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Investigation of Orthogonal Wavelets in the Damage Detection of the Wind Turbine
Tower with Soil-Structure Interaction

M. Mehr Motlagh A. Bahar O. Bahar

Abstract Wind energy is one of the most hopeful renewable energy sources that is also growing. The wind
turbine tower supports the complete wind turbine system, and its damage may cause catastrophic failure
of the wind turbine. However, the background to the study of the health monitoring of the wind turbine
tower against its mechanical installations is insignificant. Besides, no comprehensive research has been
conducted on the health monitoring of the tower with soil-structure interaction included. In this article, the
extensive analysis of the multilevel 2D wavelet decomposition approach using orthogonal wavelets and
soil-structure interaction is performed numerically. The established finite element model is calibrated and
verified with the NREL 5-MW reference onshore wind turbine. Then, while defining several damage
scenarios, the 3-dimensional modes of the finite element model of the damaged structure were investigated
using the proposed method. The findings imply that the quality of the damage detection in the soil-structure
interaction models has increased, generally.

Key Word Wind Turbine Tower, Damage Detection, Soil-Structure Interaction, Signal Processing,
Orthogonal Wavelets.
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Settlement Prediction of Shallow Foundations on Granular Soils Using Multi Expression
Programming (MEP)

A. Derakhshani B. Farahani

Abstract Due to the non-homogeneous nature of cohesionless soils, and the complexity of the parameters
related to settlement, generally the exact estimation of the foundation settlement involves many difficulties.
This problem has been studied by many researchers and some equations have been proposed for estimating
the settlement of shallow foundations. Because of the low accuracy of these equations, researchers are
using more modern techniques like finite elements, finite difference, soft computing, and so on, for
calculating the settlement. In the current study, a new model is proposed based on artificial intelligence to
predict the settlement. The purpose of developing such models is to achieve more accurate and possibly
simpler equations. In this paper, the performance of multi expression programming (MEP) method to
predict the settlement of shallow foundations on granular soils is evaluated and the values obtained from
the developed models are compared with those from the most accurate previous models. Then, the
performance analysis, validation, parametric study and sensitivity analysis are performed. As can be seen
from the results, the comparison between the MEP model and the most accurate models including ANN,
GP, GEP and EPR in the technical literature showed that the model proposed in this study with correlation
coefficient of 93.45 percent, performs better than most previously developed models.

Key Word Prediction of Settlement, Shallow foundation, Multi Expression Programming, Granular soil.
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Study of Time-Dependent Deformations in Dry Sands

M. Nasiri M. Hajiazizi A. R. Mazaheri P. Jongpradist

Abstract The time-dependent behavior of sands is one of the main issues that can influence many projects.
In this study nine sand models with different particles shape and sizes and different grain distribution have
been used to investigate creep behavior. The samples were prepared at 60% relative density and the
constant stresses of 45 kPa for 30 days and 26 to 416 kPa for seven days (with the double increase in stress
increment) under dry conditions in the Oedometer apparatus (one-dimensional consolidation) were tested.
The results showed that the rotation, slipping, and crushing of the sand grains over time under constant
load was the cause of creep deformation in the dry samples. Sand samples exhibit 1.5 to 4.2% creep strains
in 30 days, and 0.61 to 2.5% creep Strains in seven days’ time interval. Finally, two linear equations are
presented to predict the deformation of sands over time. The results were in good agreement with previous
studies.

Key Word Dry Sand, Creep, Oedometer Test, Time-Dependent Behavior, Particle size.
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Investigation of the Behavior of Self-Centering Base- and Double- Rocking Walls
Subjected to Far-Field and Near-Field Earthquakes

E. Mohammadi Dehcheshmeh V. Broujerdian

Abstract In the present study, the seismic behavior of self-centering rocking wall systems in both types of
base-rocking and double-rocking was investigated. To conduct seismic analyses, three sets of seismic
records were considered including 22 Far-Field (FF) ground motions and 28 Near-Field (NF) ground
motions that half of which are Pulse-like (Pulse). These ground motions were used for nonlinear time-
history analysis of structures with 8, 12, 16 and 20 floors. Based on the area of prestressing cables, three
types of double-rocking walls are considered and compared with the base-rocking and the fixed base walls.
Numerical modelling was conducted via OpenSEES software in two-dimensional space. For the sake of
validation, the available experimental data of base rocking and fixed base walls was used. To compare the
seismic performance of the structures, some desirability coefficients have been defined. These coefficients
were based on the reduction of the higher mode effects and the reduction of the inter-story residual drifts.
The results showed that generally, the double-rocking walls provides higher desirability coefficients than
the other considered systems. Furthermore, the double-rocking walls by reducing the cable area in the
bottom block (R2-H1) are more effective in reducing the effects of higher modes.

