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Abstract

Steel plates are widely used in various industries, especially in civil engineering. Low cost in
implementation and reduction of seismic mass are the advantage of steel shear wall system
compared to other structural systems. The goal of a good design is that along with following the
existing guidelines and achieving the desired seismic resistance of the structure, the structure is
affordable in terms of weight and cost. Considering that according to the design, it is not possible
to achieve the optimal use of the structure's capacity by force control method, the theory of
uniform deformations was proposed with the assumption of a constant performance level. The
subject of design based on performance increase the safety of the structure against earthquake
force and design with optimal seismic performance during the useful life of the structure in
seismic areas. Also, compared to the design method based on force control, it can lead to a lighter
and economical design.

One of the significant ways to reduce the weight and stiffness of shear walls and boundary
elements connected to them is to limit the connection of filler plates to boundary elements. In this
method, limiting the length of the connection reduces the force on the beams and columns, and as
a result, smaller sections can be used.

In this research, in order to achieve the optimal performance level, two concrete frames with
steel shear wall resistant system are subjected to nonlinear analysis. Then, the initial evaluation
of the behavior and the correctness of the used method are checked. After that, the effective
factors in achieving uniform stress in the height of the structure will be investigated. For this
purpose, by using the effect of the thickness parameter and the appropriate pattern of connection
of the shear steel plate to the surrounding elements, the way of changing the performance and
behavior of the structure will be investigated. For this purpose, 3- and 4-story concrete frames
with steel shear wall systems were modeled using ABAQUS™ finite element software. The steel
used in the steel shear wall system is ST37. First, the connection of steel shear plates to floor
beams was considered and then the influence of the partial connection pattern on the seismic
performance of the steel shear wall system was investigated. The modeled frames were subjected
to dynamic analysis, linear and nonlinear buckling analysis, and cyclic analysis. Based on the
obtained results, the property of energy dissipation in the frame with a steel shear wall system
with partial connection has increased significantly. Changing the partial connection pattern led to
changing the initial stiffness of the structure and the maximum in-plan relative displacement.
Also, the surface of the stress distribution shows that in the partial connection, the stress
concentration mainly occurred in the place of the steel shear plate connections. In addition,
according to the results of cyclic analysis, considering the partial connection of the steel shear
wall has led to a decrease in the average energy absorbed in the structure and an increase in its
ductility. Also, changing the connection pattern has affected the average amount of absorbed
energy in different loading cycles.
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Fig. 6. Showing stress distribution and out of plane deformations in a 4 stories frame
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Abstract Review History

Waste recycling plays a crucial role in enabling the efficient use of natural resources and mitigating Received: Jan 02, 2025
the negative environmental impacts caused by mineral extraction. One significant type of waste that can  Revised: Dec 07, 2025
be recycled is construction and demolition waste (CDW), which includes materials such as concrete, Accepted: Jul 14. 202
bricks, and wood from building sites. This waste can be processed and recycled for use in various pted: '

construction applications, particularly in geotechnical engineering, where it serves as fill materials or — Keywords
base layers in foundations. The management and reuse of CDW not only help in reducing landfill waste Rowe cell
but also contribute to the conservation of natural aggregates. When utilizing CDW as fill materials, it is
essential to determine the compressibility properties of these materials. The compressibility coefficient is  Recycled Concrete
a key factor that influences the behavior of materials under load, which directly impacts the stability and  Crushed Brick
durability of construction structures. The compressibility behavior of various types of CDW, including PET

recycled concrete and crushed bricks, is influenced by their physical and chemical properties, such as Compression Index
particle size distribution and mineral composition. Consequently, understanding the compressibility
characteristics of CDW requires more detailed and comprehensive studies. The authors of this study
aimed to investigate the compressibility properties of CDW that had been stabilized through the addition
of polyethylene terephthalate (PET), a type of plastic waste. PET is increasingly being explored as a
stabilizing agent for various construction materials due to its beneficial effects on enhancing mechanical
properties. The study also aimed to compare the performance of stabilized CDW with that of natural
construction materials, such as natural stone aggregates, to assess their viability as substitutes in
geotechnical applications. To achieve the study objectives, a series of oedometer tests were conducted
using a hydraulic consolidation apparatus. These tests were performed under both saturated and optimum
moisture content conditions for CDW, which included recycled concrete and crushed bricks mixed in
different proportions. A reference sample (BM) made of natural stone aggregates with a similar gradation
to the recycled materials was also tested for comparison. The key parameters measured in the study
included compressibility coefficients, one-dimensional secant elastic modulus, and the Particle Breakage
Index of the materials. The results of the study revealed that the compressibility of the materials increased
with higher percentages of PET and crushed brick content. This suggests that the addition of PET and
crushed brick enhances the compressibility of the materials. Additionally, the study found that with the
increase in PET and crushed brick content, the hardness of the materials decreased. A key finding from
the comparison between the saturated and optimum moisture content conditions was that compressibility
was lower and hardness was higher under optimum moisture content. However, during the unloading
and reloading phases of the test, greater crushing of the particles in the optimum moisture content
condition led to a change in the gradation of the sample. As a result, the compressibility coefficient
increased, and the hardness decreased, indicating that the material underwent more significant particle
breakage in the optimum moisture content condition. Based on these findings, the study recommends
that the percentage of crushed brick in recycled aggregates be limited to 30 percent to avoid excessive
crushing and degradation of the material. Furthermore, it is suggested that when crushed brick is included
in the recycled waste, 2 percent PET should be added to prevent further particle breakage and to improve
the mechanical properties of the aggregates, ensuring better performance in construction applications.
These recommendations provide valuable insights for engineers and practitioners looking to incorporate
CDW in sustainable construction practices.

Particle Breakage index
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Table 1. Grain size specifications of the materials

Value Characteristics
254 Dinax(mm)
4.40 Dgo (Mmm)
17.1 Cy
1.41 C.

55 FC (%)
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Fig. 3. Construction and Demolition Waste: a. Concrete, b. Brick,
c. PET

Ll (S sl S Y s
Table 2. Physical properties of the CDW

Water absorption (%) Gs Material
6.6 2.66  Recycled Concrete
321 2.42 Crushed Brick
45 2.71  Benchmark Material

