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1-Interduction

Alkali-activated concrete (AAC) has emerged as a
sustainable alternative to Portland cement due to its
significantly lower carbon footprint, reduced energy
demand during production, and superior chemical
resistance. Among various aluminosilicate sources, slag-
based alkali-activated binders have demonstrated excellent
mechanical performance and exceptional durability when
exposed to aggressive environments, particularly sulfuric
acid, due to their dense reaction products and low
permeability [1-3]. At the same time, the global
accumulation of end-of-life tires have intensified interest
in incorporating crumb rubber as a partial fine aggregate
replacement. Although the inclusion of rubber particles
often reduces compressive and tensile strength because of
their low stiffness and weak interfacial bonding, such
environmental benefits make their use increasingly
attractive. This drawback, however, can be mitigated
through the addition of reinforcing fibers. Polyolefin fibers
are particularly effective in enhancing crack-bridging
capacity, improving tensile behavior, and limiting the
formation of interconnected pathways for chemical
ingress, thereby increasing overall durability.

In this study, slag-based AAC mixtures were developed
using 0%, 10%, and 20% slag replacement levels,
combined with 10% volumetric crumb rubber and
polyolefin fibers at dosages of 0%, 0.5%, and 1%. The
fresh and hardened properties were evaluated after dry
curing at 60°C, while long-term acid resistance was
investigated through immersion in 1% sulfuric acid for 7,
28, 60, and 120 days. Microstructural evolution was
assessed using SEM, complemented by ultrasonic pulse
velocity measurements to characterize damage and
durability performance.

2-Materials and Experimental Methods
This study utilized Type Il Portland cement and ground
granulated blast-furnace slag (GGBFS) as the principal

binders. Slag was incorporated at replacement levels of
0%, 10%, and 20% to assess its influence on alkali-
activated concrete performance. Cement and slag
complied with EN 197-1 and ASTM (C989/C989M
standards. Natural washed sand with a fineness modulus of
2.85 and crushed coarse aggregates (maximum size 19
mm) meeting ASTM C33 requirements were used.

Recycled crumb rubber from waste automobile tires
replaced 10% of the fine aggregate volume. The rubber
was introduced in three particle-size ranges (0—1 mm, 1-3
mm, and 3-4.75 mm), all approximately spherical. The
replacement reduced the unit weight of the mixtures.
Polyolefin fibers conforming to ASTM D7508/D7508M
were incorporated at 0%, 0.5%, and 1% by volume, each
with a length of 30 mm and a diameter of 0.8 mm.

The alkaline activator consisted of 12 M sodium
hydroxide (NaOH) and sodium silicate (Na,SiO;). The
mass ratio of sodium silicate to sodium hydroxide was
fixed at 2.5, while the alkaline-to-binder ratio was
maintained at 0.4 according to [4]. Based on these
parameters, nine mix designs were developed combining
different levels of slag, rubber, and fiber content. A control
mix with 100% slag and no rubber or fibers was also
prepared.

Dry materials were first blended uniformly, followed by
gradual addition of the alkaline activator solution. The
fresh mixtures were cast into molds and dry-cured at 60°C
for 48 hours, then stored under ambient conditions.
Mechanical properties were assessed through compressive
and tensile strength tests. Durability performance was
evaluated by immersing samples in 1% sulfuric acid for 7,
28, 60, and 120 days. Microstructural examination using
scanning electron microscopy (SEM) and ultrasonic pulse
velocity (UPV) testing was conducted to characterize
internal damage and degradation mechanisms.
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3-Results and Discussion

The results indicate that replacing Portland cement with
slag significantly improves both tensile and compressive
strengths of alkali-activated concrete, although the
increase in tensile strength is less pronounced at higher
replacement levels (20%) compared to 10%. Additionally,
adding up to 1% polyolefin fibers markedly enhances
tensile and compressive strengths, with the highest
strengths observed in mixes containing 20% slag
replacement and 1% fibers. This improvement is attributed
to the combined hydration reactions and enhanced bonding
within the concrete matrix, which strengthen the
mechanical performance.
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Figl. Compressive and tensile strength of samples under
normal conditions

Exposure to sulfuric acid reduces the compressive strength
of alkali-activated concrete, especially in mixes with
higher cement content due to acid attack on calcium-based
phases like C-S-H. Samples with slag replacing cement
showed better acid resistance. Adding polyolefin fibers
significantly improved compressive strength and helped
mitigate acid damage across all mixes. Overall, lower
cement content combined with fiber reinforcement
enhances durability and long-term performance in acidic
environments.

70

l:l % of Compressive strength [ Befor test m120Days
60

50 53.8
40
30
20

) |
0 || | |8 |

SA100 SA100 SA100 SA100 SA90 SA90 SA90 SA80 SA80 SAS80
PF0 PF0 PF0.5 PF1 PF0 PPF0.5 PF1 PF0 PF05 PF1

Compressive strength (MPa)

CR0 CR10 CR10 CR10 CR10 CR10 CR10 CR10 CR10 CRI10

Fig2. Residual compressive strength percentage of different
samples after 120 days in acid

4-Conclusion

This study investigated the effects of partial slag
replacement with Portland cement and the incorporation of
polyolefin fibers on the mechanical and durability
performance of slag-based alkali-activated concrete
(AAC) containing crumb rubber, under both ambient
conditions and sulfuric acid exposure.

