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Study on seismic response characteristics of rubber-sand subgrade with different proportions

LUO Chao'*, HUANG Qiang’, LI Jingjing’, ZHU Mengfan®, WANG Hao'*, WANG Shudong'”
(1. Key Laboratory of Roads and Railway Engineering Safety Control, Ministry of Education, Shijiazhuang Tiedao University,
Shijiazhuang 050043, China; 2. School of Civil Engineering, Shijiazhuang Tiedao University, Shijiazhuang 050043, China)

Abstract;  With the increasing number of abandoned rubber tires, utilizing rubber particles to improve sand
subgrades has become an important method to improve the seismic performance of projects and reuse resources. In this
paper, the dynamic responses of rubber-sand subgrade with different mixture ratios under rare earthquakes were compared
and analyzed, focusing on the distribution laws of acceleration, relative displacement, equivalent stress, and equivalent
strain. The results show that the rubber content has a significant impact on the relative displacement, equivalent stress,
and equivalent strain. The relative displacement and equivalent stress of ordinary subgrade (0% mixing ratio ) are
significantly higher than those of rubber-sand subgrade, and the slope response at the same elevation is greater than that of
the interior; the acceleration amplification factor of subgrade is mainly controlled by the ground motion waveform, and the
difference between different mixing ratios is small; significant strain concentration is common in ordinary subgrade. With
the increase of rubber content, the peak strain value gradually decreases. When the mixing ratio is 5% and 10% , the
strain field becomes uniform. The study indicates that the rubber particles can effectively weaken stress and strain
concentrations and improve the overall seismic performance of subgrade; slope shoulder and toe areas are sensitive to
seismic response and require special attention in seismic design. The research results can provide a theoretical basis for
the seismic optimization design of rubber-sand subgrade.
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Fig. 1 Rubber-sand subgrade model profile
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Tab.1 Material parameters of each part

gpg OO RS e
(m+s™) (kg-m™)

R 2 300. 00 2700 0.16
IREEFJRE 2 300.00 2 700 0.16
RAH 0% 400. 00 2300 0.30
i REH 5% 250. 00 1780 0.30
i R4 10% 250. 00 1760 0.30
2 RALH 15% 250. 00 1 600 0.30
RA L 20% 250. 00 1570 0.30
SN 300. 00 1 920 0.30
i Kk 500. 00 2 000 0.35
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Tab.2 Adhesion and internal friction angle of the surface

and bottom of the foundation bed

HFR Fh®S1/kPa NIEERS/(°)
HWIREZ(RA L 0%) 5.23 22.74
HREZ(RELL5%) 3.22 24.35
FRFZCRA L 10%) 3.13 30.43
HRFZORAH 15%) 2.10 27.40
HRFECRAH 20%) 2.03 26.24
HIRIKZ 10. 10 40.20
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Fig.2 Rubber-sand subgrade finite element model
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Tab.3 Seismic wave information

= / ERIEGE, B
km km (m=+s™)
1 RSN599  5.99 18.39 23.42 322.75
2 RSN1001  6.69  29.52 33.99 285.28
3 RSN19916 4.50 26.37 27.00 453.67
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Fig.3  Acceleration response spectrum
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reduction method
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Fig.5 Observation point diagram of the finite element

model of rubber-sand subgrade
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Fig. 6 Distribution of dynamic amplification factor along the subgrade elevation under rare earthquake loading
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Fig. 10  Distribution of relative displacement peak along the subgrade elevation under rare earthquake loading



9 B R IER A AR - B S M AR A AR AR 5T 257
B RS BELIN 5 25 T T 38K % T i P , 73
5 nf PRIEJZ(0 m <h <2.30 m) 5[ Py, AR A tKE’JT%HﬁL
s of 7 B (A BB A5 TR A e 0% (3%
g 7 %gm@ﬁMﬁ%ﬁﬁmﬁﬁgmmamﬁmrﬁﬁ
I — THAPIFEEIE, ZEHHREFRIZ (2.30 m <h <2.70 m) i
= Pl AR 575 32 b 2 4 0 0 B85 8, 7 TR G
/% PERELIHR (2. 70 m <h <3.20 m) G, 450 THF

B AR RS BT & LR A 5

Fig. 11 Variation trend of relative displacement with mixing ratio

{}a_ .
X .
e

» 0.
.\]>_‘

E .
Z .

