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Abstract Review History

Today, rehabilitation and retrofitting of concrete structures are accomplished through various Received: Feb 24, 2025
techniques. One of the most widely used methods involves the implementation of Fiber Reinforced Revised: May 22, 2025
Polymers (FRPs). FRP-based techniques offer several proven advantages, such as high strength-to-weight ) '
ratios, corrosion resistance, and ease of application. However, these methods also have notable drawbacks, Accepted: Nov 8, 2025

including the reduction of ductility in reinforced elements. This reduction in ductility can compromise the
structural performance under extreme loading conditions, such as seismic events. Therefore, it is crucial to Keywords
select a suitable retrofitting method that not only strengthens the structure but also preserves or enhances the ~ Strengthening of concrete
ductility of reinforced elements, and improves their functional efficiency under various loading scenarios. structures
In this paper, a novel approach using smart plates composed of elastomer and Shape Memory Alloy
(SMA) is proposed for the rehabilitation of concrete elements subjected to cyclic loading. Smart plates Smart plates
consist of two primary components: shape memory alloy wires embedded within an elastomer matrix. The :
elastomer was chosen as a ductile substrate to hold the SMA wires in place, as it can undergo substantial Shape memory alloy-SMA
deformation without losing its integrity. This combination ensures that the behavior of the smart coatings is  E|astomer
predominantly governed by the properties of the SMA wires, which exhibit unique characteristics such as
superelasticity and shape memory effects. The integration of these two ductile materials results in a highly ~ Cyclic behavior
adaptable and ductile strengthening system. This system can be easily attached to the concrete surface, with . .
the SMA wires anchored in grooves at their ends to ensure effective load transfer. Load-bearing capacity
To evaluate the performance of columns strengthened with smart plates, two concrete column
specimens of the same height but with different dimensions, reinforcement details, and resistance properties
were numerically analyzed using OpenSees software. OpenSees is a powerful computational tool capable of
simulating the behavior of various structural systems and materials. The numerical models were first
validated against available experimental data to ensure accuracy. The fiber method was employed for
modeling, with the concrete02 material model used to define the concrete properties. This model accounts
for the tensile behavior of concrete in a linear manner, and its parameters were calculated using the Mander
model. For the steel reinforcement, the steel02 material model was adopted.
The study investigated the influence of several parameters, including the percentage of SMA wires
within the elastomer matrix. Additionally, due to the temperature-dependent behavior of SMA, the modeling
was conducted at different temperatures to assess its impact on performance. The results were compared
using key parameters such as effective stiffness, effective damping, energy dissipation, and hysteresis
behavior.
Main findings of this research can be mentioned as follows:
e  The use of smart plates does not reduce the ductility of reinforced specimens, making them a viable
alternative to traditional FRP-based methods.
e  The application of smart plates in strengthening reinforced concrete columns increased the initial
force required to initiate plastic deformation in the specimens.
e Increasing the percentage of SMA wires relative to the elastomer matrix enhanced energy
dissipation and hardness in the specimens.
e  The use of SMA wires at elevated temperatures significantly increased the load-bearing capacity of
the elements and produced a distinctive flag-shaped hysteresis curve, indicative of improved
energy absorption and self-centering capabilities.
The findings of this study highlight the potential of smart plates as an innovative solution for the
retrofitting of concrete structures. Unlike conventional methods, smart plates offer a unique combination of
strength, ductility, and adaptability, making them particularly suitable for structures in seismic-prone
regions. The ability of SMA wires to recover their original shape after deformation, coupled with the
elastomer's capacity to accommodate large strains, ensures that the strengthened elements can withstand
cyclic loading without experiencing brittle failure.

* Corresponding Author Email: khezrzadeh@modares.ac.ir - ORCID: 0000-0002-7248-2083
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Table 1. Concrete properties applied in OpenSees model

Unconfined concrete  Confined concrete

Name properties properties
f. (MPa) & f. (MPa) &
C1[27] 24.8 0.002 29.72 0.004
C2 24.8 0.002 35.95 0.006
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Table 2. Specifications of the columns (Stresses in MPa)

Dimenstions Cover Longitudinal Transverse
Name

(cm) (mm) rebar rebar ¢
C1[27] 190x40x40 50 D19 29 24.8
C2 190x30x40 40 @18 @10 24.8
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Table 3. steel properties applied in OpenSees model

Yield Ultimate Yield stress Rebar

strain strength (MPa) (MPa) diameter (mm)
0.002072 535 362 19[27]

0.0019 685 512 18
0.001875 449 325 9[27]
0.00155 600 420 10
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Fig. 5. Schematic figure of the proposed smart cover [24]
[28] s abasl> 3UT Sluaseis F Jgus
Table 4. Specifications of the SMA [28].

Parameters SMA  Values

M, ¢ -43
M,© -28
A -3
A° 7
g T>Ap

SMA (sla s (25 5= 5 powin £ S
Fig. 6.Stress-strain curves of SMA wires
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Fig. 7. Details of strengthened specimens.
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Table 5. Effective stiffness, effective damping, and cumulative
dissipated energy

. Range of K¢ Range of
Specimen (kN/mm) Reg % E. (MJ)
C1 6.4-1.5 21-31 78.001
RC1-5% 7.9-2 16-27 88.386
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Table 6 . Effective stiffness, effective damping, and cumulative
dissipated energy

Range of K Range of
(KN/mm) Besr %0

C2 4-0.87 9.2-31.7 42.23
RC2-5% 5-1.17 5.2-26.5 45.36
)‘ bbw_w‘ L.))_s:dﬁ OML:..A (\?-\Y) JL(.&\ L aS ‘)jbdw
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Fig .18. Cyclic load-displacement diagram of C1 and C2 columns strengthtened with different covers
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Fig. 19. Effective Stiffness and effective damping diagrams of C1 and C2 columns strengthtened with different covers
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Table 7. Effect of SMA percentage on effective stiffness, effective damping, and cumulative dissipated energy

Specimen  Range of K (KN/mm)
RC1-5% 7.9-2
RC1-10% 9.9-2.6
RC1-15% 12.1-3.1
RC2-5% 5-1.17
RC2-10% 5.8-14
RC2-15% 6.5-1.79

Range of B % E.(MJ)
16.5-27.2 88.386
12.6-24.3 100.003

10-22.2 110.061
5.2-26.5 45.362
4-23.5 50.233
3.4-21.4 53.638

ol o8 S0 s Slasiie A J gl

Table 8. Specifications of strengthened columns

Specimen Columntype Platesize €m)  volume fraction of SMA T (°C)
RC1-10°C Cl 190x40x%2 10% 10°C
RC1-20°C C1 190x40x2 10% 20°C
RC1-30°C Cl 190x40x2 10% 30°C
RC2-10°C C2 190%30x2 10% 10°C
RC2-20°C Cc2 190x30x2 10% 20°C
RC2-30°C Cc2 190x30x2 10% 30°C

ol V%M L_S_BJ.I.)LJJ)# gs'i.f:ﬁ gj}ﬁé}h.ﬂj.‘bbﬁju A d}.l?
Table 9. Effect of temperature on effective stiffness, effective damping ratio, and cumulative dissipated energy

