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Examination of soil-foundation-structure system response and
determination of the optimal target frequency in a substructure method
considering soil inhomogeneity with depth
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Abstract Review History

Despite the particular importance of the subject of soil-structure interaction, unfortunately, this Received: Jul 9, 2024
issue has received little attention from engineers, and seismic codes have not given much fead-
h A L . . . Revised: Mar 8, 2026
recommendation to consider its effects. Seismic wave frequencies vary continuously, and the stiffness )
of springs and damping of dampers connected to structural supports also vary with the loading Accepted: Apr 12,2026

frequency. To simplify time-domain numerical analysis, a constant target frequency can be used to Kevwords
keep stiffness and damping values constant. In the substructure method proposed in this study, the _y .
optimal target frequency is the one that yields results that most closely match those of a more accurate  Soil-Structure Interaction
nonlinear 3D model analyzed using a direct method. A common simplification is to ignore the Inhomoaeneous Soil
foundation’s non-linear response, justified by design requirements to prevent permanent deformation g
ponse, | y design req p p
and the complexity of frequency-dependent soil behavior. Though not fully precise, this approach Frequency-Dependent
(considering soil heterogeneity and optimal target frequency) offers a forward-looking analysis and a Dynamic Impedance
basis for future nonlinear studies. This study presents a three-dimensional (3D) numerical model for
analyzing the seismic response of soil-foundation-structure systems embedded in granular soil (with Dynamic Analysis
different relative densities) considering the effects of soil heterogeneity (With varying shear modulus
with depth and compatible with the practical HSsmall model). The model is capable of accounting for
the effects of loading frequency along with the radiation damping of the soil system and can integrate
with the widely-used substructuring method considering an optimal target frequency. After verifying
the proposed model, the dynamic equilibrium equations of the substructuring system were solved in
the time domain using Matlab software. The target frequency was determined using i) Case 1: the
fundamental frequency of the soil (or the dominant frequency of the excitations), ii) Case 2: the
fundamental frequency of the structural system, iii) Case 3: the fundamental frequency of the soil-
foundation-structure system; iv) Case 4: the fundamental frequency of structure with static stiffness
and damping support (Case 4); and v) the fundamental frequency of fixed base structure and modified
stiffness, and the results were compared together. A comparison of the impedance (dynamic stiffness
and damping) of foundations situated on homogeneous and heterogeneous soil, as well as an
investigation of the structural response in both cases, is another objective of this research. The analysis
results demonstrated the accuracy of the proposed model and the acceptable calculation speed for
estimating the dynamic response of structures located on heterogeneous soils under frequent
operational earthquakes. The results also showed that with an increase in soil relative density, the
seismic behavior of structures on homogeneous and heterogeneous granular soils converges. For
instance, the response of the foundation on homogeneous soil bed with relative densities of 55%, 75%,
and 95% is on average 23%, 19%, and 15% lower than that of heterogeneous soil, respectively.
Additionally, for determining the target frequency, the use of frequency-independent Kelvin—Voigt
models (i.e., Cases 1-5) provides acceptable responses. According to the data presented in Table 4 and
Figs. 9 and 10, the following conclusions can be drawn: 1) The soil's fundamental frequency (Case 1)
yielded the least precise results. 2) While Case 3 offered the most favorable response, closely
matching the direct method, determining the soil-structure system's fundamental frequency through
complex integration in numerical software is often impractical. 3) Employing the target frequency in
Case 2 produced more satisfactory results than Case 1. 4) Cases 4 and 5 generated nearly identical
frequencies. Compared to Case 2, these cases enhanced response accuracy, bringing them closer to the
best response (i.e., Case 3). Therefore, for practical applications, it is recommended to utilize the
fundamental frequency from either Case 4 or Case 5 instead of the soil-structure system's fundamental
frequency (Case 3) to establish the optimal target frequency.

Substructuring Method
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Table 2. Characteristics of earthquake records used in this study

Scale Factor duration (s) PGA(g) Ry (km)  Vsye (M/s) Station Record
1.56 18.6 0.064 74.16 804.36 CHY102 Chi-Chi, Taiwan (1999)
2.38 14.5 0.042 70.52 1047.01 OKYHO02 Tottori, Japan (2000)
2.22 22.4 0.045 79.54 828.95 FKSH07 Chuetsu-oki (2007)
1.61 9.2 0.062 50.39 996.43 Vasquez Rocks Park Whittier Narrows (1987)
1.61 11.9 0.062 76.05 1249.86 SF - Pacific Heights Loma Prieta (1989)
2.13 16.9 0.047 37.97 1100 Diablo Canyon Power Plant ~ San Simeon, CA (2003)
1.20 20.2 0.083 82.93 1423.80 MYGO011 Iwate, Japan (2008)
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Table 3. Static stiffness of the springs connected to the investigated foundation located on soil with a relative density of 55%

K, (MN.m) K, (MN.m) K, (MN/m) K, (MN/m)
8233.4 4749.6 556.24 665.53 Homogeneous half-space [14]: from Table 1
9138.8 4607.1 520.94 692.15 Homogeneous half-space in this study: from the numerical model (Fig. 3)
2968.6 1322.9 288.4 395.6 Inhomogeneous half-space in this study: from the numerical model (Fig. 3)