70 5 10 15 20
BAEH/%

12 AR B AR AL R BEIR & LR a3
Fig. 12 Variation trend of relative displacement change rate

versus mixing ratio
ML 10 ] LA < AN ] 00T 36 SEASE TR f) X7

MY MX MX_

- . 4
MN . MN ~ MN
a=0% a=5% a=0%
MX MX , M)}(‘H‘
= 4
MN .~ MN Y MN
a=10% a=15% a=10%
MN ~ MN
a=20%

a=20%

AERT S, B M 13 HEAS VA A8 Ak, 0 T B 3 3, 78 BER
JE)Z(0 m<h <2.30 m) {5 Fl P, AT 00T AR 7
BV AR A6 % Bt AR T D TR A5 b 1 18 R T ik /) 5 7 35 IR
JZ(2.30 m<h <2.70 m) JEHEN,IRA A 0% 198538
% AR XS A7 % 38 R T Al e s

LT o] DUA Y 76 ) 3t 72 R ) A  ib TR
BT T FEEIRERZE (h =2. 70 m) {57 B A (AR XS 37
BZMA K. IE 12 0 LUE H, 76 A [R) Hb 5% % 1 A
? IRA R 20% BRI 1 B SEAH X 57 B AR b R L

WL N T 24 4.058% ~ 5. 464% , 5 45 S W 5o
XU RS N E T T MR B AR A
AT R T B JE 1 15 RS 1

13 2536 TR -0 - SR RS I M

MX MX MX

""" < L 2
IN MN MN
a=5% a=0% a=5%
MX MX MX
= o -
MN MN MN
a=15% a=10% a=15%
i
MN
a=20%

0.03230 0.03238 0.03246
0.03234 0.03242 0.03250

(a) RSN599

0.024 30 0.024 38 0.024 46
0.024 34 0.024 42 0.024 50

(b) RSN1001

0.02260 0.022 64 0.022 68
0.02262 0.022 66 0.022 70

(c¢) RSN19916

F13 Sl AR R LRI A 2 18] (m)

Fig. 13 Cloud image of peak displacement distribution under rare earthquake loading (m)

M 13 T LA AR A R -1+ A7

WAL A AT REAEARBL, BIY it 5 [ 56 v AR A, (67 BB U
ﬂkjt,%ﬁvﬁﬂ{m%ir?r“uﬁmuym"{aﬁfgﬁt?
LA 5 X T TR — i A AL S 3 v A0 0 o 4 17
WEEAE /N B FE N8 Bl AR ISP TR A L i B, 1
WA 5 K 114 DX Sk 28 /N TR A LR 15% 1 20% AR
Jiz -0 A i A7 A W 1 e R 1) X T AR /N
4.3 FEYMN N5

KIBFFEAS [FE A FEAG - - B FE A 20N 1 14 3 A
FHE 25 TR TRTR A Fe AR - - i 356 119 S5 30007 g 0
(TR = AR A ARt ka3 sl 14 s

MIEL 14 FTLUE H AR -0 - I 35 S 85000, 7 1) o A
AR REFAAL o X T 3 R, 78 JE RIS 2 AL K 3

JEHEFEPN (h <2.70 m) , IR A AR 1D 1 [ 3L 1 %6

AR 7 VAL 1) it % 356 v A T 358 I g s/, 7R SR R 3R 2
SR EE A IR BE A 4 AL B AL (R =2.70 m) SFR00N T U6
(BRI /)N PEVR 5 IS BEJE T N (2. 70 m < h <3.00
m) |, SERUN T U1 i % e R P T TG O 5 ZE L A
JEFEIN (3. 00 m <h <3.20 m)  FERY A EERN 705 H 5
AR EHRIRZE (h <0.76 m) I, AN [FEE A
PR -TD A B FE (A AN WA AR 25 A K5 7E 0. 76 m <
h <1.52 m B}, TR G HR 0% 1538t 5 1) 45 2500 ) i
H R /N T HAWR & LA -0 L B85 7E h > 1,52
m [ TR A HGA 0% 15738 B 5 1) S5 250N ) D i 3 T K
FHAMIR A LRI D 4 B 5