Sk Hlas Lol ds s Jgd>
Table 3. Percentage of material mixture

Crushed Recycled

PET Brick Concrete Cbw
0 0 100 100C
2 0 98 98C+2P
4 0 96 96C+4P
8 0 92 92C+8P
0 15 85 85C+15B
0 30 70 70C+30B
0 45 55 55C+45B
2 147 83.3 83.3C+14.7B+2P
2 29.4 68.6 68.6C+29.4B+2P
2 44.1 53.9 53.9C+44.1B+2P
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Table.4. Summary of the compaction test results

kN
(0 (%) Yd amx (ﬁ) cbw
6.68 20.31 BM
8.03 18.36 100C
8.37 17.85 98C+2P
9.60 16.19 96C+4P
10.58 14.89 92C+8P
10.10 17.41 85C+15B
11.96 16.81 70C+30B
13.83 16.29 55C+45B
10.22 16.79 83.3C+14.7B+2P
12.06 16.18 68.6C+29.4B+2P
14.39 15.75 53.9C+44.1B+2P
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_“J 4 A
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Fig. 4. Modified compaction curve of CDW
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Fig. 7. Consolidation curves in the logarithmic space of effective
stress versus void ratio (saturated condition)
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Fig. 8. Consolidation curves in the logarithmic space of effective
stress versus void ratio (optimum moisture state)
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Table. 5. Normalized values of compressibility coefficients in two
states: saturated and optimum moisture

optimum moisture Saturated

CDW
Cs Cr Cc Cs Cr Cc
1.00 1.00 1.00 1.00 1.00 1.00 BM
144 151 109 129 123 1.04 100C
165 167 166 133 132 171 98C+2P
223 235 233 191 185 296 96C+4P
335 351 473 370 367 5.03 92C+8P
181 186 163 135 142 1.66 85C+15B
217 219 240 171 164 251 70C+30B
299 314 325 204 1.89 350 55C+45B
205 208 171 158 154 159 83.3C+14.7B+2P
217 222 196 174 170 195 68.6C+29.4B+2P
239 243 266 186 184 231 53.9C+44.1B+2P
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Fig. 10. Consolidation curves in the o-¢ space (saturation state)
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Fig. 11. Consolidation curves in 6-¢ space (Optimum moisture state)
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modulus against vertical stress
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Table.6. The rate of variation of the secant modulus against
vertical stress

The rate of variation of the secant modulus

against vertical stress cDW
optimum moisture Saturated

0.0686 0.0775 100C
0.0408 0.0450 98C+2P
0.0352 0.0374 96C+4P
0.0306 0.0179 92C+8P
0.0595 0.0649 85C+15B
0.0506 0.0573 70C+30B
0.0328 0.0389 55C+45B
0.0661 0.1093 83.3C+14.7B+2P
0.0536 0.0706 68.6C+29.4B+2P
0.0417 0.0469 53.9C+44.1B+2P
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Abstract Review History

Performance assessment of reinforced concrete frames with clay block infills during recent Received: May 3, 2025
earthquakes, particularly the devastating 2017 Kermanshah (Sarpol-e Zahab) earthquake, Revised: Oct 8, 2025
demonstrates the significant vulnerability of these common structural systems. Analysis of the Accepted: Jun 21 2026
resulting damage indicates that most failures stem from inadequate anchoring or complete lack of pted- i

proper restraint in the infills. This structural weakness has led to extensive economic damage and in  Keywords

some cases, loss of life. Considering the widespread use of this structural system in existing Reinforced concrete frame
buildings, developing efficient, economical, and implementable retrofitting solutions to enhance  cjay block

their seismic performance is of high importance. The present research aims to develop and evaluate
a novel method for retrofitting clay block infills using alkali-resistant glass fiber technology. The .
effectiveness of this strengthening technique has been assessed through precise out-of-plane loading Infill

tests. The proposed retrofitting approach relies on alkali-resistant glass fibers, selected for their Glass fiber
favorable durability characteristics in concrete’s alkaline environment, appropriate mechanical Clay block
properties, and optimal cost-to-performance ratio. In this experimental study, three 1:2 scale

reinforced concrete frame specimens were designed, constructed, and subjected to standard loading

protocols, consisting of: A concrete frame with clay block infill having a two-centimeter gap from

columns on each side (representing typical construction practice), A concrete frame with separator

wall posts and clay block infill placed two centimeters from columns (representing an improved

conventional method)A concrete, frame with wall posts where the infill section is strengthened with
alkali-resistant glass fibers (representing the proposed method), For specimen construction, steel

formwork with 2mm thick metal sheets was designed and fabricated in the structural laboratory. All

construction phases including cutting, bending, and welding were performed with high precision at

1:2 scale proportional to actual specimens at the Shahrood University of Technology's structural

laboratory. Importantly, the specimens were constructed according to common building practices,

with concrete pouring sequenced from foundation to columns and finally beams to simulate real

construction conditions. Standard perforated clay blocks measuring 25x20x10 centimeters were

used without scaling to eliminate potential scale effects on mechanical behavior. All structural

design and construction details for the reinforced concrete frame complied with Chapter 9 of the

Iranian National Building Code. The main innovation of this study, beyond the strengthening

method itself, lies in the approach to specimen construction following actual industry practices,

making the results more applicable to real-world conditions. An advanced measurement system

including high-precision linear variable displacement transducers (LVDTs) was employed to record

the complete response of specimens throughout testing. Analysis of test results demonstrated that

the specimen reinforced with alkali-resistant glass fibers showed significant improvement in

seismic performance compared to the other two specimens. Specifically, this strengthening system

provided: Increased lateral load-bearing capacity by up to 110% compared to specimens with infill

with boundary conditions and infill with wall posts Enhanced ductility (displacement capacity) by

up to 150% compared to non-strengthened specimens, Transformation of failure behavior from

brittle and sudden to soft and ductile failure, Progressive and gradual material deterioration instead

of sudden collapse. the proposed strengthening method, given its ease of implementation,

reasonable cost, and desirable performance, can serve as an effective solution for retrofitting

existing buildings with reinforced concrete frame systems with clay block infills in seismic regions.

Out-of-plane loading
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Table 1: Specifications and parameters of experimental spacimen.

Specimen Details Configuration
N First Infill frame with connections only at
(IC-OOP)  Specimen  top and bottom and 2 cm gap from
(Figure 2-a) columns

Second Infill frame with lateral wallposts and

"(IW-O0P)  Specimen  connection details similar to existing
(Figure 2-b) buildings
Third Infill frame with lateral wallposts

" (IWR-OOP)  Specimen
(Figure 2-c)

where the infill section is reinforced
with alkali-resistant glass fibers

® Glass Fiber Renforced Polymer
10 Fiber Reinforced Polymer

™ Infilled Control Out Of Plane
12 Infilled Wallpost Out Of Plane
%3 Infilled Wallpost Out Of Plane
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Fig. 1. Geometry and reinforcing details of reinforced concrete frame (dimensions in millimetre).
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Fig. 3. Final Configuration of Constructed Specimens: (a, b, ¢) Formwork and Concrete Casting Stages of Reinforced Concrete Frame.
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Table 2. Mechanical properties of materials.

Average Poi . Elasticity
. ; 0isson's
Material name compressive coefficient modulus
strength (MPa) (Mpa)
Concrete 27 0.2 25743
Reinforcements 420 0.3 200000
Clay Block 1 0.1
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Fig. 4. Final Configuration of Constructed Specimens:
(@) Specimen IC-OOP, (b) Specimen IW-OOP, (c) Specimen IWR-OOP.
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Table 3. Compressive Strength Test Results of Clay Hollow Blocks Used in Infill Construction.

