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1. Introduction

The deformation modulus of a rock mass is an important
parameter for the design and successful execution of rock
engineering structures, because the modulus of
deformation is the best representative parameter of the
pre-failure mechanical behavior of the rock material and
of a rock mass. For example, in designing the primary
support for an underground space, the deformations of the
rock mass surrounding the underground space are
important and a numerical analysis of these deformations
requires an estimate of the rock mass modulus of
deformation. Field tests for determining this parameter
directly are expensive and time consuming, and the
reliability of the results is sometimes questionable. Due to
the operational difficulties mentioned above, attempts
have been made to develop empirical equations for the
indirect estimation of the deformation modulus of rock
masses. Consequently, several authors have proposed
empirical equations for estimating the value of an
isotropic rock mass deformation modulus based on
classification schemes such as tunneling quality index
(Q), rock mass rating (RMR), geological strength index
(GSI) and rock quality designation (RQD).

The use of a single parameter will produce a simple
predictive model. However, a single value classification
system as the summed value of many parameters may be
limited in terms of the establishment of a precise
correlation between the deformation modulus and an
RMR, GSI, or Q system. For example, an RMR system
employs six parameters: the spacing of discontinuities, the
uniaxial compressive strength of intact rock (UCS), the
condition of discontinuities, the RQD, an adjustment for
the orientation of discontinuities, and the groundwater
condition. The correlation between the RMR and modulus
of deformation assumes the same trend and correlations
between the modulus of deformation and these six
parameters. This assumption can decrease the statistical
accuracy of empirical equations.

Although previous efforts are valuable, in many cases,
the aforesaid empirical models are not capable of

distinguishing the sophisticated structures involved in
dataset. These have been the main causes of interest for
better finding out the interaction between the deformation
modulus and rock classification systems and also
proposing a more precise and reliable model for the
prediction of deformation modulus of a rock mass. For
reaching the goal, using developed methods like
computational intelligence  methods, which can
successfully model the behavior of linear and nonlinear
involved in data, is useful. These methods are feasible,
quick and promising for solving engineering problems,
particularly when the contact nature between independent
variables and dependent variables are unknown.

2. Method

Although previous efforts are worthwhile, the use of these
relationships in other areas has been flawed due to the
complex structures in rock engineering and the uncertain
nature of rock. Therefore, due to advances in data mining
regarding reducing computational errors as well as
modeling the linear and nonlinear behavior of data,
developed methods of computational intelligence are
used. These methods are fast, inexpensive and highly
capable for solving engineering problems. According to
some studies, as it is known due to the multivariate input
parameters, complexity in geotechnical parameters, and
the proximity of intelligent methods to the reality of the
problem, today the use of algorithms for constructing a
limit state function is a very suitable alternative to
regression methods. The methods are experimental. This
study proposed Harmony Search (HS) and Teaching-
Learning Optimization Algorithm (TLBO) for predicting
indirectly the modulus of rock mass deformation, due to
the increase in accuracy, the development of intelligent
methods, considering the uncertainty in input parameters,
entering several input parameters in the relation, and the
applicability of the relations obtained in similar case
studies of intelligent algorithms. Finally, in order to
validate a number of statistical indicators to evaluate the
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obtained relationships, the results show that the obtained
relationships have a very high accuracy.

3. Results and conclusion

Rock mass deformability modulus is used as the most
important geomechanical property of rock mass in
designing many rock structures such as foundations, dams
or underground excavations. The presence of
discontinuities in the rock mass is known as an important
and influential factor in the rock mass deformation
modulus. For this reason, due to the difficulties in
evaluating the deformation of jointed masses on a
laboratory scale, various in situ testing methods such as
plate loading test and dilatometer test can be used to
consider the effect of scale and joints. Although these
methods are currently the best, they are expensive, time
consuming, and have operational difficulties during
implementation. Therefore, to overcome these problems,
indirect methods such as experimental relationships and
multivariate regression methods can be used. On the other
hand, due to the high uncertainty in the nature of the rock
and also the low accuracy of regression methods, today,
intelligent methods are used to increase the accuracy and
applicability of indirect methods in any study area.

The purpose of this paper was to apply the new
Harmony Search (HS) algorithms and the Teaching and
Learning Based Optimization (TLBO) to indirectly
estimate the modulus of deformation of a rock mass with
high accuracy. In these models, the rock mass rating
(RMR), uniaxial compressive strength of virgin rock
(UCS), depth (D) and the modulus of elasticity of intact
rock (Ei) as input parameters and the modulus of rock
mass deformability (Em) as output parameter Used. In
this paper, using the indices of square correlation
coefficient (R?), variance inclusion (VAF), root mean
square error (RMSE) and mean square error (MSE), the
model created by the algorithms is evaluated and
validated. The evaluation results showed that the
relationship accuracy for the harmonic search algorithm
using R? and VAF methods is about 0.91-0.93 and the
error percentage using the RMSE and MSE methods is
between 0.000017-0.0042. Moreover, the relationship
accuracy for the optimization algorithm based on teaching
and learning using R? and VAF methods were about 0.92-
0.95 and error percentage using RMSE and MSE methods
were between 0.00001- 0.0032.
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Predicting the Most Important Geomechanical Parameter of Rock Mass Using the Harmony Search
and Teaching Learning Based Optimization Algorithms

Hadi Fattahi Farshad Malekmahmoudi Hossin Ghaedi

Abstract Due to the difficulties in assessing the deformation of jointed aggregates at the laboratory scale, various in
situ testing methods such as plate loading test and dilatometry can be used to consider the effect of scale and joints.
Although these methods are currently the best, they are expensive, time consuming, and have operational difficulties
during implementation. Therefore, in this paper, to overcome these problems, new harmony search algorithms (HS) and
teaching-learning optimization algorithm (TLBO) are used to indirectly estimate the modulus of rock mass deformation.
In these models, the rock mass classification score (RMR), uniaxial compressive strength of virgin rock (UCS), depth
(D) and the modulus of elasticity of intact rock (Ei) as input parameters and the modulus of rock mass deformability
(Em) as output parameter Used. In this paper, Using different statistical indicators, the model created by the algorithms
is evaluated and validated. The evaluation results showed that the relationship accuracy for the harmonic search
algorithm using R? and VAF methods is about 0.91-0.93 and using the RMSE and MSE methods is between 0.000017-
0.0042. Also, the relationship accuracy for the optimization algorithm Based on teaching and learning using R? and
VAF methods, about 0.92-0.95 and using RMSE and MSE methods were between 0.00001- 0.0032.