XTI EEI SR, 2 b < 1,52 m B, AU (1) 55 5%

Iy WS (P B 6 e R AR 3 I T sk /)N 5 > k> 1,52 m I

RGN 0% 19338 8 5 HABTR & e AR I -ab 1 %



258 & sh 5 &

FESERAON T WA A A AR AN [R] TR A L 0% 1935
BEFEAE 1.52 m<h <2.30 m E‘J‘{Ilqu—llj\],ffxﬁlﬁbjﬂﬁ%
FE AR RS DTG N ZE A > 2. 30 m B, SERON 7 B
FROYHE NN o HABIR A H AR -1 £ B% LA A <
2.30 m ff, SR 7 B v AR A3 IR s FE B>
2.30 m Elﬂ“,ffxﬁ(fhjﬂ@ﬁ%ﬁmﬁﬂﬁi‘ﬂﬂﬁﬁi‘ﬂﬂo 1 i
TN EAL TR A TR 0% 1538 [ 5L 1) 45 2500 ) 0
B30 2 KT AR A e AR e -0 L B

2026 4EHS 45 ¥
g g
X X
‘I%' %(5) E‘é g(s) —o—RSN19916.a=0%
= 25 = 25 iﬁ%ﬁ%?gigf%"g
= %(5) 5 %g N
Y .
B 10 B 1.0
S0 |\ mam 03
é 0 50 100 150200250300 ; 0 50 100 150 200 250 300
B F7VEAE /kPa N /3 {8 /kPa

(c¢) RSN19916

B4 b R AR T T SR80 7 W i I I 5 e AR 09 43T

Fig. 14  Distribution of equivalent stress peak along the subgrade

E k| elevation under rare earthquake loading
i 3.5 3.5
gﬁ gg KB MIE 14 7T LA L EAR R R BAE T, %R A
2.0 2.0 RSquo}Flao; _~ o . - "
g Ls g Ls RIS, LU SERE TR [ SE RO T WA 25 /N X TR
%j & B % g BRI FEHEZAE A N HEA T SR MRS RN 1k T E IR
= 0 50 100 150200250300 2 00 TRV
B0 0100100250300 T 0 S0 M0 IS0R00DS0I0 pyyy ey o AR W L
(a) RSN599 Ftii & LA AR 43T o
- ; Bl 15 2l 7 AR e - 1 J A 25 3500 ) W {43 A
B 3.5 i 3.5 =l ME15 AT LIE 76 5L IR 2 R 56 R 36 2 Y
IE 3.0 3.0 -
g 3. L RN 00T RN .
= 23 Eg;g JEs i P (h <2.70 m) , X T[] —mi e fir f5 Ak, Bk il 3 ) 26
23 - &l i VL1 K T B PR 7 TR L L3 A
¢ 0. H 1z 0.5 )
é 050 100 150 200 250 300 E_‘;( 050 100 150 200 230 300 YE‘@V\](}ZZ' 70 m) ,Eﬁgﬁq%{&é@#ﬂﬁjﬂ%ﬁﬁﬁ@ﬁ
[SL 77648/ kPa [S% 77U AE /kPa SSEINETES N 3§ B A R RSN S (] N
(b) RSN1001 TR,
MN ‘ MN - N & & i MN - MN /
a=0% a=5% 0% a=5% a=0% a=5%
MX MX MX MX MX MX
=10% a=15% 0% a=15% a=10% a=15%
MX MX
T a=20% " =20% " a=20%
0 128000 256000 0 132000 264000 0 128000 256000
64000 192000 320 000 66000 198000 330 000 64000 192000 320 000
(a) RSN599 (b) RSN1001 (¢) RSN19916