Key Word Self-Centering System, Rocking Wall, Residual Drift, Post-Tensioning, Higher Mode Effects.
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Study of the Seismic Behavior of the on-ground Bipartite Elliptical Liquid Storage Tanks

R. Lotfi M. Mahmoudabadi E. Dehghani

Abstract The seismic behavior of the on ground bipartite elliptical tanks has been investigated in the
current study. Basically, the tank is a structure used to store different types of fluid, and it is also widely
used in refineries, sewage treatment plants and factories in the form of on ground and elevated tanks made
from concrete and steel. The monoplete and double on ground elliptical tanks have been dinamically
analyzed under Cape and Tabas earthquakes simoultaneously in the longitudinal and transverse directions
in various conditions of prolateness and slenderness of the tank and the maximum impulsive pressure and
the maximum wave height parameters of corresponding cases have been compared with eachother in the
current research. By study of the concluded diagrams, it was revealed that the reduction percent of the
maximum impulsive pressure and the maximum wave height parameters due to partitioning of the tank is
higher in more slender tanks. It also was revealed that the reduction percent of the maximum impulsive
pressure and the maximum wave height parameters due to partitioning of the tank is higher in more prolate
tanks.

Key Word Seismic analysis, Elliptical tank, Tank partitioning, Sloshing mitigation.
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Analysis of Rock Fall Phenomenon in Steep Wall Using Modeling by Rocfall Mass-Lump
Method and PFC?P Discrete Element Method - Case Study

H. Fattahi M. Sadeghi H. Ghaedi

Abstract Rock fall is a type of slope instability that occurs in most mountainous areas and causes
casualties and severe damage to facilities, residential areas, roads, farms and vehicles. Therefore, to
prevent financial damage, it is necessary to predict and model the phenomenon of rock fall in steep walls
to take preventive measures. In this paper, in order to assess the risk of falling rocks, first using Rocfall
software, the path of rock fall of isolated blocks was analyzed individually and separately in the most
critical section of the northwestern heights of Shahrood. In order to consider the interactions between
particles in the path, shape, size and weight of the parts, the distinct element method PFC3P was used.
Analyzing the simulation results with the help of these two softwares, it was concluded that if the rock falls,
a large number of parts will stop in the area of roads and residential areas, which will result in traffic jams
and financial-human risks. In other words, considering that the maximum horizontal distance traveled by
the plots is 393 meters and the horizontal distance between residential areas is 340 meters, so the
probability of an accident due to falling rocks is very high. In the following, suggestions such as installation
of metal grids, shock absorbers, reduction of kinetic energy in the parts, change in the dimensions of the
parts, change of the slope geometry to reduce the risk and damage caused by falling rock in the desired
section are presented.

Key Word: Rock fall, Rocfall software, PFC3P software, Mass-lump method, Distinct element method.
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Figure 2. Defined slope and horizontal location of rock end point,

bounce height, trandational velocity, and
total kinetic energy envelope

3. Conclusion

In this paper, in order to assess the risk of falling rocks,
first using Rocfall software, the path of rock fal of
isolated blocks was analyzed separately in the most
critical section of the northwestern heights of Shahrood.
In order to consider the interactions between particlesin
the path, shape, size and weight of the parts, the distinct
element method PFC® was used. Analyzing the
simulation results with the help of these two softwares, it
was concluded that if the rock fals, a large number of
parts will stop in the area of roads and residential aress,
which will result in traffic jams and financial and human
risks. In other words, considering that the maximum
horizontal distance traveled by the plots is 393 meters
and the horizontal distance between residential areasis
340 meters, the probability of an accident due to falling
rocks is very high. Finaly, suggestions such as
installation of metal grids, shock absorbers, reduction of
kinetic energy in the parts, change in the dimensions of
the parts, change of the slope geometry for reducing the
risk and damage of falling rocksin the desired section are
presented.
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1. Introduction

Rockfall refersto the movement of loosened rock blocks
on steep slopes under the effect of gravity by free fall,
rolling down the slope, and/or bouncing. Blocks may be
dislodged due to a combination of factors such asjoints,
freeze-thaw, root growth and water ingress or by natural
events such as earthquakes. This movement may cause
significant damage and loss of life as the blocks move
very rapidly. Compared to other mass movements,
although rockfalls have smaller volumes, they have
highly destructive effects. In addition to earthquakes,
urban and rura settlements in some regions may
experience losses caused by landdlide, flood, rockfall,
etc. Previous studies of natura disasters within the last
50 years have reported that rockfalls are responsible for
a significant proportion (8.26%) of disaster victims. It is
therefore important to determine the behaviors of blocks
with the potentia to fall on the settlements located on
steep slopes.

In this paper, in order to assess the risk of falling
rocks, using Rocfall and PFC®P softwares, the path of
rockfall of isolated blocks was analyzed separately in the
most critical section of the northwestern heights of
Shahrood.