Under ambient conditions, replacing slag with Portland
cement up to 20% generally enhanced mechanical
performance. In AAC containing crumb rubber and
polyolefin fibers (0—1% by volume), increasing the cement
content from 0% to 20% led to a consistent increase in
tensile strength. The highest tensile strength of 4.87 MPa
was obtained for the mixture with 20% cement
replacement and 1% polyolefin fibers. Similarly, in fiber-
free AAC, compressive strength increased from 35.3 MPa
in the cement-free mix to 42.7 MPa at 20% cement
replacement. The optimum mixture under ambient
conditions was the AAC containing 10% crumb rubber and
1% polyolefin fibers with 20% cement replacement, which
achieved compressive and tensile strengths of 44.6 MPa
and 4.87 MPa, respectively. SEM observations confirmed
the reinforcing effect of polyolefin fibers through
improved bonding at the fiber—-matrix interface.

Under sulfuric acid exposure, the role of cement
contrasted sharply with ambient behavior. Increasing the
polyolefin fiber content from 0% to 1% significantly
enhanced both compressive and tensile strengths and
improved acid resistance, whereas higher Portland cement
content intensified chemical degradation. After 120 days
in sulfuric acid, weight loss increased from 5.9% in the
cement-free mix to 9.6% at 20% cement replacement due
to the formation of expansive gypsum and other calcium-
based hydrates. The highest compressive strength in acid
(29 MPa) was recorded for the cement-free AAC
containing 1% polyolefin fibers, while the mix with 20%
cement replacement and no fibers showed the lowest
strength (16 MPa. Overall, the results indicate that
minimizing Portland cement and incorporating polyolefin
fibers are key strategies for enhancing the chemical
resistance of slag-based AAC with crumb rubber
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Investigation of the Effect of Polyolefin Fibers and Cement Replacement with Slag on the Strength of
Alkali-Activated Concrete Containing Rubber Particles in Normal and Acidic Environments

Bahram Bolouri Kashli Iman Mohammadpour Nikbin Mohammad Javad Mahdizadeh

Abstract Slag-Based Alkali-Activated Concrete, as a Sustainable Alternative to Cementitious Concrete, Has Been
Developed by Reducing Greenhouse Gas Emissions and Utilizing Industrial Waste Materials Such as Slag and Rubber
Particles. In this study, the effects of replacing cement with slag (0%, 10%, and 20%) and adding rubber particles (10%
by volume of fine aggregate) on the mechanical properties of polyolefin fiber-reinforced alkali-activated concrete (0%,
0.5%, and 1% by volume) were investigated. The specimens were cured under dry conditions at 60°C and subjected to
compressive and tensile strength tests in both normal and sulfuric acid environments. The results showed that replacing
20% of cement with slag and adding 1% fiber led to the highest compressive (44.6 MPa) and tensile (4.87 MPa) strengths
under normal conditions. In the acidic environment, the specimen without cement (100% slag) and reinforced with 1%
fiber exhibited the lowest compressive strength loss (a 32.1% decrease from 42.7 MPa to 29 MPa). Microstructural
analyses and ultrasonic pulse velocity measurements confirmed the improvement in mechanical properties and durability
of the specimens.

Key words Slag-Based Alkali-Activated Concrete, Polyolefin Fibers, Cement Replacement with Slag, Acid Resistance
of Alkali-Activated Concrete.
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1-Introduction:

In general, the dynamic behaviour of structures can be
considered either linear or nonlinear, with the governing
differential equation being a second-order differential
equation. The solution methods are typically divided into
two main categories: the mode superposition method and
the direct time integration method. In nonlinear systems, if
the structural response at a specific time *t* is required,
the interval [0, t] is divided into *n* sub-intervals, usually
of equal size (At). Within each sub-interval (t = nAt), the
structural properties such as stiffness are assumed to be
constant, and the response at the end of each step is
calculated. This response is then used as the initial
condition for the subsequent step. Among conditionally
stable time integration methods, the Newmark linear
acceleration method and the central difference method are
widely used due to their accuracy. In these two classical
approaches, the acceleration is assumed to vary at most
linearly within each time step. In this study, however, the
acceleration variation within each time step is assumed to
be cubic (third-order). Consequently, when the
acceleration is represented by a third-order polynomial, the
displacement function becomes a fifth-degree polynomial
with six coefficients. Since higher-order acceleration
introduces more terms into the Taylor series expansion
compared to the classical methods, it is expected that the
proposed third-order acceleration method will provide
greater accuracy. Nevertheless, because this research
focuses on a nonlinear softening system, the increase in
acceleration order does not necessarily guarantee
improved accuracy. For evaluating the weighted residual
integral, the least-squares method was applied. In this
study, computational tools such as MATLAB were
employed to quantitatively compare the accuracy of the
proposed third-order acceleration method against other
classical methods, including the Newmark average

acceleration method, the Newmark linear acceleration
method, the Wilson-6 method, and the parabolic
acceleration method.

2. Methodology

In this paper, the acceleration variation in each time step is
considered cubic, which represents the novel contribution
of the research. To the authors’ knowledge, the extension
of the third-order acceleration method has been developed
for the first time, at least in Iran. The reference solution
employed here is the exact response of a shear building
with nonlinear softening behavior under sinusoidal
loading. Approximate responses obtained from the
Newmark methods and the parabolic acceleration method
were compared with the exact response through time-
history diagrams of the displacements of the first and
second stories. The errors of eight different numerical
methods were calculated quantitatively and compared. The
displacement response of a nonlinear softening two-
degree-of-freedom system was analyzed under a range of
sinusoidal loadings with varying frequencies and
amplitudes.