Specimen  Range of Ky (KN/mm) Range of Reff % E.(MJ) Bearing load increase %
RC1-10°C 9.3-2.4 15.3-27.5 106.22 58%
RC1-20°C 9.9-2.6 12.6-24.3 100.00 71%
RC1-30°C 10.5-2.8 10.6-22.4 97.26 84%
RC2-10°C 5.8-1.37 4-26.7 53.74 57%
RC2-20°C 5.8-1.4 4-235 50.23 70%
RC2-30°C 5.8-15 4-21.5 47.53 82%
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Fig 20. Cyclic load-displacement diagram of strengthtened C1 and C2 subjected to different ambient temperatures
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Fig 21. Effective Stiffness and effective damping diagrams of strengthtened C1 and C2 subjected to different ambient temperatures
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Fig 22. Cumulative dissipated energy diagrams of strengthtened C1 and C2 subjected to different ambient temperatures
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Abstract Review History

The lateral force distribution patterns proposed in the current seismic design codes are Received: Nov 7, 2024
typically based on the results of elastic response of fixed-base structures studies without Rayised: Apr 9, 2025
considering soil-structure interaction (SSI) effects. Based on proposed code approach, structural ' ’
elements are designed primarily based on equivalent static forces in which the shape of the _Accepted: Nov 8, 2025

fundamental mode of the structure is dominant to determine the height-wise distribution of Keywords
seismic design static forces and, hence, the role of SSI effect is not included in the proposed  ggismic Design
distribution pattern. In this paper, lateral force distributions are obtained from nonlinear dynamic
analyses of several steel moment-resistant frame structures (SMRFs) designed based on the Performance-Based
performance-based plastic design (PBPD) approach. The PBPD method is based on two key Plastic Design
performance objectives, namely the pre-selected target drift and yield mechanisms. These two  Steel Structures
design parameters control the degree and the distribution of structural damages directly. For the  g.i_structure Interaction
proposed approach, determination of design base shear, lateral force distribution and plastic
design with respect to the performance object are the main three components of design. Results
are presented considering soil-structure interaction (SSI) effects and are compared with those
recently proposed by researchers for fixed-base systems. The lateral force distribution taking into
consideration of inelastic behavior is developed by using the distribution of relative maximum
story shear strength of the fixed- and flexible-based SMRFs subjected to a family of 20 strong
earthquake ground motions recorded on alluvium soil. Based on the results obtained from the
present study, a significant discrepancy is concluded between the suggested lateral force
distributions proposed recently based on fixed-base analysis and obtained lateral force
distributions for SSI systems. The discrepancy is regarded as inaccurate predictions of force
demands, which may lead to unpredictable deformation and, therefore, would result in an
undesirable yield mechanism and performance objectives.
Generally, for low and high levels of structural ductility demands the story shear values
increase as the aspect ratio increases, except for the cases in which the soil and structure
flexibility is dominant enough. It is deduced that as the slenderness of soil-structure system
increases, the relative story shear strength considerably decreases under severs SSI effects. It is
revealed that the relative story shear distributions obtained from fixed-base nonlinear dynamic
analyses of short-period systems are independent of the applied seismic design load patterns. The
trend is verified for lower ductility demand and under both slight and severe SSI effects. For
longer period structures, however, the relative story shear strength response is dependent on the
seismic design load pattern, which is more considerable in lower floors and especially for higher
levels of inelasticity demand. It is worthy to note that the dependency of response to the design
load pattern alleviates as the SSI effect increases. The results show that, mostly, by increasing the
ductility demand the relative story shear increases for all fixed- and flexible-base cases. Of
course for the very flexible systems no specific difference is observed in relative story shear
distribution of systems at higher levels of ductility demand (i.e., u= 4, 6).
In conclusion, the nonlinear dynamic analysis results of this study show that the proposed
equations of PBPD method cannot effectively predict the distribution of maximum earthquake-
induced story shear strength along the height of the structures when the soil beneath the structure
becomes softer. Therefore, an alternative equation should be adopted for the ultimate limit state
to incorporate the SSI effects such as the soil-to-stiffness ratio. Based on nonlinear regression
analyses, new practical equations are proposed for flexible-base systems under slight, moderate
and severe SSI effects. Based on the proposed equation for various ductility demands, more
realistic design lateral force distributions are obtained accounting for the inelastic behavior of
structures with SSI effects.
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Table 2. Selected ground motions recorded at alluvium and soft sit

Number Event Station Name

Soil Type Mag.

Distance Ag Vg Dg

(km) (@ (cmis) (cm)
1 RSN68 LA - Hollywood Stor FF D 6.61 228 0.2 217 159
2 RSN162 Calexico Fire Station D 6.53 10.5 0.3 22.5 9.9
3 RSN169 Delta D 6.53 22.0 0.3 33 20.2
4 RSN174 El Centro Array #11 D 6.53 12.6 0.4 446 213
5 RSN721 El Centro Imp. Co. Cent D 6.54 18.2 0.4 481 193
6 RSN728 Westmorland Fire Sta D 6.54 13.0 0.2 323 223
7 RSN752 Capitola D 6.93 15.2 0.5 38 7.1
8 RSN776 Hollister - South & Pine D 6.93 27.9 0.4 63 323
9 RSN777 Hollister City Hall D 6.93 27.6 0.2 455 285
10 RSN778 Hollister Differential Array D 6.93 24.8 0.3 442 197
11 RSN 783 Oakland - Outer Harbor Wharf D 6.93 74.2 0.29 418 9.6
12 RSN953 Beverly Hills - 14145 Mulhol D 6.69 17.2 0.5 66.7 122
13 RSN960 Canyon Country - W Lost Cany D 6.69 124.0 04 444 113
14 RSN1003 LA - Saturn St D 6.69 27.0 0.4 41.6 5.0
15 RSN1077 Santa Monica City Hall D 6.69 26.5 0.9 416 152
16 RSN1107 Kakogawa D 6.9 225 0.3 26.9 8.8
17 RSN1116 Shin-Osaka D 6.9 19.2 0.2 31.3 8.4
18 RSN1158 Duzce D 7.51 154 0.3 58.9 44.1
19 RSN1203 CHYO036 D 7.62 16.0 0.2 448 340
20 RSN3749 Fortuna Fire Station D 7.01 20.4 0.3 381 167
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Abstract