2. Analysisand Results

The Rockfall V.4.0 (Rocscience2002) software and
PFCP used in the analyses produces surface definitions
controlling horizontal and vertical coefficients of normal
and tangential restitutions that control energy absorption
at the contact points of the falling block according to the
topography. These definitions include asphalt, bedrock
outcrops, clean hard bedrock, talus cover, soil with
vegetation, and talus with vegetation. In these analyses,
the surface was defined as ‘ * bedrock outcrops.’” Friction
coefficient isalso an input parameter, and varies between
zero and the main friction coefficient of the block
material. In the analyses, a smaller value was selected in
terms of main friction, depending on block shape, and
zero for round shaped blocks. The horizontal and vertical
velocities of the blocks were considered as 0 m/s due to
their locations. Based on theseinput parameters, the areas
of highest potential rockfall risk in the study area were
determined. Rockfall trajectory of profile is given in
Figure 1. The output of the analyses (location of rock end
points, bounce height, kinetic energy, velocity, and
graphs of the envelopes) for each profile is presented in

Figure 2. Moreover, if the energy of the rocks is not
dissipated after their fal, they will continue moving by
bouncing.
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Figure 1. Rockfall trajectory of profile
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Where P; and P, are maximum impulsive pressure of
bipartite and monoplete rigid elliptical tanks per Pascal,
respectively. Moreover, aq and o, are magnification
factor of impulsive pressure of bipartite and monoplete
flexible elliptical tanks, respectively.

It is notable that the tank flexibility increases liquid
impulsive pressure rather than rigid tank condition, so the
mentioned effect is entered into the calculations using the
impulsive pressure magnification coefficient.

Regarding the sameness of material and thickness of
walls and base of monoplete and bipartite tanks under
study, the magnification factors of impulsive pressure of
monoplete and bipartite flexible elliptical tanks become
equal, so the equation 3 is simplified as follows:

P, = 100 (1 — %) )

e

Also, decrease percent of the maximum wave height
per percent, is determined from equation 5:

B, = 100 (1 - E—“‘) ©)

Where h; and h, are maximum wave height of
bipartite and monoplete elliptical tanks per meter,
respectively.

To study the slenderness effect of elliptical tank on
the internal wall efficiency, on-ground monoplete and
bipartite elliptical tanks with fixed base, 20m long and
10m wide with various water heights, have been analyzed
dynamically by FLUENT software under Cape and
Tabas earthquakes in longitudinal and transverse
directions simultaneously.

It is notable that in calculation of liquid maximum
impulsive pressure, earthquake peak acceleration has
maximum effect, so in calculation of liquid maximum
impulsive pressures, Cape earthquake that has maximum
peak acceleration, has overruled.

Moreover, in calculation of liquid maximum wave
height, earthquake peak pseudodisplacement has
maximum effect, so in calculation of liquid maximum
wave heights, Tabas earthquake that has maximum peak
pseudodisplacement, has overruled.

3. Conclusion

The results revealed that generally, in on-ground
elliptical tanks, the efficiency of elliptical internal wall in
the decrease of liquid sloshing is higher in more slender
tanks. Moreover, it was revealed that generally, in on-
ground elliptical tanks, the efficiency of elliptical internal
wall in the decrease of liquid sloshing is higher in more
prolate tanks.

From liquid maximum impulsive pressure calculation
viewpoint, earthquake that has maximum peak
acceleration, overruled on design (Cape earthquake with
peak acceleration equal to 14.973 m/s2). From liquid
maximum wave height calculation viewpoint, earthquake
that has maximum peak pseudodisplacement, overruled
on design (Tabas earthquake  with  peak

pseudodisplacement equal to 2.131 m).Based on
implemented studies in this research, due to tank
partitioning, the following quantitative conclusions were
obtained:
1. The maximum reduction percentage of
maximum impulsive pressure of liquid, equal to
5.9 %, occurred in the amount of slenderness
ratio equal to 0.25.
2. The maximum reduction percentage of
maximum wave height of liquid, equal to 30.8 %,
occurred in the amount of slenderness ratio equal
to 0.2.
3. The maximum reduction percentage of
maximum impulsive pressure of liquid, equal to
9.2 %, occurred in the amount of prolateness ratio
equal to 3.5.
4. The maximum reduction percentage of
maximum wave height of liquid, equal to 44.4 %,
occurred in the amount of prolateness ratio equal
to 3.
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1. Introduction

Tank is a structure that is used for the storage of various
liquids and in the on-ground, elevated, concrete and steel
types, has a wide usage in the water plants, refineries and
factories. Regarding the application of vast dynamic and
hydrodynamic forces on a large tank in the event of
earthquake and great importance of complete function
continuation of the structure in critical conditions, the
study of its seismic behavior is of high importance.

It is notable that various static and dynamic analyses
and also experimental and mathematical studies have
been done on various on-ground and elevated tanks of
rectangular and circular shapes. However, neither in the
collection of research articles nor in the collection of
design codes, no work has been done on the elliptical
tanks, so the study of the seismic behavior of the elliptical
tanks is an innovation of this research.

The elliptical tank in flexible condition has more
stiffness than the rectangular tank, hence in experiences
less deformation and cracking in earthquakes. The
elliptical tank also experiences much less stress
concentration rather than rectangular tank, because of the
absence of the sharp corners. Moreover, from passive
defense aspect, the ellipse curved form works better than
rectangle linear form.

Bipartite elliptical tank is an elliptical tank that has
elliptical and annular internal parts. Generally, dividing
tanks into two parts with equal volume increases their
efficiency from operation and loading aspects. From
operation aspect, during discharge of a part for its repair
or cleaning, the fullness of another part preserves the
operation ability of the tank. From loading aspect, the
convective pressure on the tank, resulting from water
sloshing in the event of earthquake is decreased because
of the decrease of water horizontal dimensions in each
part.