Key Words Deformation of modulus, harmony search algorithm, teaching-learning optimization algorithm, rock mass.
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1. Introduction

Pin fuse is a new type of structural fuse that is installed at
the plastic hinge of steel structure. The fuse acts through
rotational sliding of steel surfaces on each other during an
earthquake. The presence of frictional force between the
fuse plates reduces seismic energy. Pin fuse frame (Figure
1) is a braced frame that beam-column connection of the
pin fuse type and its diagonal brace has a friction fuse
which prevents buckling of the brace.

The friction fuse of the frame connection is activated
with the friction slip when its the time reaches 80% of the
plastic capacity of the beam. The friction fuse of the
brace is also designed and adjusted in such a way that
when the axial force of the brace reaches 85% of its
buckling capacity, is activated and its buckling is
prevented by the frictional slip of the fuse. This frame has
the ability to absorb high energy through these fuses and
can be used in areas with high seismic activities.

£ oOMN s STEEL FRANING € coLumn

/' BEAM=BRACE ‘ MEMBER

{ STEEL
PIN TYP.

FUSED BRACE
JONT

X2

(0R WALL)

ALTERMATE FRAME

HS BOLTS IN SLOTS CONFIGURATIONS

Figure 1. Pin-fuse frame

2. Verification

In this study, the laboratory study of pin fuse frame was
verificated, based on which the correct modeling of the
frames considered for this study in the opensees software,
was performed. The basis of the verification is laboratory
study performed on the pin fuse frame by Sarkisian et al.
The dimensions and sections of the numerical model used

for Verification are the same dimensions and sections of
the laboratory study conducted by Mark Sarkisan Et al in
2011. To model the friction connection of beams at the
plastic hinge formation, the dimensions of the fuse profile
were selected so that its plastic moment is 80% of the
plastic moment of the frame beam. For modeling the
brace fuse, the dimensions of the fuse profile were
selected so that when the force in the brace reaches 85%
of its buckling capacity, brace fuse will yield.

Opensees software was used for. Nonlinear element
and steel 02 materials were used to model the frame fuses
at opensees. The cyclic loading of the frame is similar to
the laboratory study. Finally, after the frame analysis, the
Moment vs. Rotation diagram of the friction fuse of frame
(Figure 2) was drawn and compared with the results of
the laboratory study for verification.

laboratory study ----

numerical analysis ---

250 =
200
150
100
50

0
-50
-100
-150
-200

moment of fuse (kip- ft)

-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06

fuse rotation (rad)

Figure 2. Comparison of Moment vs. Rotation
diagrams of fuse, based on laboratory study and numerical
analysis

3. Nonlinear time history analysis
After verifiying the laboratory study, the frames

considered in the study were designed based on the 2800
standard (4th ed. 2017) and the Iranian National Building
Code, Part 10 (2013). The frames used in thi study are
three bending frames of six, nine and twelve floors with
five bays (Figure 3). In two bays of frame there is a
diagonal brace. In the first three frames of the study, the
beam-column connection of the frame is of pin fuse joint
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and its diagonal brace has a sliding friction fuse. The
second three frames of the study are special moment
frames with special diagonal braces. Since the two frames
used have a different structure in the fuse section relative
to each other, each frame was modeled separately in the
opensees software. To model the pin fuse frame, the same
method of verification was used and the fuse was
modeled with nonlinear element and type steel 02
material. Beilin material defined in the opensees software
was used to model the RBS connection of the special
bracing frame. The zero length elements were used to
model the RBS connection. The brace was defined in two
parts and the midpoint of the brace was given a slight
deviation so that the buckling phenomenon of the brace
occurs during earthquake loading.

H
00000 0:

Figure 3. Elevation of the frames used for this study

To analyze the nonlinear time history, 7 near-filed
scaled seismic accelerogram were used. Earthquake
accelerograms used in this study were obtained from the
Iranian Earthquake Accelerometer Network. The
earthquake accelerograms used in the study are related to
the earthquakes of Tabas, Manjil, Bam, Zanjeeran, Bala
Deh, Ahar, and Sarpol-e Zahab.

To analyze the nonlinear time history, each frame was
subjected to seven scaled earthquake records. After
analyzing the frames in opensees and transferring the
results to Excel, the following outputs were used to
compare the seismic performance of the two frames.

a. Residual Inter-story Drift Ratios;

b. Maximum rotation of the frame fuses in the floors;

c. Yielding of the brace and slip of the brace fuse in
frames.

One of the most important variables in nonlinear
analysis of structures is the residual inter-story drift
ratios. This variable indicates the degree of structural
failure and stability of the building after the earthquake.
According to Table T-4 of code 361, for the level of life
safety performance, the allowable residual inter-story
drift ratio of the braced moment frame is set at 0.5%.
Also, for the level of the collapse prevention, the
maximum value of the residual inter-story drift ratios, 2%

have been considered. Therefore, in comparing the
interclass drift ratios of frames of this study, the criteria
stated in code 361 have been considered.

Earthquake energy loss in the structure is directly

related to the activation of structural fuses. Therefore, in
this study, the maximum rotations of moment fuses of the
two frame groups (Figure 4 and 5) in one opening were
compared to each other. Based on to the provisions of
Section 10 of the National Building Regulations, it is
proposed to provide a minimum rotational capacity of
0.04 radians for special moment frames, the value of
which should be 0.03 radians in the supra-elastic zone.
Accordingly, the minimum activation angle of the fuses
in the two groups of frames was equal to 0.01 radians.