The angular frequency of the sinusoidal loading was
varied from 1 to 30 rad/s, with increments of 0.1 rad/s,
yielding 300 different loading cases. The system response
under these cases was computed using the eight numerical
methods discussed in this study. Using the analytical
response method with At = 0.001 s, the displacement
response was obtained and regarded as the exact solution.
Then, for At values of 0.001, 0.002, 0.003, 0.004, 0.005,
0.006, and 0.007 s, the displacement response of the system
was computed for peak ground accelerations (PGAS) of 1,
2,3, 4, and 5 (m/s?) using the eight numerical methods. The
root mean square errors were calculated for the defined At
values. To compare the performance of the methods, the
mean errors over different frequencies and their
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coefficients of variation were evaluated. Additionally, the
parabolic acceleration method was extended to a third-
order acceleration method, and its error and coefficient of
variation were compared with those of the second-order
(parabolic) acceleration method.

In Figure (1), the average error averages for different
numerical methods for At equal to 0.001 seconds to 0.007
seconds for the first floor of a softening shear building are
plotted as a bar graph.

3. Conclusion

The results showed that, in the first story, for At values
ranging from 0.001 to 0.007 seconds, the minimum mean
error in most cases was associated with the analytical
response method and the Newmark average acceleration
method, while the maximum mean error in most cases
corresponded to the central difference and Wilson
methods. In the second story, with the same At range, the
minimum mean error in most cases corresponded to the
central difference method, whereas the maximum mean
error was associated with the Jennings method. Regarding
the coefficient of variation, in the first story and within the
same At range, the maximum value in most cases was
related to the second-order acceleration and Wilson
methods, while the minimum was related to the Newmark
linear acceleration and Newmark average acceleration
methods. In the second story, the maximum coefficient of

variation in most cases was associated with the central
difference method, while the minimum corresponded to
the Wilson method. In both stories, the mean error and the
coefficient of variation for the second-order and third-
order acceleration methods generally showed only minor
differences. Overall, in the first story, the analytical
response method had the lowest mean error, while the
Wilson method exhibited the highest mean error. The
second-order and third-order acceleration methods ranked
second and fourth, respectively. In the second story, the
central difference method had the lowest mean error, while
the Jennings method had the highest mean error. The
second-order and third-order acceleration methods ranked
sixth and seventh, respectively. From the perspective of
the coefficient of variation, in the first story, the highest
value corresponded to the analytical response method, and
the lowest to the Newmark average acceleration method,
with the second-order and third-order acceleration
methods ranked sixth and seventh, respectively. In the
second story, the highest coefficient of variation was
related to the central difference method, while the lowest
was associated with the Wilson method. The second-order
and third-order acceleration methods ranked fourth and
fifth, respectively.
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Figure. 1: Average value of the error means of different numerical methods for At equal to 0.001 seconds to 0.007
seconds for the first floor of a softening shear building
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A Quantitative Assessment of the Accuracy of the Third-Order Acceleration Method
Compared to Other Numerical Methods Under Harmonic Loading — A Case Study of a
Softening Two-Degree-of-Freedom Structure

Masoud Mahmoodabadi Fatemeh Ansari Fatemeh Hatfi Ardakani

Abstract In this paper, the displacement response of a nonlinear two-degree-of-freedom softening system is investigated
under a range of sinusoidal loadings with different frequencies and for different PGAs. Eight numerical methods
including the 3rd-order acceleration method, the 2nd-order acceleration method, the Newmark method (linear
acceleration method), the Newmark method (average acceleration method), the Wilson-Theta method, the central
difference method, the Jennings method and the innovative method were used to calculate the displacement response of
this system. Using these eight methods, the displacement of this system was calculated for different PGAs and the values
of the root mean square error and the error coefficient of variation of these 8 methods were calculated for different At s,
and the results of the work are presented in the form of bar graphs.

Keywords 3rd-Order Acceleration Method, Numerical Methods in Structural Dynamics, Softening System, Root Mean
Square Error, Error Coefficient of Variation.
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1- Introduction

Pile Raft Foundations are considered one of the effective
systems for transferring the loads of heavy and high-rise
structures onto soft and compressible soils. In this system,
both the piles and the foundation simultaneously
participate in load transfer, which increases load-bearing
capacity and controls both Total and differential
settlements. Despite extensive research on Pile Raft
Foundations, the effect of the type of connection between
the foundation and the piles (including fixed, hinged, and
non- Connected) has received less attention. In a fixed
connection, a complete moment transfer occurs between
the pile head and the foundation, while in a hinged
connection, the bending moment at the connection
between the pile head and the foundation is zero. In the
non- connected state, a layer of soil is placed between the
foundation and the pile, and load transfer occurs indirectly
through the soil.

2- Methodology and Numerical Modeling

In this study, a three-dimensional numerical analysis was
conducted using PLAXIS 2020 software to investigate the
effect of the type of connection between the piles and the
foundation on the mechanical behavior of pile raft
foundations under vertical and lateral static loading. To
validate the software, the numerical model was compared
with experimental and analytical results from the studies
of Park and Lee (2015) and Halder (2020). In the validated
model, the pile arrangement was 4x4, with a pile diameter
D=0.6 m and pile length L=15m. A square raft foundation
with width B= 9 m and thickness 1.2 m was considered.
The comparison of the load-displacement curves for the
two cases, the raft foundation alone and the pile raft
foundation, showed a good agreement.
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Fig. 1. Software validation diagram in pile raft foundation
mode

The numerical model used in this study consists of a square
foundation with dimensions 12 m and a thickness of 1.5
meters, supported by 9 piles arranged in a 3x3 pattern. The
diameter of each pile is 0.5 meters, and the pile length is
20 m. The underlying soil is modeled as homogeneous
sand using the Mohr-Coulomb failure criterion, and the
foundation and pile components are modeled elastically.
Three different connection types between the foundation
and the piles were considered: fixed, hinged, and non-
connected state (with a 1-meter thick soil layer between
the foundation and pile head).

