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Fig. 1. Graphic expression of structure-soil-structure
interaction [4]

a Ol e 3l — Sbe = sl LS00 s e else
S S5 s e sy andn Olatle ol 5 avdia
ailaie g 5me3 ) Olele ik lojle e T pkige
Do A3 slaiasy oS bl 2 b Al ol

3 FSI
4 CI

33 e Sl @ ol = S = il S0 e
35500 et a4 OF b 5 o 5 o5l S, plulis
12]

S el #oke Gloj sl = St S Hul Jsene 5k 4
S Ao pa AL 2l e S i ol S LB
Sl 33 Bl sl K8 o3l = Sk = o3l 28l
Sl S edle & A 3 5pb e bes 3,05 St 54,
DL a4y (5 503 slome o3l o 3550 S Y
Eol s sl 53 sy Sl e S Y aul o
sabre sl s Sbe Y a1 ke 15 baasla 1 plas s
6 slems 3l 53 51y a5 St ey s dalt s
e ok (pl Sl dalpt b Gl Ll
el Gy jme o3l — S — o3l LRS00

35 5 S e s pe S gl 10T Zlsel Wil5 g 85 L
SIS sl zlal ol il n eile 55 g & L
23 oonlil Lgd e sl GOl 5 g 03 b G oS
sy ol S50 SIS s B s Sl g
Gl OF 531 e ol 03l 5 g 3dzes S35 OF 4z &S
o ol B g e Jime b 4 woile Slils ) &S
Skt o3l) baalal opl 53 ool 35 5 4 (slasl s 5 Lagealy
gl Lol tensl oo o3l — St LS00 alie (L s
Esly oS 350 3525 St a3l Sl gl ol QU s oS
2] 545 0 o3l — S — o3l 28,00 Oal 345 5 4
Syl 5l e S 5,8 e IS bl L, sl @l oo
Ol it gd e e Sy o o4 ol 3l ol
S 25 S S Y Sl s Jl s Slils )l
b Sl AL S e Sl s Sl ey LOT 51 65 i
o3l &y a3 i zlsel ol 121 Ay go JUS1 s sls o3l
s 1) a0l il g a8 Al Ole ojliss (sl
Sl g e slme o3l 5 S aojlss 5 LS
s e OIS ze 1y s ol (\)J&:;Cy}»}edﬁ
Laolatle 5 et Jlosl basslo & o3 plael K3l 3

2 SSSlI


http://dx.doi.org/10.22034/23.4.69
https://mcej.modares.ac.ir/article-16-63389-fa.html

[ Downloaded from mcej.modares.ac.ir on 2025-07-17 ]

[ DOI: 10.22034/23.4.69 ]

ey JL»/Z °)L“*j/f}‘”’)“:‘“‘“':."’)):

PUNCIUUE TP 1R SR SO g R JCI N 1 PR PG P O

Lllea ).;OU}S &LA@)L»

o oS Aol bjslee glaesle o8 glad sy Jgb o
— b RSOUL 3,5 G g esdle 5 s 3,
Jsl | baolastle o o3b,l (65,3 Ll s o3l — St
J1] 0L Ken 5 Sl LS sl 1 (6 Jodamy 5lb, 503l
Slosle SVl muly (535 okd S5 oodidy 3,8 L3
Y Ow mon ol 02 Db Sl s S e 1) 2V
35 50 los ) il ol sb ol Ol iS55 S s VY
Sydoes Il S bug 3y ol s S L
e Sl s 25 LS Jbe K Sndite” ]
A5 S eslina £ S g gl s oesle = S S,
5ok S olib sy Gl s e S8R
oSl s e Ll 5l g G S Jolie
Sl g 53 5 il ol aglie I35 Cda o
L3S s 58 il = S = 3la ES,00 5 5,45
2 o3l b S pbolen) & das e 0L il

