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1. Introduction

Nowadays, the use of recycled materials and waste in
mortar production is of great importance due to the
reduction of environmental risks and the prevention of
waste of primary resources. Mortar, which is one of the
most widely used materials in the construction industry,
plays a fundamental role in construction. Estimates show
that the annual consumption of mortar in the world is on
average more than one ton per person (Etxeberria et al,
2007).

On the other hand, one of the main challenges in the
world is the management and reuse of waste. In many
countries, a large volume of waste is produced annually, a
significant part of which is either not recyclable or the
recycling process requires high energy consumption and
environmental pollution. This exacerbates the risks of
waste to the environment. The use of waste materials in
mortar production is an effective solution to reduce waste
and at the same time improve the properties of mortar
(Wilburn et al, 1997).

The use of waste materials such as mortar, glass, brick,
tile, ceramic, mosaic, and blast furnace slag is a common
method of using recycled materials in mortar production.
These materials can replace cement or aggregates. Some
of them have pozzolanic properties and play a role in
improving mortar performance, while others are used
solely as fillers or aggregates. In the following, we will
have an overview of ceramic powder and blast furnace slag
as a substitute for cement.

Building tiles and ceramics are considered the most
widely used materials in construction. The global
production of tiles reaches 8,500 million square meters,
which makes it one of the most widely used materials in
the world. In Iran, about 400 million square meters of tiles
are produced annually, which places the country in fifth
place in tile production in the world. Also, the production
of sanitary ware in Iran is estimated at about 90,000 tons.

Ceramic waste is generated in several stages. Some of this
waste is generated in factories, during or after the
production process, due to manufacturing errors, human
errors or the use of unsuitable raw materials. Some is
damaged during transportation and distribution, but most
of the waste is caused by the demolition of buildings and
their remains. Estimates show that about 3 to 7 percent of
the daily ceramic production in the world is waste, which,
together with the waste from the demolition of structures,
reaches millions of tons annually. Since these materials
cannot be returned to the production cycle, they usually
remain unused and, as construction waste, lead to
environmental pollution and environmental damage.

2. Research method

Nowadays, the use of recycled materials and waste in
mortar production is of great importance due to the
reduction of environmental risks and the prevention of
waste of primary resources. Mortar, which is one of the
most widely used materials in the construction industry,
plays a fundamental role in construction. Estimates show
that the annual consumption of mortar in the world is on
average more than one ton per person (Etxeberria et al,
2007).

On the other hand, one of the main challenges in the
world is the management and reuse of waste. In many
countries, a large volume of waste is produced annually, a
significant part of which is either not recyclable or the
recycling process requires high energy consumption and
environmental pollution. This exacerbates the risks of
waste to the environment. The use of waste materials in
mortar production is an effective solution to reduce waste
and at the same time improve the properties of mortar
(Wilburn et al, 1997).

The use of waste materials such as mortar, glass, brick,
tile, ceramic, mosaic, and blast furnace slag is a common
method of using recycled materials in mortar production.
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These materials can replace cement or aggregates. Some
of them have pozzolanic properties and play a role in
improving mortar performance, while others are used
solely as fillers or aggregates. In the following, we will
have an overview of ceramic powder and blast furnace slag
as a substitute for cement.

Building tiles and ceramics are considered the most
widely used materials in construction. The global
production of tiles reaches 8,500 million square meters,
which makes it one of the most widely used materials in
the world. In Iran, about 400 million square meters of tiles
are produced annually, which places the country in fifth
place in tile production in the world. Also, the production
of sanitary ware in Iran is estimated at about 90,000 tons.
Ceramic waste is generated in several stages. Some of this
waste is generated in factories, during or after the
production process, due to manufacturing errors, human
errors or the use of unsuitable raw materials. Some is
damaged during transportation and distribution, but most
of the waste is caused by the demolition of buildings and
their remains. Estimates show that about 3 to 7 percent of
the daily ceramic production in the world is waste, which,
together with the waste from the demolition of structures,
reaches millions of tons annually. Since these materials
cannot be returned to the production cycle, they usually
remain unused and, as construction waste, lead to
environmental pollution and environmental damage.

3. Conclusion

The results show that the design (100C10M), containing
10% silica gel and 100% waste ceramic powder as a
substitute for cement, had the highest compressive
strength. In contrast, the design (0C30M), which contained
30% silica gel and no waste ceramic powder, showed the
lowest compressive strength. Increasing the silica gel to
10% improved the compressive strength, but values
greater than 10% led to a decrease in this strength. Also,
replacing 100% waste ceramic powder instead of cement
resulted in higher compressive strength compared to
replacing 50%. Accordingly, the optimal amount of silica
gel in the mortar containing 50% waste ceramic powder
was determined to be 10% and in the mortar containing
100% waste ceramic powder, it was determined to be 10%.
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Laboratory Evaluation and Machine Learning-Based Prediction of Mechanical Properties in Cement
Mortar Incorporating Microsilica Gel and Ceramic Waste Powder

D. Nasr R. Babagoli P. Rostami

Abstract This study investigates the effect of partially replacing cement with waste ceramic powder and microsilica gel
on the mechanical properties and durability of cementitious mortar. Mortar samples were prepared with varying
replacement percentages (0%, 50%, and 100% waste ceramic powder; 0%, 10%, 20%, and 30% microsilica gel) and
evaluated for compressive strength, tensile strength, flexural strength, water absorption, and permeability. Machine
learning models (CatBoost, LightGBM, and Ensemble) were employed to predict the mechanical properties of the mortar.
The results revealed that a 10% replacement with microsilica gel enhanced compressive, tensile, and flexural strengths,
whereas exceeding 10% led to a reduction in strength. Using 100% waste ceramic powder, compared to 50%, increased
mechanical strength and reduced water absorption. The optimal combinations were 20% microsilica gel in mortar with
50% waste ceramic powder and 30% microsilica gel in mortar with 100% waste ceramic powder, yielding the best
performance. The Ensemble model demonstrated high predictive accuracy, with a coefficient of determination (R?) of
approximately 0.99 and a mean squared error of 0.015 MPa, confirming the dominant role of waste ceramic powder
(50%) and microsilica gel (45%) in improving strength and reducing porosity. These findings highlight the potential of
these materials for producing more sustainable and durable mortars, contributing to the sustainable development of the
construction industry.