Slenderness and prolateness factors have much usage
in elliptical and circular tanks and are defined as
following.

Slenderness factor of the bipartite elliptical tank is
calculated from following equation:

=t (1)

Where h and L are height of water in tank per meter
and external length of tank per meter respectively.

Prolateness factor of the bipartite elliptical tank also
is determined from following equation:

n=g 2

Where B is external width of tank per meter.

In this study, monoplete and bipartite on-ground
elliptical tanks, in various conditions of tank slenderness
and prolateness, have been dynamically analyzed
simultaneously under longitudinal and transverse
components of Cape and Tabas earthquakes. Then,
maximum impulsive pressure and maximum wave height
parameters have been compared with each other in
corresponding conditions.

2. Method

In this study, time history method has been used for
dynamic analysis of the system in FLUENT software.
For doing this work, the longitudinal and transverse
velocigrams of each earthquake have been applied on the
system simultaneously, in the longitudinal and transverse
directions of the tank, respectively. It is notable that time
increments number has been selected equal to 1000 to
obtain sufficient accuracy and reasonable time for
dynamic analysis.

Moreover, ka epsilon method was used for modeling
of accelerated motion of the liquid in rigid tank and
determination of maximum impulsive pressure and
maximum wave height. In this method, density and
viscosity and damping coefficient of the water in the tank
were assumed equal to 1000 kg/m3 and 0.001 Pas and
0.5%, respectively.

The boundary conditions of the tank base and tank
walls were defined as fixed and rigid, respectively. The
tank lacks a roof, hence its top surface was defined as
pressure outlet type. Moreover, the water sliding on the
surface parallel to surfaces of the tank walls and tank base
was provided by the use of standard wall option.

After geometric modeling and materials and
boundary conditions definition and earthquake
velocigram application on monoplete and bipartite tanks
with various slendernesses and prolatenesses in
FLUENT software, the transient seismic analysis was
simultaneously done on them in the longitudinal and
transverse directions.

It is notable that the maximum impulsive pressure of
water under simultaneous longitudinal and transverse
earthquakes, occurs in bottom of wall and in end of the
diameter parallel to resultant earthquake. Moreover, the
maximum wave height of water under simultaneous
longitudinal and transverse earthquakes, occurs in water
free surface and in end of the diameter parallel to
resultant earthquake.

Decrease percent of the maximum impulsive pressure
per percent, is calculated from following equation:

fad) ©)

P, = 100 (1 -
P (XEPE
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respectively. The results show good accuracy of numerical
modeling.
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Figure 2. Verification of numerical model via experimental model

4. Desirability Coefficients of Self-centering Rocking
Walls

To examine the optimal case of structures three coefficients
were defined. These coefficients include; 1) the index of
reducing the moment of the double-rocking walls
compared to the base-rocking walls, 2) the index of
reducing the shear of the double-rocking walls compared to
the base-rocking walls, and 3) the index of reducing
residual drift compared to conventional shear walls. These
desirability coefficients are defined as follows:

Max. Moment R1, — Max. Moment Rj;
dc, = Max (1
Max. Moment R1, ” )
dc, = Max Max. Shear R1, — Max. Shear Rj; @
Max. Shear R1, N )

dc, =

3

Max Max. Residual Drift of Fixed,-Max. Residual Drift Rj;
Max. Residual Drift of Fixed, s (3

5. Choosing Optimal Structures using Desirability
Coefficients
With considering desirability coefficients, the optimal
structures were selected (Table 1). According to this table,
the R2-H1 wall is more efficient than other walls in reducing
higher mode.

Table 1. Choosing optimal structures using desirability coefficients

Structure FF NF-No Pulse NF-Pulse
08 Story R2-H1 R2-H1 R2-H1
12 Story R2-H1 R2-H1 R2-H1
16 Story R2-H2 R2-H1 R2-H1
20 Story R2-H1 R2-H1 R2-H1

6. Final Selection of Optimal Structures

To investigate final optimal structures, the selected wall in
previous section must be checked by the requirements of
design codes. In this research, the allowable drift and the
stress ratio of tendons were considered as code
requirements. After examining both checks, the walls of
Table 2 are suggested for the considered structures
subjected to different types of earthquake.

Table 2. Final selection of optimal structures

Structure FF NF-No Pulse NF-Pulse

08 Story R2-H1 R2-H1 R2

12 Story R2-H1 R2-H1 R2

16 Story R2-H1 R2-H1 R2

20 Story R2 R2-H1 R2-H1
7. Conclusion

The most important results deduced from the time-history
analyses of the numerical modellings are summarized as
follow:

- Inself-centering wall systems, residual displacements
are negligible.

- The predominant mode of motion in self-centering
base rocking walls (R1) under seismic loads are the
first mode. As the height of the structure increases, the
effects of higher modes increase. Furthermore,
additional moment and shear demands are created in
the rocking core.