SHls Kospsladols jses g 4 S 51 S0 slag

ol = St S, o 4 S sl lass Al o
e = Sbt = 3l (ES,0 § b 5 el st a5l
adlas 5 s 250 eSSl A iy s
SES,ul b 11 Oes 5 Ol ol a3 1
il 5 il ol 53 oile — Sbe = ol Saalus
on o OOl 3 e Ll Olatle (5,50 anlllas
T S sbadae 3l eslaal L1, (goue b s
Gopoldl gy Sl eslaad L oamin(gs 5 asée
SBT s, 5T s 4 sle ) ol e p sl VW;“
Lt b e Sl S ol = S = el RSl
b i a i slaosle baslie o ojle muly 5 oo
ol Sae OVe AlulS Olaztlu 3550 55 £07 JI Yo

6 Opensees
7 IBEM

\A

S = ojle JES,0  Ggb BT sy o guas 55 4 S
g 5 JooSS 3 okl (Salus mly o5l -
— ole JRSHAlaS (oM Ve aas sl e Oladlas
5ol ol GBI s (5] g edd dme ojle — Sl
2 gletass Sl gege o cesle JSG 8 Slagaly
B L olsS o3l (8] O 5 Luay 5 671 255 5
ol 5 i e bedd el il S ol
Loosle — Skt — o3l Sl aadlae gl 1y Jaw g2
Sl s LaSTy ol s S bl Sat sl oaus
S p o s A5 B3 sl el s sS4 sl
Ol lags S5l SPRNS

Aad 0 LS g

Lol erie e 5 B b &l B gland b
Sl el — St — o3l [2S,000 Coenl (9] 5,80 1l
03 38 o Ogllih e Sl Loss boslassla
53 R e 03 Whgalish ul e Jsl al e
Ob5 ui; @U Sleslad by 558 00—y (Glos gdovs
w)ﬁng'-L;LM{Y):C\yl)l.i:;\d\ﬁojjjém};ul;ﬁ
5 0l a4 aly Jdo e 4 (Selus e Al
* S eme el gladde Sl eslizad by 585 51 Jatews
e Sobus gladde addlae pl js AE oy
o Culgss s L adles 50 osle — S — o3le sl
s S om0 bl sladde 5l eslinal &ty ams ol

s o dbl Bl pl sl (6 5580

o3l — St — o3le S, 56 1107 0L 5 peinnn s
PSR S Y f s ICICE S PR FCE IR PR
S pss Ol Aol e 5l Cile gla el
23 NSl ey g gl aS esle Jle S 5 s S sy
SDUssls 1 by sl bl beesle 5 5l 5YL slade
Sosp 5 3 O b ey (658 &S > Sl plaesls L sls
S s e Ol el el L 5 addlee W5

5 Lumped parameter models


http://dx.doi.org/10.22034/23.4.69
https://mcej.modares.ac.ir/article-16-63389-fa.html

[ Downloaded from mcej.modares.ac.ir on 2025-07-17 ]

[ DOI: 10.22034/23.4.69 ]

N

d\ji"‘))‘)"‘;‘“"}:‘“:’)éjﬁt?“ o)'L.v— LS[?"_Q).L«J u,ll.gj.,\.:\ 6:.194:;51.]@:

Ser b gty sl mal s 4 d13] ST
5 Sop e due glagtlel 5l el LSl
wh iy o) Jhe SOl eslinad b gods Glaggsleans
Sy (e e = = ) LS, sl
o ppeme 3 Ol 52 8 AE Ab il
Lol ale 5 Colpsl anle g5 O e bS]
30 St o Sl Sl e gacsls
3 3 A s b s s Of L Ll 3l 5 w5 s
ell (5348 slagssluand 5 013 ) e Osa3l gl A ol
AU e gl Culis oS das e ol Il s el
andllas cpl pos a3l Sl sl s g5 LG
MU)%&V."H@J%FJQBJASMJ&QLL
St ol g 5 B b Sl Y 5 53 10,
Lo b sl 0o osdie e e 0o sl
— ol SRSHLN s g Sy Gt ISl eslizl
oo Lol mls 5 ety 1S, Skt 55 p sl — S