10 T~ et Balah deh
0.9
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0.2
N 7 e Bam

0.1

0.0 Sarpol-e
0.000 0.001 0.010 0.100 Zahab

Maximum rotation of the frame fuses in the floors (rad)

Figure 4. Diagram of maximum moment fuse rotation
of nine-story pin fuse frame
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Figure 5. Diagram of maximum moment fuse rotation
of nine-story special braced frame

Based on the provisions of Section 10 of the National
Building Regulations, in an especially convergent braced
bending frame, the brace shall be in plastic behavior
under the effect of the lateral force of the earthquake. In
the pin fuse frame, this is achieved by sliding the friction
brace fuse (without damaging the brace) and in the special
braced frame, by buckling and yielding of the brace.
Therefore, in this study, the mentioned bracing behaviors
of the two frame groups were compared.

4. Conclusion

According to the comparison, the superiority of the pin

fuse frame against The special braced frame Is as follows.

- activation of beam and brace fuses and the loss of
seismic energy through these fuses.

- providing a life safety level of 80% after the earthquake
and low probability of collapse of the structure based on
the level of collapse threshold performance.

On the contrary, the increased cost of structure, (high cost

of making friction fuses) is one of the disadvantages of

the braced pin fuse frame.
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Evaluation of the Seismic Performance of Braced Pin Fuse Frame Using Friction
Mohsen Gerami Vahid Eskandarian

Abstract Pin Fuse is a new type of structural fuse that is installed at the place of plastic hinge of steel structure. The
fuse acts through rotational sliding of steel surfaces on each other during an earthquake. The presence of frictional
force between the fuse plates causes the loss of seismic energy. Pin fuse frame is a special braced moment frame that
its moment connection is of pin fuse and its diagonal brace has a friction fuse which prevents buckling of the brace. In
this study, first in comparison with full scale test of pin fuse frame was validated. Afterward, based on the verification,
three braced steel frame of the pin fuse at six, nine and twelve story were designed. Also, similar frames of special
moment with RBS connection and special diagonal brace was designed to compare the seismic performance of the two
groups frames. Finally, 42 nonlinear time history analysis of the two frame was performed with opensees software in
two dimensions using seven scaled Earthquake acceleration (Near fault) and the results of nonlinear analysis of the two
frames were compared. The results of the analysis showed that the pin fuse frame has a much better performance than
the special braced frame in terms of seismic energy loss due to the activation of friction fuses(activation of 60% of
beam fuses and 85% of brace fuses). Another advantage of the braced pin fuse frame is the supplying of 80% of life
safety performance level and significantly reducing the repair cost after an earthquake.

Key Words Friction Fuse , Pin Fuse System , Braced Pin Fuse Frame
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1. Introduction

Several methods have been employed to stabilize slopes
and excavations, such as retaining walls, driven and cast-
in-place piles, soil nailing, soil anchorage, etc. Among
these methods, the soil nailing technique is prevalent in
Iran. During the design of a soil-nailed wall, geotechnical
engineers attempt to provide an optimal economic design
by modifying various design parameters, including the
length, inclination, diameter, and spacing of nails.

The optimization of soil nailing designs has been the
subject of many researches. Nevertheless, most previous
studies assumed that the length, diameter, and spacing of
nails would remain constant throughout the depth of
excavation. The assumption is based on the conventional
design method outlined in the FHWA guidance for soil-
nailed walls. This assumption does not necessarily result
in an optimal economic design. The main objective of the
this study is proposing a practical method for designing
soil-nailed walls, which allows the length, diameter, and
spacing of nails to be varied throughout the depth of the
excavation.

2. Method

Calculating the global factor of safety (FOS) and wall
displacement are the key steps in the design of a soil-
nailed wall. In this study, FOS and wall displacement
were computed using GEOSLOPE and FLAC3D
software, respectively. The adopted numerical modeling
method was verified by comparing the experimental and
numerical profiles of lateral displacement and tensile
force distributions along the nails of a soil-nailed wall
constructed during the Clouterre project.

In the conventional design method for soil-nailed
walls, the length, diameter, and spacing of nails are
assumed to remain constant throughout the excavation
depth. Figure 1(a) illustrates the conventional soil nailing
design with a FOS of 1.50 for a wall with a height of 20
m. The length, diameter and spacing of nails are
respectively 14 m, 40 mm, and 1.8 m. The soil properties
were assumed to be: y=17.8 kN/m?®, Eso=57 MPa, v=0.30,
¢=36°, y=6°, ¢=10 kPa, K¢=0.412 and q,=400 kpa (the
pull-out resistance). Moreover, the ground surface
surcharge was presumed to be Q=10 kpa.

The length, diameter, and spacing of nails could vary
depending on the excavation depth in the proposed design
method for soil-nailed walls presented in this study. Using
this method, the design process is carried out from top to
bottom of the excavation wall in a step-by-step manner.
The soil nailing design illustrated in Figure 1(b) was
achieved using the proposed design method and the same
FOS for the excavation model considered. According to
Figure 1(b), the proposed design method redistributes the
volumetric nail density through the excavation depth so
that it increases as the excavation depth increases (i.e., by
increasing the weight of the critical failure wedge).
Accordingly, the nails vary in length, diameter, and
spacing from top to bottom of the wall, ranging from 14
to 7.5 m, 25 to 2x32 mm, and 2 to 1.6 m, respectively. As
a result of this redistribution, soil-nailed walls will be
more economically designed.

The volumetric nail densities of the conventional and
proposed soil nailing designs were estimated 0.0054 and
0.0037, respectively. In comparison with the conventional
design method, the proposed design method reduced
volumetric nail density by about 31%, which is a
significant economic benefit. In terms of the wall
displacement, the total displacements at the wall crest for
conventional and proposed designs were computed 35 and
36 mm, respectively, which are approximately equal. As
a result of this, it would appear that the proposed design
method will increase wall displacement marginally
despite reducing volumetric nail density significantly.

3. Results and discussion

In order to compare the conventional design method with
the proposed design method, a parametric study
comprising 54 analyses was conducted. This parametric
study examined the effects of excavation depth, soil

cohesion, soil density, surcharge, and required FOS.

Figure 2 illustrates the variations in displacement
ratios and volumetric nail density differences for various
soil types as a function of excavation depth. In this
context, the volumetric nail density difference is defined
as a percentage difference between the volumetric nail
densities of the proposed and conventional soil nailing
designs. Furthermore, the displacement ratio represents
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the ratio of the total displacement at the wall crest for the
proposed soil nailing design to that for the conventional

soil nailing design.