- The double-rocking wall systems have been proposed
to reduce the higher mode effects. The use of double-
rocking wall with a ratio of areas less than the design
values can have a great impact on reducing the
demand for higher modes in the structure.

- To select the best seismic design, strength and
stiffness controls were performed. For this purpose,
the maximum inter-story drifts and the maximum
stress ratio in the tendons were controlled.

- Since double-rocking wall under NF-Pulse records
have large inter-story drifts, the double-rocking wall
without reducing the tendon area (R2) was proposed
for near-fault pulse like zone.

- In rocking wall under NF-No Pulse records, there is
no problem of large inter-story drift or stress ratio of
the tendons. Therefore, R2-H1 wall was proposed for
near-fault without pulse like zone.

In rocking wall systems under FF records, R2-H1 wall

was effective in 8, 12 and 16 story structures. In 20 story

structures, due to the problem of large inter-story drift, R2

wall was proposed.
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1. Introduction

There are two main mechanisms in self-centering systems:
1) restoring force mechanism, and 2) energy dissipation
mechanism. These mechanisms provide flag-shaped force-
displacement curves under cyclic lateral loads. The
restoring force mechanism in rocking walls is produced by
post-tensioned (PT) tendons, whereas the energy
dissipation (ED) mechanism is produced by fuse elements.
In mid and high-rise base-rocking walls, the higher mode
effects result in increasing shear and moment at the core.
By considering multiple rocking wall, the higher mode
effects reduces. Using multiple rocking wall increases the
inter-story drift and energy dissipation. Furthermore,
residual displacement can be ignored in these systems.
Higher mode effects in rocking wall design methods have
been investigated. To consider higher mode effects, two
design methods exist: 1) simplified modal superposition
(SMS), and 2) modified modal superposition (MMS).
Usually, the SMS method is more conservative than MMS
method in estimating seismic demand.

It is shown that using dual-plastic hinge in base and
middle heigth of fixed-base wall reduces higher mode
effects. Therefore, dual-plastic hinge has sufficient
efficiency for resistance against seismic loading.

In this research, the seismic behavior of self-centering
rocking wall systems in both types of base-rocking and
double-rocking was investigated. To conduct seismic
analyses, three sets of seismic records were considered
including 22 Far-Field (FF) ground motions and 28 Near-
Field (NF) ground motions that half of which are Pulse-like
(Pulse). These ground motions were used for nonlinear
time-history analysis of structures with 8-, 12-, 16- and 20-
floors. Based on the area of prestressing tendons, three
types of double-rocking walls are considered and compared
with the base-rocking and the fixed base walls.
Numerical modelling was conducted via OpenSEES
software in two-dimensional space. For validating, the
available experimental data of base-rocking and fixed-base
walls were used. To compare the seismic performance of
the structures, some desirability coefficients were defined.
These coefficients were based on the reduction of the
higher mode effects and the reduction of the inter-story
residual drifts. The results showed that generally, the
double-rocking walls provide higher desirability
coefficients than the other considered systems.
Furthermore, the double-rocking walls by reducing the

cable area in the bottom block (R2-H1) are more effective
in reducing the effects of higher modes.

2. Prototype of Structures

Figure 1a shows the considered floor plan of research. The
fixed base concrete wall was modeled by fiber section
(Figure 1b). The design of structures were performed
according to Pennucci et al. (2009) research. The
considered structures have 8-, 12-, 16-, and 20 stories. The
structures of fixed-base (Fixed), base-rocking (R1), and
double-rocking were investigated (Figure 1c). According
to Figure 1c, the double-rocking system has three types
including: 1) without reducing the area of the PT tendons
in height (R2), 2) with reducing the area of PT tendons in
the bottom block (R2-H1), and 3) with reducing the area of
PT tendons in the top block (R2-H2).
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Figure 1. Properties of structures in the research

3. Verification of Numerical Modeling Process

To validate the numerical modeling process, the cyclic
pushover results of OpenSEES model were compared to
the experimental model. According to Figure 2, the fixed-
base concrete shear wall and the base-rocking wall were
verified via experimental researches of Orakcal and
Wallace (2006), and Restrepo and Rahman (2005),
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Figure 3. Sand deformations at the beginning and the end of tests
Figure 4 shows the creep strains created at the end of
the experiment for each specimen. Firoozkooh#161 sand
with 4.2% creep and KRSS#1 and KRSS#3 with 1.5%

creep had the highest and lowest creep rates in 30 days,
respectively.
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Figure 4. Creep strains for samples after 30 days

According to the linear equations, the following
equations are proposed as the mean of the equations for
coarse-grained sands (Equation 1) and finer-grained sands
(Equation 2).

y =10+0.001t 1
y =8+0.001t )

Where t is the time in minutes and y is the deformation
of the sand in hundredths of a millimeter.