Key words: Mortar, Silica gel, Waste ceramic, Compressive strength, Mortar durability.
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1- Introduction

Tuned Mass Dampers (TMD) and Tuned Friction Mass
Dampers (FTMD) are devices attached to structures to
provide safety and comfort for both the structure and its
occupants during vibration events. The traditional
approach of increasing structural strength and member
capacity is often ineffective for tall structures. A crucial
issue in tall building design is reducing structural response
quantities—such as velocity, displacement, and
acceleration—under dynamic loads, particularly from
earthquakes and wind. Tuned Mass Dampers (TMDs) are
among the oldest devices used to mitigate vibrations
caused by dynamic environmental loads. Furthermore,
Friction-Tuned Mass Dampers (FTMD) are considered a
competitive alternative. A Tuned Mass Damper (TMD)
consists of a mass, spring, and damper attached to the
structure to reduce its dynamic response. The primary
purpose of this damper is to reduce the response of the
main structure by tuning an additional vibrational mass to
bring its frequency closer to the resonant frequency of the
main structure. In this manner, the vibration of the main
structure causes the damper to vibrate out of phase and in
the opposite direction to the structure's motion under
resonant conditions, thereby damping the vibration
through the damper's energy dissipation mechanism.
These dampers are typically placed at the part of the
structure with the largest displacement, such as the roof.
Generally, three parameters define a TMD: the frequency

ratio f = w,/w,,the mass ratio u = % and the damping
S

k .
4 where wy = /m—dand wnyis the
d

2mg wq

ratio &; =

fundamental angular frequency of the structure without the
TMD. The Friction-Tuned Mass Damper (FTMD) is a
special type of vibration control device. It consists of a
TMD with linear stiffness, a pure friction damper, and
exhibits nonlinear behavior. A spring creates an elastic
mechanism, while a friction mechanism generates an
adjustable friction force that alters the damping
characteristics. Similar to the TMD, the mass and spring
are calibrated to match the natural frequency of the main

structure, leading to vibration absorption and damping.
FTMD parameters include the frequency ratio f =
W4/ Wy, the massratioy = % and the friction coefficient

s
f Mgg

2- Modeling

In this study, the desired behavior for FTMD and TMD
was modeled in OpenSees. This was achieved by assuming
a TMD system without damping, considering friction
relative to the contact surface, and connecting this
configuration to the main structure via a zero-length
element. Four shear structures with 10, 20, 35, and 50
stories were considered. The fundamental vibration period
of these structures was calculated using the formula T,, =

iv—o, where N is the number of stories. Subsequently, 20 far-

field and 20 near-field earthquake records, along with a
sinusoidal wave consistent with the structures'
fundamental frequency, were applied, and their responses
to these records were calculated. The TMD was then
installed at the roof level of these structures, followed by
the installation of the FTMD, and the records were applied
again. Finally, 540 analysis cases were performed with
TMD and 810 with FTMD, and the results—including
maximum relative floor displacement, maximum floor
acceleration, maximum base shear, and maximum roof
displacement—uwere calculated.

According to the literature reviewed in this field, such a
comprehensive and extensive study has not been
conducted previously, which constitutes the innovation
and creativity of this research. The mass considered was
450 tons uniformly for the floors and 400 tons for the roof.
The behavior of the structures was examined in the linear
range, and the stiffness of the floors was decreased
stepwise from the bottom to the top (such that the roof
stiffness was assumed to be 0.4 times that of the first floor).

3- Dynamic Analysis of Shear Structures
This section presents the results of analyzing 10, 20, 35,
and 50-story shear models subjected to near-field, far-
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field, and sinusoidal excitations in graphical form. The
effectiveness of dampers depends on the correct selection
of their values and parameters. For the shear models, the
damper location was assumed to be at the roof. The mass
ratio for the dampers was considered as {0.01, 0.02, 0.04,
0.06, 0.08, 0.10}. The frequency ratio range [0.1 - 1.5] with
a step of 0.1 was considered to cover all possible states and
conditions. For the TMD, the values {0.05, 0.15, 0.25,
0.35, 0.45, 0.55} were selected for the damping ratio, and
for the FTMD, the friction coefficients included {0, 0.05,
0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40}.
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Figure 1: TMD tool performance based on damping ratio
for drift story response
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Figure 2: Performance of FTMD tool based on friction
coefficient for drift story response
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Figure 3: Maximum roof displacement response for a 10-
story model equipped with TMD under sinusoidal wave
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Figure 4: Drift story response for a 35-story model equipped
with FTMD under a set of far-field records

4- Conclusion
Based on the analyses conducted for four types of shear

structures with varying damping ratios, mass ratios,

frequency ratios, and friction coefficients, and according

to the resulting diagrams and graphs, the following results
were obtained:

1. By reducing the damping ratio, it is possible to achieve
different yet close mass ratios for a given level of
response reduction.

2. For a given frequency ratio, increasing the damping
ratio at larger mass ratios has a greater effect on
reducing responses.

3. At frequencies close to the structure's fundamental
frequency, increasing the damping ratio for a known
mass ratio leads to an increase in responses (a negative
effect on response improvement).

In general, increasing the mass ratio reduces all
responses. However, beyond a certain value, this
increase becomes impractical and uneconomical, with
no significant effect on further response reduction.

5. At frequencies close to the structure's fundamental
frequency (0.9 to 1.1) as well as the upper and lower
bounds of the desired range, several damping ratios and
mass ratios can be used to achieve a specific response
level.

6. Increasing the damping ratio reduces the effect of a
specific mass ratio on response reduction.

7. Increasing the mass ratio allows for the use of a wider
range of damping ratios to reduce the structure's
response.

8. For a given damping ratio, responses improve as the
mass ratio increases.

9. The effect of changes in the mass ratio on response
reduction is greater than that of the damping ratio.

10. Low friction coefficients (0 to 0.05) have a better and
greater effect on reducing responses.

11. Selecting the type of desired responses is crucial for
determining the optimal damper parameters, as it can
yield different results in each case.