Today, earthquakes are one of the important topics in the seismic design of structures in
engineering communities. In seismic areas, in addition to the main earthquake, a series of
foreshocks or aftershocks with different intensities usually occur, which occur with a short time
interval or a few days and months after the main earthquake. According to past experiences,
aftershocks often occur suddenly after the main earthquake and due to static and dynamic stresses
during the earthquake process. Successive earthquakes are one of the important topics in the
seismic design of structures, which has not been included even in new regulations. Therefore, the
study of structures under successive earthquakes and the reinforcement of structures under these
earthquakes is inevitable. Therefore, in this study, structures with a concrete special moment
frame system with a number of floors of 7, 12 and 20 floors have been considered. SAP2000
software was used to analyze the structures and nonlinear time history analysis was performed
for the structures under 7 near-fault earthquake records. The seismic behavior of these structures
under single and consecutive earthquakes, without dampers and with the addition of viscous
dampers, was investigated, and results such as base shear, roof permanent displacement, relative
floor displacement (drift), plastic joint formation process, and hysteresis curve were investigated
in all structures with and without viscous dampers under single and consecutive earthquakes.
These values were higher in consecutive artificial earthquakes than in single earthquakes, and a
greater reduction was created in the corresponding values when the damper was used. The
reduction in base shear in single earthquakes was 28% on average and 15% in consecutive
earthquakes, which indicated the effect of using viscous dampers. Also, considering that
consecutive earthquakes were more intense, this percentage of reduction was lower. Also,
according to the results of the permanent displacement of the roof, the reduction in permanent
displacement of the roof under single earthquakes was 19.33% and 14% for consecutive
earthquakes. The use of dampers has reduced the residual relative displacement between floors,
which is greater under single seismic scenarios than in the consecutive case. According to the
results obtained, it was determined that there is no direct relationship between the height of the
frame and the effect of the seismic sequence phenomenon on the increase in relative
displacement between floors. Finally, the results of the sensitivity analysis also showed that the
number of frame openings has an effect on the relative displacement of floors in 7-story frames,
and with its increase, a decrease in relative displacement is observed in the lower floors (1 to 3)
and an increase in relative displacement of floors in the upper floors (4 to 7). This phenomenon
has been observed for both single and consecutive earthquake conditions. As a general and final
conclusion of this research, it can be said that the response of the structure in the case of a
seismic sequence phenomenon is more critical than a single earthquake, and for this reason, the
effects of successive earthquakes should be considered in seismic design codes.
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Table 1. Seismic parameters and loads on frames

A=0.35 design based acceleration
Residential User type
1=1.0 Importance factor
R,=7.5 Reduction factor
Cq=b.5 Displacement amplification factor
1 Soil type
3000 kg/m dead load on the beam

1250 kg/m live load on the beam
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Table (3) Sections of 7-story structure

Beam Column
_Secthn Reinforcement _Secthn Story
dimensions dimensions
50X40 12020 45X45 1-3
45X30 12020 40X40 4-7
@b VY ol slad s wblie (F) Jsd
Table 4. Sections of 12-story structure
Beam Column
Section . Section Story
dimensions Reinforcement dimensions
50X40 12020 55X55 1-4
50X40 12020 50X50 5-6
40X30 12020 50X50 7-8
40X30 20020 40X40 9-12
ab Yroosle sl sblas (0) Jsur
Table 5. Sections of 20-story structure
Beam Column
Section Reinforcement Section Story
dimensions dimensions
60X50 28025 65X65 1-5
55X45 20025 60X60 6-10
50X40 16020 55X55 11-15
40X30 12020 45X45 16-20
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Table 6. Properties of 7 earthquakes near faults

Scaling factor Focal P - %
Sost TDost T 5ot ] distance Magnitude | PGA Station Date Name
623 609|346 | 32 76 |0289 | Tcuors | 1999 | ChiChi
Tatwan
Cholame -
405 396 |2248 9.58 6.2 0.445 Shandon 1966 Parkfield
Array #5
6.1 |596(3389 | 265 71 0295 | IRIGM 487 | 1999 | Duzee.
Turkey
Joetsu Chuetsu-
3.55 |347 (1972 | 1194 6.8 0.507 | Kakizakiku | 2007 oki,
Kakizaki Japan
2z = % L'Aquila- L'Aquila,
5
528 |5.16 |2.932 538 6.3 0.341 Parking 2009 Ttaly
Livermore- N ———"
7 6.85 [3.891 114 54 0.257 | Fagundas 1980 02
Ranch
& = Kalamata Kalamata,
7 2 2 S
7.23 [7.15 |4.016 6.45 6. 0.24% (bsmi) 1986 Greece-01
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Table 2. Specifications of longitudinal rebar materials

(S400)&(S340)
; tity  Quantity
Quantity ~ Quan . e
(Concrete) (S400) (S340) Unit Spemflcatlons
2500 7850 7850 kgf/m®  Special weight
26500 200000 200000 Mpa  Modulusof
elasticity
0.15 0.3 0.3 --- Poisson's ratio
Thermal
————— 0.000012  0.000012 1/°C coefficient of
expansion
————— 400 340 MPa Yielding
strength
————— 600 500 MPa Ultimate
strength
Compressive
5 - MPa strength of
concrete

byf 'J':""Jsi u:”ﬁ 3 OR ok s ¥ J"‘ =
Fig. 2. Concrete Mander and steel stress-strain curve
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Identification
Property Name Viscouz
Direction u
— Damper - Exponential
NonLinear Yes

Properties Used For Linear Analysis Cases

Effective Stiffness .

Effective Damping nar

Properties Used For Nonlinear Analysis Cases

Stitfness. 102260

Damping Coefficient 71.127

Damping Exponent 0%

Cancel

Fig. 8. Specifications and location of viscous dampers
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Fig. 3. Seismic sequence of the ChiChi earthquake
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Fig. 4. The average response spectrum of earthquakes and the
standard design spectrum of the 7-story structure
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Fig. 5. The average response spectrum of earthquakes and the
standard design spectrum of the 12-story structure
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Fig. 6. The average response spectrum of earthquakes and the
standard design spectrum of the 20-story structure
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Fig. 17. Time history diagram of permanent roof displacement
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Fig. 18. Time history diagram of permanent roof displacement
under the Parkfield sequence earthquake
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Fig. 14. Time history diagram of base shear under the Parkfield
single earthquake
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sequence earthquake
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Abstract Review History

Buried concrete tanks are critical components of national and strategic infrastructure, serving Received: Nov 24, 2024
both public and military purposes. Damage to these structures can result in severe social, Revised: Feb 3, 2025
security, and environmental crises. Therefore, designing such structures to withstand the impact Accepted: Nov 8, 2025
of explosive loads is of paramount importance. Additionally, understanding the behavior of silty

clay soils under such loading conditions is essential for structural safety. This study examines the Keywords
influence of burial depth on the performance of concrete tanks subjected to explosive loading in  Numerical analysis
silty clay soils. The investigation utilized AUTODYN and FLAC 2D software for numerical cgncrete tanks
modeling and analysis. The study modeled the behavior of a rectangular buried concrete tank Explosive loads
with a height of 6.5 m and a length of 9 m at burial depths of 3 m, 6 m, 8 m, and 10 m, subjected .

to explosive loads equivalent to 50, 100, and 200 kg of TNT. The scenario assumes surface Burial depth
explosions at a defined distance and pressure from the tank structure. Soil, structural properties, TNT explosions
and the pressure exerted by the fluid inside the tank were considered in the analysis. The results

reveal that increasing the burial depth significantly reduces the displacement of the tank's roof

and floor under explosive loading, primarily due to the attenuation of explosive energy by the

surrounding soil. Specifically, for a 50 kg TNT explosion, increasing the burial depth from 3 m to

6 m, 8 m, and 10 m decreased the roof displacement by 54%, 70%, and 78%, respectively.