3. Conclusion

In this study, the creep behavior of dry sands under
constant stress for 30 days and a range of stresses (26 to
416 kPa) for seven days were evaluated in an Oedometer
experiment.  Previous studies, using Oedometer
experiments, have often examined the creep behavior of
sands at incremental loading steps. In contrast, this study
investigated the creep behavior of sands at constant stress

(30 days) and, in addition, several stresses at 7-day
intervals. This study shows that attention to creep strains
and the temporal behavior of sands is of particular
importance as it can affect the stability of geotechnical
projects. The nine samples were tested for 341 days at
intervals of 2, 7, and 30 days and under different loads.
Samples with a density of 60% were subjected to 45 kPa
stress for 30 days and at 7 day intervals under 26 to 416
kPa stresses (with double increments) were subjected to
an Oedometer dry test. Oedometer experiments in dry
conditions showed that the cause of creep (deformation
under constant stress) is slippage, rearrangement of
grains, and breakage of particles. Factors that play a role
in grain slippage include particle shape, porosity ratio,
grain size, and grain type. It is noteworthy that a complex
combination of all the above factors causes creeps in the
dry sands, which are not easily separable, and all factors
are interdependent. Except for standard sands, which have
a wide range of particles in the soil mass, other specimens
show an irregular increase in time-dependent
deformation. Accordingly, it is relatively easy to predict
the creep pattern of standard sands, but this is not easily
identifiable for poorly grained sands (whether samples
with fine or coarse particles). In poor granular soils, each
specimen exhibits a unique behavior according to its
structural characteristics (sharp or rounded grain and fine
or coarse particles). The results showed that rotation, slip,
and crushing of sand grains on top of each other at tested
intervals under constant loads caused creep deformations
in the samples. Sand samples showed between 1.5 to 4.2%
creep strains in 30 days and between 0.61 to 2.5% creep
strains in 7 days.
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1. Introduction

The behavior of sands is time-dependent and can affect
the sustainability of many geotechnical projects.
Applying load to the soil leads to deformation in the soil
mass. Deformations do not end immediately after the load
is applied but will increase over time and gradually, called
creep in the soil. In other words, creep means the
deformation of the soil under constant stress and over
time. All soils experience creep, but the amount of creep
depends on the soil type, ambient temperature, gradation,
and particle shape. Soft clay shows more time-dependent
deformations in minutes or hours, while sands may take
several days to show creep deformations. This is one
reason why so far, most researches have focused on the
creep behavior of sand, and few researches have studied
the creep behavior of sands. In general, two main factors
are defined for sand creep: the fragmentation and failure
of particles due to contact stresses between the grains. The
other is the rearrangement of particles over time due to
micromechanical slippage. Creep deformations increase
with increasing stress, which can be due to more crushing
of sand particles. However, the crushed particles will
gradually become more stable, and therefore the long-
term deformations will be more minor. The study of the
time-dependent behavior of sands is one of the important
topics in geotechnical engineering that despite various
researches, there is a need to predict axial deformations
over time in dry sandy soils.

2. Materials and Test Procedures

In this study, nine different sand types with different
particle shapes and grain sizes and different granulations
have been used to investigate the time-dependent
behavior of dry sands under constant stress. Figure 1
shows the sand grading curve.

Figure 2 shows the odeometer apparatus. All
specimens were remolded in a consolidation ring with a
diameter of 7 cm and a height of 2 cm. After applying
stress, they were evaluated for a creep at regular time
intervals.

3. Odeometer Experiments

The test process is the same as the consolidation test,
except that the specimens are remolded, and the studies
are performed in dry conditions. First, the inner parts of
the consolidation ring are well coated with grease to

minimize the friction of the sand grains with the ring wall,
and then each sample was made by the dry precipitation
method.
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Figure. 1 Grain size distribution of sand samples

Figure 2. Odeometer apparatus

The applied method of preparing soil samples was to
pour sand through a funnel in consolidation mold with
specified height. Pouring sand was performed carefully
and without any vibration. In the first stage, Ottawa sand
samples were tested in three initial void ratios (minimum,
maximum, and 60% relative density equivalent) to
determine the most suitable overhead stress for 30-day
creep tests. Initially, the sample was subjected to 45 kPa
stress for 48 hours, and at the end of the time, the
following stress phase (twice the previous state) was
applied to the sample. Each sample was tested for 12 days.
The three selected void ratios were found for a total of 36
days in the odeometer test. Figure 3 shows the
deformation diagram of the samples at the beginning of
the experiment and after the end of 30 days, separately for
each type of sand. As shown in this figure,
Firoozkooh#161 sand has undergone the most
deformation in the test process. Moreover, the local sands
of Kermanshah (KRSS#1, KRSS#3) have experienced the
slightest deformation. This is because these two types of
sands are of the same sample but have different
granulation.
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5. Conclusion

This paper investigated the development of a new model
for the prediction of the shallow foundations’ settlement
on the granular soil. This model is built based on the
multi expression programming (MEP) approach using
the genetic programming methodology. In order to build
this model, 189 laboratory data were gathered from
former studies. First, the data were classified into training
and testing data, then, they were introduced to the MEP
algorithm. The new model was compared with the most
accurate existing models in the technical literature.

The proposed MEP model can correctly
predict the settlement of the shallow
foundation on the non-cohesive soils. Due to
its accuracy and simplicity, this model can
be used in practical projects successfully.
The comparison between the MEP model
and the most accurate models including
GEP, GP, ANN, and EPR in the technical
literature indicated that the proposed model
of this study shows a better performance
than the most of the formerly developed
models.