Number of samples

Spacimen Average Standard deviation covariance
S1 S2 S3 sS4
Clay Brick-horizontal 0.682 0.876 0.803 0.846 0.807  0.802 0.065 8%
Clay Brick-vertical 2.9 3.42 5.9 5.42 4.3 4.38 3.30 11%

(\_,.x)/w S €J.§)l:5 e ) CL..A o gu Lol C_/Ja ¥ d}.\?
Table 4. Mix Design of Reinforced Concrete Frame (kg/m®).

Materials

Portland Cement Type Il (kg/m°)

Coarse Aggregate (Medium) (kg/m®)
Coarse Aggregate (Large) (kg/m°)

Fine Aggregate (Sand) (kg/m°)
Water (L\m°)
Water to cement ratio

Foundation Column& Beam
450 380
340 350
340 350
1000 1040
210 200
0.47 0.53
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Table 5. Concrete Compressive Test Results

Cubic: Test day

Cylindrical: Test day

spacimen (MPa) (MPa) Average iz?l?:t?gg covariance
S1 S2 S3 S1 S2 S3 Cubic  Cylindrical
Foundation 44.26 41.02 43.73 35.41 32.81 3498  38.77 31.02 0.940 3%
IC-O0P Column 37.35 3750 3363 29.88 30.00 2690 43.00 34.40 0.655 1.9%
Beam 4955 5320 46.88 39.64 4256 3751 36.16 28.93 0.827 2.8%
Foundation 44.75 36.42 4131 35.80 29.14 33.04 49.88 39.90 1.19 3%
(f\ll\\//\/R-_OoOcl;g) Column 39.8 4157 4038 31.84 33.26 32.30 40.83 32.66 1.57 4.82%
Beam 40.67 69.39 3595 3254 31.76 28.76  40.58 32.46 0.33 1%
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Table 6. Compressive Test Results of Mortar Joints and Shotcrete

Cubic: Test day (MPa)

Spacimen Configuration o1 > Average Standard deviation covariance
IC-OOP  Spacimen Mortar joint 25.30 22.63 20.22 22.71 1.2 5%
IW-OOP  Spacimen Mortar joint 8.2 8.9 9.42 8.84 0.288 3%

Spacimen Mortar joint  18.62 17.28 19.60 18.52 0.54 3%
IWR-OOP .
Shatcrte Spacimen 1187 1226  9.08 11.07 0.81 7%
ol S Caslie (sl s V g
Table 7. Tensile Strength Test Results of Reinforcement Bars.
Material Average Yield Average Ultimate Yield Strain  Ultimate

Stress (MPa) Stress (MPa) (%) Strain (%)
Reinforcements No 12 494.38 614 0.0024 0.03
Reinforcements No 10 343 561 0.0016 0.05
Reinforcements No 8 355 514 0.0016 0.05
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Table 8. Results and Geometric Specifications of Alkali-Resistant

Glass Fibers.
Mean Tensile Mesh Number
Strength (MPa) Interval of Fibers
918 5X5 9

e

CoC: Lod Coell

camio 3l b L sl ARLST L 0 IS
Fig. 5. Laboratory Setup for Out-of-Plane Loading.
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Table 9. LVDT Specifications and Installation Details.

Sensor Number Installation Details

Measurement Purpose

Measurement Range (mm)

LVDT1 Foundation Out-of-plane displacement of foundation 50
LVDT2 Column Out-of-plane displacement of column 50
LVDT3 Center of beam Out-of-plane displacement of beam 10
LVDT4 End of jack Jack displacement 100
LVDT5 Upper right support Out-of-plane displacement of infill 50
LVDT6 Upper left support Out-of-plane displacement of infill 50
LVDT7 Lower right support Out-of-plane displacement of infill 25
LVDT8 Lower left support Out-of-plane displacement of infill 25

LVDT S5

——

)

LVDT

——i

)

L™ ‘

i
i

LVDT 6 |

IVDTS

()]

{LVDTS) ez 0K ks (K 5 aomios 5l sl Ol s # JS05
Fig. 6. Installation of Out-of-Plane Setup and Positioning of Displacement Transducers (LVDTS).

Yo



Ol 9 (25l) dlgzr Sose

o d2eiio | g5 (13851 55 Jliw ol S OBOLe (§3luge 9 ) o) 2 a s Le5T anlbe

el 5o s S VWY 8 s il b alS
S5t e £33 7 53 Gl A1 S 5 S e e YWAS
345 d S LS VONT 0T L bl (55,0 45 25 8
Y0 s oLl (il LauS e sdalie (CillA) 502
s s A e el ol Ceand 2 Ui Sl e e
B () S olae oS (ol JialS 5, 5 glS AYY
e TIYA bl s lelS oy s il ol stalin
(GA) IS 53 dd SBOLe JelS s e o8 5L Gl
el sl oLl O &

S AS NP0 (sl d sk 3 el b (558 n Ak
3 e 5l a1 e e WAL bl s S 5
Il 5l e e VO/0 slsanls 35 3 S 5 sl sl
A sl A Sy a5l 5 A8 b Sa
58 S8 a0 Al S S 5 2 S G bl ol
S0l s e CBOLe VL i s 4 Sl 2 S
S il sd o3ls Sislad (V0) dsdr 5 (W) IS5 55 oS
I OO [ DR TR Y IR PUREV S
S sles ok, S ey B Gl iamen 5 SBOL
L ol s oml b e b L i0ke Slals s
wlis glojle slagn Ko s (258 OO 6l VL Ll
=3 o n 5 Sl Jbes Gl il e paia
aaliul (1) U2 53 35 5o bl gas 3l o A Le5T slaesls
das e 1 5L 550 eSS Sledbl &S A

4+ [
) ()
B 2 Shes SonS s

Fig. 7. Out-of-Plane Mechanism of Infill [26].
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Fig. 8. (a, b, ¢) General Testing Procedure.
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Table 10. Specimen Test Results.

(IC-O0P) Force (kN) Displacement (mm)
Peak load 15.65 18.81
Minimum load 8.24 20.20
18
16 H
S 1
f‘: 12
S 10
I
g
m

Displacement (mm)

G a5 b CBObs amis 51 25l tlesl () 4 o s sal ()
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= 14 f=-| e Peak Load
x 12 -4 === Conventional failure | /
b =@ U|timate stage l"
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R - e )
3 I
R s
m 4 "
2 T
0
0 2 4 6 8 10 12 14 16 18 20 22
Out of plane Displacemen (mm)
S Bl b O as 5l Jlssed ()
0 30%
BOUNDARY
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Fig. 9. (a, b, c) Out-of-Plane Test Diagrams for Infill Specimen
IC-OO0P.
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Fig. 10. (a, b, c, d) General Testing Procedure.
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Table 11. Specimen Test Results.

(IW-00P) Force(kN)  Displacement(mm)
Peak load 13.91 16
Minimum load 1.6 38
16
14 IWL-
S A
g . 78
5 s 74NN
5 7/
g, /4 N\
25 / %
0 =

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Displacement (mm)
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E A \ 3 Deterioration of Materials
x 10 / \ ———— Ultimate stage -
g s
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2
s 4 / Xi
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0
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Fig. 11. Diagrams Related to Out-of-Plane Testing of Infill
Specimen IW-OOP.
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Fig. 12. General View Before and After Testing of Infill with Wall post Reinforced with Alkali-Resistant Glass Fiber.