Similarly, stress levels in the tank structure showed a notable reduction with increased burial

depth. For instance, the stress caused by a 50 kg TNT explosion at a depth of 3 m was

17.22x10° Pa, which dropped to 2.83x10°Pa at a depth of 6 m. Beyond 8 m, however, further

increases in burial depth yielded diminishing returns in stress reduction. Higher explosive loads,

such as 200 kg TNT, induced significantly higher stress levels but followed a similar trend of

stress reduction with burial depth. The maximum stress decreased by approximately 73% when

burial depth increased from 3 m to 6 m, 50% from 6 m to 8 m, and 39% from 8 m to 10 m. The

reduction in stress and displacement becomes less pronounced at greater depths due to soil

compaction and the overburden pressure of the soil layers above the tank, which facilitate better

transmission of the residual explosion energy. The findings indicate that burial depth is a critical

factor in mitigating the effects of explosive loading on buried structures. Increased burial depth

reduces displacement and stress on the tank, thereby enhancing structural resilience and reducing

the likelihood of failure. This research highlights the importance of considering soil-structure

interaction and burial depth in the design of underground concrete tanks subjected to explosive

loads. The insights gained can guide the design and construction of resilient underground

structures in silty clay soils to minimize damage from explosive threats.
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Table 1. Some geotechnical parameters of the soil of the studied area

e y(kN/m¥) v E(MPa) C(kPa) ¢
Alluvial
Deposits 215 0.4 110 120 23
(ML-CL)
4| -05m
O.Gm'
AIR
6.5m
FLUID
43m
| 9

alas 5550 0 O5e Soled glod N S
Fig. 1. Schematic view of the studied concrete tank
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Table 2. Mechanical characteristics of the tank's concrete cover
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Table 3. The impact radius of the explosion of different amounts

of explosive TNT (kg)
Weight of Explosive (kg) 50 100 200
Effect Radius (mm) 193 243 308
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Fig. 6. The general scheme of the explosion environment and the
expansion of the pressure wave front resulting from the explosion
of 502 kg of TNT

16.00
| Pressure

14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

Pressure x 106 (Pa)

Time x 102 (S)
TNT ¢ S8 00 Sl azs )L Y Ko
Fig. 7. History of 50 kg TNT explosion
e miia ole 3 elas TNT o Suks 00 (sl 315 )
el okl a8 s e e T wi plad 5 e L VAT
o A 4S5 0wt e (S e S w4 g o8 0
Foralo gt lm a5 Jlesl s s sluss e
sdiazs § b 53 Jde (g o R (bl 53 e Yoo slues e e
adal; 5l oslinal Ly o araloms 30 plad (F) Jsr 55 ool
el ol &l o eiie e3le Cilisee 3lie gl (F)
sLal AUTODYN l3le 5 53 (s3ledide alsl 53 (say o8
Sl ol iy a3 e s o miin 3lsn T plad ol aralons
=l O Jliie S TNT (P) 6 zmiis o3be JI& (20 Jus 1AT)
Sl 2 Pt st 32 TNT Jls (550 5 ol 1630%
[21] ol o 4 S lai 53 Y/PAX) 2 (Pa) iy o s o5le



ObKen 9 (5wl Jomo

)lé.jy D) ,.sl.chL? PE) ‘S)qu.;l )L; o = Ol Q,é.\& G )3' d.,LzS

eSS Yor Ve 0 Jlodil 5l fol sl s

O § VL S 5 05 i (55 0 S350 53 TNT

sl lhe 5,0 )0 A E X Glagas 55 (A) IS 0 sk
el ()

S G Sl el o it Y
e 5 Lol s Jl s 5 (S Sr w ax5 L
S)44 Q)L«})}j QKA‘ ‘J»SJA Jl:g\.]a..?;ﬂjsdsw;’&)\.)ia
4_;))_14.\»4_;4_“.5.4 L')_il_)i ) 0 4:‘)\;.0.1.17-:.0;_)‘;.1.&)};
el edoslizad ol Sl Slas 51 5les glrals 03,51 cos
03,8 Slgig 15 () sy Sl S5 ete ol Sl b S

Oc
E
SEL Jds B 5 (6 5mn S5 (gl Canslio 0, O 3 &S

*)

E =

wiad Gl j5S oS Sl ax g ULl kgem? o
L slome (38 e ool i aasd 53 35 S 51 5SS
L;i‘)‘)st_w Lf}‘@éﬁ—ﬂb})b«)} (V) ALJ‘))‘ oalaul

[23] s e

log . = -0.25logE- 0.85 V)

53 ke plralr i Glee (23S 5l acsloee 1 ey
1l ol Lol (A) abasl) 5l eslnad b o O 55

W)

£, =—
¢ a

Oy o S5 Al s Sl el
Jsde 55 i 55 L 5 YO (kgem?) Olows Jle b O350
s (e 5 110 POF Sl Gl (58 oo by S

A S e e AN g Slee olrals

Bl o9 oY
AL e 2T GLSL L sba (5551 il ¢ 55 oS
03 e Ml Sl el G g w6550 @bl
SV e L ol el 355 e e 158 5 e

a4 SN 3 s 3550 0550 pl 03 S mdan gla ]
a3 (0) adaly bl ol e mes 3 oS sl Sl
5t a0y miie ols O35 el o sl JIss S

L22] il o ke 3led e 53 JIs S (gols p S

D=08W3 ©®)

Sy i) 51 56 s Sk D
05 hS e 0zt 03le 055 W

TNT Cidises b0y gl JIssS a5 03000 (F) Jsds 53
ROMPRERIR

i Lge Jie an Ll jLis Jleel gl il 3 oS Sles
S5l 5 53 AUTODYN 53l 5 5l ez el Jlomisl a1
S s 5s U o smas 5 0kt Olgl 5 FLAC 2D
o3l S s Jls S 515 i 5l dlgj_fcja__m_{v_ou
Tl a5 Sl S s Bl Al pine fwes ps
a5 Lsdipr 553 4B opl 55 Lsd e g0 ahE S
g Sy B )

(KG) o peivs o3le Cilises 3lie (gl o Sl JI5 58 a3 F J g

Table 4. The diameter of the explosion pit for different amounts
of explosive (kg)

Weight of Explosive (kg) 50 100 200

Crater Diameter (m) 2.95 3.71 4.68

(Pa) 035 Osdde Gas 4 a5 L sl 5l Lol sla 25 0 Jgder

Table 5. The stresses resulting from the explosion according to
the buried depth of the tank (Pa)

Weight of Depth of Buried Tank (m)
Explosive
3 6 8 10
(kg)
50 17.22*10°  28.3*10°  20.1*10°  69.3*10°
100 215%10°  40.72*10° 22.6*10° 15.66*10°
200 29*10° 12.9%10°  26.7*10°  21.04*10°
vlol @;‘

Dbl 51 bl 235 Ol Sroew J:M.AJSJ
Fig. 8. The place to measure the amount of stress resulting from
the explosion
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different depths
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Fig. 11. Moving the middle of the bottom of the buried tank at
different depths
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roof of the buried tank at different depths
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Abstract

Soil-Structure Interaction (SSI) is a critical factor in seismic design, particularly for structures
located on soft soils, where the dynamic interplay between the foundation and the surrounding soil
significantly influences structural behavior during seismic events. This interaction affects not only
the seismic response of the structure but also the transfer and distribution of forces between the
foundation and the soil medium. As such, accurately accounting for SSI in seismic analyses is
essential to ensure both safety and performance. Traditional approaches to modeling SSI often
employ springs with specified stiffness values, which act as simplified representations of the more
complex soil-structure system. These springs are designed to replace full-scale, computationally
intensive soil-structure models. The stiffness of these springs depends on various parameters,
including soil properties and the characteristics of both the substructure and superstructure.
However, despite their wide application, many existing methods are limited in scope.