@15 /\

18 MR A T S5 A%00 ) WEEAEL 70 Afi = P (Pa)

Fig. 15 Cloud image of equivalent stress peak distribution under rare earthquake loading (Pa)

25 b AR IR A H X AR e - 4 % 3 A5 50
ﬂ%\%ﬁfﬁ“ KW . FERIENA EAL IRA R 0%
)30 3 % 1) SR W (K T H A DU AR G L AR
W F, ERFENTR, S A > 152 m B IRA R
O%E’th % R 1) S 0N g D KT oAt DU AR A L
AR ISP H 3 2 b < 1. 52 m B, 1R A HL AR -
10+ B LA RSO WA 2 AR K
4.4 ZEFPMTHIFE
SN RN A FAR I -1 - 3% R A8 A58 07 22 1)  Af
SR, 2 T ORIRITE & HOAR -1 - % 35 11 25 280 g A 0
BT B i AR 9 A3 A AR AR 5, &l 16 T .
M 16 BT LLE H AN RHR A AR - - 3 1) 46
RN AR W (L T % i o R 1Y) 0 A A b ke SR 3, R A

O m<h<1.52 m [0 P, %25 R 3500 R I8 56 300 B 45 %
V7 75 W (i 35 Bt AR B D TR A LU B B K e s 7
1.52 m<h <3.00 m 3 [ A, BERNIBIRS LR
20% FWIAZ -1 A 16 JE 1) S5 4000 AR W (i g K, B B 300 B
TR A LU 0% -3 i 35 A6 A0 I A8 W A R 5 ZE L3
HFE N (3. 00 m < h <3.20 m) , A[RTE G AR I-Rb
I 1) S KON AR (AR 25 A K
P17 250 T B S B AE L R 2 (h =2.40 m)
A S KON AR BETR A L ARt a3 . I 17 Hh] LIR
L BEE R A5 = N, 5% TR A H AR -1 + #%
BT 1 S AN AR e {5 38 3 % T AH A
FEN o IR A H R T 5% I, A5 500 4 W (5 A5 1k
ViVNE



9 B R IER A AR - B S M AR A AR AR 5T 259
RSN599,a=0%
E 35 E 35 RSN399.0=3%
m 3. 3.0 RSN3992a=10%
4E IE 5 RSN399.a=15%
= > &= RSN399.a=20%
. 2.0 -0~ RSN1001,a=0%
S 25 -2~ RSN1001.a=5%
B B %~ RSN1001'a=10%
= Z L0 =S e
= x a0
= 0. . = 05 - -O- -RSN19916,a=0%
%g 1 L 1 1 1 1 1 ES 0 L gl 1 L 1 1 1 1 - § - %g {gg{g,a:?(é/g/
1 2 3 45 6 7 8 0 1 2 3 4 56 7 8 -—%- a=10%
~ _ - & -RSN19916,a=15%
AW {2 x 1075 AW %1075 - 3¢ “RSN19916.4=20%
(a) BEFEPHES (b) BEILDYE
B 16 2 b 2R T 25800 28 WA T %k = FE 1 40 A

Fig. 16  Distribution of equivalent strain peak along the subgrade elevation under rare earthquake loading

Se

v 7-

£ of

@ St

ol

g 3y
2r ——y
1 L 1 n J
0 5 10 15 20

BAEH/%
117 SERn AR BETR A LR AR Tk a3

Fig. 17  Variation trend of equivalent strain with mixing ratio

P18 21l 1T AR A HUAR - 4 o 5 55 000 7

a=20%

a=20%

WM =Bl . N 18 ] LA IR A R 0% (13
P FEAE AN R B AN BT B i N AR A v
MIBLG , EZL A T IR MR R )ZE N &, i X 3k
RN AR AR B o B AR S RD TR B B R BE T, A5 A%
o7 AR WA R T U/, 24T A R 5% F1 10% B % 3 b
JA B IR )Z T G (X AR 2%, AR 3730 oL 2
HIA43 A 3 2IR A He AR 5 2 15% F120% I, A AE 3
HERRE TG MR N AEh IS, 25 L R
RIS | ABERS A R5H) 55 1% R 38 I Ak 1 A% 1) B R s
REAR S RIUN AR R AR K - , S 3 A I S i PR Mg