VE-8 Jls & oleis Y§ 0,95

U030 Ol s (qwdige oole alowe

aio CJB- S god anglae —0-¥

ol byl glads sei L ol amlie 4 (i ol 3
Jds 0Ll (V0 5 VF) Ji_,; o3 o a1 gl yls el 'r'l)"’f-f;s‘
L ladigad g lases (OVF) IS5 5l o r.a\fe Iy 595 Glawslia
ST LT gl o sl Cos a S das e bl
3,301 L bl sl 5 s alie (10) K8 s sl e
)b}ﬂ%gkﬁf Jsl Card g il ol & (gUIS Curs
LAAJ)N'&L@JQ-L«_}J:J@J:&S@.laﬁf¢_9>¢.:&b_9)<43_y§sjz
"\'S@("“lf o vil'@’ A.L}JAJJVAJQAJUMC)‘M

s Shes Ol o0 (VF) S )3 ol o)Ll (glaslsgud @y a5
bl a8 57N Ol 4 Cwglie als (OOP
(IC-O0P) 4 sa5 ¢ b Sy kel U 355 o0 sdalie 700 Ol5e
W gas Sy aked e sl o3l OLAS 351 slae s Shas
5 50 53 JAY 2alS (IC-O0P) & 505 b avslis 3 (IW-OOP)
Clg s IW-00P) 4 ga5 48 b S aoms 0l o aK20L 5]
DL (IC'OOP) 4-’}&4 S Jl} L ‘g;_w‘ 4:_».:1\.3 ‘5J_:.€J J}SLQ}
AL nosb s P ol gl plrals

(IW-00P) 5 505 L uglin ;5 IWR-OOP) 6.l oy 55 4 50
(IW-00P) 4 g5 4y Comni (IWR-00P) o g oSy abais |
o W N N P e e PN AR R IT SIS P WA K QR
(IWR-O0P) e sy 585 4 g ((IC-00P) i 503 Ly anlis 3
odalie Jb-é\.:b- L /\O' ﬂ“)ﬁ\)}ﬁ B /9' L);’Als cgg.i abg;
L8 it ) ey (IC-00P) i 53 58 oy 0352

S5 S ) 635 S g ek i bl

& S 4o =0

JUes S5k SBOLe ¢ 5 am S8 anslie 5 () 2 0 P53
andlas 550 Sladas god 35l 1y s amis Sl 2l S s
Cedls b SBOLs (IC-O0P) (55,0 Ll 2 b Jsame SB0Le Jols
s L 0 (Sl 5 3550 Sloileitls s IW-OOP)
35 Lai 505 bl < (IWR-OOP) i GULJI L sy 55
isls LS 5 5l SVl (18, (IAS,L adsl -l

£

Syl lesl s NY Jgu
Table 12. Specimen Test Results.

(IWR-OO0OP) Force (kN) Displacement (mm)
Peak Load 32.98 21.19
Minimum Load 3.30 50
35
© iy [ ——— IWR-00P |
g 2%
g 20
L 15
3
@ 10
3 T
0
0 5 10 15 20 25 30 35 40 45 50 55 60 65
Displacement (mm)
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Fig. 13. (a, b, ¢) Out-of-Plane Diagrams of
Infill Specimen IWR-OOP.
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Fig. 14. Comparison of Out-of-Plane Behavior Pushover Curves
of Laboratory Infill Specimens.
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Table 13. Results and Comparison of Force and Displacement for Laboratory Specimens.

Control Infill Frame with 2 cm
Gap from Columns, Under Out-

Infill Frame with Wallpost, with 2
cm Gap from Columns, Under

Glass Fiber Reinforced Infill Frame with
Wallpost, with 2 cm Gap from Columns,

Properties of-Plane Loading (IC-OOP) QOut-of-Plane Loading (IW-OOP) Under Out-of-Plane Loading (IWR-OOP)
Force Displacement Force Displacement Force Displacement
(kN) (mm) (kN) (mm) (KN) (mm)
Peak Load 15.65 18.81 13.91 16 32.98 21.19
Minimum Load 8.24 20.20 1.6 38 3.31 50
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Fig. 15. Bar Chart Comparison of Specimens at Corresponding
Force and Displacement Values.
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Abstract Review History

The growing demand for durable and environmentally sustainable pavement materials has directed Received: Jul 14, 2025
significant research efforts toward modifying asphalt binders with advanced additives. Among the  Revised: Sep 9, 2025
various options available, montmorillonite nanoclay and reacted and activated rubber (RAR) have A ted- Dec 10. 2025
attracted particular attention due to their complementary characteristics. Nanoclay, with its layered ceepted: Dec LU,

silicate structure and exceptionally high surface area, is known to enhance the thermal stability, stiffness, Keywords

and aging resistance of asphalt binders. On the other hand, RAR (derived from recycled waste tire  Nanoclay Montmorillonite
rubber) improves elasticity and fatigue resistance while simultaneously addressing critical environmental Roacted  and  Activated
concerns related to the disposal of end-of-life tires. The combined use of these two modifiers offers the Rubber (RAR)

potential for a synergistic effect, resulting in improved rheological behavior and long-term performance

of asphalt binders under varying service conditions. This study was systematically designed to analyze DSR
the rheological behavior of asphalt binders modified with different proportions of montmorillonite
nanoclay (2, 4, and 5% by weight) and RAR (15, 20, and 25% by weight) under a range of temperature
conditions. The modified binders were subjected to a comprehensive testing program using a Dynamic
Shear Rheometer (DSR), Multiple Stress Creep Recovery (MSCR), and Linear Amplitude Sweep (LAS)
tests. Permanent deformation (rutting resistance) was evaluated using DSR at high temperatures ranging
from 58 to 82°C (specifically at 58, 64, 70, 76, and 82°C) under a frequency of 1.59 Hz (10 rad/s) and a
constant strain of 12%. These tests were conducted on binders both before and after short-term aging
with the Rolling Thin Film Oven (RTFO). Fatigue performance was assessed using the DSR in the
intermediate temperature range of 16°C to 22°C (16, 19, and 22°C), also at 1.59 Hz, under a constant
strain of 1.01%, applied on binders aged with the Pressure Aging Vessel (PAV) to simulate long-term
service life. Following these assessments, MSCR tests were performed on short-term aged binders, and
LAS tests were conducted on long-term aged binders to provide a holistic evaluation of rutting and
fatigue resistance. The experimental results demonstrated that the optimal performance was achieved in
binders containing 4% nanoclay and 25% RAR. From an engineering perspective, this composition
resulted in substantial enhancements of both rutting and fatigue resistance. Specifically, the parameter
G*/sind, a measure of rutting resistance, improved by 115% compared with the base binder, while
G*-sind, indicative of fatigue resistance, increased by 87%. These improvements highlight the
effectiveness of the nanoclay-RAR system in addressing the critical challenges of permanent
deformation at high temperatures and fatigue cracking at intermediate temperatures. Furthermore, the
MSCR results confirmed the significant reduction in non-recoverable creep compliance, while LAS
outcomes demonstrated enhanced fatigue life, providing robust evidence of the synergistic effects
between nanoclay and RAR. The findings of this research emphasize the potential of incorporating
nanoclay and RAR as a hybrid modification strategy for asphalt binders, particularly in hot climate
regions where pavements are exposed to severe thermal stresses and high traffic loads. Beyond the
technical benefits, the use of RAR also offers an environmentally responsible solution by recycling waste
tires into value-added infrastructure materials. The integration of advanced nanomaterials and recycled
polymers therefore represents a promising approach to designing high-performance, cost-effective, and
sustainable asphalt binders capable of extending pavement service life and reducing maintenance costs.
This study contributes valuable insights for pavement engineers and researchers, demonstrating that the
combined modification with nanoclay and RAR provides a balanced improvement of stiffness, elasticity,
and durability, making it a viable candidate for next-generation asphalt technologies.
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Table 1. Properties of Neat 85/100 Penetration Grade Asphalt Binder from Jey Oil Refinery