12. Under sinusoidal excitations, the use of these dampers
leads to a significant reduction in responses.

13. Under the same conditions, TMD has a greater effect
on reducing responses.

14. For structures under sinusoidal waves, increasing the
damping ratio has a negative effect on response
reduction, which becomes more pronounced as the
structure's height increases.

15. Depending on the number of stories, the optimal
friction coefficients and damping ratios vary
continuously to achieve the best response, and no fixed
rule can be established for their behavior.

16. In all responses, the TMD exhibits more effective
performance under sinusoidal waves compared to
seismic loading.

17. For an arbitrary structure under sinusoidal excitation,
friction can be considered as damping, and increasing
the friction coefficient negatively affects the reduction
of all responses, although fluctuations are observed in
some cases.
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Comparative Study of the Use of Tuned Mass Damper and Friction Tuned Mass Damper in Multi-
story Shear Structures to Reduce the Amplitude of Lateral Vibrations

Masoud Mahmoudabadi Hossein Hasani

Abstract: In this paper, the performance of shear structures equipped with tuned mass dampers and tuned friction mass
dampers against near-field and far-field earthquakes as well as under sine wave has been evaluated and compared. For
this purpose, four shear buildings were considered and dynamic analyses were performed on them in two controlled and
uncontrolled modes using twenty far-field earthquake records and twenty near-field earthquake records as well as under
sine wave records. The results showed that the response reduction in tall buildings is greater in far-field earthquakes than
in near-field earthquakes. Also, the tuned mass damper has a better performance compared to the tuned friction mass
damper in reducing responses.

Keywords: Shear building, Tuned mass damper, Friction tuned mass damper, farfield and near field earthquake,
Sinusoidal loading.
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Performance of TMD based on mass ratio for Acceleration
Response
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Performance of FTMD based on friction coefficient for
Acceleration Response
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Performance of TMD based on mass ratio for Base shear
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Performance of TMD based on damping ratio for Base shear
Response
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Performance of FTMD based on mass ratio for Base shear
Response
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Performance of TMD based on damping ratio for Drift story
Response
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Performance of TMD based on mass ratio for Roof displacement
Response
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1-Introduction
Concrete is one of the most widely used products in the
world, with various types commonly utilized. Due to the
extensive use of this material, many researchers have
investigated its engineering properties. The development
of construction has led to significant demand for new types
of concrete that meet specific needs, such as varying
quality levels, strength, toughness, and durability. Some of
these categories of concrete include high-strength
concrete, engineered concrete, and fiber-reinforced
concrete. High performanced concrete can be designed for
higher efficiency, superior mechanical properties, and
increased durability compared to conventional concrete.
Compared to conventional concrete, high-strength
concrete possesses excellent compressive and tensile
strengths, as well as desirable durability. These properties
make it an attractive option for urban infrastructure
development. The manufacturing of this type of concrete
involves high fineness materials such as microsilica, a low
water-to-cement ratio, and superplasticizers.
Consequently, it has a higher density, a more compact
microstructure, and, subsequently, lower permeability than
conventional concrete. Therefore, high performaned
concretes, especially fiber-reinforced concretes, exhibit
greater resistance to degradation and failure processes,
such as the penetration of chloride ions, sulfates, corrosive
liquids, and damage caused by freeze-thaw cycles and
thermal loads. The small amounts of coarse aggregates and
their small sizes, combined with a high volume of fibers
(approximately 2% to 3%) and significant amounts of
microsilica used in these concretes, enhance their strength
and ductility. Additionally, the good rheological properties
of this type of concrete in its fresh state significantly
increase its workability . Fiber-reinforced concretes, aside
from having very high compressive strength, also exhibit
higher tensile strength compared to conventional concrete.
The presence of fibers provides additional tensile
toughness. This tensile toughness allows for multiple

microcracks to initiate on the concrete surface before large
cracks develop, which results in fiber-reinforced concretes
exhibiting more flexible behavior. Consequently, the
energy leading to failure in these concretes is significantly
higher compared to conventional concrete. Moreover, the
fibers within high performance concrete increase the
resistance of the cement matrix against spalling due to their
entanglement within the concrete’s matrix. This presence
of fibers also significantly enhances the energy absorption
capacity of the concrete, providing desirable resistance to
impacts and loads resulting from explosions .

2- Exprimental program

In this study, the objective is to introduce an optimal mix
design to achieve the highest tensile strength in high-
performance concrete. Initially, various mix designs were
assessed by altering the proportions of cementitious
materials to aggregates and changing the water-to-cement
ratio. Ultimately, two mix designs, M1 and M2, were
selected as the final designs. In both mix designs, a portion
of the cement was replaced with microsilica to achieve
better mechanical properties. To ensure desirable
workability and reduce the negative effects on fluidity
caused by microsilica, a polycarboxylate-based
superplasticizer was used. Furthermore, to enhance the
quality of high-performance concrete and attain higher
tensile strength, two types of fibers -steel and
polypropylene - were incorporated. The steel fibers were
added in two forms, straight and wavy, at volumetric
replacements of 1%, 2%, 3%, and 4%. Additionally, to
improve the mechanical properties of these concretes and
address some of the weaknesses of steel fibers, 1% of
polypropylene fibers were added to the mixes containing
steel fibers in separate designs. In total, 306 cubic,
cylindrical, and prismatic samples were created across 34
different mix designs, and tests for compressive strength
according to ASTM C109, split tensile strength based on
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ASTM C496, and flexural strength in accordance with
ASTM C1609 were conducted on the samples at 28 days
of age. This research can contribute to a better
understanding of material combinations and the
optimization of high-performance concrete production
processes, ultimately leading to the development of
durable and resilient infrastructure in construction
projects.