VY



\f¢6 JLMJ ;\" 5)'-0&:! nY; G)’é

R Ol et (qwiigs (sole alone

12 12 12 12
___________ Torsional
- 1 1 -——_ 1 ~---- 1
o L " L = ©
c KR g 08 Horizontal 508 Rocking £08
o @ Ul 71 7]
(oW \ 0.6 ¥ 0.6 ¥ 06 ¥ 06
I~ - - ~H, Dr=55% = - = ~H, Dr=55% =~ - - —H, Dr=55% =~ - - ~H, Dr=55%
8 co4 —— Non-H, Dr=55% 204 ——Non-H, Dr=55% 204 ——Non-H, Dr=55% co4 ——Non-H, Dr=55%
— B —— Non-H, Dr=75% X, ——Non-H, Dr=75% X, ——Non-H, Dr=75% X, ——Non-H, Dr=75%
5 ’ —— Non-H, Dr=95% ——Non-H, Dr=95% ——Non-H, Dr=95% ——Non-H, Dr=95%
14 0 0 0 0
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)

il ool3T ol s S Xl 5 Kes b célj & ol i i (0) IS
Fig. 5. Real part of foundation impedance on homogeneous and heterogeneous soils for different degrees of freedom

p 4 13.68" Yh = 4pVsg,,.B? Ld 14 4938 Wt = 2.67pVsgp.B*
v=pVs =4pVs r = pVs =2.67pVs

PVSave T1—v) ave PVSave T1—-v) ave
= 1 Lo Horizontal ! Rocking 1 Torsional
2 Y gﬁn_ : 08 - --H,Dr=55% 08 ---H,Dr=55%
8 > . = = —— Non-H, Dr=55% £ —— Non-H, Dr=55%
£ 53‘ 06 Vertical 93" - Bé 06 —— Non-H, Dr=95% 2 0.6 —— Non-H, Dr=95%
3 = —— Non-H, Dr=75% = —— Non-H, Dr=75¢
O B - - ~H, Dr=55% S04 - - -H, Dr=55% 0. on-, Pr=f% Zo. Non-H, Dr=75%
> M ——Non-H, Dr=55% M ——Non-H, Dr=55% v M
= 02 ——Non-H, Dr=75% 02 ——Non-H, Dr=75% . .
S ——Non-H, Dr=95% —— Non-H, Dr=95%
© 0 0
£ 0 2 4 6 8 10 0 2 4 6 8 10

Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)

il g3l Sl gl Seal 5 Ken 5usuﬁ¢;~) & ol esage 5 PSS
Fig. 6. Imaginary part of foundation impedance on homogeneous and heterogeneous soils for different degrees of freedom

350 slaad 3 B slaad go gl 05T Olts Jos plowil )
Slas 4zl 4muloe s DEEPSOIL i3l 5 s ,
) gl 3 O S

03 JE s el dalonn 5 S5 055 s oo =Y
W) FXF il S s 4 (SaSS- peim S fal)
ABAQUS 35l 5 ;3 (ks ol Sl s sl

ol e 5 B e I W8 U el s T
Olej ejsm 53 Jobod slp Ba (I 3 S baw s

Ft e IS Gl e 5 e (e Slagm Sle S0 Y
oS5l ol gl 4z 5 7 L) w3l WBls 4o 5 Lawly
MATLAB i3l 5 53 ot 595 s 5 (p 5

 dsl oS ol 0L ot Slans S s dlasl -0
i3 2 Seelios olss SWslas > 5 L glawly sl
MATLAB 53l 5 53 bim Sl Sy & Ol
Jate Gl (e 5 () g il o |

Serlus Jow Conl line il sla S 5 s ((BASS w0

dales 2Vales Jo 525 0l b oajls G )l S 3 05 o

3 Sl il b o Sl S0 LS Ol e 5 (Selis

0SB ei s 3 (Senlins o e s 100 Ol

Sl s e e SUT STesdle 4 [20] Ll (6 S pliil

'O

los A 5505 @by Sise (oReal glasSl s ol pl
W gy Dl et Jds 4 Wl o AN ST AU sddd 5
Ay S Ty WLSOIVL G 4 Gos ys S T L
S S (Ran e S s s S 551 S0 ole
FHz 51 YL S5 slasl s el K slasls
5 oSen Bl ol s (e Slins ol
b AS sk el nl e S s 4 (Ko
303 658 5L [31, 32] oledlas 3l okl s
DU s S 53 a8 CdS Olp e B slad 4 ax 5 L
So32 st el ol alos (5l SB35 Sl
o) S YU e Y s g s Sleslanal 5 cl
o ad d (lodiS o oS ol Wl e (Laaaliopl el 55 il

Al als

e Sl eslial 5 Ol 05 53 (Seals Jodo plondl —Y-F
o= 5 S
OF 3 oslizal W) sucel i 35 ilibssl anmlos (glas 5,8 51 S
sosbeny o 3w esle oy cpl oSl esla s SRy 0o
o o=l 7,13, 33] Lakises O Siassy 5 ol s o3l
Al S8 4 e glaosle  Salus Lo el sl 1
(VS8 5l ke wodls b wesle s By gleplS



(ol doeo

e S5 8553 b o3l ) gy 93 As BId GuilS B i 9 0)lu- ul 98- ST s Gy (o 2

e 5 P 005 Lol s 4 elm S e IS
i el LS 3 0155 e €0 3 S
3 S b cpl 3 g0 ol Solu 4 |y s3lumSt
e gm P A S de slasldie Sl el b Sl
LS b ol e el Gda S e (6 e
e s LT 51 ol il el Cndy VIV HZ L
Lol Sl Canss 3 3 SIS oo 4 fiosise
3l 1 S 4 sjlam S s, ST (g8 s
el 0d &1l () IS s MIDAS

ol LS 3 5leslan ) (Substructuring Model-Case 4 o
ol a8 b aloes (gl o S ol 5 1 8 o8aST L ol
gl 5= S s (o 3853 53) (Sl oo
b S 3y eSS s cilime a3l Slrs sll 4
Hz U ol S cpl s ool (a8 5l (gde 5sb a4
el w4 V/0F

ol LS 3 5l eslac il (Substructuring Model-Case 5 o
el POl e 68 s b Cds 6l b e
Sl odd Ol ol sl Olo baasbiopnl (& 5 sley
[40] a5 ilod 2 055 o 1 (Tese 5) o3lom Sbs (e
3 g0l denls VO 5 VY Loy, 5ilks Veletsos

K K,h? (%)
Teases = Tease 2 1+1?_(1+ I )
zZ

T

_ w
K=4n"—-—— (o)
g(Tcase 2)

