adhesion and
the friction angle between the soil and the structure
will increase by about 25 times and 2 degrees,
respectively;

* By increasing the duration of the application and drying
of the gum, the friction angle between the soil and the
structure increases by about 2 degrees.
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Laboratory Evaluation of the Effect of Persian Gum on the Strength Parameters of Different Soil-
Structure Interfaces

Mohammad Milad Shirazi Nezhad Mohammadreza Khanmohammadi Hamid Hashemolhosseini

Abstract Evaluation of mechanical behavior of the soil-structure interface has been the focus of many researchers as an
effective factor on the strength performance and deformation of the structure. Since the interaction of the structure and
the soils around it will have a great impact on the soil bearing capacity, it is important to study the physical conditions.
In this study, taking into account the curing time, effect of using Persian gum and the roughness of the steel on the
behavior of the soil-structure interface using large-scale direct shear test have been investigated. The Persian gum was
used in three amounts of 0.3, 0.6 and 0.9% on three smooth, rough and geotextile covered surfaces. Based on the results,
by injecting Persian gum into the soil-candle interface, the adhesion between soil and contact surface increases by about

20 times and the internal friction angle increases by one degree. The rate of increase of strength parameters decreases
with increasing curing time.

Key Words Soil-structure interface, Persian gum, Curing time, Roughness, Large-scale direct shear test.
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