Qﬁﬂ‘&.’\—.:'w‘))))w‘w

Slaw Olasin -Y

Sl dde 5o ol iy a3 (18,5 dde 4wl o5l maly
3l Cl\.m SOl Slasein 585 (o pad ey (Cowl 3 i
ek ot s Hllas b 6, (a0 e

L Bl (ol 5 St anb Jlugh 25 5 035 o slie)
b s O, Jhe sl s Sleel w0 s
[14-15] ol e a3 § Jai s St sl 1S, slasls
Y 2 osls slaele S u1 s gl c\f sl
el o3 Ay 5 il Sl sl (8 cnbie sl
5 obd gladids @bl e Gb el bl (slas L
foxtr sl 4 Sbdga L c]a..‘a dIb s D50 &
Coge a s KL V00wV e 5 e Sl
3 e ) Cabis 4 Saall o) son eIl (Sl 2N
o o oole glacads ‘dL<.~.~L.K.a Yoroe aecwl Jode

Tooow w sV Jode 5 00 /Y Cubes 4 ol O )50

9 UBC-SAND

\Al

Olalo (slamebily 4 Cond on o5l sy 350 dpdldS
ambor )l G Gladds Gl e 5 Sl el 5l
A sbme 50K b oalie Ol wmiolss s
osle 33 Aol Ol s cpl poedle ol e s LB
LS et b sl oSl sl gl Ll
o3l — S — o3le (2S00 30 4] VS 5 gt s
Sy S bl s s Ol pde
ad e (g3de oddesle Jde S s S ey 1y W35 C\y\
350 53 Slelbme Gl Ol 035 b S Gl sl jals
s gl dse b ol s S slein S sl slasila
5 o2 gl b bokarle 5l sl e s> 3 S
e ol 0 03l dn s Ol slize ol b
Slabas 8 aaly Ol Osllisd s b s e
Bl S a5l oliial Ly Sy Szl
Y N T ) £ e CH R
Al awlie JS sl Bgy sl b Sy ) g pdilanl
B = L SR TP L
33> S Sl Sedamn e 55 JU sk 4 gdan Ol L

sl (g0

laosle s BT b5l andlas 4 [12] 5beST 5 oS
Sle — Sl LS, 535 s L e Slasle
ssbee Olale OS5 Sl sk ol gl el
Gb VY A Slesle sladie Sl eslind U Ciloss
355,00 sl et o Sl ams )b (gla Jdo Al sl
53 slems Olenla ST 5 4 plonil Cilie ey oS >
o bl plralr mal S das e 0L S A as S
Sl ST cer s olBl g syt s S g s
gl dsb o 55 5 O slas! f Sy o i
e @L.. el ol sdalie badis aes gl 5 Olala
a s Sop SESy e OS 3,555 6l el s

s e 0L (Salys Jdou coale s

8 Kronecker


http://dx.doi.org/10.22034/23.4.69
https://mcej.modares.ac.ir/article-16-63389-fa.html

[ Downloaded from mcej.modares.ac.ir on 2025-07-17 ]

[ DOI: 10.22034/23.4.69 ]

ey JL»/Z °)L“*j/f}‘”’)“:‘“‘“':."’)):

056 e edlinal Jde opl 53 (SHpdcse (B S
Doy s Sy G5 Dl ol 2od (Suipie s
Sasl a5l 5sd 0 i yad ol T s Senslie
Do b g el S = se eded Dl Gk Sl s el ey

. 0] — 03
SN Pmop =

o1 + 03 — 2ccote, ()
LS ol ol &l (V)J&;yﬁjxﬁm Ol
SO A TR G,"M{J‘&L..p\ Gol) Caed 4 4 g

:J‘Jda Cawd a5 ) O¥slae O s 5 S

1 )
dyp = (F) dsingmop (%)
; \ D .
14 SINPmob
G* = K;F —) 1 — (———)Ry)? o
; <pmf A= Ry ®
dsin@mep =

*P p’ np Pref _
1.5k (p_ref) > (1
SinPmob 2
(nemet )24z *)

el T Sl 44"_5‘) Pmob 4&1@))\_1 g;‘:f J}J.A KEP

ol (5SS w2 Ry 5 s Sl SSasl 4515 9,
[14-15-16] Il 5, 138,L (sl SLsdlsen s pe Y KS

A.