Previous research has primarily focused on calculating soil stiffness beneath basic foundation
shapes, such as circular or rectangular foundations, while neglecting more complex scenarios,
such as the presence of middle and edge strips in strip foundations. Additionally, most
computational relationships available in the literature rely solely on geometric properties of the
foundation. These approaches fail to account for the superstructure’s influence, including its
height, weight and natural period, which restricts their applicability in real-world engineering
design scenarios. This gap in the understanding of SSI for strip foundations necessitates the
development of more comprehensive and practical models.

This study addressed these limitations by proposing new relationships to calculate the
stiffness of soil beneath strip foundations, explicitly considering the presence of superstructures
with heights ranging from 1 to 15 stories. The analysis was based on extensive three-dimensional
numerical simulations conducted using the Finite Element Method (FEM) in OpenSees platform.
The models employed soft soils especially from groups D and E, as classified by seismic design
codes, to ensure the results were applicable to a broad range of soil conditions. The study
investigated the combined effects of foundation dimensions, soil properties, and the number of
stories of the structure on the resulting soil stiffness.

The findings revealed that soil stiffness was influenced not only by the physical dimensions
of the foundation but also by the dynamic properties of the overlying structure. A comparison
between the proposed model and experimental data demonstrated excellent agreement,
underscoring the model’s reliability. For example, the average inter-story lateral displacement in
both the proposed and experimental models was calculated as 0.02 meters. Moreover, the
maximum lateral displacement at the roof level was 24 mm in the experimental model and 23.4
mm in the proposed model. These results confirm the high accuracy and robustness of the
proposed relationships.

The newly developed relationships offer a practical, efficient, and precise alternative to more
complex numerical simulations, making them highly valuable for engineering design
applications. By incorporating both soil and superstructure characteristics, the proposed model
bridges the gap in existing research and provides a reliable framework for analyzing and
designing structures that account for soil-structure interaction in seismic conditions.
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Table 1. Specifications of the footings for the structures

Frame B (m) L(m) FSV
1-story (08,1,12,1.4,16) 12 (2, 3,4, 5, 6)
3-story  (1.2,1.5,1.8,2.1,2.4) 12 (2, 3,4, 5, 6)
5-story  (1.5,1.9,2.3,2.6,29) 12 (2, 3,4, 5, 6)
10-story (2.1,26,3.1,35,3.9) 12 (2, 3,4, 5, 6)
15-story  (2.5,3.1,3.7,4.2, 4.7) 12 (2, 3,4, 5, 6)
Table 2. Soil Type Geotechnical Properties
Site Class Shear Wave Poisson's SO'.I
(ASCE 7- Velocity (m/s) Ratio Density (MPa)
22) [10] (kg/m%)
D 300 0.4 1800 162
D 200 0.4 1800 72
E 150 0.45 1700 38
E 100 0.45 1700 17
C 400 0.35 1800 288
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Table 3. Structural properties for eight-story model

Story Beam Column Live load Dead
Number  Sections Sections (kg/m?) Load
(kg/m?)
Stories 1- W BOX
3 350x300  500x500 200 555
Stories 4- W BOX
6 300x300  450x450 200 555
W BOX
ST 3002300 400x400 200 555
Story 8 W BOX
(Roof) 300x200 400%400 150 540
Poisson Density Sheallr v_\{[ave Soil t
0] ratio (kg/m3) velocity oil type
(m/s)
30 0.4 1800 200 D
10 - - -
Numerical full soil modeling
8 =—t— Proposed simplified modelin
2 6
IS
g2 4
>
S 2
(2]
0
0 50 100 150 200 250

Maximum lateral displacement (mm)
b ate sl (oode Jbo o iy Gl obrals alie VP ISS

ol e Lossdons gl s
Fig. 16. Comparison of the maximum lateral displacement in the
numerical model of the continuous soil environment with finite
element analysis using the proposed stiffness
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Abstract Review History
Reactive Powder Concrete (RPC) represents a significant advancement in concrete Received: Jan 22, 2025

technology, characterized by its remarkably high compressive strength compared to conventional  Revised: Apr 9, 2025

concrete. This superior performance is attributed to its fine-grained composition, which not only Accepted: Nov 8, 2025

enhances compressive strength but also improves other critical properties such as abrasion
resistance, durability, impermeability, and resistance to corrosion. These attributes make i
Reactive Powder Concrete an ideal choice for various demanding applications in the construction ~Reactive Powder Concrete
industry, especially in high-performance structures where durability and strength are paramount. ~Sahand Pumice

This study focuses on an innovative approach to Reactive Powder Concrete production by Silica Sand

replacing silica sand with Sahand pumice. The primary objectives of this research include pjatomite Powder
optimizing the use of locally available materials, increasing production capacity, and reducing
overall costs. By utilizing pumice, a lightweight volcanic material, the study aims to address
challenges associated with sourcing silica sand while maintaining the high-performance
characteristics of Reactive Powder Concrete. In this study, a reference mix design for Reactive
Powder Concrete was developed, in which diatomite powder was used as a complete replacement
for silica fume. This reference mix served as a basis for evaluating the impact of pumice
replacement. Subsequently, silica sand in the Reactive Powder Concrete mixtures was replaced
with Sahand pumice at varying percentages of 15, 30, 45, 60, 75, 90, and 100 %. All specimens
were subjected to water curing at a controlled temperature of 25°C for a period of 28 days. In the
conducted experiments, autoclave curing was not used to ensure that the curing conditions
resembled normal on-site concreting conditions, making the obtained results more practical and
applicable. The study examined several key properties of the concrete, including compressive
strength, tensile strength, water absorption during curing and water absorption as per ASTM
C642. Additionally, the flow table test was conducted to determine the consistency of the
concrete at each stage before pouring it into the molds. The results showed that as the percentage
of pumice replacement increased, the compressive strength of the samples gradually decreased.
However, all samples maintained a compressive strength above 50 MPa at 28 days, classifying
them as high-strength concrete. For instance, the 28-day compressive strength of the reference
Reactive Powder Concrete was recorded at 64.7 MPa. However, at full (100 %) replacement of
silica sand with pumice, the compressive strength dropped to 50.7 MPa. However, it should be
noted that this decrease in strength is not necessarily prohibitive depending on the intended
application of the concrete. On the other hand, the specific weight of pumice is lower than that of
silica sand. Therefore, the use of pumice had a notable effect on the density of the concrete. with
increasing replacement percentages, the specific weight of the samples decreased, reaching 1764
gr/lit at 100 percentage replacement, classifying it as structural lightweight concrete. Despite the
reduction in compressive strength, the resulting concrete still qualified as both high-strength and
structural lightweight concrete. These classifications were determined based on the standards set
Fourth in the 2017 edition of the National Building Code of Iran. Additionaly, the benefits of
using pumice, such as cost savings and enhanced sustainability through the utilization of local
materials, offer compelling advantages for specific construction scenarios.
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Table 3. Chemical properties of Quartz powder iy e ot va,d lasiie (1) Jpim