3-Discussion

Figure 5 illustrates the compressive strength of concrete
samples containing smooth steel fibers. It is evident that
high-strength concrete M 1 and M2, without fibers,
achieve compressive strengths of 81.2 MPa and 87.1 MPa,
respectively. The addition of smooth steel fibers, ranging
from 1% to 4% by volume, to the concrete produced in M1
resulted in enhancements of compressive strength of 6%,
14%, 28%, and 26%, respectively. In M2, corresponding
increases were recorded as 5%, 19%, 20%, and 19%. In
both mix designs, the maximum compressive strength was
observed in concrete containing 3% smooth steel fibers,
where the strength reached 104.1 MPa for both mixtures.
However, in M2, there were no significant changes in
compressive strength with the addition of smooth steel
fibers in the range of 2% to 4%. This outcome indicates
that beyond a certain fiber percentage, substantial
improvements in compressive strength are not evident.
While some studies have reported that the inclusion of
fibers generally leads to minor improvements (less than
10%) in compressive strength, other researchers have
noted a positive correlation between the increase in the
amount of steel fibers and the compressive strength.

4-Conclusion

e At a specific replacement percentage of steel fibers
(3%), the detrimental effect of the reduced volume of
the cement matrix due to the addition of steel fibers
outweighed the positive impact of the steel fibers in
enhancing compressive strength.

e  The addition of 1% polypropylene fibers to concrete
containing straight and wavy steel fibers resulted in
an increase in  compressive  strength by
approximately 7-8%.

e  The influence of changing the shape of steel fibers
from straight to wavy on improving compressive
strength was low, recorded at about 2%.

e Increasing the amount of straight and wavy steel
fibers up to 3% led to an increase in split tensile
strength in M1 by 44% and 81%, respectively. In M2,
this increase was recorded at 49% and 80%.

e  The addition of 1% polypropylene fibers to concrete
containing 3% wavy steel fibers resulted in the
highest split tensile strength of 13.7 MPa. The
improvement effect of polypropylene fibers was
about 25%.

e  The impact of changing the shape of the fibers from
straight to wavy on improving split tensile strength
was between 20-22%. This increase was independent
of the type of mix design.

e  More significant than the volume of fibers in
improving flexural or split tensile strength was the

distribution and arrangement of the fibers within the
concrete matrix.

The addition of polypropylene fibers led to an
average increase in flexural strength of 28% in
concrete containing straight fibers and 34% in
concrete with wavy fibers.

Changing the shape of steel fibers from straight to
wavy resulted in a 17% increase in flexural strength
in concrete without polypropylene fibers and a 12%
increase in concrete with polypropylene fibers.
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Experimental Study of Mechanical Properties of High- Performance Concrete Containing Steel Fibers
and Polypropylene Separately and Simultaneously

Hamid Naraki Seyed Fathollah Sajedi Masoud Paknahad

Abstrac This article has studied the separate and simultaneous effect of steel fibers with different shapes and
polypropylene (PP) fibers on some mechanical properties of high- performance concrete (HPC). To improve the quality
of the cement structure, silica-based aggregates with a maximum size of 9 mm were used instead of natural aggregates.
In order to reinforce and investigate the effect of the type, shape and amount of steel fibers on the mechanical
properties of HPC, steel fibers in smooth and wavy forms of 30 mm length in 1%, 2%, 3% and 4% were added to the
concrete in separate plans. Beside the mentioned steel fibers, PP fibers were added by 1% and the corresponding
changes in the mechanical properties were studied. A total of 34 mixing designs were made in the form of 306 cubic,
cylindrical and prismatic speceimens, and the compressive, tensile, and bending strengths of each design were
investigated at the age of 28 days. The results showed that adding 1% of PP fibers to concrete containing smooth and
corrugated steel fibers by (7-8)% leads to the growth of compressive strength up to 113.1 MPa. By adding 1% of PP
fibers to concrete containing 3% of corrugated steel fibers, the highest tensile strength of 13.7 MPa was obtained. It
was also concluded that changing the shape of fibers from straight to wavy does not show a noticeable effect on
compressive strength, while this change showed an average increase of 22% in tensile strength and 34% in bending
strength.

Key word: High performance concrete (HPC), Mechanical properties, Steel fibers, Polypropylene fibers (PP),
Microsilica (SF).
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1. Introduction

A gravity dam, constructed of masonry or concrete,
typically has a triangular profile, with the maximum width
at the base and its apex at the crest. For the sake of
simplicity, the dam is idealized as a tapered beam with a
rectangular cross-section, featuring a widened section on
the top to provide the required freeboard, Ah, and
accessibility, as depicted in Fig. 1. These dams have long
been under scrutiny owing to their simple geometry, ease
of calculation, and practical implementation.
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Fig. 1: Profile of the concrete gravity dam, a) with crest, b)

subjected to an axial load equivalent to the weight crest, c)

with an attached mass, d) equivalant cantilever beam and
coordinate system.

2. Governing equations
The governing equations for the transverse and axial

vibration of the beam, based on the Euler-Bernoulli and
Rayleigh theories, can be expressed as Equations (1) to (4).
It is noteworthy that the harmonic motion is to be
investigated in the frequency domain, with axial forces and
energy dissipation being neglected.

E(lu")'—Aw’u =0 )
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4

E(AV') - pa o’ (V') + paAv =0

In these equations, the prime symbol following a
displacement variable denotes its derivative with respect
to a spatial coordinate. According to Fig. 1, the variable y
represents the longitudinal coordinate, and u(y) defines the
transverse displacement of an arbitrary point along the
axial direction. Furthermore, p(y), E(v), I(v), A(y), v(¥), v,
and J(y) stand for mass per unit volume, the elasticity
modulus of the material, moment of inertia about the
neutral axis, cross-sectional area, axial displacement,
Poisson’s ratio, and polar moment of inertia, respectively.
Here,® and @ imply the natural frequencies of the
transverse and axial vibration of the beam.

In the Galerkin method, the approximate solution is
expressed as a linear combination of admissible functions
within a finite-dimensional subspace in the following

form.

N 5
2 cigi(y) ©)
j=1

where the coefficients ci indicate the unknown constants,
and the functions ¢i(y) signify the known admissible
functions which satisfy all the boundary conditions of the
eigenvalue problem. Substituting the trial solution into the
differential equations (1) to (4) generates the residual.