!

Hyperbola

{aip'h

DEVELOPED STRESS RATIO mg

o

PLASTIC SHEAR STRAN Y»

Fig. 2. Hardening diagram for primary loading [14-15-16]

poadad R -Y-Y
e el b 51 Sy 55 ialed (8l dobe el 53
P g g oslinal (1) IS0 Gillas 5 ad 5= 550
f; = Rmey3jz + Shtan @, —c = 0 %)
Sl Glamiis 8 Rine 3 ol St SISas! 4515 By 55

Dy S ) g 4 4S

Rpe = —\/Ec;som sin (@+ g) +1/3cos(O+ g) tan @,, (3
3V3 js
O=——="% )
2 ].3/2

\Al

OO s slel leds Jue SNl Sy s w4 JKMLLQ
Sl ol ab S a5 3 e £0 Lassla tl.é:)lj]u\“x\“
L gie glaokastle oy s Waglestle pl (gdes, Ll 5

Ll 53l b
by oS ol Sl N Joe & S gk, Jus
o e anle 5 lanle St ) Kils, b, (6 laannd
JJAUAL»‘J{JJ.M'—L;.A—&—ﬁdu‘w.b‘)\b\)élnjjc\}ﬁ‘
s e el ol 3 ,2a) 48V Jle s 0las 5 5L 4l
Ghrrss el S = Hse ekl o Jold i - o -
Jde 53 0L > 0506 ol iy et b oslie s ol
VATl s s 6 Cel olesl = i as b bl
b Gl sddesle 5 o Dse @ S S e
0 e Bl e = e = = e s ol (53
ool mla 5 2l S 6l i ol i slas
¢L>,,;1«U;t:(_;)l;\§)p<_;lﬁ ol odlw vf.bywuybb
el Sl el w0 cnl oo S e

LS o eabid sl old o 51 S il ST = S1s
[14-15-16]

ol g ¥l Jly 9 ST Wghc St Ogilb —)-Y
B Oleer 056 S5 ol s — o = (0= e

Kgd o iy 5 SVsles Do 4 S Sl G LS

p, ne
G = kgepref <<_) ) ™
pref

4 el L= o= om0 bl kG Sk &S
JUS (or Prep 5 e 5 A dade sdasOll S
Sl S ala zlil > ne 5 me el ol &
gl b Bl s e (B (Sl Olr i
5l S = e ) s e Gl ol i
om0 S picsin 056 bl o 5 OF 031001 5 Cund ge

d‘yt‘i u""L“’\J" @W ;J.’j.\}}w c}{j “ J‘}.\I:L;a

10 Row


http://dx.doi.org/10.22034/23.4.69
https://mcej.modares.ac.ir/article-16-63389-fa.html

[ Downloaded from mcej.modares.ac.ir on 2025-07-17 ]

[ DOI: 10.22034/23.4.69 ]

N

d\ﬁb).}.ﬂ.@ﬂ)}))bm o)'L.v— ;Slé-—ej\.w U':'S)"\"‘ 63,\944.“.]4&

Lo mesSrn daly 5 ol (guls ol 4 OIS0 e sSas
Jsb s lo,a= of Hlas (Gl by sl b S sl
o oy Sl ol sl 2S5 o MS,L IS
dales oy g0 0 450 IISL Jsb o3 or Sz Sy

Dy s el 3

) hard fens )

nT‘EV

2

kP

Gsecondary — ke (4 +
2 348 Kggecondary Sy adsl o dsde kg oS
e o2 hard 5 faens 5 o S5 2de Mgy g 506
Ll o Ces @ S5 0B 3505 sla gl &S o
[14-15-16]