Item Percentage

Calcium oxide (Ca0) 0.7 s e 0L
Silica (Si0,) 96.6 . e e .
Aluminum oxide (Al,03) 0.23 dle Qdre Sl Gl (ol 3 (e i ule
Ferric oxide (Fe,03) 0.03 e Bl e S el E .
Magnesium oxide (MgO) <0.1 O35 808l 5 ed S35 02 4 F e ek
Potassium oxide (K,0) 0.02 SSD ol ol wenSa i sl (,J; VOY O a5
Sodium oxide (Na,0) <0.1 3
SO, 0.04 Ao S A TR ol (K= C]d.w L Cl.“:l)
L.O. | 0.28 B
LS5l ey Ko Poe Ol adly L lad STu >
Olics ‘:’W‘}:LMA BEX &L"""“;' Slasis ¥ JJJ’. g:,.w‘ ol n))‘jT (Y)J)J}- L u.aj..a.,n MLA &.L:‘.'“':“:"
Table 4. Chemical properties of Diatomite powder
Item Percentage Ol g 33 g 55 Ll Oleswr Sliasin N J g
Calc;t:lrir:: :)EIS(:?)Z()CEIO) 809?1 Table 1. Properties of Sufian cement of type two
Aluminum oxide (Al,03) 2.15 Item Unit Value
Ferric oxide (Fe,03) 0.71 Fineness (Blaine) (cm?/gr) 3230
Magnesium oxide (MgO) 0.64 Residue on 90 u Sieve (%) 3.86
Potassium oxide (K,0) 0.2 Autoclave Expansion (%) 0.18
Sodium oxide (Na,0) 0.45 Le Chatelier Expansion (mm) 11
L.O. 1 3.04 Initial Setting Time (min) 115
Final Setting Time (min) 185
Density (gr/cm3)  3.16
do S L aS g5 sl 5.5) ol &) 5 xS 5 . 3 days Compressive Strength  (kgf/ cm?) 240
# ” s FI5 7 days Compressive Strength ~ (kgf/ cm?) 345
So (0,5 sdaliine Ol 55 0 Osla 15 )3 55 slaails 28days Compressive Strength  (kgf/ cm?) 465
3 L.O.1 (%) 1.36
Ol s i das il o ST ss00 300 5 kol e 3 Calcium oxide (Ca0) (%) 64.44
. ) . ) Silica (Si0,) (%) 21.70
55 4y HLS @ FlsS g el 05 S YO B O e Aluminum oxide (Al,05) (%) 5.22
. . ) ~. L Ferric oxide (Fe,03) (%) 3.74
S ol 4y Oledol Ol A s SO 5l ragsy () Magnesium oxide (Mg0) (%) 2.22
N . . s Potassium oxide (K,0) (%) 0.58
AL e (F) s ille O Slasiia Sodium oxide (Na,0) (%) 0.22
it . - L Oslee w5 28 sl . Chloride lon (CI) (%) 0.010
et e L e e Others (%) 0.51

ulf—ﬂf.. oJL?V() J:A)_X:Sﬁ 8\) Olias Odxs

. . . adp s phew anls sland Olasiie Y Jgde
ol 5l esliad 5y ge e U3 Eash opl s i f

ot OIS IR D e Table 2. Chemical properties of silica sand of Qumtapeh

(F) Jsdr 5 O pliawd Sliasiin 45 ol g O

Item Percentage
oloaalin JJB Silica (5i0;) 61.84
' Aluminium oxide (4l,03) 15.20
L Glnn 4S5y lsl opl 53 ieas Sdee Sy @ Magnesium Oxide (MgO) 1.32
) 5 ) Ferric oxide (Fe,03) 3.92
Al ot O35 slils 4 wsl e LI ki) Calcium Oxide(Ca0) 351
SO, <0.05
Sl a5l Al e xS 2o Bl p 3 4/550 Na,0 4.83
K,0 3.53
GlaaS Sl e 5 03 0518 20 L VA S MnO 0.08
. . FeO 0.43
3l Gosme 3 ol oslazal Voo S 55, s lile Fe,0, 1.37
.. BaO 0.11
)}).L.SJ.Q.PQV)ﬁ&_))MMJ)J &Jé\"gﬁ\ Fel 3.73
©) dsdr llas 5 OF pland Sliasiiie Al as L0 | 3.36
’ - s - P,Os 0.19
AL e TiO, 0.69
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Table 5. Chemical properties of Sahand Pumice

Item Percentage
Calcium oxide (Ca0) 7.28
Silica (Si0,) 63.76
Aluminum oxide (Al,053) 19.60
Ferric oxide (Fe,03) 4.30
Magnesium oxide (MgO) 0.50
L.O.1I 4.14
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Table 6. Physical and chemical properties of the superplasticizer

Colour yellow
Physical state Liquid
Density 0.02(gr/ cm®)=£1.1
Chloride content <15%
Na,O <0.1%
PH 5-7
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Table 7. concrete mix-ratios for the types of samples

Material Replacement of Diatomite Quartz Pumice Silica Super-
. Cement  Water sand L.
Mix -Ratio pumice (kg/m®)  (kg/md) pl?"jd%r pli"’yd‘ir kS?Dg SSD p"'ft/'c'éer
Mix.1(Control
concrete) 0 750 200 150 150 0 860 30
Mix.2 15 750 200 150 150 74.3 731 30
Mix.3 30 750 200 150 150 148.6 602 30
Mix.4 45 750 200 150 150 223 473 30
Mix.5 60 750 200 150 150 297.2 344 30
Mix.6 75 750 200 150 150 3715 215 30
Mix.7 90 750 200 150 150 445.8 86 30
Mix.8 100 750 200 150 150 495.3 0 30
Ceglie Ladasgad (w Aul 3l L oS Aas olis () Ji_:p
70
Ol a8 5 ph e e (S A Sl b e SRl e ool = 65
o
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5 55
(S35 0y 4 el 0T ol cpl e 3L e VY 13 s g 50
2 45
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Fig. 1. Compressive strength of RPC specimens
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Replacement

Tensile strength (MPa)