3- Results and Discussion

The results of the analysis indicated that the type of
connection has a significant impact on the Total
settlement, axial load distribution, and bending moments
in both the foundation and piles.
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Under vertical static loading, the fixed connection
resulted in the least settlement but led to an increase in the
bending moments in the piles and foundation. In the
hinged connection, a greater settlement occurred in the
foundation, but the bending moments were reduced
compared to the fixed connection, displaying a more
flexible behavior. In the non- connected state, due to the
presence of a soil layer between the pile and the
foundation, the bending moments were minimized, and the
axial load distribution between the piles was more
uniform, although the Total settlement slightly increased.

The bending moments along the pile were also
examined. At the pile head, which is the connection point
between the pile and the raft foundation, only the fixed
connection produced a bending moment, whereas the
hinged and non- connected state resulted in zero bending
moments at this location. Among the three connection
types, the bending moments along the pile were the
smallest in the non- connected case compared to the other
two connection types.
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Fig. 2. Comparison of the bending moment created in the
pile under the 100 kPa Static Vertical Load at different
connection type

The shear force generated in the foundation under vertical
static loading in the hinged and fixed connection cases is
similar, although the shear force is slightly higher in the
hinged connection compared to the fixed connection. The
non- connected state exhibits the lowest shear force among
the three connection types. Under lateral static loading, the
bending moment and shear force developed in both the
piles and the foundation are greatest in the fixed
connection case and smallest in the non- connected state.
The horizontal displacement of the foundation under
lateral loading is smallest in the hinged connection case
and greatest in the non- connected state.

4- Conclusions

Based on the numerical modeling results, the type of
connection between the foundation and the piles plays a
crucial role in controlling the deformations and internal
forces in pile raft foundations. The fixed connection is the
best choice for structures that need to with stand heavy
vertical and lateral loads; however, it comes with higher
costs and design complexity. The hinged connection is a

balanced system that is suitable for bearing vertical and
lateral loads while offering greater flexibility. The non-
connected state is a more cost effective option for reducing
differential settlements and better controlling stresses in
projects that do not require resistance to heavy lateral
forces. Overall, the results indicate that the design details
of the pile-foundation connection have a significant impact
on the system's ultimate performance, and optimizing this
aspect can increase efficiency while reducing material
usage and costs.
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Numerical Study of the Effect of the Type of Connection between the Pile and the Foundation on the
Bearing Capacity and the Settlement Created in the Pile Raft Foundations

Mahdi Yazdi nasab Mahmoud Yazdani

Abstract Many studies have been done on the pile raft foundations. However, the effect factor of the type of connection
between the piles and the raft foundation has been less studied. The type of rigid connection is a state in there is a
bending moment between the pile and the foundation. But in the case of a hinged connection, unlike a rigid connection,
the bending moment at the connection between the pile and the foundation is zero. In the non-connected state, the raft
foundation is not directly connected to the pile, and a layer of soil is placed between the pile and the foundation. In this
research, the effect of the type of connection between the pile and the raft foundation on the performance of the entire
system, especially the settlement of the raft foundation, as well as the distribution of the bending moment in the
foundation and pile under vertical and lateral static loading was studied. The amount of bending moment created in the
pile and foundation under vertical and lateral static loading is the lowest in the detached state and the highest in the
rigid connection state. The two states of rigid and hinged connection before the piles reach their maximum bearing
capacity (yield point) have a similar behavior. After the yield point of the piles, a lower bending moment is created in
the hinged connection state than in the rigid connection state. But the settlement created in the hinged connection mode
will be more than the rigid connection.

Key words Piled raft foundation, Bearing capacity, Non-connected between pile and foundation, Rigid and hinged
connected between pile and foundation, Settlement of raft foundation.
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1- Introduction

The rising demand for tall, flexible structures necessitates
advanced vibration control strategies to mitigate their
dynamic response to seismic loads. Among active control
mechanisms, the Active Tendon (AT) system has proven
to be a reliable solution. Model Predictive Control (MPC)
is an effective strategy for guiding this system, calculating
control forces by forecasting future structural states.
However, the performance of MPC is often compromised
by modeling uncertainties and measurement noise.

To address these challenges, this study proposes the
integration of MPC with the Kalman Filter (KF) and the
Steady-State Kalman Filter (SSKF). In this hybrid
framework, the KF delivers more precise state
estimations, which the MPC controller then uses to
compute the control forces. While the combined MPC-KF
approach typically entails high computational complexity,
employing the SSKF with its constant gain significantly
reduces the computational load, enabling faster real-time
implementation. This research comprehensively evaluates
and compares the performance of three control algorithms:
CMPC, MPC-KF, and MPC-SSKF for an 11-story shear
frame equipped with ATs under seismic excitation. The
comparison is based on key metrics, including efficiency
and time and memory complexity.

2- Methodology

The structural system investigated in this study consists of
an 11-story shear building equipped with active tendon
dampers installed at every story. The ATs are designed to
actively counteract structural vibrations induced by
dynamic excitations such as seismic ground motions,
thereby enhancing the overall stability and serviceability
of the structure. All numerical simulations are carried out
in the MATLAB. Three control algorithms i.e. Classical
Model Predictive Control (CMPC), Model Predictive
Control integrated with the Kalman Filter (MPC-KF), and
Model Predictive Control integrated with the Steady-State

Kalman Filter (MPC-SSKF) are implemented and
compared. The weighting matrices (Q and R), prediction
horizon (Np), and control horizon (Nc) are tuned through
an iterative trial-and-error procedure to achieve optimal
trade-offs between control accuracy, robustness, and
computational efficiency.