Test Description Standard Unit  Result
Penetration at 25 °C ASTM D5 dmm 85
Softening Point ASTM D36 °C 42
Kinematic Viscosity at 135°C  AASHTO T 316  cSt 254
Specific Gravity ASTM D-70  glcm®  1.025
Ductility ASTM D113 cm 100>
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Table 2. XRD test results of Montmorillonite Nanoclay used in

this study
Content (%) Substance NO.
0.98 Na,O 1
3.29 MgO 2
19.60 Al,O3 3
50.95 Sio, 4
0.86 K,0 5
1.97 CaO 6
0.62 TiO, 7
5.62 Fe,0; 8
15.45 LOI 9
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Fig. 1. Scaning Microscope Electron (SEM) picture of
Montmorilonite Nanoclay
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Table 3. Sample Coding

Sample Code coniﬁtR (%) C(')\lni:g:lg’%) No.
2MMTORAR 0 2 1
AMMTORAR 0 4 2
5MMTORAR 0 5 3
OMMT15RAR 15 0 4
2MMT15RAR 15 2 5
AMMTI15RAR 15 4 6
5MMT15RAR 15 5 7
OMMT20RAR 20 0 8
2MMT20RAR 20 2 9
4MMT20RAR 20 4 10
5MMT20RAR 20 5 11
OMMT25RAR 25 0 12
2MMT25RAR 25 2 13
AMMT25RAR 25 4 14
5MMT25RAR 25 5 15
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Fig. 2. Storage stability test specimen
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Table 4. Physical Properties of research asphalt binders
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Control 90 462 111 276
1 90 464 111 269
2 89 46.6 114 277
3 88 468 121 278
4 55 546 388 852
5 52 562 592 1060
6 52 562 589 1026
7 53 56 555 999
8 50 584 824 1765
9 47 596 1015 2103
10 47 60 1013 2203
11 48 592 992 2226
12 45 637 2181 4959
13 43 65 2397 5852
14 43 652 2589 5968
15 43 658 2532 5936
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Fig. 3. Effect of temperature on the permanent deformation parameter before asphalt binder aging
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Table 5. MSCR testing Parameters of Asphalt binder with
Nanoclay
SampleCode R32 RO0.1 Juygir Jnr32 Jn0.1
Control 0.92 8.4 23 2.64 2.14
1 0.78 79 2148 2.69 2.20
2 1.06 824 223 2.42 1.98
3 0.85 8 23 2.50 2.05

sl S Cﬁw Lo s 3 bl Ao oeles sla il £ Jyae
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Table 6. MSCR testing Parameters of Asphalt binder with RAR

SampleCode R3.2 RO0.1 Juygir Jnr32 Jn 0.1
4 16.29 6369 1.24 1.24 0.45
5 202 5715 038 0.8 0.369
6 5744 9179 0.161 0.161 0.027

8l O phe i 5o 53 Gk s Silesl sla il ¥ g
odd ssl b SaY o s s s sl
Table 7. MSCR testing Parameters of Asphalt binder with
Nanoclay and RAR

SampleCode R32 RO0.1 Jygift Jnr32 Jn0.1
7 24.67 6756 173.01 1.024 0.0375
8 2414 6754 1759 0922 0.339
9 2354 66.21 16596 0915 0.344
10 29.31 73.87 220.02 0581 0.182
11 259 63.61 13255 0.628 0.27
12 35.34 8235 33323 0422 0.097
13 50.32 86.08 306.08 0.243 0.060
14 48.69 90.14 51451 0.225 0.037
15 53.84 87.26 309.48 0.194 0.047
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Fig. 8. Fatigue life of asphalt binders at 2.5 and 5% strain level
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rendering them unsuitable for agricultural, industrial, and domestic use. Consequently, monitoring and
predicting the vulnerability of these aquifers is critical for sustainable water resource management and '
the development of effective mitigation strategies. A key approach for assessing the status of coastal SIVIindex
aquifers involves the use of specialized classification indices that quantify their susceptibility to Coastal aquifer
salinization. This study focuses on assessing the vulnerability of a coastal aquifer system to seawater \ulnerability
intrusion by employing the Seawater Intrusion Vulnerability Index (SIVI). The SIVI framework was  prediction
selected for its comprehensive nature, as it distinctively integrates both inherent (static) and dynamic
(temporal) characteristics of the aquifer. Inherent parameters, such as hydraulic conductivity and
aquifer thickness, define the aquifer's natural buffer capacity, while dynamic parameters, including
groundwater level reflect the seasonal and anthropogenic stresses acting upon the system. This dual
consideration provides a more holistic and realistic assessment of vulnerability compared to indices
that rely on a single category of parameters. The application of the SIVI index to the study area
revealed that a substantial portion, approximately 60%, is classified as vulnerable to seawater
intrusion. This finding indicates a pressing need for immediate attention and proactive management in
these zones to prevent further degradation of water quality. To transition from a static assessment to a
predictive outlook, a general sensitivity analysis was conducted to identify the most influential
variable governing salinity changes. From a set of potential hydrogeological factors, the concentration
of Chloride (CI") ions was determined to be the most effective and sensitive indicator for tracking the
progression of seawater intrusion, given its role as a primary constituent of seawater. Subsequently, a
time series forecasting approach was adopted using the Autoregressive Integrated Moving Average
(ARIMA) model. The historical chloride concentration data from 59 observation wells were used to
build and calibrate the forecasting model based on sensitivity analysis results. After a rigorous process
of model identification, parameter estimation, and diagnostic checking, the ARIMA(2,1,1) model was
identified as the most appropriate and robust model for predicting future chloride levels in the region.
This specific model configuration implies that the forecast relies on two previous time-lagged values
(autoregressive component), one degree of differencing to make the data stationary, and one lagged
forecast error (moving average component). The results from the ARIMA(2,1,1) model forecast a
concerning trend for the short-term, one-year outlook. The model predicts that the overall vulnerability
of the region to seawater intrusion is projected to increase by approximately 8%. The performance of
the ARIMA model for this one-year forecasting horizon was evaluated as favorable, demonstrating a
Mean Absolute Error (MAE) of 25 mg/L, which is considered acceptable given the context of the
study and the variability inherent in hydrogeological data. In conclusion, the integrated methodology
of SIVI and ARIMA provides a powerful toolset for both diagnosing current vulnerability and
anticipating future risks. The study successfully establishes that the aquifer is not only currently
vulnerable but that this vulnerability is on a trajectory to worsen in the immediate future. The insights
gained from this research offer a scientifically-grounded basis for implementing targeted monitoring
programs, designing controlled extraction policies, and planning strategic interventions to safeguard
the long-term sustainability of the coastal aquifer's groundwater resources.
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Table 1. Surface area of groundwater affected by salination (S
variable) categories [12]