Loaly sla pmials 035 ¢ saze W a0l plis,lh ol ys a8
2 eilw Jol sy s e 5 0 K 5 Tease 26055
P e 5 A K 5K, e L s, Sl S
L Gaoed opl 53 45 Lzes o loslseS 5 ol oS > (Sl
Lilodd lows jho I Gl 4 il Sla s 4 a5
ol S5 e A0 5 VY Vsl 53 e eyl (1K L
S i SKDVOAHZ L Ll Case 5 s eii ol ks
A dsloes (Teases = V/FY Hz
Case 1 I3l & Gaa gla S 3 (F) Jsds e 5b

Aas e 0Ll 1, Case S U

\&

sds s laad 5 Cou (Saudly Jaie sl Blie) o5l
b ol 53 [34] s dal el Oleg 0gsm 43 o e3pd
OVslsa o sl Oleg o5 9m 53 Sl ot Sy, 5l eslanal
SLs Jald) e350Ls et Slasiia o 5 (Soelys ol
Sl KI5 gr b sl (il 3 S 3 (e 03,8 5 SIS
[35] il Likal, dle |
503 Ld gln 5 (B D35 B 0l IS0 - 5L
el iS5 S Ol Ol 055 50 (Sealis Jolo pll
ol s ate ol gl ol e Sl o3l 3 Ay o
ol sy e 3 5 e 03 S Sl
255
ol LS 3 5l eslec ol (Substructuring Model-Case 1
P s S S Sl ol 25 S ) s S
CIE) IS il S Lol S 5 alad o syls bl
[36, 37] ol Kimss 3l & (Kol LS 0 6T 0 g
53 Ol i M5 s 1y S e Lol IS 5
S Al 8 L s s (S5 Ol e s e
OF) adasly 51 3ldito 4 5L 05 5 Solow S Lol
b ge 5 (H=30M) SLs oY cubses ils L Les
(A adaily Gillae Vuyem270 MIS) 0T 3 o 7 5n S8 o
LS 3 laie (V1) el 5l eslinad L dule 558 0 ol
Al e s  YYOHZ L Ll St Lol
f =VSae/4H ()
ol LS 3 5l eslec ol (Substructuring Model-Case 2
St s S 4 ol ] 2 28 S a3 el
B IS il o3l kool LS 5 bl s ls bles
[38, ahax 3l alises cpudises .(ls o yul (2S00 0T O3 g
LS 55l Gaes 5 e sla s lal il (1 3]
o3lial b ojle Lol LuS1S 5 iles pad bzl o3l ol
Joe cpl s Ol VWA HZ L Ll ls Sal Jue G
L s Shse s L b s wlsl) —ois Susll s
S e flj) Sl o s (Gl Clasein
(28,8 18 eslinad 55 5e (5le 5
el LS 3 5l eslar .l (Substructuring Model-Case 3 o



\f.0 Jlw ¥ ol YF 899 w).\.aobo.:‘sw.\lq»@l:Alqu

=== Rigid Beam === Elastic Beam
(C) ¢ Span Center ‘ ~ ’
Isolation Bearing
Node (*)

’ o :“
f:“* P

¥
i Pile Cap (*) [6x6 stiffness and damping matrices]

o~

Ay
N e
"i‘Z»

kinematic input motion ]

AU
@

! \
S e

Free-field output motion

Substructuring Method: X
(a) Step 1in DEEPSOIL x<J\Z

(b) Steps 2 & 3 in ABAQUS

(c) Steps4 & 5in MATLAB

1D Convolution

Finite Elements
(C3D8R)

(b)

B
| 0 mis) Infinite Elemen:
I (CIN3DS)

(Vj Ji))"j" Jﬂ) e_}l.wﬁ)' Jij)i) eala! S50 L5>L€“‘:":'.“ JJ.A A JS.&
Fig. 7. The proposed model used in the infrastructure method (Qom monorail bridge)

Mode 2: F=3.68 Hz

(“ Mode 1 : F=1.79 Hz
Fixed base

Fixed base

Mode 1: F=1.47 Hz s Mode 2: F=3.02 Hz

Soil-structure interaction Soil-structure interaction

a‘)lﬂ/—;fl;- Q:»SJ.U)UI 6],5)2-.')5b,})l5j,5/4ik} QJ[}))): J’l)}"}‘ Ji (J}l :),4 }:) J‘A)& J.:l:ﬁ @Lh A J&&
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Table 4. The target frequencies employed in this research to characterize the bridge support properties

Case 1 2 3 4 5
Target frequency (Hz) 225 1.79 147 156 1.58
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Abstract Review History

In the last few decades, laminated composite plates, due to their high characteristics Received: Sep 29, 2024
resistance and hardness, have been used in a variety of designs as structural components. Revised: Feb 7, 2026
Considering the structural complexities of laminated composite plates, choosing the appropriate Accepted: Apr 18, 2026
method to solve the equation governing the dynamic equilibrium of these plates in order to

analysis their vibration behavior has been attracted the attention of many researchers. Keywords

In the present research, free vibration of a laminated composite plate, has been investigated ~Free vibration
using numerical solution. In order to model the behavior of the composite plate, the refined laminated composite plate
Zigzag theory in which the transverse shear stress distribution is allowed through the thickness of  refined Zigzag theory
the layers and also satisfies the condition of zero shear stress on the top and bottom surfaces of  higher order Haar wavelet
the composite plate without need to use shear correction factor, have been deployed. In this
theory, seven independent displacement variables are considered and according to the continuity
condition of displacement between layers, the number of variables will be independent of the
number of layers. Principal of virtual work and minimization of the potential energy have been
used for deriving the partial differential equations of motion. The higher order Haar wavelet
method have been developed to replace displacement variables and numerically solve the partial
differential equations and calculating eigenvalues. In most of the similar researches, the use of
Haar wavelet numerical solution has mostly been discussed on beams, annular plates and shells,
and research in the field of the rectangular composite plate has not been observed. In this paper,
the numerical solution is modeled in a simple form and the equations governing the rectangular
laminate composite plate have been replaced by linear algebraic series and so, the free vibration
of laminate composite plate has been investigated.