The governing equation of motion for the structure
subjected to ground acceleration is expressed as eq(1):

MEQ) + Cx(6) + Kx(t) = Byu(t) + Eyw(t) )

where M, C, and K denote the mass, damping, and
stiffness matrices, respectively.

The model-based control architecture and the
schematic configuration of the CMPC framework are
illustrated in Fig 1. The cost function of the CMPC is
defined as eq (2), while the optimal control signal, subject
to predefined constraints, is determined by eq (3).

J=QRs—Y)TQ(Rs —Y) + Au"RAu (2)
AU = (@TQ® + R)*@TQ(Rs — FZ(ky)) (3)

The Kalman Filter has been extensively recognized as
a fundamental estimation and prediction tool for dynamic
systems. In this study, the predictive capabilities of the KF
are integrated into the CMPC algorithm to enhance state
estimation accuracy and improve control robustness
against measurement noise and modeling uncertainties. In
the KF framework, the a priori (predicted) state vector is
computed according to eq (4), and the filter gain is updated
recursively using eq (5):

X = R + K (e — HeX)
= aposterioristateestimate

(4)

Ky = Py H{ (H Py Hf, + R,)™ (5)
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Fig. 1 (a) Schematic representation of the CMPC
framework; (b) block diagram of the model-based control
system.

From an implementation perspective, computational
efficiency and memory economy are critical. The Steady-
State Kalman Filter (SSKF) addresses these challenges by
employing a constant gain matrix, computed offline.
Although this approach may introduce a slight degradation
in estimation precision, it significantly reduces
computational complexity, facilitating real-time control
applications. The applicability of the SSKF assumes a
linear time-invariant (LTI) system and stationary process
and measurement noises, characterized by constant
covariance matrices. The predicted and updated state
vectors are then obtained using eq (6) and (7),
respectively.

R =& + Koo (v — HER)

= aposterioristateestimate (6)
Ko = (PoHT + M)(HP,HT + HM, + MTHT
+R)?! (7)

3- Results and Discussion

This study evaluates the effectiveness of the proposed
control schemes in mitigating seismic vibrations of shear
buildings under the Kocaeli and Loma Prieta earthquakes.
Weighting matrices (Q, R) and control/prediction horizons
(Nc, Np) were tuned via trial-and-error and kept constant
across all simulations for consistency. Results include top-
story displacement and control force time histories, along
with comparative tables of structural responses and
computational complexity (execution time and memory)
for MPC-KF and MPC-SSKF.

Fig. 1 presents the time histories of control force and
top-story displacement of the studied structure under the
Kocaeli earthquake. As illustrated, all 3 control strategies
significantly reduce the peak top-story displacement
compared to the uncontrolled case. Notably, the MPC-KF
and MPC-SSKF achieve more than 50% reduction in the

maximum displacement response, indicating a remarkable
improvement in predictive capability compared to the
CMPC. Moreover, the close agreement between the MPC-
KF and MPC-SSKF responses demonstrates that the
steady-state simplification has negligible influence on
control accuracy.
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Fig. 1 The time histories of (a) control force and (b) top-
story displacement of the studied structure under the
Kocaeli earthquake

To further assess the influence of the Kalman-based
estimators on enhancing MPC prediction, a detailed
guantitative comparison among the three control
algorithms was performed. The maximum values of top-
story displacement, velocity, acceleration, and control
force for both earthquake excitations are summarized in
Table 1 for uncontrolled and controlled cases. Simulation
results indicate that the CMPC algorithm achieved a
reduction of 38% in peak displacement under the Loma
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Prieta record and 64% in acceleration under the Kocaeli
record. In contrast, the MPC-KF and MPC-SSKF
algorithms  demonstrated  substantial ~ performance
enhancement, achieving reductions of 68% and 68%, and
73% and 72%, respectively. These results confirm the
positive contribution of Kalman filtering to the prediction
stage of the MPC framework. Furthermore, this
improvement was accompanied by a notable decrease in
control effort, with the MPC-KF and MPC-SSKF
requiring approximately 48% and 38% less control force
under the Kocaeli and Loma Prieta earthquakes,
respectively. Given the similar dynamic performance of
the MPC-KF and MPC-SSKF algorithms, their
computational efficiency was further compared in terms
of execution time and memory consumption, as reported
in Table 2. The comparison reveals the superior
performance of the SSKF in terms of computational speed
relative to the standard KF. Although the initial
computational requirements of both filters are nearly
identical, the SSKF demonstrates higher memory
efficiency in practice, owing to the elimination of iterative
updates of covariance matrices and gain factors.

Table 1. Maximum top-story responses and control
forces of the studied structure.

Method Parameter Kocaeli Lo_ma
Prieta
Displacement (m) | 0.0927 0.1234
Uncontrolled Acceleration 58114 11.7795
(m/s?)
Displacement (m) | 0.0691 0.0753
Acceleration
CMPC (m/s?) 2.2543 5.0940
Control Force
(kN) 450 500
Displacement (m) | 0.0294 0.0389
Acceleration
MPC-KE (m/s?) 1.5492 3.4124
Control Force
(kN) 230 310
Displacement (m) | 0.0300 0.0391
Acceleration
MPC-SSKE (m/s?) 1.5795 3.4292
Control Force
(kN) 230 310

Table 2. Computational time and memory complexity
for KF and SSKF.

: Time Memory
Algorithm Complexity Complexity
on®+m? 2 2
KF omn 4 mn?) 0(m* + m? + mn)
SSKF 0(n? +mn) O(n? +m” + mn)

Overall, the results demonstrate that integrating
Kalman-based estimation into the MPC framework
substantially enhances both control accuracy and
computational efficiency. In particular, MPC-SSKF
achieves performance comparable to MPC-KF while
significantly reducing computational demand.