Svariablerange  Status  Assigned value
0.00-0.10 Very low 0
0.11-0.25 Low 1
0.26-0.50 Moderate 2
0.51-0.75 High 3
0.76-1.00 Extreme 4
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Table 2. Intensity of intrusion (I variable) categories [12]

| variable range(mg/l) Status  Assigned value
<250 Very low 0
251-500 Low 1
501-1000 Moderate 2
1001-2000 High 3
>2000 Extreme 4
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Table 3- Temporality and seasonality (T variable) categories [12]

T variable range  Status  Assigned value
0.00-0.10 Very low 0
0.11-0.20 Low 1
0.21-0.30 Moderate 2
0.31-0.40 High 3

>0.40 Extreme 4

[12] (B) j5 ol 34 JolSS alad gduanas ¥ Jgae
Table 4. Evolution (E variable) categories [12]

E variable range Status Assigned Value
<0.85 Significant recovery -2
0.85-0.97 Moderate recovery -1
0.98-1.02 Stable
1.03-1.15 Moderate deterioration
>1.15 Significant deterioration

[12,14] (A) ()1)54 C—" wled gloazws ¥ Jsi
Table 5. Aquifer type (A variable) categories [12, 14]

A variable range Status  Assigned value
Bounded aquifer Low 1
Leaky aquifer Moderate 2
Unconfined aquifer High 3
Confined aquifer Extreme 4

[12,14] (C) Sy den colis bl sduazes O Jge
Table 6. Conductivity (C variable) categories [12, 14]

Cvariable range  Status  Assigned value
0.00-0.10 Very low 0
0.11-0.25 Low 1
0.26-0.50 Moderate 2
0.51-0.75 High 3
0.76-1.00 Extreme 4
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[12,14]
Table 7. Height difference between groundwater and seawater (H
variable) categories [12,14]

Hvariable range  Status  Assigned value
0.00-0.10 Very low 0
0.11-0.25 Low 1
0.26-0.50 Moderate 2
0.51-0.75 High 3
0.76-1.00 Extreme 4

[12,14] (D) J=lo 5l alols wlad (yanas V g

Table 8. Distance from shore (D variable) categories [12,14]

D variable range Status Assigned value
0.00-0.10 Very small -2
0.11-0.25 Small -1
0.26-0.50 Medium
0.51-0.75 Far
0.76-1.00 Very far 2

[12] SIVI axls gdoarws A Jgde
Table 9. SIVI index categories [12]

SIvi Vulnerability
< 0.19 Very low
0.20-0.39 Low
0.40-0.59 Moderate
0.60-0.79 High
0.80-1.00 Extreme
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Table 10. S variable calculation

Cl range (mg/l) 0-250 >250
S; (km?) 10453 187.11
Variable Value
S, (km?) 187.11
S, (km?) 291.64

S 0.641

Il @ by Slabe Ny Jgae
Table 11. | variable calculation

C:n:g/rl‘fe 250-500  500-1000 1000-2000 2000-4000
S; (km?) 81.91 52.36 30.85 22
Cl (mg/) 375 750 1500 3000
S;xCl  30716.25 39270 46275 66000

Variable Value

Z S, x Cl 182261.25

S, (km?) 187.11

I 974.09

T gl & bye Slle N Jgi
Table 12. T variable calculation

Maximum annual CI  Minimum annual CI
concentration (mg/l)  concentration (mg/l)

3579 50

0.214

Ealaa bye Slaabs VY Jga
Table 13. E variable calculation

Cl concentration in CS  Cl concentration in PS E
694 650 1.07
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Table 14. C variable calculation

Hydraulic conductivity

range (m/d) <40 >40
S; (km?) 146.56 145.08
Variable Value
Sp (km?) 145.08
S, (km?) 291.64
C 0.51

H ol o by Slasles N Jgus
Table 15. H variable calculation

Height range (m) <1 >1
S; (km?) 149.6  142.04
Variable Value
S, (km?) 149.6
S, (km?) 291.64

H 0.51

D wli by Slisls N0 J g

Table 16. D variable calculation

Distance from Sq S D
shore (m) (km?)  (km?)
>1.5 99 291.64 0.34
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Table 17. SIVI index calculation

Variables S | T E A C H D SIVI index
Calculated values 0.641  974.09 0.214 1.071 Unconfined 0.51 0.51 0.34
Assigned values 3 2 2 1 3 2 3 0 0.61
Status High Moderate Moderate Moderate deterioration High High High Medium High
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Table 18. Variable ranks in GSA method

Rank Variable
1 E

GSA coefficient
4.82%x1073
51x10°*

4x107*
243 x 107*
1.4x107*
7.24 x 1075
4.41 x 1075
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Table 19. Final ARIMA model for all wells

Well ARIMA NS MAE NRMSE | Well ARIMA NS MAE NRMSE | Well ARIMA NS MAE NRMSE
1 (2,1,1) 0.91 18 0.09 21 (3,1,1) 0.89 20 0.11 41 (1,1,2) 0.85 26 0.14
2 (211) 085 26 0.14 22 (111) 083 27 0.15 42 (2,1,1) 0.9 19 0.10
3 (111 079 32 0.18 23 (121) 077 35 0.21 43 (101) 076 35 0.21
4 (11,1) 082 28 0.16 24 (121) 076 35 0.21 4 (212 078 33 0.18
5 (11,1) 081 29 0.16 25 (212 075 36 0.20 45  (21,1) 089 20 0.11
6 (2,1,1) 0.86 24 0.13 26 (2,1,1) 0.86 24 0.13 46 (3,1,1) 0.86 24 0.13
7 11,1 0.77 34 0.19 27 (1,1,1) 0.83 27 0.15 47 (1,2,1) 0.79 32 0.18
8 (2,2,1) 0.75 36 0.20 28 (3.1,1) 0.81 29 0.16 48 (2,2,1) 0.75 36 0.20
9 (311) 085 26 0.14 29 (212) 082 28 0.16 49  (1,1,1) 086 24 0.13
10 (1,11) 086 24 0.13 30 (111 084 27 0.15 50 (21,1 089 20 0.11
11 (311 08 22 0.12 31 (121) 078 33 0.18 51 (L11) 086 24 0.13
12 (2,1,2) 0.68 42 0.28 32 (2,1,1) 0.83 27 0.15 52 (1,1,2) 0.87 23 0.12
13 (221) 075 36 0.20 33 (1,11 088 22 0.12 53  (221) 079 32 0.18
14 (2,1,1) 0.89 20 0.11 34 (2,1,1) 0.89 20 0.11 54 (2,1,1) 0.88 22 0.12
15 (@111 09 19 0.10 35  (101) 065 45 0.32 55 (31,1 08 22 0.12
16 (212 075 36 0.20 36 (101) 071 40 0.26 56 (221) 089 20 0.11
17 (311 08 24 0.13 37 (212 075 36 0.20 57 (211) 091 18 0.09
18 (21,2) 085 26 0.14 38 (211 081 29 0.16 58  (211) 085 26 0.14
19  (1,1,1) 089 20 0.11 39 (L11) 086 24 0.13 59 (111 086 24 0.13
20 (221) 077 34 0.19 4 (211 089 20 0.11
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SIVI: Seawater Intrusion Vulnerability Index
ARIMA: Autoregressive Integrated Moving Average