Finally, the accuracy and convergence of solution method in analysis of laminated composite
plates are evaluated and the results of the proposed method, earned from programming in the
Matlab software, have been compared with the results of other solutions methods that mentioned
in this paper. The comparison of these results shows good accuracy compared to other solution
methods. Meanwhile, by converting multivariable equations of motion into linear algebraic
expressions, the results of the proposed method have been obtained without any particular
complexity and with a small number of collection points. Achieving the results by the proposed
method with the same accuracy as the Haar solution results using smaller matrix dimensions and
so reducing the computational cost is another advantage of this proposed method. It can be used
instead of the Haar solution method in the numerical solutions of various solid mechanics’
problems. Examining the convergence of this proposed method shows that this solution has a
good ability to approach the exact solution by increasing the resolution and collection points. It
was also observed that the dimensionless frequency index increases with the increase in the ratio
of longitudinal to transverse modulus regardless of the number of layers.

numerical method
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Table 1. Properties of used laminate composite plates

Width to length Width to Stacking Fiber Elastic Composite
ratio thickness ratio sequence orientation properties plate type

1 5 unidirectional [0/90/0] according to table 2 three-layer

1 5 unidirectional [0/90/90/0] according to table 2 four-layer

1 5 unidirectional [0/90/0/90/0] according to table 2 five-layer
1 5 unidirectional [0/90/0/90/0/90/0] according to table 2 seven-layer

1 5 unidirectional  [0/90/0/90/0/90/0/90/0]  according to table 2 nine-layer

S o Sl Y SV Slasiin Y J gl
Table 2. Elastic properties of laminate composite plates

Unit Value Elastic property
Pa arbitrary Longitudinal modulus of elasticity (E;4)
Pa  according to E—: ratio  Transverse modulus of elasticity (E,;)
Pa 0.6E,, Shear modulus in the x;x, plane (G;;)
Pa 0.6E,, Shear modulus in the x, z plane (G;3)
Pa 0.5E,, Shear modulus in the x,z plane (G;3)
- 0.25 Poisson’s ratio (v)

E . .
(Szl, JZZi, ZS)Q\J@‘W‘}‘J’Jjéj;Yb 4.:3,&)\.& &?,.«J,;,La sS.?yJ,MUM Y d}.k?

Table 3. Comparison between solution of Haar wavelet and higher order Haar wavelet in the analysis of five-layer composite plate

Dimensionless frequency index ()

3D elasticity solution [3]

Haar wavelet solution

Composite plate type

Higher order Haar wavelet solution

0.2659

0.2813

0.

2669 five-layer

f<:J>L§LaJi)JL4iYM \,sfmmiwsgflsgdu_,v'u awslie ¥ Jgi>

Table 4. Comparing the obtained frequency indices of the three-layer composite plate with other solution methods

Dimensionless frequency index ()

E—:: _ 30 E—:: _ 20 E—:: — 10 E—:: 3 Reference
0.3917 0.3673 0.3237 0.2609 Present method
04109 03824 03284  0.2647 Noor (3D elasticity) [3]
0.3936 0.3697 0.3266 0.2627 Matsunaga [23]
0.3950 0.3704 0.3270 0.2631 Sayyad and Ghugal [26]
0.4194 0.3898 0.3392 0.2695 Owen and Li [27]
0.3937 0.3693 0.3260 0.2621 Pandya and Kant [29]
0.4015 0.3749 0.3318 0.2673 Vuksanovi¢ [13]
0.3941 0.3667 0.3264 0.2623 Nayak et al. [30]
0.3928 0.3688 0.3258 0.2620 Zhen et al. [31]
0.3927 0.3691 0.3262 0.2621  Marjanovi¢ and Vuksanovi¢ [32]
0.3840 0.3640 0.3252 0.2646 Belarbi et al. [33]
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Table 5. Comparing the obtained frequency indices of the four-layer composite plate with other solution methods

Dimensionless frequency index ()

E E E E Reference
M _39 M_9p M_q9 1_3
Ezp Ezp Ejp Ejp

0.4076 0.3791 0.3249 0.2622 Present method

0.4109 0.3824 0.3284 0.2673  Noor (3D elasticity) [3]
0.4117 0.3817 0.3312 0.2625 Karama at al. [24]
0.4122 0.3821 0.3314 0.2626 Mantari at al. [25]
0.4119 0.3821 0.3319 0.2634  Sayyad and Ghugal [26]
0.4109 0.3811 0.3309 0.2624 Phan and Reddy [11]

s J= sl s b A.NG:.; S 0 amio odalows & 5 sla el e £ J g
Table 6. Comparing the obtained frequency indices of the five-layer composite plate with other solution methods

Dimensionless frequency index (Q)

E1q Ei1 Eq1 Eq1 Reference

Epp 30 Epp 20 Epp 10 Epp 3
0.4343 0.3898 0.3379 0.2669 Present method
0.4314 0.3979 0.3409 0.2659 Noor (3D elasticity) [3]
0.4216 0.3901 0.3362 0.2638 Matsunaga [23]
0.4288 0.3950 0.3385 0.2644 Sayyad and Ghugal [26]
0.4370 0.4030 0.3453 0.2699 Owen and Li [27]
0.4258 0.3930 0.3375 0.2641 Kant and Manjunatha [28]
0.4208 0.3893 0.3354 0.2631 Zhen et al. [31]
0.4269 0.3939 0.3442 0.2684 Vuksanovi¢ [13]
0.4257 0.3929 0.3372 0.2636 Nayak et al. [30]
0.4219 0.3918 0.3396 0.2683  Marjanovi¢ and Vuksanovié¢ [32]
0.4300 0.3966 0.3404 0.2662 Belarbi et al. [33]

s J= sl g, L aVois S e amin okel s & e85 e yaxls alis V J g
Table 7. Comparing the obtained frequency indices of the seven-layer composite plate with other solution methods