* Manuscript received September 12, 2024, Revised July 19, 2025, Accepted October 11, 2025.
! Professor, Civil Engineering Department, Babol Noshirvani University of Technology. Email: navayi@nit.ac.ir
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Equations (6) to (9) are subsequently obtained by setting
the weighted residual integral to zero.

—o 6 +[KIE =0 (6)
—’[m —m, —m,J¢ +[k]¢ =0 @)
[o°m, —k,Jc =0 )
[o” (m, +m,,)—k,Jc =0 )

in which the stiffness and mass coefficients are
presented in the weak form, when necessary, as follows.

gy h (10)
Ky = E£(|¢j")'¢kdy, m, = p£A¢j¢kdy

h
My :p£|¢;¢;dy,mljk = pl (h)¢] (h)g, (h)
h h
Kaj = EJAg ¢, dy, m; = plAg, g, dy,
0 0

m, = pij¢;¢;dy

The mode shapes of the homogeneous uniform beam
are reasonable to cast as the admissible functions of the
trial solution. Hence, the corresponding eigenmodes in the
case of transverse and axial vibration are presented in
equations (11) and (12), respectively.

#; (y) = cos(B;y) —cosh(;y) — (I
A, (sin(B;y —sinh(8;Y))
45 () =sinCJ =t zy) (12)

The value of A is given by Eq. (13), while ﬂj is
obtained by solving the characteristic equation (14)

regarding the boundary conditions, u"(h) =u”(h) =-.

A, = (cos(f3;h) + cosh(B;h)) / (13)

(sin(8;h) +sinh(43;h)

cos(f; h).cosh(B;h) +1 =0 (14)

3. Conclusion

This study confirms the accuracy and efficiency of the
Galerkin method in analyzing the axial and transverse
free vibration of concrete gravity dams. The key
findings are as follows:

e The transverse free vibration of the tapered concrete
dams is described using a combination of Bessel
functions of the first and second kind, which yield
nearly exact eigenvalues.

o Similarly, Bessel functions of the first kind provide an
accurate characterization of the axial free vibration.

Simulating the upper segment of the dam as a tip mass
or a concentrated axial load does not significantly
affect the natural frequencies of the transverse and
axial free vibration. Nonetheless, modeling the
superstructure as a uniform section with a constant
width has a considerable effect on the eigen solution.
Therefore, the widened section on the top must be
taken into account.

The  Euler-Bernoulli  theory  yields
eigenfrequencies compared to the Rayleigh theory. The
difference is smaller in lower modes but becomes
significant in higher modes, especially in the case of

greater

transverse vibration. Hence, relying on the Euler-
Bernoulli theory for the free vibration analysis of dams
in higher modes may lead to considerable error.
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Transversely and Axial Free Vibration Analysis of Concrete Gravity Dam without Reservoir effect
Using Galerkin Method

Bahram Navayi Neya

Abstract In this study, transverse and axial free vibration analysis of Concrete Gravity Dams is presented. To achieve
ordinary differential equations, the undamped governing partial differential equation of vibration of a tapered cantilever
beam, based on Euler-Bernuli and Rayleigh theories are transformed to the frequency domain. Galerkin method is then
used to solve the free vibration equation for an arbitrary dam geometry. The restrictions that need to be placed on the
admissible functions to avoid the infinite terms in the integrals of equations depend on the order of implied differential
operators. The corresponding undamped mode shapes of Euler-Bernoulli and Rayleigh beams, which satisfy essential
boundary conditions, are chosen as the admissible functions to expand the trial response of the equation of motion.
Validation of results shows an excellent agreement between the Galerkin method and exact solutions in this research.
Numerical results of free frequency vibration for different cases based on Rayleigh and Euler-Bernoulli theories show
that the frequencies of the dam do not match due to the thickness of dams, especially in higher modes. The predicted
values of natural frequencies of the dam based on Rayleigh’s theory are less than the values predicted by Euler-
Bernoulli’s theory due to the consideration of rotary inertia effect, which becomes significant in very thin dams.

Key words Concrete Gravity Dams, Free Vibration, Euler-Bernoulli Theory, Rayleigh Theory, Galerkin Method.
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1- Introduction

In recent decades, the rapid growth of road transportation
and the consequent increase in heavy traffic have made the
bearing capacity and structural stability of pavements one
of the most critical concerns in geotechnical and highway
engineering. Traditional soil stabilization techniques such
as the addition of lime, cement, or chemical additives, can
enhance soil strength, yet they often lead to environmental
issues, high costs, and limited durability under variations
in moisture and temperature. In contrast, the application of
geosynthetics as polymeric materials with multifunctional
properties  (particularly  reinforcement,  separation,
drainage, and filtration) has emerged as a sustainable and
cost-effective  alternative for improving pavement
performance. Numerous studies have investigated the
reinforcing effects of geotextiles, geogrids, and
geocomposites on soil strength. However, most previous
research focused mainly on identifying the optimum depth
of a single reinforcement layer, while the combined effects
of base thickness, grain size distribution, and the number
of reinforcing layers has rarely been studied. In the present
research, a modified CBR mold with larger dimensions
(diameter = 250 mm, height = 230 mm) was employed to
minimize boundary effects and simulate more realistically
the behavior of a three-layer pavement system consisting
of surface, base, and subgrade layers. The main
innovations of this study can be summarized as follows:
1. A comprehensive evaluation of the influence of base
layer thickness and gradation on the performance of
geosynthetics;

2. An analysis of the effects of reinforcement placement
and the number of layers (single-layer and double-layer
configurations) using the improvement ratio (IR) as the
primary indicator;

3. The use of a modified CBR test to establish realistic
correlations between the physical properties of soils
and the mechanical behavior of the pavement system.

2- Materials and Methods

2-1- Materials

The laboratory model consisted of three distinct layers

Fig.1:

1. Surface layer: a siliceous crushed sand-gravel mixture
(SW) compacted to 88 % relative density;

2. Base layer: two sands with different gradations (SP and
SP-SM) compacted to 90 % relative density, with
thicknesses of 3, 6, and 9 cm;

3. Subgrade layer: kaolinite clay (CL) compacted to 100
%.

Sand and Gravel Mixture
(Ist Layer)

3cem

Geosvnthetics Sand Type 1 & 2

X (2nd Layer)
e e e e e

Kaolinite
(3rd Layer) 4 cm

3.69cm

25 em
Figure 1. Schematic layout of sample preparation and
geosynthetic placement

The grain-size distribution curves are illustrated in Fig
(2) and the physical and mechanical properties of all
materials are summarized in Table. 1. Three types of
geosynthetics supplied by GeoParsian Company were
used: polypropylene geotextile (PP), polyester geotextile
(PE), and Geocomposite (GPC).