Figure 2(a) shows that volumetric nail density
differences increase with increasing excavation depth (H),
irrespective of soil type. As H is increased from 10 to 20
m, the volumetric nail density differences for the loose,
medium, and dense soils increase from 24% to 36%, 28%
to 38% and 12% to 43%, respectively. Therefore, the
dense soil exhibits the most significant increase.

In Figure 2(b), it can be seen that displacement ratios
versus H do not follow the same trend for various soil
types. In the case of loose soil, the displacement ratio
remains almost constant with an increase in H. For
medium soils, the displacement ratio decrease from 1.22
at H=10m to 1.04 at H=15m, and then remains roughly
constant with increasing H. The displacement ratio for
dense soil remains roughly unchanged when H is
increased from 10 to 15 m, and then decreases from 1.26
at H=15 m to 1.05 at H=10 m. According to Figure 2(b),
the dashed lines represent the average volumetric nail

density differences and displacement ratios of the various
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soil types. When H is raised from 10 to 20 m, the average
volumetric nail density difference increases from 21% to
39%, whereas the average displacement ratio decreases
from 1.20 to 1.08.

4. Conclusion

A practical design method for soil-nailed walls was

proposed and compared with the conventional design

method in the present study. The main conclusions are as
follows:

1) The proposed design method for soil-nailed walls
reduced the volumetric nail density from 8% to 43%
(on average 30% for all models in the study), which is
very significant from an economic point of view;

2) As compared to the conventional design method, the
proposed design method increased the total
displacement from 1% to 27% (on average 11% for all
models).

In accordance with these results, it can be concluded that

the proposed design method does not significantly

increase the wall displacement despite the substantial
reduction in drilling length and the weight of rebar used.
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Figure 1. Soil nailing designs with the FOS=1.5 for a wall with a height of 20 m: a) the conventional design method and b) the
proposed design method
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Figure 2. Variations of a) volumetric nail density difference and b) displacement ratio versus H for various soil types
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Proposal of a Design Method for Soil-Nailed Walls and Compare it with the Conventional Design Method
Mohammad Hazeghian

Abstract In the conventional design method for soil-nailed walls that is based on the FHWA guidance, the nails
properties (the length, spacing and diameter of nails) through the excavation depth is usually assumed constant. However,
in the design method introduced in the present study (the proposed design method), the nails properties are varied through
the excavation depth by step-by-step control of the factor of safety for each row of nails. In the present study, first
numerical assumptions are explained and then the numerical modelling methodology is verified through the Clouterre
project. Afterwards, the details of the conventional and proposed design methods are described. Next, a parametric study
is performed to compare the conventional and proposed design methods. In the parametric study, the effects of the
excavation depth, soil density, soil cohesion, surcharge and required factor of safety are investigated. The results of the
present study show that the proposed design method compared with the conventional one would decrease on average
30% the nails volumetric density (i.e. the volume of nails divided by the wall area), which is considerable from the
economical point of view. Moreover, the results show that the total displacement at the wall crest for the proposed design
method is comparatively 10% higher than that of the conventional design method.
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1. Introduction

Buildings designed based on common regulations usually
have a permanent displacement at the end of severe
earthquakes, and this residual drift causes economic costs
and safety risks for residents. In recent years, researchers
have proposed a novel system that can return to its
original position after an earthquake and minimize
damages to the structure. Therefore, using self-centering
systems as a seismic force-resisting system fulfills this
purpose by providing the restoring force. One of the self-
centering systems is the post-tensioned (PT) concrete
wall, in which vertical post-tensioned cables provide the
desired restoring force.

2. Method

In this research, the proposed system of post-tensioned
concrete wall with friction-based damper (FBD), post-
tensioned concrete wall system with energy dissipators
(ED) bars, and concrete shear wall system are modeled in
OpensSees software as three-, six-, and ten-story frames.
The mentioned models are subjected to cyclic loading and
time history analysis. This research aims to investigate the
impact of the friction-based damper on the behavior of the
post-tensioned concrete wall system and compare the
seismic parameters of this system with the post-tensioned
concrete wall system with ED bars and concrete shear
wall system.

3. Studied Models
The loading of the studied buildings was based on
residential use and according to the ASCE7 code.
Moreover, the design of beam and column sections was
done according to the AISC code. The seismic design of
structures (design of concrete shear wall as a seismic
force-resisting system) has been done based on the
seismic design category of D. Moreover, the height of
stories in all buildings is 4 meters.

To compare the behavior of the three mentioned
systems, frame B of the buildings was modeled in

OpenSees software. The post-tensioned cables and ED
bars were placed in the cross-section of the PT concrete
wall based on the recommended range of Yang and Lu’s
research. There were steel columns on both sides of the
PT concrete wall system with FBD, and four friction-
based dampers were used in each story between the
concrete wall and the columns. In this system, compared
to the PT concrete wall system with ED bars, the ED bars
at the foot of the wall have been removed. It is worth
mentioning that in the two systems, the wall is connected
to the foundation in such a way that the wall has a rocking
motion under the effect of lateral loads.

Table 1 shows the characteristics of the examined
walls in the studied three-, six-, and ten-story frames and
Table 2 specifies the area of the cables and ED bars of the
PT concrete wall system with ED bars. Moreover, to make
a better comparison of the seismic behavior between the
three mentioned systems, the thickness and general rebars
of the concrete walls, the strength of concrete, and the
specifications of the frames were considered the same.
Also, the ED bars are removed in the PT concrete wall
system with FBD, and the friction dampers on both sides
of the wall at 1-meter intervals (along the height wall)
absorbed energy are used. The friction dampers used in
this study are the L29 damper of Dal Lago et al.'s research.
According to Figure 1, this damper consists of two steel
angle sections and 2- and 5-mm steel plates.