Dimensionless frequency index (Q)

E E E E Reference
ngo £=ZO £=10 ng
) Ez; Ez; Ez;

0.4426 0.3991 0.3438 0.2689 Present method

0.4421 0.4055 0.3443 0.2664 Noor (3D elasticity) [3]
0.4412 0.4093 0.3450 0.2667 Sayyad and Ghugal [26]
0.4386 0.4022 0.3417 0.2646  Kant and Manjunatha [28]
0.4379 0.4015 0.3410 0.2638 Pandya and Kant [29]

)-<PJ> s g, b aVa ;'As,ammk,wgfﬂsgéuu&;u awslie A J gl

Table 8. Comparing the obtained frequency indices of the nine-layer composite plate with other solution methods

Dimensionless frequency index ()

E E E E Refi

ngo izZO £=10 jzg ererence

Ez, ) ) )
0.4457 0.4027 0.3461 0.2697 Present method
0.4421 0.4055 0.3443 0.2664  Noor (3D elasticity) [3]
0.4376 0.4016 0.3414 0.2645 Matsunaga [23]
0.4263 0.3935 0.3378 0.2641 Nayak et al. [30]
0.4362 0.4002 0.3402 0.2636 Zhen et al. [31]

04418 04042 03427  0.2650 Sayyad and Ghugal [26]
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Table 9. Examining the convergence of the frequency indices of the five-layer composite plate (h =3,5=1)

Ez2

Dimensionless frequency index ()

Rate of convergence

3D elasticity solution [3]

Numerical solution  Composite plate type

J=2 J=1

3.991 0.2659

0.2669 0.2818 five-layer

gﬂiﬁmcjﬂbjjb)a A.YC{ \_,SJAW\ 4.]}»..’:4.:.‘4}.5_7« sJstbu JLA) AK J}J?

Table 10. Computational time of the five-layer composite plate with different resolution (% =3, s=1)
22

Computational time (s)

J=2

J=1

Composite plate type

7038.33

125.45

five-layer

Table 11. Elastic properties of fixed laminate composite plate

Elastic property

Unit  Value

GPa

GPa  12.753

GPa 4.434

GPa 4.434

GPa 2.497
- 0.25

224.649 Longitudinal modulus of elasticity (E;;)
Transverse modulus of elasticity (E,,)
Shear modulus in the x,x, plane (G;,)
Shear modulus in the x, z plane (Gy3)
Shear modulus in the x,z plane (G;3)

Poisson’s ratio (v)

oS ol b S e e Voler amio dn 05 S5 e la VY Jgdr

Table 12. Dimensionless frequencies of a fixed four-layer composite plate (% =30, J=1, s=1)

Numayr et al. [34]

Present method Mode number

0.9001
1.3150
2.1395
3.3076

0.9043 1
1.3913 2
2.5311 3
3.4376 4
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Abstract Review History

This paper presents a series of innovative connection configurations developed to overcome Received: Nov 12, 2024
the persistent challenges associated with installing horizontal continuity plates inside box-shaped  Revised: Jun 15. 2025
steel columns. These challenges frequently arise due to restricted access within the column, ) j
geometric limitations imposed by the closed box-section, and the inherent difficulty of meeting _~\cceépted: Nov 8, 2025

seismic design provisions under such conditions. In many practical applications, the placement Keywords

and welding of horizontal continuity plates inside box columns can be highly demanding, leading  Horizontal continuity plate
to construction inefficiencies and, in some cases, inadequate seismic performance if the detailing
cannot be executed properly. To address these issues, the present study introduces alternative . i
strategies based on detailed numerical analyses aimed at improving both constructability and ~external vertical stiffener
structural behavior. box column, steel moment

A primary objective of the proposed designs is to ensure a reliable and continuous load- frame
transfer mechanism from the beam to the column within the panel zone, while also simplifying g, ;

. by - X pture index of weld
the assembly and erection of moment-resisting frame components. The first proposed solution
involves substituting conventional horizontal continuity plates with an internal vertical stiffener.
This modification not only facilitates the establishing of a more direct and efficient load path but
also eliminates the need for complex internal welding operations inside the box column. When
combined with the widening of the beam flanges, this configuration further enhances the
rotational capacity of the connection and contributes to a more stable panel zone response.

In addition to these internal modifications, alternative connection types incorporating external
vertical stiffeners attached to the beam flanges were also examined. These stiffeners were used
together with the internal vertical stiffener replacing the horizontal continuity plates. The
intention behind this combined approach is to reinforce the beam-column interface externally
while maintaining simplified detailing inside the column. A third category of connections—those
simultaneously employing widened beam flanges, external vertical stiffeners, and the internal
vertical stiffener—was analyzed to understand the cumulative and interactive effects of these
enhancements.

The numerical analysis results confirm that all proposed connections exhibit adequate and
reliable performance when compared to conventional moment connections commonly used in
steel moment-resisting frames. Specifically, the configurations with widened beam flanges
demonstrated an 18% increase in energy absorption capacity relative to standard moment
connections, maintaining their strength effectively up to drift levels of 6% radians without
experiencing significant degradation. Connections featuring external vertical stiffeners alone
achieved a 14% increase in energy dissipation, while the hybrid configuration combining both
strategies—widened flanges and external stiffeners—yielded an impressive 28% improvement.