4- Conclusion

This study examined the enhancement of predictive

performance and reduction of control effort in the CMPC

algorithm through the integration of Linear KF and SSKF.

The framework was applied to a shear building equipped

with active tendon dampers under two earthquake records.

The key findings are:

o MPC-SSKEF significantly improves prediction accuracy
while substantially reducing computational complexity.

e The required control force is reduced by up to 57%
compared with conventional MPC.

o MPC-SSKF achieves comparable performance to MPC-
KF while using approximately 105 fewer prediction
steps, demonstrating computational efficiency.

o With its lower computational demand and consistent
control performance, MPC-SSKF provides an efficient
solution for real-time seismic vibration control.

Overall, the results highlight the superior practical
applicability of MPC-SSKF over CMPC, underscoring its
potential for deployment in active control systems for
high-rise structures.
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Control of Structural Vibrations Using Improved Model Predictive Control with Kalman Filter

Morteza Ghorbani-ouri Amin Gholizad Mona Shoaei-parchin

Abstract Model Predictive Control (MPC) refers to a family of controllers that utilize a predicted model of the system
response in calculating control forces. The presence of uncertainties in equations and data acquisition networks is
inevitable in practical problems and can impair the system’s performance in predicting future behavior and computing
control forces accurately. To overcome this issue, a steady-state Kalman filter can be used to predict the response of
dynamic systems. However, its effectiveness in reducing computational complexity and decreasing the prediction horizon,
which is expected to improve control performance, has not yet been thoroughly investigated. In the present study, aiming
to reduce the prediction steps of the MPC, the dynamic vibrations of an eleven-story shear structure equipped with active
tendon dampers were controlled using a MPC algorithm combined with a steady-state linear Kalman filter. The results
indicate that the improved Model Predictive Controller with the steady-state Kalman filter, with fewer computational
steps (105 fewer computational steps), reduce the structural displacement response under the Kocaeli earthquake and
reduces control force magnitudes by up to 57% compared with the conventional Model Predictive Control algorithm.

Key words Active Tendon, Model Predictive Control, Prediction Horizon, Steady-State Kalman Filter, Vibration Control.
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1-Introduction

Maintaining road pavement serviceability requires
accurate evaluation of its structural performance. The
Falling Weight Deflectometer (FWD), as the most widely
used nondestructive testing method, enables the
assessment of pavement bearing capacity and remaining
service life. However, the complex behavior of pavement
materials under environmental and dynamic loading
conditions limits the accuracy of conventional back-
calculation analyses. Flexible pavements consist of layers
with distinct mechanical behaviors: the asphalt layer
exhibits viscoelastic properties, while unbound granular
layers demonstrate nonlinear stress-dependent and
transversely isotropic (or cross-anisotropic) behavior.
Neglecting these characteristics in structural analysis or
back-calculation procedures can lead to significant errors
in estimating pavement capacity, fatigue life, and rutting
depth.

A review of previous studies indicates that many
investigations have considered some of these features,
comprehensive modeling of realistic material behavior
remains a critical need. This study aims to develop an
axisymmetric 2-D finite element (FE) model in ABAQUS
to simulate the dynamic response of flexible pavements
under FWD loading. The proposed model emphasizes the
realistic representation of boundary conditions and
material complexities by incorporating viscoelastic asphalt
mixtures, nonlinear and anisotropic behavior of granular
materials, dynamic analysis, and the presence of bedrock.
Furthermore, using the developed model, a sensitivity
analysis was conducted to identify and evaluate the key
parameters affecting the structural performance of the
Ahvaz—Shush road pavement in Khuzestan Province, Iran.

2-Research  Method
Validation)

In this research, a FEM was developed in ABAQUS to
simulate the dynamic response of a flexible pavement

(Numerical Modeling and

under FWD loading. The required data were extracted
from the Ahvaz-Shush road in Khuzestan province. some
parameters were determined using valid scientific sources,
a trial-and-error approach, and a calibration process to
ensure the model results matched the field data.

The asphalt layer was modeled as a viscoelastic material.
First, the dynamic modulus was calculated using the
Witczak model and then adjusted based on FWD test
results. This modulus was converted to the corresponding
creep compliance and used as input for the viscoelastic
analysis in ABAQUS .Figure 1 illustrates a sample creep
compliance curve obtained from the asphalt layer of the
flexible pavement along the Ahvaz-Shush road at a
temperature of 30 °C. For the unbound layers (base and
subgrade), stress-dependent nonlinear behavior was
implemented using a UMAT subroutine based on the ARA
model. Additionally, the transverse isotropy of granular
materials was considered by defining the ratio of vertical
to horizontal modulus.

Creep Compliance vs. Logarithm of Time (Temp.=30 °C)
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Fig 1. Creep compliance vs. logarithm of time

The finite element model was built as axisymmetric to
maintain the accuracy while reducing computational cost.
The model dimensions (a radius of 2.5 m and a depth of 8
m) were selected based on sensitivity analysis. the mesh
refined in the loading area and coarser in regions farther
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away (Figures 2 & 3). Boundary conditions were defined
to prevent the reflection of stress waves and
avoid dynamic resonance. For the dynamic analysis, the
implicit algorithm was employed due to its unconditional
numerical stability. To validate the model, the calculated
deflection basin were compared with field FWD data at
four loading levels (566, 890, 1300, and 1970 kPa) and five
different temperatures (35 to 55 °C). The differences
between the numerical and field results were evaluated
using the Root Mean Square Error (RMSE) and the
Percentage Root Mean Square Error (PRMSE) indices, as
defined in Equations (1) and (2).