4. Results and discussion

In this study, the seismic behavior of the PT concrete wall
system with FBD was compared with PT concrete wall
system with ED bars and conventional concrete shear wall
system. For this purpose, the three mentioned systems
were modeled as three-, six-, and ten-story frames in
OpenSees software and were subjected to cyclic loading
and response history analysis. Seven far-fault earthquake
records from the FEMA-P695 code have been used to
perform response history analysis.
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Figure 1. The friction-based damper

Table 1. The characteristics of the concrete walls

Wall Concrete
Model Story %i%irgl Thickness | Strength
(cm) (MPa)
2,3 G12@30
3-story 1 b16@30 25 20
6 b12@30
5 b16@30
6-story 3,4 $22@30 35 30
2 G25@30
1 $28@30
10 b12@30
9 b16@30
7,8 $22@30
10-story 6 $25@30 45 45
4,5 $28@30
1,2,3 $32@30

Table 2. The total area of the cables and ED bars of the PT
concrete wall with ED bars

Model Cable Area (cm?) ED Bars Area (cm?)
3-story 8 49.2
6-story 16 98.4
10-story 30 172.2

Based on the obtained results, unlike the other two
systems, the PT concrete wall system with FBD had a
lower resistance loss in the loading cycles. Moreover, the
PT concrete wall systems with FBD and PT concrete wall
systems with ED bars had self-centering behavior, and
their residual drift after each loading cycles was almost
equal to zero.

According to the responses from the PT concrete wall
system with FBD for three-, six-, and ten-story buildings,
the energy absorption coefficients in the total applied
loading cycles were 4.89, 4.12, and 5.10, respectively.
These values were 3.56, 2.94, and 2.53 for the PT concrete
wall system with ED bars, respectively, and were 4.26,
4.10, and 2.97 for the concrete shear wall system,
respectively. These values show that the PT concrete wall
system with FBD has a higher total energy absorption than
the other two systems. Moreover, the concrete shear wall
system has more energy absorption compared to the PT

concrete wall system with ED bars in all three studied
buildings.

Based on the responses of the maximum drift average
of each story caused by seven far-fault earthquake records
in three-story buildings, the variation range of this value
for the PT concrete wall system with FBD is from 0.87 to
0.90 percent, while this range for PT concrete wall system
with ED bars and the concrete shear wall system is 1.01
to 1.14 percent and 0.84 to 1.18 percent, respectively. For
the six-story building, this range for the PT concrete wall
system with FBD is from 0.94 to 1.06 percent, for the PT
concrete wall system with ED bars is from 0.99 to 1.30
percent, and for the concrete shear wall system is from
0.44 to 1.33 percent. Moreover, in the ten-story building,
for PT concrete wall systems with FBD, post-tensioned
concrete wall system with ED bars, and concrete shear
wall system, the average of maximum drift varies from
0.63 to 0.91, from 0.67 to 1.33, and from 0.41 to 1.30
percent, respectively. The average values of the maximum
base shear obtained from seven earthquake records, and
as a result, the maximum acceleration in three-, six-, and
ten-story buildings with PT concrete wall system with
FBD are less than the other two systems.

After the occurrence of an earthquake, in the PT
concrete wall system with FBD, compared to the PT
concrete wall system with ED bars and concrete shear
wall system, it is possible to replace the damaged dampers
and reuse this system with the lowest repair cost.
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Numerical Investigation of the Seismic Behavior of Self-centering Post-tensioned
Concrete Wall System with Friction-based Damper

Sina Heyrani Moghaddam Ahmad Shooshtari

Abstract The seismic design of buildings ought to be done to decrease the expenses of building repairing after an
earthquake. Self-centering systems such as the post-tensioned concrete wall can provide this purpose. In this study, to
evaluate the seismic behavior of the post-tensioned concrete wall with friction-based damper (FBD), the proposed system,
the post-tensioned concrete wall with energy dissipator (ED) bars, and the concrete shear wall are subjected to the cyclic
and nonlinear response history analyses at three, six, and ten-story buildings using OpenSees software. Based on the
cyclic analysis, the total energy dissipation coefficients for the post-tensioned concrete wall with FBD in three, six, and
ten-story buildings are respectively 1.37, 1.40, and 2.02 times of that obtained for the post-tensioned concrete wall with
energy dissipator bars system, and are respectively 1.15, 1.05, and 1.72 times of that achieved for the concrete shear wall
system. According to the results of the applied seven earthquake records, the average of the maximum drift in the concrete
shear wall system is less than the other systems in the lower floors, and the average of the maximum drift in the upper
floors in the post-tensioned concrete wall with FBD is less than the other systems.

Keywords Self-centering post-tensioned concrete wall, Friction-based damper, Energy dissipators bars, Cyclic loading,
Nonlinear response history analysis.
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1. Introduction

In the past few years, the increase in the severity and
extent of damage on the road surface and the increase in
traffic load and the reduction of budgets allocated to the
road maintenance and repair sector have caused the
performance improvement of the characteristics of
asphalt pavements to be considered more than before.
One of the most important damages caused in asphalt
pavements is the deformation of asphalt surface and lack
of pavement resistance against rutting, so that the
estimation of rutting behavior at the design stage could
have a significant impact on the long-term performance
and service life of the pavement. Rutting occurs mainly
in hot weather and in the wheel track of vehicles parallel
to the longitudinal axis of the road. Considering the
viscoelastic behavior and the influence of various
parameters on the long-term properties of asphalt
concrete, the estimation of pavement behavior is a
complex task and requires appropriate methods and
techniques. Therefore, the issue of modeling and
predicting pavement parameters under the influence of
various operational and environmental conditions is
being developed.

In recent years, neural networks have been proposed
as one of the best and most reliable innovative methods
in predicting the behavior of materials. Considering the
need to evaluate pavement performance in the design and
service phase and the power and ability of neural
networks in estimating material properties, the main goal
of this research is to predict the creep and rutting behavior
of asphalt concrete modified with polymer bitumen under
the influence of environmental and structural variables of
the mixture by using neural networks.