Beyond improved energy dissipation, the proposed designs also influence the development of
the plastic hinge. The combined use of widened flanges and external vertical stiffeners
effectively shifts the plastic hinge formation away from the column face, thereby reducing the
demand on the column panel zone and minimizing the likelihood of brittle fracture in the beam—
column welds. Evaluation of the weld rupture index further confirms that the probability of
fracture is substantially lower in the proposed connections compared to conventional moment-
resisting connections. Overall, the study demonstrates that the new connection configurations
offer both superior structural performance and enhanced constructability, making them promising
alternatives for seismic-resistant steel frame construction.

internal vertical stiffener
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Table 1. Comparison of the results of verification

Specimen

Max drift  Max Force in tension

(Rad. %) and compression (KN)
Experimental 0.06 205
Numerical - Abaqus 0.06 228
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Table 2. Specifications of steel sections of numerical models (unit: mm)

Specimen

Box Column I-Beam

All Specimens  400x400x25  240x300x8x20
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Fig. 7. Finite element model and boundary conditions.
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Table 3. Dimensions of internal vertical stiffeners and continuity plates (unit: mm)

Specimen  Continuity Plate  Vertical Plate

Spl 350%x350%25 -

Sp2 to Sp5

640x350%25
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Abstract Review History

In recent decades, several methods have been developed for leak detection in water supply Received: Mar 1, 2025
networks, one of which is the transient wave-based method. The transient wave-based leak Revised: Nov 16, 2025
detection method offers a growing and promising approach that comes with several challenges. Accepted: Apr 18, 2026
The most important challenges of these methods are model uncertainty and noisy data. Model-

based methods do not have high accuracy due to high uncertainties, and data-based methods also  <€YWords

do not have high accuracy due to noisy data. This paper presents a method for detecting the leak ~ Water network leak
location for a reservoir pipeline valve system using Bayesian theory. In detecting the pipeline detection
leak location, the noise in the pressure signal collected from the sensors in the pipeline affects the Bayesian theory
accuracy of detection. In this research, a probability density function for the leak location is water distribution network
obtained by combining the prior probability density function obtained from the model and the  yressyrized pipelines
data collected by the sensors. Then, the accuracy of the proposed method is investigated by
solving a numerical example. In this regard, a pipe with a length of L=3,000m and a diameter of
D=0.5m was considered. The Darcy-Weisbach friction factor was set to f=0.03. To initiate a
transient wave, an instantaneous complete closure of the valve located at the downstream end of
the pipe (x=L) was performed. This closure generated a transient wave with a speed of
a=1,200 m/s, which propagated along the length of the pipe. The inlet of the pipe (x=0) was
maintained at a constant pressure head of Hin=25 m. To measure the response of the pressure
head, a sensor was strategically positioned at the end of the pipe (x*=L=3,000 m). The objective
was to observe the pressure variations caused by the transient wave. The time required for the
contact discontinuity, generated by the valve closure, to travel from the valve back to the inlet
was calculated as t=L/a=2.5 s. This represented the round-trip travel time of the wave within the
pipe. To ensure that the simulations captured the full behavior of the transient wave, the total
simulation time was set to T=2t, thereby covering two complete cycles of the contact
discontinuity passing through the sensor. In this numerical study, the effects of data noise, sensor
location, and simulation time on the results were carefully investigated. The data collected from
the sensors were subject to noise, which could affect the accuracy of leak detection. To
investigate the impact of this noise, different scenarios with varying noise levels were simulated
and analyzed. In addition, the location of the sensor also influenced the simulation results.
Various sensor placements were tested to identify the optimal location for achieving higher
accuracy in leak detection. These studies demonstrated that sensor placement could significantly
improve the results and increase detection accuracy. Finally, simulation time was examined as a
critical factor in the analyses. Different simulation durations were tested to observe their effects
on the results and their impact on the accuracy of leak detection. The analyses revealed that
selecting the appropriate simulation time could enhance the accuracy and speed of leak detection.
The results of the numerical study demonstrated the ability of the method to identify leak
locations in a water pipeline network. Overall, this study showed that data noise, sensor location,
and simulation time are all factors that can affect the accuracy and quality of leak detection. By
effectively managing these factors, the performance of leak detection systems can be improved.
This innovative approach not only enhances the accuracy of leak detection but also provides a
robust framework for addressing the inherent uncertainties and noise in the data.
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Abstract Review History

Public transportation plays a critical role in promoting sustainable urban development by Received: May 24, 2025
offering mobility solutions that are efficient, equitable, and environmentally responsible. It Revised: Feb 11, 2026
encompasses a wide range of transit mpdes, which are generally_ classified into mass transit Accepted: Apr 18, 2026
systems—such as metro and rail services—and non-mass transit systems, including buses,

minibuses, and other forms of road-based public transport. As cities expand and mobility demands ~ Keywords
grow, the complexity of managing and integrating various transport modes also increases. One of  p pjic Transportation
the key challenges in the planning and operation of public transport systems lies in ensuring .
seamless integration between these modes, particularly through the design and optimization of Network Integration
feeder networks that connect local bus services to major mass transit infrastructure. Feeder Network
This study focuses on improving the operational efficiency and user attractiveness of Tehran’s public  Mass Transit Lines
transportation system by enhancing the feeder bus services connected to three specific stations—Abdol
Abad, Shahrak-e Shariati, and Zamzam—Ilocated on Metro Line 3. The primary objective is to increase
metro ridership and improve the overall effectiveness of public transport usage by optimizing the sub-
network of feeder lines servicing these metro stations. Improving connectivity and reducing transfer
times between feeder and metro systems is considered crucial for encouraging the use of public transit,
particularly in densely populated urban areas like Tehran.
To achieve this goal, a structured four-step methodology was adopted. Initially, the feeder routes
relevant to the three metro stations were identified through data collection and analysis of existing
traffic patterns. Subsequently, two improvement strategies were formulated and applied: (1)
uniform improvements applied across the entire feeder routes, such as reducing headways and
enhancing vehicle availability; and (2) targeted enhancements focused on selected high-demand
stops, including limited-stop service and priority routing. These strategies were translated into
multiple operational scenarios, which were then simulated using the EMME/2 transportation
planning software, a recognized tool for multimodal transport analysis.
Each scenario was evaluated based on four key performance metrics: the total number of trips
made using public transport, the number of boardings on Metro Line 3, the ratio of public transport
trips to the number of vehicles (fleet size), and the ratio of metro boardings to the number of
deployed feeder buses. The results reveal that reducing headways on feeder bus routes generally
leads to an increase in both public transport trips and metro boardings. However, in some cases, this
strategy created unintended competition between feeder buses and the metro, which did not
necessarily result in higher metro ridership.
Among the various scenarios analyzed, those that implemented limited-stop feeder services showed
the highest effectiveness in encouraging multimodal travel behavior and promoting better utilization of
both bus and metro systems. Conversely, scenarios that increased the number of feeder buses without
allocating dedicated lanes led to greater traffic congestion and reduced overall service quality.
From a policy and planning standpoint, this research underscores the importance of clearly defined
objectives and appropriately weighted performance indicators in selecting the most effective operational
scenarios. The insights provided can support transport planners and decision-makers in enhancing the
integration of feeder systems with metro services, ultimately contributing to the overall sustainability and
quality of urban public transportation networks.
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Fig. 1. The study area within the city of Tehran, encompassing Shahrak-e Shariati, Zamzam, and Abdolabad stations along Metro Line 3.
Existing active bus routes are also illustrated.
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Table 1. Summary of Simulation Outputs and Performance Comparison of Implemented Scenarios Based on Key Evaluation Metrics