0% | 15% 30% 45% 60%  75% 90% 100%
e=@==7-days 45 43 42 | 39 37 35|34 32
e=f==14-days 57 54 48 44 41 | 39 | 38 35
28-days 65 | 63 | 56 55 48 44 41 39

=@ 7-(ays e ]4-days 28-days
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Fig. 2. Tensile Strength of RPC Samples
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Fig. 3. Water absorption during curing of RPC samples

bl o alS (5Ll Caglie Lilan 55 ladisad (208 S slde
FIO )y dals 039, YA 228 Conglie 4 S (555 b a4
Sy sl IV e Lo, YA L2 Cuglis 5 JKLLKS
slods JELLE Y/ ol s s asls (g 40 g
051 Jos pin O odor v

O glilpder A 55 0313 QLS ¢ ialasT ol plowil 51 s
o bl il e cale Sl e ke ) gl il e
Lol bt B Sl Lad e day ol Y dla JB 03 8
Lo pod s 3 S 5 (558 0301 T 035 Jlass (55315
AV S s S 5 Ol as e 51 o5l Jes ¢l
T 05,5 S 5l e 5 el 2ol Ol 5l pas 34, YA
Slm O Gl LS 55 S e b pldl Sl s g
alaily 53 baopss al 3l ol s A 1SS be ool
28] ol s (5550 o ol T dm 5 A esls 13 (1)
lodd 6313 0L (1) S5 55 O il oS

(ol des 31 am o = 51 s 51 J3 0 2)

_ - x 100 (V)
Sosldes 5 43 pm

Sosl s o Sl dr =
J_w)swb_elbdsj_wu_ﬂo.ul_.;ﬁ@l_:uuﬁb
et 4 el a8l 215l 65 e e O o (5SS
el ol ecdasl Sl O sl sls STy le'\ S
(e 4S5 sladils Lol 58 0 u (S et 3B 4 by e (58
v_l._.;'—gTSSD b s sl ool A s dsle
SHediyls SSD LIl 5y e asle sladils & ol (65 A
i Loy ool daler fals g Bl
Ol =3b ceslie fals 51 gl (g et 3B s adlig S
o am oY b e Ol i Il 5L 5 el
Sp Sl Ao Gl LS Al alaSle 5 A sdalie
6“%‘}%}5}6JJTHH%TQQ‘@M
bl 2ol 58) O sl dn

b\iﬁ ) ngﬂ —-¥-¥
Lo sbs S 55505 ool of wdir sl 13y

o3 ansdS Gllas 3 pedews 0335 sl a0 il slads s



VE8 b o) oyleis Y§ 0,95

R Ol et (qwiigs (sole alone

FALS ol ol ol Ol o e slray e
Jel) Josdos Ol ialasl cpl sy a0l a5 L sl e
doas o Ol 1 (Bl glacls o dle & i s sladl ) ==
SALS Sl S Rl dops Rl L laged Js5 L)
Glaasls a8 culazr 5 Ll obwl 5l ams ol ol Jslss
3201 oo e Gladils 4 s (5 e s Bl S
35 Lo s 4 G (6,5 i L T SSD Sl s
Al s ol g oS b e STl e sl ls 5
Shas Il s eanl alisl ol oy il b oo
syl0keal b Ol Gl S 555 o asie il e ala>dle
Ylazo| ol sl zalS | s 4o 53 s ASTM C642
STy 5 Olam slaalils O gnbiliden la sl e dle
SV sl Sty (ol 5 Olow (a5l e PR
plomil 4S5 slaails sk L Glars s ool 0le 6 505
Caslazs S
L e 5 2 (b f@ﬁ} 03 57 S 45 51 (slaalls
3 0 ol laadly Jolld (b pme ligw 4S5 Sulg 5o e
Sl 1 slas ladls g dal e Sl WS gladls
Sl sbome 55 Sl 35y 5 Olerm L 5 s N5
| el ezt WO ¢ a5 o3l plowil V555 slo ST,
o) 5 4Bl SRl a8 skl ey U510

Sl 03ls U,LAKS b - 6}_{.&3‘3&; ol gfyj)ﬁ dLﬁL';MSU

3794

gl Sl edas Ol 6551 Jras e OF e 21530
S 5l aladls K3 Gb AEL e & pelilden sla ST
S i SV sl STy s s S dys WS &S
) Laasly ol JSs O diias oS 5 b yo 5 diS s
S mebimanale sladls Sl (Wledd codiwanls el
e Smle 53 Al 6508 LS Gl g ol
el Uled L 2iSTa 5 58 s (6oLis Cnslin 3 ialS Sl
S e 3L .w@wﬁ%qw‘)ﬁ Loy 93
Sl ;T (gladily L6 554 5 e ;r)&ajjﬁjil}';}é
R RS LT P f_}w 53l e RalS O caslie
sl by o et 5B 4 iy ASTM CBA2 i, 4 il
seals Sl Ea—oms 53 Caglie JydS oy als
JEallEe 00 51 5YL Lads gl aes oS ool S3a003Y L o

Q)

25 21822} 222225227 231234 23.6

20
5 15
£ 10
IS
@
S 5
e]
3
5 0
n %+ %\0 %Y %*5 %7 %Yo %48+ %)\
Replacement
G Sladsas (Saa iy b0l e mls ¥ S
Fig. 4. Flow Table Results
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Fig. 5. Water absorption according to ASTM C642
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Abstract

In this study, the application of a heterogeneous electro-Fenton system based on the metal-
organic framework MIL-100(Fe) as a catalyst, combined with persulfate, was investigated for the
treatment of pharmaceutical wastewater containing tetracycline. This system utilizes
electrochemical advanced oxidation processes driven by sulfate radicals, taking advantage of
their broader operational pH range and higher stability compared to hydroxyl radicals. Following
the synthesis and structural characterization of MIL-100(Fe), the experiments were conducted in
a one-liter glass reactor equipped with four graphite electrodes connected to a DC power supply.
The synthetic wastewater was prepared by dissolving 50 mg/L of tetracycline, followed by the
sequential addition of 400 mg/L of MIL-100(Fe) catalyst and 200 mg/L of persulfate. The
treatment was carried out at room temperature, and the tetracycline concentration was measured
using a UV-Vis spectrophotometer at a wavelength of 359 nm throughout the process.
Experiments were performed at various tetracycline concentrations (10, 20, 50, 75, and 100
mg/L) and reaction times ranging from 0 to 120 minutes. Using a one-factor-at-a-time (OFAT)
method, the optimal operational conditions, including tetracycline concentration of 50 mg/L,
catalyst dosage of 400 mg/L, current intensity of 400 mA, persulfate concentration of 200 mg/L,
pH of 5, electrode spacing of 5 cm, and reaction time of 90 minutes were identified. Under these
conditions, the system achieved a maximum tetracycline removal efficiency of 83.8% with a
minimum specific energy consumption of 178 kWh/kg. The findings of this study confirm that
the simultaneous use of MIL-100(Fe) and persulfate in an advanced oxidation process provides
an efficient, cost-effective, and environmentally friendly approach for the removal of tetracycline
from pharmaceutical wastewater. Moreover, the system demonstrated satisfactory performance
under near-neutral pH conditions, highlighting its potential for practical applications and its
superiority over conventional treatment methods.
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Table 1. Investigated operational parameters

parameters values
Initial TC Concentration (mg/L) 10, 20, 50, 75,100
pH 3,579

Electric Current (mA)
Catalyst Concentration (mg/L)
Persulfate Concentration (mg/L)
Electrode Distance (cm)