RMSE = M 1)

PRMSE = % 100 ©)

The results showed that the difference between the
numerical and field data was less than 0.1 mm in all cases,
falling within an acceptable standard range. This confirms
the accuracy and reliability of the proposed model in
simulating the dynamic response of the pavement. Figure
4 presents a sample comparison between the deflection
basin from the FEM and the FWD test data from the
Ahvaz-Shush road.

Fig 2. 3-D structure of the axisymmetric FEM of pavement

Fig 3. 2-D structure of the axisymmetric EEM of pavement

Temperature = 35°C_ Load = 890 kPa
Offset (cm)
100

0 hlt] 150 200

PRMSE=6.88%
RMSE=0.017 (mm)

Deflection (um)
=
(=]

©  FWD_Deflection(um)

ABAQUS_Deflection (um}

Fig 4. Sample validation of the deflection basin FEM vs.
FWD

3- Sensitivity Analysis Results
The sensitivity analysis evaluated the following
parameters affecting pavement structural performance:

» Dynamic Analysis: Increased the maximum deflection
(Do) by up to 27.5% and the deflection at 900 mm (Dggo)
by up to 44% compared to static analysis, with more
pronounced effects at higher temperatures. A noticeable
time lag between peak load and peak deflection was
observed, highlighting the significance of inertial and
wave propagation effects.

» Viscoelasticity: Modeling the asphalt layer as
viscoelastic (as opposed to linear elastic) increased Dy by
21-27%, as it better accounted for energy dissipation
within the asphalt, reducing stress transfer and subsequent
hardening in the base layer.

» Cross-Anisotropy: Transverse isotropy in unbound
layers led to a 15% increase in surface deflection and
significant increases in critical responses: horizontal
tensile strain (at the bottom of the asphalt layer) increased
by 52-59%, and vertical compressive strain (on top of the
subgrade) increased by 74-77%. This directly implies a
shorter predicted fatigue life and greater rutting depth.

* Nonlinear Resilient Modulus: Implementing a nonlinear
model for the base layer resulted in a 33-37% decrease in
surface deflection and a 32-52% decrease in horizontal
tensile strain, but a substantial 80-94% increase in vertical
compressive strain on the subgrade.

 Bedrock depth: The presence of bedrock at depths less
than 4 meters significantly influenced the dynamic
response, particularly at points far from the load center
(Dgoo). Ignoring shallow bedrock can lead to substantial
errors in back-calculated layer moduli.

4- Conclusions

This research successfully developed and validated an
advanced FEM that provides a realistic simulation of
flexible pavement behavior under FWD loading. The
results demonstrated the critical importance of
incorporating dynamic analysis, viscoelastic properties,
nonlinear behavior, and transverse isotropy for accurate
pavement evaluation. Excessive simplification in material
modeling can lead to inaccurate estimation of critical
pavement responses, which directly affects the predicted
service life and maintenance planning decisions.
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Evaluation of the Effect of Material Properties on the Dynamic Response of Flexible Pavement under
FWD Loading
Farzaneh Ghadyani Nezhad Razaki Mohammadreza Khanmohammadi Mahdi Shojaei

Abstract A precise evaluation of pavement structural performance under the dynamic loading of the Falling Weight
Deflectometer (FWD) requires simultaneous consideration of complex material properties and loading conditions—an
issue often treated only partially in previous studies. In this research, a finite element model was developed to dynamically
simulate the response of flexible pavement subjected to FWD loading. The model was applied in a case study of a
pavement in Khuzestan Province, and after validation, the effects of dynamic analysis, viscoelastic asphalt properties,
anisotropic and nonlinear behavior of unbound materials, and the presence of bedrock were investigated. To include
nonlinear and anisotropic characteristics, a FORTRAN subroutine was coded and integrated into the model. Results
showed that dynamic analysis could increase pavement deflection by up to 44%, especially at high temperatures.
Considering viscoelastic properties increased deflection values by up to 27% compared to the elastic condition.
Transverse isotropy caused up to a 15% rise in pavement deflection and more than a 50% increase in critical responses,
leading to shorter fatigue life and greater rutting depth. Moreover, the nonlinear modulus, particularly in the base layer,
significantly affected critical responses. The presence of bedrock at depths shallower than 4 meters also influenced the
dynamic response, mainly at points distant from the load center. This modeling framework can serve as a basis for
improving the analysis and interpretation of pavement behavior under FWD loading.

Key words Falling Weight Deflectometer (FWD), Dynamic analysis of flexible pavement, Viscoelasticity, Non-linear
analysis, Transversely isotropic
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1. Introduction and Research Objectives

Complex and heterogeneous topographies, such as
successive hills and valleys, along with subsurface
structures (e.g., tunnels), are common in mountainous and
urban areas. These features impose a complex loading
pattern on surface and subsurface structures by creating
seismic amplification and deamplification effects,
challenging their seismic performance prediction. Despite
the advancement of numerical methods like Finite Element
and Finite Difference Methods, analyzing semi-infinite
domains with these methods is computationally expensive
and time-consuming. Conversely, direct boundary element
methods require complex time-dependent fundamental
solutions. This research aims to fill the gap in the technical
literature by developing and applying the Time-Domain
Dual Reciprocity Boundary Element Method (DR-
BEM) for the seismic analysis of a realistic combined
topographic feature consisting of a semi-sine hill-valley
overlying a circular subsurface cavity under vertical in-
plane P-SV wave propagation. The core innovation of this
study is the development of an efficient and accurate
algorithm for the simultaneous and complex modeling of
these features in a semi-infinite medium.