Scenario  Fleet Size - Trans.lt - - Transfe.r - Metro L-|ne-3 Criterion 3  Criterion 4
Trip Criterionl  Trip  Variations Trip  Criterion 2
Base 37 333286 - 359208 - 45528 - - -
1 171 333974 688 362897 3689 45561 -21 51 -0.2
2 91 333799 513 360746 1538 45574 -8 9.5 -0.1
3 60 333710 424 359855 647 45481 50 18.4 2.2
4 47 333543 257 359864 656 45668 86 25.7 8.6
5 95 335049 1763 365917 6709 47853 2271 304 39.2
6 77 334973 1687 365165 5957 47715 2133 422 53.3
7 66 334326 1040 363959 4751 47537 1955 359 67.4
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Abstract

Asphalt pavements deteriorate over time due to heavy traffic and environmental factors, necessitating
frequent maintenance or rehabilitation. Cold recycled asphalt mixtures (CRAM) provide a sustainable
approach for reusing reclaimed asphalt pavement (RAP), reducing construction costs, conserving natural
resources, and mitigating environmental impacts. However, the mechanical performance and durability of
CRAM are highly dependent on aggregate gradation. This study investigates the effect of variations in
aggregate gradation, particularly deviations from permissible limits caused by plant production errors or
construction-related issues, on the mechanical properties of CRAM. In this research, RAP was used as the
coarse aggregate (95% by weight), while virgin aggregate served as filler (5% by weight). Five gradation
curves were evaluated, including four outside the permissible range and one base mix within the permissible
range, based on the gradation type specified in Code 339. These five mix designs were as follows: (1) Mix
A: with the reduction of filler below the permissible range specified in Code 339. (2) Mix B: with the
increase of filler beyond the permissible range specified in Code 339. (3) Mix C: with the reduction of
coarse aggregates below the permissible range specified in Code 339. Mix (4) D: with the increase of coarse
aggregates beyond the permissible range specified in Code 339. (5) Base Mix: with an aggregate gradation
within the permissible range of Code 339. Marshall specimens were prepared under ambient conditions and
cured for 7 days before testing, while indirect tensile strength (ITS) specimens were tested after 7 and 28
days of curing in both dry and moisture-conditioned states. The results indicate that increasing the coarse
aggregate proportion or reducing filler content led to a decrease in Marshall stability by 18% and 7%,
respectively, compared to the base mix. Conversely, increasing fine aggregate content and reducing coarse
aggregates enhanced Marshall stability by 30% and 22%, respectively. In terms of tensile behavior,
reducing fine aggregates decreased Dry ITS by 20%, whereas increasing fine aggregates or adjusting coarse
aggregate proportions resulted in Dry ITS increases of 11%, 16%, and 1.5% relative to the base mix.
Although some mixtures achieved the minimum Dry ITS requirement after 28 days, certain designs
exhibited poor visual quality and insufficient cohesion, emphasizing the importance of precise gradation
control during plant production. The base mix failed to meet moisture durability requirements in terms of
Dry ITS and tensile strength ratio (TSR), highlighting the need for gradation optimization or the use of
suitable additives. Additionally, increasing the emulsified bitumen content in mix B* to 5.5% improved Dry
ITS by 21% relative to the base mix, demonstrating the synergistic effect of proper gradation and emulsified
bitumen content on moisture resistance. However, the base mix failed to meet moisture durability
requirements in terms of Dry ITS and TSR, emphasizing the need for gradation optimization or the use of
suitable additives. Additionally, increasing the emulsified bitumen content in mix design B* to 5.5%
improved Dry ITS by 21% relative to the base mix, demonstrating the synergistic effect of proper gradation
and emulsified bitumen content on moisture resistance. Overall, these findings confirm that aggregate
gradation has a significant influence on both the mechanical performance and moisture durability of
CRAM. Maintaining optimal proportions of fine aggregate and filler is particularly crucial, as deviations
from their ideal levels can substantially compromise the mixture’s strength, cohesion, and durability.
Therefore, careful monitoring and control of aggregate gradation and emulsified bitumen content during
production are essential to ensure acceptable Marshall stability, ITS, and TSR, providing practical guidance
for the sustainable rehabilitation of asphalt pavements using cold recycled mixtures.
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Fig. 1. Overall Research Process Flowchart
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Table 1. Characteristics of the emulsified bitumen (CSS-1h)

Property

Value/Description

Standard Test Method

Saybolt furol viscosity @ 25°C, sec
Storage stability test (24 hr), %
Residue by distillation, %
Penetration on residue @ 25°C, 0.1 mm
Ductility @ 25°C, cm
Particle charge