In this study, the statistical indices of CC and
R? are 93.45% and 87.25% respectively, and
the statistical indices of RMSE and MAE are
9.13 and 5.77 respectively. These indices

show the superiority of this model over the
previous ones.

In this research, the ability of the MEP
approach for finding a solution for the
nonlinear problem of the shallow
foundations’ settlement on granular soils is
shown clearly. Further, the prediction ability
can be developed by the suggested technique
through retraining the model with new data.
More information about the parameters
reflecting the field conditions of the ground
and load can help the researchers to propose
more reliable models for the accurate
prediction of the settlement of shallow
foundations on granular soils.

Table 1. Descriptive statistics of the variables used to

build the model

Statistical Indices
Reference Method cC ) | R (%) RMSE | MAE
Shahin
(2002) ANN 92.62 85.82 9.89 7.12
Rezania
and Javadi GP 67.66 82.59 11.07 6.77
(2007)
Shahnazari | ppp | 9306 | 8709 | 953 | 6.88
(2014) ) ) ) )
Shahnazari
(2014) GEP 89.41 79.93 11.89 7.73
Shahnazari
(2014) GP 93.69 87.78 9.27 6.03
This
research MEP 93.46 87.25 9.13 5.77
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1. Introduction

Due to the heterogeneous nature of the non-cohesive soils
and the complicated parameters affecting the settlement,
it is usually very difficult to predict the foundation
settlement accurately. Researchers have examined this
problem for many years and some have proposed
equations to predict the settlement of shallow
foundations. Due to the insufficient accuracy of these
expressions for predicting the settlement, the researchers
have tried new methods such as the finite element
method, finite difference method, soft computing, and so
on. In this study, a new model is proposed using artificial
intelligence for the prediction of the foundation
settlement. Such methods are expected to yield more
accurate and if possible, more simple formulas. The
purpose of this study is to predict the settlement of the
shallow foundations on non-cohesive soils by using the
algorithm of multi expression programming (MEP).
First, the settlement prediction model is developed, then
the suggested formulas are compared with the
expressions presented earlier using the soft computing
approaches.

2. Multi Expression Programming

Soft computing could be considered as a set of techniques
that simulate the behavior of living organisms such as
plants, animals, and humans, namely, a soft, flexible,
adaptable, and smart behavior.

MEP is a kind of genetic programming (GP) that is
developed by Oltean and Dumitrescu. It is also a
technique for developing computer programs by an
evolutionary approach. The GP has been successfully
used to solve some civil engineering problems.
Compared to other evolutionary techniques, MEP has
some important advantages:

e It encodes the multiple solutions in one
chromosome. It means that the search space is
explored more properly. The evaluation of such
a chromosome (in most cases) is done with the
same complexity as a single solution in each
chromosome.

e Itevaluates the computer programs command to
command and saves the partial results for every
training data and also its processing speed is
very high.

MEP algorithm starts with random population of
individuals. The following steps are repeated until a
certain number of generations are reached:

e  Two parents are chosen by the standard method.

e Parents are combined to reproduce two new
offspring.

e The offspring are mutated and the worst
individual in the current population is replaced
with the best.

3. Database

The effective parameters for predicting the settlement of
the shallow foundation on the granular soil are:
foundation breadth (B), foundation length (L),
foundation bearing capacity (q), SPT test number (N),
and foundation burial depth (Df). The number, quality,
and the way of introducing data are also important factors
for improving the modeling quality. Thirty eight data are
related to the small-scale tests and 151 data are from the
large-scale experiments. In order to create and analyze
the model, the problem inputs are classified into two sets
of training (80%) and testing (20%) data. The current
database includes a wide range of granular soils. These
data classes must be close to each other in terms of
maximum, minimum, mean, and standard deviation
indicators so that they could be adapted to each other
properly.

4. Modeling by MEP

In order to make the models for the prediction of shallow
foundations’ settlement, the training data were given to
the MEP algorithm. The data include independent input
parameters and the dependent output parameter. In order
to find a suitable accurate prediction equation, the MEP
algorithm was operated with different settings and by
considering different forms of input parameters.
Accordingly, different models were made and the most
proper one was chosen.

1 L X Df X Ln(q) 1)
S= I X Txinay +1 T En@=N)
9 2 x (Ln(q) + B)

%+Ln(N) + Dy

Like other expressions developed by soft computing
methods, the proposed model is valid only in the range of
the used data. The high correlation coefficient
(CC=93.46) and determination coefficient (R?=87.25)
and low errors (of MAE and RMSE) show the great
ability of the new MEP model for accurate prediction of
the shallow foundations’ settlement.
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permissible  soil-structure  interaction  responses 5. Conclusion
compared to the fully fixed model for scenarios 1to 9 and The main results of this research are reviewed as
10to 18, respectively. follows:

1. The level 2 wavelet decomposition had the best
performance for different damage scenarios and two
soil types,

2. Where the severity of the damage is not as high, the
accurate detection of damage is harder;

3. The best orthogonal wavelets with the best quality
response in scenarios 1 to 9 with/without SSI are as
follows: Daubechies 5, Daubechies 9, and Symlets 7
at the level 2 decomposition of the first fore-aft mode
shape with qualitative accuracy of 0.5to 1.0 m;

- 4. The best orthogonal wavelets that have the best

# ' " 360 quality responsein scenario 10 to 18 with/without SSI

are as follows. Daubechies 3 and Symlets 3 at the

level 2 and Feer-Korovkin 8 a the level 1

decomposition of the first side-to-side mode shape

8% and Daubechies 2 and Symlets 2 at the level 2

decomposition of the third sideto-side with

qualitative accuracy of 0to 0.5 m.