* Manuscript received February 19, 2025, Revised July 14, 2025, Accepted September 18, 2025.
1 M.Sc. in Geotechnical Engineering, Department of Civil Engineering, Faculty of Engineering, Bu-Ali Sina University, Hamedan,

Iran

2 Corresponding Author: Assistant Professor, Engineering Faculty of Khoy, Urmia University of Technology, Urmia, Iran.

Email: sgholipour@uut.ac.ir

3 Associate Professor, Department of Civil Engineering, Faculty of Engineering, Bu-Ali Sina University, Hamedan, Iran.



https://civil-ferdowsi.um.ac.ir/article_47419.html?lang=en
https://civil-ferdowsi.um.ac.ir/
https://doi.org/10.22067/jfcei.2025.92220.1345
mailto:sgholipour@uut.ac.ir
https://orcid.org/0000-0001-9686-0870
https://orcid.org/0000-0002-2469-7952
https://orcid.org/0000-0003-4774-0383

Arash Mahmoudi, Sajjad Gholipour, Masoud Makarchian

128

Percentage passing (%)

0.01 0.1

“““ Sand Type 1

= Sand Type 2

Grain Size (mm) 1

- - = Sand and Gravel Mixture

Figure 2. Grain size distribution curves

Table 1- Geotechnical properties of soils

Layers Dio (mm) | Dso (mm) | Deo (Mm) Gs @opt (%) | pamax (KN/mM®) | LL | PI AASHTO ASTM
Mixture Sand-Gravel 0.28 1.30 24 268 | 10.6 19.02 - - A-1-a (0) SW

Sand Type 1 0.081 0.27 15 265 | 11.64 18.33 - - A-1-b (0) | SP-SM
Sand Type 2 0.20 1.30 2.7 2.66 | 11.85 18.73 - - A-1-b (0) SP
Kaolinite - - - 264 | 192 15.5 41 | 16 | A-7-6 (18) CL

2-2- Experimental Procedure
Each layer was compacted separately at its optimum
moisture content and maximum dry density according to
ASTM D698. The geosynthetics were placed in three
different configurations:

1. At the upper interface (between surface and base);

2. At the lower interface (between base and

subgrade);
3. At both interfaces simultaneously (double-layer
reinforcement).

The CBR tests were conducted using a CBR-Marshall
testing machine equipped with a 50 mm-diameter loading
plunger. The penetration rate was 1.27 mm/min, and
loading continued up to 40 mm penetration. The applied
load and penetration were recorded continuously, and both
CBR values and improvement ratios (IR) were determined
for a reference penetration of 30 mm.
To ensure accuracy and repeatability, each test was
performed three times, and the average results were
reported. The coefficient of variation was below 5%,
confirming excellent reproducibility.

3- Results and Discussion

3-1- Effect of Geosynthetics on Load-Penetration
Behavior

The load-displacement curves Fig 3. revealed that the
inclusion of geosynthetics at the layer interfaces
consistently enhanced the penetration resistance. During
the initial stage of penetration (less than 5 mm), the
difference between reinforced and unreinforced samples

was small; however, with increasing penetration, the
membrane action of the geosynthetic became active,
significantly increasing the load resistance.

The highest improvement ratio (IR = 4.5) was obtained in
specimens with geocomposite reinforcement placed at
both interfaces and a base thickness of 6 cm, whereas the
lowest IR (1.2) was observed for the single-layer PP
geotextile at the lower interface (Table 2 and Table 3).

Table 2- Improvement ratio values for soil type 1

Base Layer Plagg?ei]r]{th (e)IiEhe Type of Geosynthetics
Thickness g Igyer PP PE | GPC
Upper interface 1.40 | 1.60 1.98
3cm Lower interface 142 | 177 1.93
Both interfaces 234 | 261 2.97
Upper interface 1.67 | 2.00 2.48
6 cm Lower interface 1.36 | 1.90 2.07
Both interfaces 2.81 | 2.88 3.60
Upper interface 1.76 | 2.05 2.51
9cm Lower interface 138 | 1.79 2.15
Both interfaces 3.00 | 3.10 4.40
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Table 3- Improvement ratio values for soil type 2

Base Layer | Dacementofthe | Type of Geosynthetics
Thickness geosynthetic
Upper interface 120 | 154 1.94
3cm Lower interface 146 | 153 1.58

Both interfaces 2.14 2.40 2.64

Upper interface 165 | 1.84 2.16

6cm Lower interface 1.63 1.90 2.20

Both interfaces 2.75 3.12 4.02

Upper interface 158 | 1.80 231

9cm Lower interface 1.50 1.86 2.19

Both interfaces 2.67 3.15 3.92
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Figure 2. CBR test results

3-2- Influence of Base Thickness and Gradation
Increasing the base layer thickness from 3 to 6 cm resulted

in a 25-40% increase in IR, but a further increase to 9 cm
had negligible effect, as the lower geosynthetic layer was
located beyond the effective stress bulb zone. Moreover,
while coarser-grained sand (Type 2) exhibited higher
inherent bearing strength, the relative reinforcement effect
was more pronounced in finer-grained sand (Type 1),
where particle fabric interlock and friction were more
effective. On average, the improvement in Type 1 sand
was about 10% greater than in Type 2.

4- Comparison with Previous Studies
The results of this study were compared with findings from

previous research (Table 4). The improvement ratios in
earlier studies ranged from 1.1 to 4.0, which are consistent
with the present results of 1.2 to 4.5.

The use of a modified, large-scale CBR mold also
provided more realistic representations of lateral stress
effects and edge conditions. Furthermore, the observed
performance trends correspond well with the findings of
Singh et al. (2019) and Nazeri et al. (2020), indicating that
maximum improvement occurs when the reinforcement
layer is positioned within the active stress zone,
approximately 0.3-0.6 of the specimen height.