2. Data and method

For the production of asphalt mixtures, limestone
materials from Asbcheran mine with grading No. 4 of
Iran's Pavement Regulations were used. According to the
regulation of asphalt paving of Iranian roads, the stone

materials used were within the permissible limits of the
regulation. In this research, two types of bitumen 70/60
with performance Grade 64-22 and 100/85 with
performance Grade 22-58 were used as reference bitumen
in the production of asphalt mixtures, which were
prepared from Jey Oil Refining Company. Bitumen
quality tests were also conducted according to what was
recommended in Iran's Pavement Regulations and the
results were controlled with the permissible limits. In this
study, SBS polymer was used in amounts of 2, 4 and 6
percentage of bitumen weight. To prepare the modified
polymer bitumen with SBS, bitumen was first heated to
150°C and polymer was added to the bitumen in
determined percentages. Then, the mixture of bitumen
and polymer was heated to 180°C and the final mixing
was done using a high shear mixer at a speed of 4000 rpm
for a period of 60 minutes. After calculations, the optimal
bitumen percentage of asphalt mixtures was determined
to be 4.5% for making HMA asphalt mixtures modified
with SBS polymer. The samples used in the creep test are
cylinders with a diameter of 10 cm and a height of 7 cm.

In this research, the dynamic creep test is performed
on control and polymer-modified asphalt samples
according to the Australian Standard: AS 2891.12.1 air
void is determined of 3 and 5% and stress level was 400
kPa and test temperatures was 40, 50 and 60°C. The main
purpose of this test is to investigate the resistance of
asphalt mixture against rutting.

Five input variables and one output variable are used
in the modeling section. Based on this, the variables of
this research are the type of bitumen, the percentage of
SBS polymer, the test temperature, the percentage of air
void, and the number of loading cycles in the dynamic
creep test, which is a variable of the type of loading and
based on 6 steps 600, 1200, 1800, 2400, 3000 and 3600
loading cycles were applied. In this research, neural
networks with special capabilities in deducing the
concepts from complex or ambiguous information are

* Manuscript received: 28 April 2022, Revised, 25 May 2022, Accepted, 23 July 2022.
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used in extracting methods that are complex and difficult
for humans and other computer technicians to understand.

3. Results and Conclusion
After investigating the creep behavior of asphalt mixtures
under the influence of the investigated variables, the
optimal structure of the neural network model was
determined in predicting the rutting performance of
asphalt mixtures under the influence of -effective
variables, and the accuracy of the predicted results of
cumulative strain of asphalt mixtures were determined
using statistical indices. The following results were
obtained:
* The effect of the type of bitumen and polymer
showed that the use of polymer and bitumen PG64-
22 reduces the cumulative strain of asphalt mixtures
and, as a result, improves the rutting resistance of
the pavement, and with the increase in the
percentage of polymer, the performance of the
asphalt mixture against rutting improves. The best
resistance is related to the sample containing 6% is
polymer with PG64-22 bitumen;

*  The simultaneous investigation of the structure
and loading cycle on the creep behavior of the
asphalt mixture shows that with increase in the
number of loadings and the intensity of rutting,
resistance in the mixture containing bitumen
PG64-22 improves over time due to increase in
bitumen hardness;

* Investigation the impact of the number of
loading showed that with the increase of the
loading cycle, the permanent deformations
created in the pavement increased significantly
and the resistance of the mixture against rutting
decreased. Moreover, the addition of polymer
with proper and positive performance reduces
this rate and improves the process of reducing
the resistance and increasing the creep of asphalt
mixtures;

e The values of strains between 1800 and 3600
cycles showed that the results for samples
containing 2, 4 and 6 percent of polymer are 48,
28 and 16 percent, respectively. Based on these
values, SBS polymer by increasing the hardness
and viscosity of asphalt mastic increases the
strength of the asphalt mixture, and this positive
effect is better manifested by increasing the
percentage of polymer and loading cycle;

* Measuring the impact of air void on creep
behavior showed that increasing the percentage
of air void in asphalt mixtures increases the
permanent deformations and cumulative strains
in the mixture, so that with the increase of the
percentage from 3 to 5, the creep graph of the
asphalt mixtures increased greatly in terms of
slope and the created deformations increased
significantly;

»  The results of the modeling section showed that
the 5-10-10-10 model has the best performance
and the model performs very well in terms of

predicting creep behavior and rutting resistance
of polymer modified asphalt mixtures.

The examination of the correlation coefficient
between the experimental and predicted data
showed that the value of R? is 0.987, that there
is a significant relationship between the data,
and the structure chosen for the neural network
model has been able to predict the data well in
the training and testing section;

Examining the error percentage of the model
based on the difference between the predicted
and experimental values shows that the
minimum, maximum and average values are
0.00076, 13.81 and 0.51 respectively. Based on
the results, a small average error percentage can
be observed, which can be said that the model
has good power and efficiency in estimating the
rutting behavior of polymer asphalt mixture
under the studied variables.
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Modelling of Rutting Behavior of Modified Polymer Asphalt Mixture using
Artificial Neural Network

Amir Aghasi Mohsen Torbatinejad Amir Bagherzadeh

Abstract Rutting is one of the most important damages caused in asphalt pavements, which creates serious risks for road
users. The purpose of this research is to investigate the creep resistance of asphalt in different conditions including
different percentages of polymer, percentage of air void, temperature and number of load cycles. Also, the results have
been modeled with the help of neural network. According to the findings of this research, bitumen with penetration degree
60 to 70 millimeter has a better performance against rutting and the increase of polymer improves its performance. On
the other hand, the rutting resistance of the mixture has an inverse relationship with the loading cycle. But the presence
of polymer reduces the rate of drop in creasing resistance due to increased cycle. Finally, the modeling results showed
that the neural network model performs very well in terms of predicting creep behavior and rutting resistance of polymer
modified asphalt mixtures.

Key words Asphalt mixtures, polymer bitumen, rutting, neural network, prediction model.
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1. Introduction

Soft clay soils commonly have high compressibility,
excessive settlement, low shear strength, and high volume
change properties. Stabilization of these types of soil is
needed for reducing the volume change and increasing
their strength. Many researchers have reported that the
properties of a soil can be changed by mixing with a
chemical agent. The behaviors that can be affected are
plasticity, strength, and volume change. The chemical
agents that are used are lime, cement, fly ash, ground
granulated blast furnace slag (GGBS), and activated
GGBS. The degree of improvement dependents on the
type of clay minerals, the percentage of clay fraction in
the soil, chemical agent type and percentage, temperature,
moisture content, curing time and conditions, and the
organic content.