(¥}
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Figure2. DWT of 2nd fore-aft mode shape without SS| of damage
scenario 5 with FK8 wavelet transform decomposition at level 3

Table 2. The quantitative number of waveletsthat wereallowed in
the acceptablerange

o| § fore-aft side-to-side
8| = mode shape mode shape 8
i .
O 1 2nd 3rd 1t 2nd 3rd
o 1 22 13 13 17 1 126 | 192
8| 2 49 34 20 13 0 145 | 261
—
3 49 34 20 13 0 145 | 261
el 1 35 61 113 76 116 | 143 | 544
8|2 68 64 112 73 182 | 149 | 648
o
| 3 68 64 99 73 182 | 128 | 614
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1. Introduction

Wind energy isone of the most hopeful renewable energy
sources that is also growing. The wind turbine tower
supports the complete wind turbine system, and its
damage may cause catastrophic failure of the wind
turbine. In this study, the extensive analysis of the
multilevel 2D wavelet decomposition approach, using
orthogonal wavelets and soil-structure interaction, is
performed numerically. The established finite element
model is calibrated and verified with the NREL 5-MW
reference onshore wind turbine. Then, defining several
damage scenarios, the 3-dimensional modes of the finite
element model of the damaged structure are investigated
using the proposed method. The findings imply that the
quality of the damage detection in the soil-structure
interaction models has generally increased.

2. Review of the Suggested M ethod
The finite element model based on the NREL 5-MW
wind turbine is developed in the commercia finite
element program Abaqus/CAE 6.14-2 x64. A correlation
is made between the predicted modal frequencies from
the developed model and FAST for the fixed base wind
turbine model. Eighteen damage scenarios have been
imagined on the wind turbine tower. The foundation is
examined on two different soils, anormally consolidated
clay and dense sand. The multilevel 2D wavelet
decomposition approach using orthogonal wavelets was
used to detect damage in a wind turbine tower. Table 1
displays the names of al available orthogonal wavelet
families and their waveletsfor MATLAB R2016b.
Thefirst three fundamental mode shapes of the tower
were used for input signals of the wavelet algorithm.
MATLAB DWT is applied to the spatial mode shape of
the FEM model and thereby identifies damage-induced
irregularities in the mode shape according to wavelet
diagonal detail coefficients.

Table 1. All available orthogonal wavelet families and their
waveletsfor MATLAB

Family Wavelets
Haar Haar
Daubechies dbl, db2, db3, db4, db5, db6, db7,
dbg, db9, db10, db**
sym2, sym3, sym4, sym5, symo,
Symlets SyM7, sym8, sym*
Coiflets coifl, coif2, coif3, coif4, coif5
DMeyer Dmey

Fejer-Korovkin fk4, k6, fk8, fk14, fk18, fk22

3. Modeling the Wind Turbine

The 3D FEA model was used for modeling the wind
turbine, and a Cartesian coordinate system was chosen.
Figure 1 shows 3D finite element model of the full
turbine-foundation-soil. The wind tower has a circular
hollow-section with the diameter and wall thickness
decreasing linearly along its height.

Figure 1. 3D finite element model of the full turbine-
foundation-soil

The considered foundation is a square concrete 20 m x
20 m and 1 m in depth and is modeled by a linear
isotropic plate of thickness 1 m. The soil was modeled to
a depth of over 50 meters and a horizontal distance of
over 100 meters.

4. Damage Detection of the Wind Turbine Tower

A maximum of three decomposition levelsisdonefor the
discrete wavelet transform of the first three fundamental
mode shapes of the wind tower. The results shows that
the mode shapes for an undamaged and damaged tower
have no meaningful difference from each other.

Figure 2 shows the results of DWT analyses for the
second longitudinal mode shape without SSI of damage
scenario 5 with Feer-Korovkin8 (FK8) wavelet
transform decomposition at level 3. Ascan be seeninthis
figure, the damage el evation position has been accurately
detected on it.

The quantitative number of wavel etsthat were allowed
in the acceptable range is summarized in Table.
Conditions 1, 2, and 3 refer to the fully fixed model, SS|
(soil 1) and SSI (soil 2), respectively. According to this
table, except for the first and second lateral mode shapes,
the remainders of the mode shapes have an increasing
number of permissible answers. Furthermore, the effect
of soil-structure interaction is significant. The results
show a 36% and 19% increase in the number of
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