Table 4- Comparison of the results of the present study
with those of other researchers

Number of Range of load
Researches reinforcing | improvement ratio
layers and explanation
Abdi-Goudarzi et al.
(2022) [19] ! 1113
Carlos et al. (2024) 1 15
[20] 2 2
Singh et al. (2019) 1 1.1-1.7
[12] 2 2-4
Current research 1-2 1.3-3

5- Conclusions
1. Geosynthetics significantly enhance the bearing

capacity of the base layer, increasing the penetration
resistance up to 4.5 times that of the unreinforced
condition, depending on type and placement.

2. Geocomposite (GPC) exhibited the best
reinforcement performance, on average 40% higher
than PP and PE geotextiles.

3. The optimum base layer thickness was found to be
around 6 cm; further increases lead to saturation of
the stress bulb zone and reduced reinforcement
efficiency.
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4. Finer gradation (sand type 1) produced better
interlocking and frictional interaction with the
geosynthetics, resulting in an additional 10%
improvement in IR.

5. Double-layer reinforcement (geosynthetics placed
at both interfaces) provided the highest mechanical
efficiency, especially when using geocomposites.

6. The modified CBR test proved to be a reliable tool
for minimizing boundary effects, improving
experimental accuracy, and better simulating real
pavement conditions.

Overall, the results clearly demonstrate that the
incorporation of geosynthetics in multilayer pavement
systems is not only technically effective but also
economically and environmentally sustainable. Enhancing
the bearing capacity, reducing base layer thickness, and
improving long-term stability are among the main benefits
of this approach. Consequently, geosynthetics can play a
key role in developing sustainable infrastructure and
reducing natural resource consumption in road
construction.
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Study on the Effect of Thickness and Gradation of Geosynthetic-Reinforced Base Layer on CBR
Values of a Three-Layer Pavement System

Arash Mahmoudi Sajjad Gholipour Masoud Makarchian

Abstract The use of geosynthetics in soil reinforcement for increasing load-bearing capacity, reducing settlement, and
preventing pavement cracking is an effective alternative to conventional methods such as the use of cement and lime. In
this study, modified CBR tests were conducted on soil samples reinforced with three types of geosynthetics to investigate
the effects of various parameters. The pavement layers included: the surface (a sand and gravel mixture), the base layer
(two types of sand with thicknesses of 3, 6, and 9 cm and two different gradations), and the subgrade layer (clay with a
fixed thickness). The results showed that placing geosynthetics at the interfaces between layers, especially geocomposites,
increased the load-bearing capacity by a factor of 1.2 to 4.5 times compared to the unreinforced condition. Additionally,
as the base course thickness and particle size increased, the load-bearing capacity improved; however, the effectiveness
of the geosynthetics at the layer interfaces decreased. These findings confirm the important role of geosynthetics in
optimizing pavement design.

Key words Geosynthetic, CBR, Bearing capacity, Reinforcement of base layer.
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1- Introduction

The interaction between clay soils and contaminated
matter is higher in comparison to granular soil due to their
high specific surface area and cation-exchange capacity.
Phenol is one of the organic pollutants that can harm the
environment due to its toxicity. It is an aromatic compound
with one hydroxyl group attached to a benzene ring.
Phenol is very soluble in water and many organic solvents,
and its mobility is high. As a result, phenol can easily enter
the soil and groundwater as an organic pollutant.
Therefore, the stabilization of soils contaminated with
phenol is considered one of the important challenges in
geotechnical and environmental engineering.

Among conventional soil-stabilization techniques,
chemical additives such as lime and cement have long been
used due to their availability and acceptable performance
in ordinary soils. However, their efficiency decreases in
soils contaminated with organic compounds, as such
contaminants prevent pozzolanic reactions between lime
and clay minerals. Additionally, cement production
involves high energy consumption and significant CO,
emissions, making it environmentally unsustainable. In
recent years, ground granulated blast-furnace slag (GGBS)
has gained attention as an eco-friendly alternative additive.
Chemical activation of GGBS with magnesium oxide
(MgO) leads to the formation of cementitious products
such as calcium silicate hydrate (C-S-H) and calcium
aluminate hydrate (C-A-H), which can strengthen soil
structure and mitigate the adverse effects of organic
contamination.

The main aim of this study is to compare the
performance of lime and MgO-activated GGBS as
sustainable and innovative stabilizers for improving the
physical and mechanical behaviors of phenol-
contaminated clay soil. The effect of each additive on the

behavior of the contaminated soil was compared for
different additive percentages and curing times through a
series of experimental tests.

2- Materials and Methods

A clay soil was collected from a local source, and its
physical and mechanical properties were determined
according to ASTM standards. The results of grain size
distribution revealed that the soil was composed of 3%
sand, 65% silt, and 32% clay. Based on Atterberg limits
and grain size distribution, it was classified according to
the USCS as a low-plasticity clay (CL). The specific
gravity of solids was 2.7, while the optimum moisture
content and maximum dry density of the natural soil were
17% and 18 kN/m3, respectively. X-ray diffraction (XRD)
analysis confirmed the presence of kaolinite and
montmorillonite minerals. The chemical tests were
performed on the soil samples and chemical compositions
of it are shown in Table 1.

Table 1 - Chemical Properties of Soil

No. Characteristic Value
1 pH 7.96
2 EC (dS/m) 2.62
3 SO,42™ (meqg/l) 6.8
4 CI~ (meg/l) 10
5 HCO3™ (meg/l) 12.5
6 Caz* (meg/l) 9.89
7 Na* (meg/l) 17.1
8 Mg?* (meg/l) 0.95
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Contaminated soil was artificially made in laboratory
by mixing the soil by 2000 ppm phenol with purity more
than 99%. Lime and activated GGBS with MgO by ratio
of 3 (GGBS): 1 (MgO). These additives were used as
stabilizers at percentages of 4%, 7%, and 10% by dry
weight. The natural or contaminated soil was mixed with
these additives by hand. Atterberg limits and standard
Proctor compaction tests were performed on these soil
mixtures. The samples for UCS test were prepared from
these materials by static compaction. UCS tests were
conducted on samples at curing times of 7, 14, and 28 days
according to the ASTM D1632-07. Scanning electron
microscopy (SEM) tests were performed on the samples to
examine microstructural changes of soil and cementitious
phase formation.