Lime stabilization has a long history all over the world
especially in warm countries, as it needs a relatively high
temperature to react with clay particles. Lime stabilization
using quicklime is more effective than hydrated lime.
Lime used in soil stabilization may be in many forms such
as quicklime (CaO) or hydrated lime (Ca(OH),). Cement
has been used successfully as a stabilizing agent for a long
time. However, the production of cement requires a
significant amount of energy, and also during its
production a large amount of CO; is emitted to the
environment. To address these shortcomings, in recent
years many researchers have examined the use of other
stabilizing agents such as GGBS or MgO to replace the
cement. GGBS can be used as cementitious materials to
modify and improve certain properties of clay soils. The
use of GGBS is well known in many applications where
it provides good durability, high resistance to chloride
penetration, resistance to sulphate attack, and protection
against alkali silica reaction (ASR). GGBS on its own has
only mild cementitious properties so it needs an alkali to
be fully activated. GGBS can be activated in different
ways but the most common is chemical activation. Many
activators have been suggested to activate GGBS. The

most commonly used activators are lime, calcium
sulphate, ordinary portland cement, and magnesium oxide.
In this study, the stabilization of a clay soil is studied with
cement, GGBS, and activated GGBS (mixture of GGBS
and MgO) through performing different experimental
tests. The tests consisted of Atterberg limits, compaction,
and Unconfined Compressive Strength (UCS). The
impacts of the used agents on the behaviors of soil were
studied at different curing times and various percentages
of these agents. This study also helps to find the chemical
reactions and mechanisms that are happened in the
improving engineering properties of a clay soil.

2. Material and method

The main materials that were used in this work were soil,
cement, GGBS, and MgO. A brief description is as
follows:

A clay soil was used in this work consisted of 27%
sand, 33% silt, and 40% clay. The liquid limit, plastic
limit, and plastic index of it were determined as 46.4, 23.8,
and 22.6 respectively. According to the standard
compaction test, the optimum water content and
maximum dry unit weight of it were 17.5% and 17.7
KN/mé. Based on the grain size distribution and
consistency results it was classified as a clay soil with low
plasticity (CL). Table 1 summarizes the chemical
compositions of it. Based on the results of XRD tests, the
minerals were quartz, calcite, feldspar (Na, Ca), feldspar
(K), and clay minerals. The clay minerals of the soil were
composed of Illite, Chlorite, and Montmorillonite.

Table 1. Chemical composition of soil

Chemical Amount Chemical Amount
component component
pH 8.2 Cl~ (meg/L) 26.2
EC (dS/m) 503 HCO3 3.7
Na* (meg/L) 42 SO, * (meg/L) 19.2
Ca®* (meg/L) 46 CaCO; (%) 4.2
Mg?* (meg/L) 2.2 0.C. (%) 0.2

*Manuscript received: 23 January 2022, Revised, 01 June 2022, Accepted, 13 August 2022.
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Portland Cement Type 1 was used in this work. Its
specific gravity and Blaine fineness were 3.15 and 4100
cm?/g, respectively. GGBS was supplied from Isfahan
Melting Iron Company in Iran and its chemical
composition, according to the information from the
company, was CaO = 41.5%, SiO; = 35.5%, Al,0;3 =
11.5%, Fe,O3 = 0.5%, MgO = 8.0%, K-0 = 0.3%, TiO; =
0.4%, and Na;O = 0.2%. A commercial MgO was bought
from a local chemical supplier. According to the
information from supplier it was composed of 94.2%
MgO, 1.7% CaO, 0.85% SiO,, 0.62% Fe,O3, and 0.16%
Al,Os. The specific gravity, specific surface and mean
size of its particles were 3.55, 250-300 m?%/g, and 60 um,
respectively.

Samples of natural soil and soil with cement, GGBS,
and a mixture of GGBS: MgO were prepared. The ratios
of 3 to 1 by weight were considered for the combination
GGBS:MgO. The percentage weights of 5, 10, and 15%
of cement, GGBS, or a mixture of GGBS:MgO (relative
to the weight of air-dried soil) were considered in this
work. The desired amounts of these agents were weighed,
added to the air-dried soil, and mixed by hand. Standard
compaction tests were conducted on the natural soil and
mixtures of soil with each of the agents. The optimum
water content and maximum dry unit weight were
determined for each of them from corresponding
compaction curves. Samples for UCS tests were also
prepared by static compaction for the natural soil and the
mixture of soil with each of the agents. The soil, desired
agent, and water (according to the corresponding
optimum water content) were weighted. First, the soil and
agent were mixed, and then water was added gradually to
it and mixed thoroughly. The prepared mixtures were
compacted by the static compaction method. The prepared
samples with different agents were stored in a curing
cabinet according to the ASTM D1632-07 standard for
curing times of 7, 14, and 28 days.

3. Results and discussion

Table 2 presents the results of the Atterberg limits and
standard compaction tests for the natural soil and mixtures
of soil with different percentages of agents. As shown in
this table, adding 5% of cement, GGBS, or activated
GGBS to the soil increases LL and PL compared to
natural soil. By adding agents to the soil, the pH of pore
fluid increases, which causes additional negative charges
on the edges of clay particles. In this process, clay
particles are attracted to each other in the form of edge-to-
face attraction, resulting in a flocculated structure. In this
form, the open structure can hold more water, which
increases the LL. The results also show that by increasing
the percentage of each agent (10 and 15%), the Atterberg
limits are decreased in comparison with the mixture of 5%
of them. The reason for this is that the soil mass has
flocculated more, which causes the particles to paste each
other and reduce the spacing between the particles and the
specific surface. As shown in Table 2, the value of PL
increases by adding 5% of these agents, particularly for
5% cement after that the reduction in the value of it
happened in comparison with the natural soil. This may

be due to the more exchange ions that occurred between
the soil and agents at 10% and 15% than at the 5%.