GALDIT: Groundwater occurrence, Aquifer hydraulic
conductivity, height of groundwater Level of above sea
level, Distance from shoreline, Impact of present status of
seawater intrusion, Thickness of aquifer

WQI: Water Quality Index

ANN: Artificial Neural Network

ML.: Machine Learning

PACF: Partial Auto Correlation Function
SVM: Support Vector Machine

MLP: Multi Layer Perception

AR: Auto Regressive

GSA: Global Sensitivity Analysis

OAT: One factor At a Time

AIC: Akaike Information Criterion

NS: Nash Sutcliffe

MAE: Mean Absolute Error

ACF: Auto Correlation Function
NRMSE: Normalized Root Mean Square Error
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Abstract Review History

Steel Plate Shear Walls (SPSWs) have emerged as one of the most efficient and dependable lateral Received: Dec 7, 2025
force—resisting systems in contemporary earthquake engineering. Their notable post-yield stability, high  Revised: March 18, 2026
initial and cyclic stiffness, and exceptional capacity for hysteretic energy dissipation distinguish them )

. : . f ; . Accepted: June 3, 2026
from many conventional structural systems, making them especially attractive for deployment in regions

characterized by elevated seismic hazard. Since their introduction into modern structural design practice Keywords

in the early 1970s, SPSWs have witnessed a steady rise in application, particularly in mid- and high-rise ~ Special steel shear wall
buildings where rigorous performance objectives and stringent serviceability requirements demand mild steel

structural mechanisms that exhibit both robustness and predictability under extreme loading conditions.
In this study, an extensive analytical and numerical investigation is undertaken to evaluate the seismic . X
performance of Special Steel Piate Shear Walls (SSPSWs) across a diverse range of structural heights, °€nding behavior
including 1, 3, 5, 8, 10, 15, 18, 20, and 30-story configurations. Each model is developed within the height increase
framework of performance-based seismic design, enabling a direct assessment of system behavior under

varying levels of seismic demand. Two steel grades—conventional structural steel and low-grade steel

(LGS)—are incorporated to explore the extent to which material strength and ductility influence both

global system response and localized behavioral phenomena such as yielding patterns, shear band

formation, and boundary-frame interaction. A suite of nonlinear static and dynamic analyses is

performed to capture the evolution of inelastic deformation, progression of local and global damage,

stiffness degradation trajectories, and cumulative energy dissipation mechanisms. Complementing these

numerical simulations, the classical Plastic Flexural Interaction (PFI) theory is adopted to analytically

characterize the flexural response of the SPSW systems. A systematic comparison between analytical

predictions and detailed numerical results is conducted to evaluate the applicability, accuracy, and

inherent limitations of the PFI framework when extended to steel grades with varying mechanical

properties. This integrated analytical-numerical methodology provides a comprehensive perspective on

the interplay between material nonlinearity, geometric effects, and system-level seismic behavior. The

findings of this research clearly demonstrate that the application of LGS steel significantly enhances the

overall seismic performance of SPSWs. Notable improvements include meaningful reductions in lateral

displacement demands, increased initial and post-yield stiffness, substantial gains in load-bearing and

lateral resistance capacity, and more uniform distribution of inelastic deformation throughout the wall

height. The enhanced ductility and reduced yield strength associated with LGS steel facilitate earlier

activation of energy-dissipating mechanisms, delay the onset of local or global instabilities, and

ultimately contribute to a measurable enhancement in collapse-prevention capacity. Additionally,

reductions in performance-point displacements and global seismic demand highlight the potential of

LGS steel as a viable and advantageous alternative to conventional grades in high-performance seismic

applications. Building on these observations, the study proposes an extended formulation of the PFI

theory that more accurately captures the flexural response of SPSWs across steel grades of differing

strengths. This refined model enables practical prediction of critical response parameters without relying

on computationally intensive simulations, thus offering a valuable tool for preliminary design, rapid

assessment, and performance-oriented decision-making. Collectively, the outcomes of this research

advance current understanding of SPSW behavior, particularly with regard to material-dependent

response mechanisms, and provide a strong foundation for future refinement of design provisions and

next-generation seismic standards incorporating low-grade steel systems.

classical PFI theory
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Fig. 4. Comparison of design shear and base shear in 10, 15, 18, 20, and 30-story specimens with normal steel and mild steel
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Abstract

The increase in the production of industrial and plastic waste, especially molecular sieve
waste and polyethylene terephthalate (PET), has created a serious challenge in the field of
environmental waste management. On the other hand, the current management method for some
of this waste is to bury it, which clearly shows that this approach is not appropriate for
environmental standards. Molecular sieves, which mainly have a zeolitic and porous structure
and are used in the oil, gas, and petrochemical industries for the absorption and separation of
molecules, are classified as industrial waste after their efficiency decreases due to saturation of
the pores. This research aimed to investigate the feasibility of simultaneously using molecular
sieve waste and PET in the production of sustainable concrete and to evaluate their impact on the
mechanical, physical, and environmental properties of concrete. The simultaneous use of
molecular sieve and PET waste in concrete is an innovative approach in civil engineering. Due to
its porous crystalline structure and high ability to absorb moisture, molecular sieve can increase
density, adhesion, and reduce water absorption in concrete; however, its excessive use may lead
to a decrease in compressive strength. On the other hand, using recycled PET waste as a partial
replacement for natural aggregates helps reduce the density of concrete, reduce the weight of the
structure, and optimize material consumption and transportation costs. Molecular sieve waste
(synthesized HYGO03C) after mechanical crushing and sieving was used as a partial replacement
for cement in the range of 5 to 30% by weight, and PET after washing, grinding, and sieving was
used as a partial replacement for sand in the range of 2 to 10% by weight. The experiments were
designed using response surface methodology (RSM) and central composite design (CCD) in
Design Expert software. In this design, four variable parameters were defined including cement
content (200 to 400 g), molecular sieve to cement ratio, water to cement ratio (40 to 60 %), and
PET to sand ratio. It should be noted that the amount of sand and gravel in concrete mixtures is
determined to be 42 and 33 percent by weight of the total concrete, respectively. Cubic
specimens with dimensions of 10x10x10 cm were made in accordance with the requirements of
the Iranian Concrete Code and were subjected to porosity and compressive strength tests
(Standard 1608-3). Considering the research objectives of producing sustainable concrete, the
optimal composition included 393 grams of cement, 21.56% molecular sieve, 2.85% PET, and a
water-to-cement ratio of 0.515, which resulted in a porosity of 4.34% and a compressive strength
of 34.29 MPa. The results of the slump test showed that the concrete flowability in the optimal
sample was 75 mm and in all samples it was within the allowable range of 50 to 100 mm.
Increasing the water-cement ratio increased the slump and increasing the amount of cement,
molecular sieve waste, and PET decreased the concrete flowability. Porosity and compressive
strength prediction models had high accuracy and generalizability with high coefficients of
determination (R? equal to 0.9978 and 0.9970, respectively) and significance level (P-value less
than 0.05). This research demonstrated the effectiveness of simultaneously utilizing molecular
sieve and PET waste as a sustainable method for producing concrete with improved properties
and reduced environmental impacts, which has widespread application in construction projects.
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ta Level Level Level +a Unit