2. Research Methodology and Innovations
The foundation of the method is the Time-Domain Dual
Reciprocity Boundary Element Method (DR-BEM). In
this  method, by employing static  fundamental
solutions and applying Betti's reciprocal
theorem and displacement  field approximation, the
governing integral equations for P-SV wave propagation
in an elastic, semi-infinite medium are reformulated. The
key innovations of the proposed method are:

e Development of DRBEM equations for dynamic
problems of semi-infinite media considering free-field
wave conditions.

e Creation of

a step-by-step time-history

algorithm based on the Houbolt method.

o Effective integration of the free-field wave (of Ricker
wavelet type with vertical incidence) into the analysis
process.

e Capability to transform time-domain results to the
frequency domain using the Fast Fourier Transform
(FFT).

To validate the method, the seismic response of two classic

benchmark problems, single semi-circular valleys and

hillsunder P and SV waves, was first computed and
compared with accurate existing results in the literature

(works by Kawase (1988) and Kamalian et al. (2006)),

showing excellent convergence.

3. Numerical Case Study Model

Following validation, a complex and realistic model was

analyzed as a case study. The geometry of this model, as

shown in Figure 1, includes:

e A combined topographic feature in the form of a semi-
sine hill-valley with width and height A=100 m.

e Acircular subsurface cavity with a diameter ofb =
0.7A, located at a depth of d = 1.5b from the ground
surface.

The mechanical properties of the medium include a density

of 1 ton/m3, shear wave velocity of 800 m/s, and

compressive wave velocity of 1497 m/s (equivalent to a

Poisson's ratio of 0.25). Analyses were performed in

both time and frequency domains for vertically incident P

and SV waves.

4. Key Findings and Discussion

The results of frequency-domain and time-domain

analyses revealed the following important findings:

¢ Response Amplitude in Frequency Domain:

o Under P-wave: The maximum vertical displacement
component amplitude on the hill crestand valley
base reached 3.5 and 2.5 units, respectively, at the
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dimensionless frequency 0.5. At a dimensionless
frequency of 1, the response pattern became much
more complex, and the maximum amplification
(3 units) was observed at the valley side.

o Under SV-wave: The
maximum horizontal displacement component
amplitude (3 units) occurred at the hill-valley

junction at a dimensionless frequency of 0.5. At a
dimensionless frequency of 1, the amplification of the
vertical component at the hill crest and valley base
increased to 3.5 units.

Iy
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Fig. 1. Geometric model and boundary conditions of the
semi-sine hill-valley topography overlying a circular
subsurface cavity.

o Effect of Internal Points (IP): The accuracy of the
DRBEM depends on the number of internal points.
Results indicated that using 1600 internal points leads
to satisfactory convergence and excellent agreement
with the reference method (TDBEM) results.

e Time-Domain Response and SDOF Analysis: The
time history of displacement at points around the cavity
(tunnel) was extracted and fed as input to a Single
Degree of Freedom (SDOF) system with 5% damping.
Results showed that the tunnel crown (point A) always
experiences the highest structural amplification, and
the dominant system period falls within the range of 1
to 2 seconds, which is crucial for seismic design.

e Wave Propagation Snapshots: These snapshots,
which are an advantage of the DRBEM, clearly
illustrate the propagation and trapping of waves in the
confined region between the surface feature and the
underground cavity. It was found that the cavity acts as
a reflector on the hill side and as a wave absorber on its
underside.

5. Conclusion and Applications

This research successfully developed and validated an
efficient numerical framework based on the Time-Domain
Dual  Reciprocity  Boundary  Element  Method
(DRBEM) for the seismic analysis of combined
topographies overlying subsurface cavities. The main
advantages of the proposed method include ease of
modeling complex features, acceptable accuracy
compared to direct boundary methods, and the ability to
provide results simultaneously in the time and frequency
domains. The most significant limitation of the method is

the need to define a sufficient number of internal points
(about 1600 points in this study) to achieve desired
accuracy.

The findings of this research are directly applicable
to optimizing seismic design codes for surface and
subsurface structures located in areas with complex
topography (e.g., mountainous regions). Identifying points
with maximum amplification (mainly in the region
between the hill-valley feature and the cavity) emphasizes
the necessity for special attention to the strengthening and
detailed design of these areas in seismically active zones.
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Seismic Analysis of a Semi-Sine Hill-Valley Topography Overlying a Subsurface Cavity Under
Vertical P-SV Wave Propagation Using the DR-BEM

Pouya Kavandi Mehdi Panji Navid Ganjian Jafar Asgari Marnani

Abstract This paper presents the efficiency of a time-domain numerical approach, known as the Dual Reciprocity
Boundary Element Method (DRBEM), for the seismic analysis of combined topographic features under vertical in-plane
P-SV wave propagation. First, by introducing and developing the governing equations of the method for seismic
geotechnical problems based on satisfying the free-field wave conditions, a step-by-step time-history algorithm is
developed. Subsequently, the accuracy of the results is validated by analyzing several classic benchmark examples
available in the literature, including single semi-circular hills and valleys. Furthermore, by developing a heterogeneous
topographic model consisting of a semi-sine hill-valley overlying a subsurface cavity, the displacement amplitude on the
ground surface and around the cavity is investigated through sensitivity analyses in both the time and frequency domains
under incident vertical in-plane waves. The numerical results indicate that the maximum response amplitude on the crest
of the semi-sine hill and the base of the valley reached 3.5 and 2.5 units, respectively, at the dimensionless frequency of
0.5 under vertical P-wave propagation, corresponding to the vertical displacement component. Additionally, under
vertical SV-wave propagation, the maximum response amplitude at the junction of the hill and valley reached 3 units at
the dimensionless frequency of 0.5, which was attributed to the horizontal displacement component.

Key words Dual Reciprocity Boundary Element Method (DRBEM), Semi-Sine Feature, Circular Cavity, P-SV Waves,
Seismic Response.
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