Table 2. Atterberg limits and compaction parameters for
natural soil and soil stabilized with different percentages of

agents
Soil Agent | LL PL Pl Yamx Wopt
%) | (%) | (%) | (%) | (kN/m?) | (%)
Natural 0 46.4 | 238 | 22.6 17.7 175
Soil+ cement 5 51 31 20 16.85 | 234

10 | 484 | 287 | 19.7 | 16.83 | 2238
15 | 455 | 265 | 19 | 1681 | 226
Soil+ GGBS 5 53 | 25.7 | 28 | 177 | 19
10 | 496 | 24 | 256 | 17 | 198
15 | 47 | 23 | 236 166 | 21

Soil+ 5 54 | 28 | 26 | 164 | 226
GGBS:MgO 10 | 52 | 26 | 26 | 162 | 216
15 | 48 | 24 | 24 | 161 | 21

The results of the standard compression tests (Table 2)
indicate that mixing these agents with the soil causes
increasing and decreasing in the values of optimum water
content and maximum dry unit weight in comparison with
the natural soil. Addition of these agents to the soil causes
an exchange of ions between agent and soil (based on the
cationic exchange capacity of the soil), thus pasting the
particles with strong bonds to each other and increasing
the degree of flocculated structure in the mass of soil and
used agent. In this case, soil particles are connected to
each other with stronger bonds than the natural soil.
According to the ASTM standard for the compaction test,
the applied energy for each layer is constant. When this
test is used for the mixture of soil and agents, the standard
energy of it is not able to destroy the bonds between
particles. This results in the reduction in the maximum dry
unit weight. It is also observed in this table that the
optimum water content of the stabilized soil increases in
comparison with the natural soil. This is due to the
existence of more space between the particles in
comparison with the natural soil.

Figure 1 shows the stress-strain curves for natural soil
and soil-cement with different percentages of cement at a
curing time of 28 days. It is seen that by adding different
percentages of cement to the soil, more increase in the
final strength of them happens in comparison with the
natural soil. By adding cement to the soil, calcium ions
are released during the initial hydration of cement, and
cation exchange with soil particles is formed. In the
hydration phase of cement, the pH of the solution
increases, which causes the destruction of silicate and
aluminate bonds and solve them in the pore liquid
solution. From the chemical reactions of these materials
with each other, cementitious materials such as Calcium
Silicate Hydrate (CSH) and Calcium Aluminate Hydrate
(CAH) are produced. These produced materials cause the
soil particles to paste with each other and form a solid
mass, which results in increasing the strength of the soil.
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Figure 1. Stress-strain curves for natural soil and soil with
different percentages of cement at curing time of 28 days

Figure 2 presents results for the soil stabilized with 5, 10,
and 15% GGBS at 28 days of curing time. As shown in
this figure, adding GGBS causes an increase in the
strength of samples in comparison with the natural soil.
Regarding this issue, many researchers reported that the
reaction between clay soil and GGBS can be a
cementation process, similar to the cementation of clay
soil with portland cement.

3000
—a— 5% GGBS
—e— 10% GGBS
<2000 —+— 15% GGBS
g ---&--- Natural Soil
Py
2 1000
&

1
Strain(%)

Figure 2. Stress-strain curves for natural soil and soil with
different percentages of GGBS at curing time of 28 days

Figure 3 shows the results for the soil stabilized with
different percentages of the mixture of GGBS and MgO
for a curing time of 28 days. The figure shows that the
samples with 5, 10, and 15% of the agent have higher
strength than the natural soil. As explained by Jin et al.
(2015), in the mixture of GGBS and MgO that was used
as a soil agent, the first action is to break down the GGBS
bonds such as Ca—O, Mg-O, Si-O-Si, and Al-O-Si.
After that, Mg ions react with Si—O or Al-O and form a
gel. The produced gel pastes the particles to each other
and fills the pore between the particles which increases
the strength of the soil.

3000
2000 |
% —a— 5% GGBS:MgO
3 —e— 10% GGBS:MgQ
£ 1000 + —— 15% GGBS:Mg(
2 ----¢---- Natural Soil
______________ pesiny
0 TS — }
0 3

Strain (%)

Figure 3. Stress-strain curves for natural soil and soil with
different percentages of GGBS:MgO at curing time of 28
days

4. Conclusion

The stabilization of a clay soil was studied using different
percentages of cement, GGBS, and mixtures of
GGBS:MgO at different curing times and the following
results can be drawn from this work:

1. The Atterberg limits and compaction parameters
of the soil change using cement, GGBS, and
activated GGBS as agents. Their variations
depend on the kind of agent;

2. The strength of soil increases using the used
stabilizing agents. The amount of strength
increasing depends on the type and percentage
of the used agent and the curing time;

3. All mixtures examined in this work are effective
in the stabilization of the soil. GGBS can
increase the strength of soil but activating by
MgO is more effective in increasing the strength
for different percentages of agents at various
curing times;

4. The comparison of the results reveals that the
impact of cement on the stabilization of the soil
is more than other used agents.
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Comparison of the Effect of Cement, Ground Granulated Blast Furnace Slag (GGBS), and
Activated GGBS on the Improvement of the Behaviors of a Clay Soil

Amir Jahani Ali Raeesi Estabragh Hossin Khajepour Mohadeseh Amini

Abstract In this research work, the effect of cement, Ground Granulated Blast Furnace Slag (GGBS), and activated GGBS
with MgO on the treatment of a clay soil was studied through conducting the experimental tests. The ratios of 1:3 was
considered for making the mixtures GGBS: MgO. The used percentages of additives were 5, 10, and 15%. Various
experimental tests such as Atterberg limits, standard compaction, compressive strength (UCS), and Scanning Electron
Microscopy (SEM) tests were performed on the samples with different percentages of additives. Also, UCS tests were
conducted on the compacted samples at curing times of 7, 14, and 28 days. The results of UCS indicated that all used
additives are effective in improving the behaviors of soil, and their amount is dependent on the percentage of used
additives and curing time. In addition, a comparison of the results showed that in a given percentage of additives and
curing time, activated GGBS is more effective than GGBS alone in improving soil samples. Based on the SEM results, it
was found that the increasing strength of stabilized soil is resulted from the interaction between soil particles and additives
materials. An economical evaluation of soil improvement with used additives was also carried out and the best one was
proposed for conducting in the field.

Keywords Clay soil improvement, Cement, GGBS, MgO, activated GGBS.
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