200, 400, 600, 800
200, 300, 400, 500
100, 200, 300
5,658
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Table 2. Assigned peaks in the FTIR spectrum

Functional Group Wa\g?nlf;] ber
Related to C=0 stretching in carboxylic 1618.88
groups

Related to C-H bond vibrations 1429
Related to C-O bond vibrations 1360
Related to C=0 stretching in trimesic acid 1741
Related to O-H stretching vibrations 3416
Related to C-H bending in benzene rings 890
Related to C-H bending in benzene rings 759
Related to C-H bending in benzene rings 631
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mg/L, Current= 400 mA, D =6 cm)
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Fig. 8. Tetracycline removal efficiency at different catalyst
dosages
(pH=5, [TC]=50 mg/L, [Persulfate]= 200 mg/L, Current= 400
mA, D=6 cm)

b Ol e e PH Sl e (0 9) S50
S das e OLE ls sl Cpl el 0l e3ls iles aghas Aol b
SMiie a5 4l Ll a4 Oley SddST L Jslows pH
o PH Ol s ) ol oy 4835 VY OLL s A0 e
il il mad Il i s, SO S s At &) s
33 s S 5 AT 3 Jaul 55 gy e dasOLES 5 4 PH
slas bl Ly gllas a s ol oo o Ssp Jls
2doas 0Lt (sl ol OLSL s sl e
Ll o aS Sl 14658 45 pH &M}szﬁjswgﬁiéjﬁ
Sl s 4 (Z 3 Jas (6l IS 0l 05 5 ) &
[31] 555 Jara adow 5 i

o O g p chale s YTV
i o aw s S ke b s o
C,._Bi.'o)sawyﬁg;ﬁl.éjjzgﬁr;é:ﬁvn FRAKEIAER
e b bl s 13 e 5l ol pH 5 eaVT ag
AL Y JSD) il Gl 8 S 18 s 30 L bl
S s s edalie Yoo mg/l clale s st NT G Oletil
Ll (g S Slekily 1) e S e Ve sV glaclls 8
gy Cble 48 s e 0L s ppl iy SOUSS wlin
Rl 0585 A e DS 55 plal 28 A e
Ly sl as (Yoo mg/ll) s d> U Ol 5,y Chale
S 5 O gl ST A1 5 5 a3 5 31T SLadIsl,
e DI GV e ble s Jlm opl bsgd e oeie 0l
Cshe s il SV g slml s LIS (e il ol
A= Sl el ramen Aad LA e LIS LS e
a5 g Al 55 a5 IS e (555 Sl sla0 s
1 a,\_;iyi%ﬁ_ijs,;junpﬂjguscbj\ L oSSl
DLz (V ISL8) (65,00 B pmme ko ¢ 3 b 51 [9] das rals
a5l o5y O e (DWW g Yoo mO/L ke s a5 sls
Clle 534S s 3w, VIY/YY KWHIKG Slids o S
YOV L ol Of Sl i Ve mgll i Sl
Lo Yemg/l cBle s s o e SS » coluclyhs
YOr KWH/KG az (6551 O peme oW g Slis 2ol 55l 55

5 LadiSals oS53k 51 2 5 e Sl ol il 5



0L 9 (J 5= Olygw

Ogiibg Sl Adly Sgaqe ismans 31 030kl b GalSo Ll 55 (S5l 9,915 SHSL 44iuc

Fe? + OH — Fe* + OH™ )

OH + H,0, — H,0 + HO*" (\)

CndBlS e 233 an ST e das e OLES S cnl by
Sl de Ol Ll gl e e baedu VT G 55 40 Tl o
Al il s Slas 2 ke 36 W15 8,

pffdl.:afw chle YUy 20 ol 4 slaws 5 esdle
Celwls s LS NVAVYY Uslrs (6351 G L SHIGIS o)
S e S e P ss balie 53 S el en p SIS
Al AYL LS (S 5S  celacl s LS YE W)
s e 0L (655 (5,50 4

Skt s 3 U S e bl Ll e
e YL slagss leslinal Ll us - ISl 5 3l
UL PNER [N PR S IS TR TS I RS JV R [t
SalS 5 SISl gLl s 15 0T 055 e o lodity
sls Ol Laesls oy oals Cd Jld slaad S W8 5 a5
Fov s ¥en Fov Yon glacble (5 e (65,00 O ,me &S
VAV XEP VY L ol s i ) pp S ke
Ol ol sl 03 5 ¢J§j_1§ = Cela ol LS YT/ VY
Oledily cp it 4 Olojes pliws b 2 e S Joo oo il
A S e 4kl (e (55 Olpee (S 5 e S
B Ll bl 3 e e 05285 2SI A5 Shas
3 &5 e s et NT Bl s 3l Ols o sllas
Ll o g3 BB golasl 5 5 Jate 511 dul b s 35l

tog S A Ol ok e —O-Y-F
G by s 0Lk skt aalsl 3
Ave g e Fon Yoo gl glagl oad KLl o
e 2 =3 J e od e Sl sler 5o el L
e A G 0Ll () S Gl o s Jesl
Sl a8 shailen e el s £4/VA 5 VANY VO/A SY/0 Y
i 3 S £ e A S S 0L 2
221 JeSsoden GadlSGsly A 55 Olsee |25 eo)ls O 525 I
cdslie 4S5y bolas [2] 408 e i (Y 5 ) sl i1y
o e el en P Yo 5100 sl s 5k

Vog

Current (mA)
20 00 00 K00
100 =
| = 600 mA
3= 1=400ma 75008 800
=+ - 200mA
X I=800mA 700
801 —a- Encrgy Consumption (kihrka]
B
500
. 5
60 500 2
3 £
= 348 &
40 . &
- e 300 %,
21222 . g
e 200~
20 13800 -
o
100
[t} 0
o 20 40 60 30

Time (min}

e GOl Sl s GISGL G w8 IS
chle Yoo my/ll=ol s chle Ormg/l=suNT chle pH=0)
(Fem=Las; =S dsls Fr e My/l=c JUIS

Fig. 9. Tetracycline removal efficiency at different current
intensities
(pH=5, [TC]= 50 mg/L, [Persulfate]= 200 mg/L, [Catalyst]= 400
mg/L, D=6 cm)
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Fig. 10. Tetracycline removal efficiency at different electrode
distances
(pH =5, [TC]=50 mg/L, [Persulfate]= 200 mg/L, [Catalyst]= 400
mg/L, Current= 400 mA)
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Fig. 11. Catalyst reusability performance
(pH =5, [TC]= 50 mg/L, [Persulfate]= 200 mg/L, [Catalyst]= 400
mg/L, Current =400 mA, D=5 cm)
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