25.0 ASTM D7496
0.05 ASTM D6930
61.0 ASTM D6997
105 ASTM D5
100 ASTM D113
cationic ASTM D244
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Table 2. Mix design specifications

Mix Design Code

The gradation curve was within the permissible range specified for Type#4 in Code 339

With the reduction of coarse aggregates below the permissible range specified in Code 339

NO. Mix design type
1
2 With the reduction of filler below the permissible range specified in Code 339
3 With the increase of filler beyond the permissible range specified in Code 339
4
5

With the increase of coarse aggregates beyond the permissible range specified in Code 339

OO m>» T

La L | ija Ghoals Slascin ¥ J gl
Table 3. Mix design aggregate gradation specifications

Proportion of each fraction (%)
P A B C D

Mix Design Code

Fraction 1 19 20 30 5 38
Fraction 2 38 40 39 6 44
Fraction 3 38 40 15 45 13
Fraction 4 0 0 0 35 0
Fraction 5 5 0 16 9 5
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Table 4. Optimum emulsified bitumen content for each mix design
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Optimum Emulsified Bitumen Content (%)
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Fig. 5. The Marshall stability results (Figure A), flow (Figure B), VFA (Figure C), and VMA (Figure D) for each mix design
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Abstract Review History

Piano key weirs (PKWSs) have rectangular, triangular, and trapezoidal shapes in terms of plan. Received: Apr 26, 2025
They are available in four types: A, B, C, and D. Type A weir has an overhang upstream and  Revised: Dec 02, 2025
downstream, type B weir has an overhang upstream, type C weir has an overhang downstream, Accepted: Apr 18, 2026

and type D weir has no overhang. Piano key weirs are non-linear, long-crowned spillways that
allow a greater flow capacity (3 to 4 times more) over a given width. The first piano key weir ]
was built on the side channel of the Goulours dam in France. Piano key weirs are used in Piano key weir
agricultural canals, drainage canals, and irrigation canals in addition to dams due to their Weir height
lightweight foundation. Piano key weirs are the evolution of nonlinear weirs with high efficiency; Relative flow energy
therefore, it is important to investigate the flow energy loss and the solution to increase it. In the  g|ock

present study, for the first time, a block with a different geometry was used downstream of the
triangular piano key weir type B. Also, two weirs with a height of 0.20 and 0.18 m were used.
The blocks are rectangular and a combination of trapezoidal and circular blocks. Four discharges
from 0.02 to 0.05 m%s were also used. The experiments were conducted in a channel 10 m long,
0.8 m wide, and 1 m high. The slope of the channel is zero. The water temperature also varies
between 8 and 13 °C. The flow was fed into the tank by a pump and an underground tank with a
volume of 10,000 m* and a monitor. Two triangular piano key weirs type B with constant
geometry but different heights of 0.20 and 0.18 m were used. The width of the weir inlet keys
(W) is 0.613 m, the width of the weir outlet keys (W,) is 0 m, the length of the weir side walls
(B*) is 0.425 m, the length of the upstream overhanging edges of the weirs (B;) is 0.14 m, the
length of the weir crest (L) is 3.04 m, and the thickness of the weirs (T;) is 0.01 m. Blocks with
rectangular and trapezoidal cross-sections with a height of 0.06 m (0.3P) were used downstream
of the 0.20 m high weir. The cross-sectional area of the blocks is 0.025 x 0.025 m. The height of
the blocks was chosen so that they are submerged at the lowest flow rate (0.02 m%s). The blocks
are made of compressed plastic and were installed downstream of the weir with waterproof
adhesive. The blocks were installed in three rows downstream of the weir. The distance between
the blocks is 10.25 cm. As mentioned, the study of flow energy loss in piano key weirs is
important due to their high efficiency in flow passage. Dimensional analysis was also used to
extend the results to other weirs and other types of piano key weirs in channels. As the height of
the weir increases, the discharge coefficient decreases, and the flow energy loss increases. The
blocks downstream of the weir act as a barrier and the flow energy loss increases. The flow
around the blocks has weak eddies and hydraulic jumps, which reduces the specific energy
downstream. With increasing H,/P, the flow energy loss decreases. The flow energy loss in the
weir with a combination of trapezoidal and circular blocks is higher than that of rectangular
blocks. Next, a relationship with a correlation coefficient of 99.92% was presented to calculate
the flow energy loss.
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Type B.
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Table 1. Hydraulic and geometric parameters affecting flow energy loss

Row Q(ms) HJ/P LJP S Re Cq E, E.
1 002 0173 1275 N 3695 0.333 0.333 0.667
2 003 0206 1275 N 6444 0.383 0.390 0.610
3 004 0255 1275 N 10252 0.371 0.424 0576
4 005 0320 1275 N 15307 0.331 0.450 0.550
5 002 0173 1275 NR 3695 0.333 0.326 0.674
6 003 0206 1275 NR 6444 0.383 0.381 0.619
7 004 0255 1275 NR 10252 0.371 0416 0.584
8 005 0320 1275 NR 15307 0.331 0.444 0.556
9 002 0173 1275 TC 3695 0.333 0.323 0.677
10 003 0206 1275 TC 6444 0.383 0.372 0.628
11 004 0255 1275 TC 10252 0.371 0.409 0.591
12 005 0320 1275 TC 15307 0.331 0.436 0.564
13 002 0182 1417 N 3857 0.362 0.397 0.621
14 003 0225 1417 N 6934 0.394 0441 0.559
15 004 0275 1417 N 10897 0.389 0.472 0.528
16 005 0342 1417 N 16154 0.350 0.502 0.498
17 002 0213 17.00 N 4416 0.598 0457 0.543
18 003 0254 1700 N 7676 0.555 0.539 0.461
19 004 0316 1700 N 12213 0507 0.571 0.429
20 005 0392 17.00 N 18010 0.463 0.593 0.407
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