3- Results and Discussion

A total of 14 Atterberg limit tests, 14 compaction tests, 114
UCS tests, and 6 SEM tests were performed on samples of
uncontaminated and contaminated soils, as well as their
mixtures with different percentages of additives, according
to the corresponding ASTM standards. A comparison of
the Atterberg results of contaminated soil with natural soil
shows that the Atterberg limits increased with the addition
of phenol. The results showed an increase of 2% and 3%
in the LL and PL, respectively, but a 1% reduction was
observed in the PI. It was observed that by adding lime and
MgO-GGBS to both natural and contaminated soils, the
Atterberg limits changed, with the PL increasing as the
percentage of additives increased. The results of standard
compaction tests on natural and contaminated soils with
different percentages of additives are presented in Table 2.
As shown in this table, compared to natural soil, the
contaminated soil exhibited an increase in optimum
moisture content and a decrease in maximum dry unit
weight. The results also indicated that the effect of lime
and activated GGBS caused both a decrease and an
increase in the values of maximum dry unit weight and
optimum water content, respectively, for both soils.
Therefore, the higher the percentage of additives, the
greater the changes in the compaction parameters.

The stress-strain curves for natural and contaminated
soils are shown in Fig. 1. The results show that adding
phenol to the soil caused a reduction in strength of about
70%.

As shown in Fig. 2, the addition of lime or activated
GGBS resulted in the cementation of soil particles, which
increased the strength of the soil. The results indicated that
the increase in strength and improvement of natural and
contaminated soils are a function of curing time and the
percentage of additives used. A comparison of the results
showed that the additives used were more effective in
increasing the strength of contaminated soil compared to
natural soil, particularly at 7% and 10% additive levels.

—e—Phenol-Contaminated Soil —#— Natural Soil

160 -
140
=120
%100
- 80
S 60
& 40
20
0
strain (%)
Fig 1 - Stress-Strain Curves of Natural and
Contaminated Soil
Table 2 - Standard Compaction Test results
o Yd max
Sample ®opt (%0) (KN/m?)
@) @)
o o
zZ = P =
Q QD
E| 3| E |2
Additive % S | 3 = 3
w @ %) @
o o o o
friy w - wn
o. Q.
- - 17 | 195| 18 | 165
Lime 4 155 19.7 | 17.2 | 16.4
Lime 7 16.1 | 20.4 | 16.8 | 16.2
Lime 10 19.2 | 21 16.1 | 15.9
MgO-GGBS 4 16 | 20 | 17.3 | 164
MgO-GGBS 7 16.8 | 205 | 17 | 16.2
MgO-GGBS 10 19.1| 214 | 165 16

SEM images indicated that phenol altered the soil
fabric by promoting edge-to-edge and edge-to-face
flocculation. In stabilized samples, the formation of
cementitious gel and reduced voids were observed.
Microstructural improvements were similar for both
stabilizers but more pronounced in MgO-GGBS samples,
which is consistent with strength results.
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Final Strength (kPa)

—— Cont.Soil + MgO-GGBS 4%
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= &= Cont.Soil + Lime 7%

2500 +

N

o

o
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1

1500 -

1000 -
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Curing Time

Fig 2- Comparison of the Ultimate Strength of

Contaminated Soil Mixed with Lime and MgO-GGBS

Additives

4- Conclusion

The stabilization of clay soil contaminated with phenol
using different percentages of lime and activated GGBS
was investigated through a series of tests, including
consistency, compaction, UCS, and SEM. Based on the
experimental results, the following conclusions can be
drawn:

1)

2)

3)

4)

Phenol changes the physical and mechanical properties
of the soil, particularly its strength.

Both additives improved the strength of natural and
contaminated soils, and this improvement depends on
the percentage of additives and curing times.

At the same percentage of additives and curing time,
the strength of contaminated soil improved more than
that of natural soil. A comparison of the results showed
that the effect of activated GGBS was more effective
than lime in improving both soils, particularly at higher
percentages of additives and longer curing times.
SEM results confirmed that the increase in strength and
improvement in soil behavior were due to the chemical
interaction between the soil and additives.
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Comparison of the Effect of Lime Additives and Magnesium Oxide-Activated GGBS in
Stabilizing a Clay Soil Contaminated with Phenol

Meysam Garshasbi Ali Raeesi Estabragh Jamal Abdollahi Ali Beik Gholamali Vakili

Abstract Soil stabilization of clay soils contaminated with organic pollutants is a significant challenge in geotechnical
engineering and environmental engineering due to the detrimental effects of these compounds on the physical and
mechanical properties of soil. In this study, the stabilization of a natural clay soil contaminated with phenol at the
concentration of 2000 ppm was investigated by using lime and ground granulated blast-furnace slag (GGBS) activated
with magnesium oxide (MgO) as additives. The stabilization process was evaluated through conduction a number of
experimental tests on samples of both mixture natural and contaminated soils with 0%, 4%, 7%, and 10% of the above
additives. Atterberg limits and compaction tests were conducted, and additionally, uniaxial compressive strength tests
were performed on the prepared samples at curing times of 7, 14, and 28 days. The results showed that the additives
caused changes in the Atterberg limits and compaction parameters (maximum dry unit weight and optimum moisture
content), and also increased the strength of samples. The results showed that the increase in strength was a function of
the percentage of additives and curing time. Furthermore, a comparison of the strength results revealed that the strength
of the stabilized contaminated soil, at a given percentage of additives and curing time, was higher than that of the
stabilized natural soil. Comparing the strength results between two additives showed that the using of activated GGBS
was superior to that of lime at a given percentages and curing times in the stabilization of contaminated soil. SEM results
indicated that the increase in strength was due to the chemical interaction between soil and additives.

Key words Stabilization, Clay Soil, Contaminated Soil, Phenol, Lime, GGBS, MgO.
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