D) O (1

Factor

400 350 300 250 200 g
30 23.75 175 1125 5
10 8 6 4 2
60 55 50 45 40

Cement content (A)

% Molecular sieve / Cement ratio (B)
% PET / Sand ratio (C)

%  Water-to-cement ratio (D)
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Table 2. Chemical characteristics of cement

Chemical composition KO Na.O

SOs

MgO Ca0 Fe:0s ALOs SiO:

Content (%) 0.54 0.22

1.71
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Table 3. Results of tests conducted using the response surface method

Factor 1 Factor 2 Factor 3 Factor 4 Response 1 Response 2

Run A:Cement B:Molecular sieve/Cement C:PET/Sand D:Water/Cement porosity Compressive strength ~ Slump

gr % % % % MPa mm
1 250 11.25 4 55 5.65 21.9 90
2 250 11.25 8 45 6.4 19.94 81
3 350 23.75 4 55 5.25 29.5 85
4 300 175 6 50 4.8 25.8 86
5 350 23.75 8 45 6.1 25.5 73
6 350 11.25 8 55 5.72 275 94
7 250 23.75 4 45 5.8 225 85
8 350 11.25 4 45 4.39 311 50
9 250 23.75 8 55 7.47 165 100
10 300 175 6 50 48 255 85
11 350 11.25 8 45 5.37 2757 66
12 250 11.25 8 55 6.52 18.34 9%
13 300 17.5 6 50 46 26.4 87
14 350 23.75 8 55 6.3 26.6 90
15 350 11.25 4 55 4.25 333 70
16 250 11.25 4 45 5 23.7 75
17 350 23.75 4 45 4.7 28.8 64
18 250 23.75 4 55 6.38 21.79 98
19 250 23.75 8 45 6.8 20.9 91
20 300 17.5 6 50 45 26.6 85
21 400 175 6 50 4.45 3338 72
22 200 175 6 50 6.3 16.41 85
23 300 175 6 40 6.5 25.4 83
24 300 175 2 50 4.2 28 75
25 300 175 6 60 7.2 24.5 99
26 300 175 6 50 4,71 26 84
27 300 5 6 50 5 26.12 75
28 300 175 6 50 4.75 26.2 88
29 300 30 6 50 6.5 234 97
30 300 175 10 50 6.68 20 95

DS e Aol g lis Caslin 5 sl o i 55 1 S S 3 AN QI PR

! — Predicted R? 5 Adjusted R?2 (R? G sue 40 Kos 3 s Table 4. Fit Statistics

Laosls L Ladie VL 35 odimsoolls s 3 sl Factor Porosity Compressive strength
s A5 QLA O ol
SR Slmo e TSR R? 0.9978 0.9970
osls 53 552 50 uilols s 53 LOT LIS 5 L] Adjusted Rz 0.9954 0.9937
S B )\ LS)‘JJJ}J{ F LAJJ.A OAES (Overflttlng) &)‘jw Predicted R? 0.9845 0.9764
CV.% 1.2700 1.1400
e aly polie AL e it glaesls G A o3 b Adeq Precision  65.3228 63.0023
od—asol ks (Coefficient of Variation-C.V.) ol &5
éuémb 5))@“. e Ladus YL s 5 Laesls (.5 ‘}S/J;Sbﬂ. sl dl JwaS 5 33 :J,.Q.a.c () Jod= 53 el CL:.:
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Table 5. Analysis of variance to investigate porosity and compressive strength using the response surface method

Porosity Compressive strength
Source Sum of Squares Df S'\(;IS:?E F-value p-value Sséjurgrfs Df S'\(;ISZpe F-value p-value
Block 0.2449 2 0.1224 3.41 2 171
Model 26.61 14 190 42095 <0.0001 53559 14 38.26 306.12 <0.0001 significant
A-Cement 5.65 1 565 1250.15 <0.0001 409.04 1 409.04 3272.98 <0.0001
S?é\')ﬁfc'iﬁgt 3.01 1 301 66665 <0.0001 1162 1 11.62 9298 <0.0001
C-PET/Sand 8.43 1 843 1865.76 <0.0001 87.17 1 87.17 697.53 <0.0001
D-Water/Cement 0.7993 1 0.7993 177.01 <0.0001 1.70 1 170 13,57 0.0028
AB 0.0042 1 0.0042 0.9356 0.3511 2.96 1 296 23.67 0.0003
AC 0.0182 1 0.0182 4.04 0.0658 0.1089 1 0.1089 0.8714 0.3676
AD 0.0702 1 0.0702 1555 0.0017 9.67 1 967 77.39 <0.0001
BC 0.0020 1 0.0020 0.4484 05148 0.7921 1 0.7921 6.34 0.0257
BD 0.0650 1 0.0650 14.40 0.0022 0.2601 1 0.2601 2.08 0.1728
CD 0.0056 1 0.0056 1.25 0.2846 1.80 1 180 14.37  0.0022
A2 0.6519 1 0.6519 144.36 <0.0001 1.62 1 162 12.93 0.0033
B? 1.69 1 169 37332 <0.0001 297 1 297 2375 0.0003
C2 0.7966 1 0.7966 176.40 <0.0001 7.39 1 739 59.11 < 0.0001
D2 7.50 1 750 1660.87 <0.0001 2.17 1 217 17.39 0.0011
Residual 0.0587 13 0.0045 162 13 0.1250
Lack of Fit 0.0529 10 0.0053 2.74 0.2205 154 10 0.1540 543 0.0952 not significant
Pure Error 0.0058 3 0.0019 0.0850 3 0.0283
Cor Total 26.92 29 540.62 29
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Table 6- Results of evaluation of main criteria in optimal samples

Porosity (%) Compressive strength (MPa)
4.38 33.95
4.35 34.26
4.31 34.68
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