T S R S DA e I & IE NN E T

G ubcws Gl ayombl ol A3ty cle glas, S,

Vo e sty ol Sl e slasy S, e
JL7] ol s eslaad

sl — S 2S00 w5 il 0 J ey Sl eslina
Ll eld bl cllSoks cl Cenl Pl e
Dls 1y i S glos ) oS gl Jain)se lasitie
AL

ol Ll 555,58, Jleel Gl coilu 5 Sb wilela s
Ols Gy &) oty 35 Slacalled adS sl 55
53,85 a5l eslinal (gl Sos Ssle a4 ditn 515
St Gas s basysS, onl e L o3l 5 St wbls

bl 315 5,555 s SNl AL 55l (All s s 5
Cble & Jlesl Gl 5,8, ol C)Lal Sl s

Ly asmse Ay slas, S, Ol oo o3l 5 S 25,0
A s Sl 3 a5l G S Jie S o Olgsa
Olseas el s @ Gy (S Jke Jebos 51y o238
3,555 palie (Joo pl bos gl e eslinal ddr glas, S,
3 Sl el 3l Gagh al s lie SRS L
il 5 S s [17] Gl o elitl w55 355,55
st 05 e Ml (Selus s 5 3800 S S
Sy oa S s adsl la 2 B s gl e SSkal e

Al

11 PEER

V¥

[14-15-16] (bt mdave Jlsos ¥ JSC3
=

|

/ -03
-02
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Table 4. Characteristics of the soil model in the
experiment of Hokmabadi et al. [23]
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Table 5. Specifications of the pile model in the
experiment of Hokmabadi et al. [18]
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Abstract

In urban areas, residential buildings are often located at small distances from each other. The mutual
influence of these buildings, depending on the distance between them, under the effect of earthquake
vibrations, is of great importance, which has been less studied and investigated. Normally, the soil-structure
interaction is considered when only one structure is present on the soil, although the structure-soil-structure
interaction takes place when at least two structures are placed on the soil. In this case, in addition to the
discussed structure and soil layer, another adjacent structure is added to the system, the response of the soil
layer will be affected by the presence of both structures and the response of each of the structures will also
be affected by the response of the soil layer and its adjacent structure, and therefore the soil and each of the
two adjacent structures will have a mutual effect on the response, which is known as structure-soil-structure
interaction. In other words, in this type of interaction, the vibration energy of a structure affects its
neighboring structures through the soil environment and can change its structural response. The presence of
the adjacent structure can increase or decrease the dynamic response of the structure and the amount of
damage depending on the dynamic characteristics of the soil and the structure and the frequency content of
the incoming earthquake. When an earthquake occurs, its waves pass through the soil layers and reach the
foundations of both structures. These waves cause deformations in the foundations and structural elements.
Therefore, a shear force and an overturning moment are created in the foundation of the structure, which
results in the deformation of the foundation and the structure. After that, the vibrations of the structure are
transferred to the soil, until this part, the responses and behaviors in these systems (structure, soil and
foundation) are similar to the conventional soil-structure interaction; But there is a slight difference in the
transmission of these waves from the structure to the soil, which causes the structure-soil-structure
interaction. In this research, the structure-soil-adjacent structure interaction has been investigated for
building structures based on soil prone to liquefaction. For this purpose, similar concrete buildings of fifteen
storey at different distances from each other, along with the continuous environment of the soil bed with
different mechanical properties and the application of the advanced elasto-plastic constitutive model under
the effect of the earthquake acceleration history applied at the bedrock level, have been analyzed. In order to
validate the results, the amount of settlement of the structure under static load was investigated and using the
results of two laboratory models, the structure-soil-structure interaction analysis process and the soil
constitutive model were validated. Based on the obtained results, the structure-soil-structure interaction in
the general state increases the lateral displacement of the structure compared to the case with a rigid bed. The
interaction effects are different depending on the number and distance of the structures. Also, the results
show that the effects of structure-soil-structure interaction depend on the position and thickness of the soil
layer prone to liquefaction, so that with the increase in the thickness of the liquefaction susceptible layer,
more exess of pore water is produced and finally, the deformations created in the soil and the structure are
more intense.

Key words: Numerical analysis, Structure-soil-adjacent structure interaction, Earthquake, Soil prone to
liquefaction.
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