a=20%

0 0.180E—004 0.360E—004 0
0.900E—005 0.270E—004 0.450E—004

(a) RSN599
% 18

0.320E—004 0.640E—004 0
0.160E—004 0.480E—004 0.800E—004

(b) RSN1001
I8 MR AR R T SN AR W 4 A = B

0.250E—004 0.499E—004
0.125E-004 0.374E—004 0.624E—004

(¢) RSN19916

Fig. 18 Cloud image of equivalent strain peak distribution under rare earthquake loading

ARSCUA IR A HE AR -0 - B B A TS0 &R
3 X EE A3 AT AN TRIHE 45 LU A -0 4 S R A 55l R A
P M7= B 1) S5 1R, X6 A% JE -0 - g e 8y 3k ot
Mo (R RN 128 2508 7 B o AT LA BEAT T o0 A AN
LSRN EEEHEE

(1) RRIBRD TR G T i 22 A TR 2R BRI JEE
WA M A o AT BR o R b B 00 i 19 3l T TR &
K I T RN R, LIRS U 0% B 1 %5 A4
IR ZR RO T 32 ) 57 49 W v 48 A AR IR R £ f%
B H TR ERLE R FEAR R R S E T T AU -
Wb b B — R LI585 1 MR I A A5 4% 5 O AL
IO, R B33 6 2 R Y WA A (DR R P R

(2) BIEHS TR G FEXT i 2 A AR X 37 3% 52 Wi
W BEERIEAE BRI, A4 R B R ]

SR, TR HI R A T A8 1 SRR AR

(3) MRIBRD TR G XTI 14 S 00 T A B
Wil o A HEoA 0% F14 9 308 % 5 S5 2000 g e R 1 Al
VURHIR A LU AR B0 L B e o SR RIS Y, X T IR
— RO AL, B R 0 Bl A RN I (LR T B
P

(4) RN 0% A5 5 i HE7E A [ M 7 sl i A
TR TR RN R TR BLR, BEE AR AR S
FC RN, 25 5500 A8 W (B T 0/ )N, 3R HE ol 5% Al
10% i, ARG AU S 4 50 04 5 iR AR R 2 15%
1 20% i, AAEI A FIFE PR JZ T kBRI i) 1o A2
PR,

£ i B I AURE FLA B i 4 B AR 1) 4
JE, RES 0 35 4w bR RO RE SR AEBLRE ) o TR BT WIESE Y
0% ~20% W35 BEIE N, IR L 20% HIAR -0
B R PR Ul AR e T O N ) 5 RS



260

&3 5 o &

2026 4E45 45 %

MR A BB AL, LU % R N T B A B iR . A ik
Frif ik TRER PO BTN, B8 7078 IEAR AN R 5 1L
X St R O 7 2 T, - T A S S i 7 000 38
WS Dy W IR R AL, LASRE iy e Ak TR RO HURPERE

[ 1]

[2]

[6]

(7]

& £ x o
TH, KA, BRI, S5 ARIBURL -0 & Y AL
BRSNS ERR MR [J]. TR S5HAR,
2020, 52(5) : 170-1717.
DING Yu, ZHANG Jiasheng, CHEN Xiaobin,

Experimental study on dynamic parameter characteristics of

et al.

new subgrade filler composed of granular rubber-sand mixtures
[J]. Advanced Engineering Sciences, 2020, 52 (5):
170-177.

XUJ5 I, RdEmk, ForP. IEIRIRED S A 2R R T BE
WRIRATFELT]. 3l 5 b, 2019, 38(22) : 184-189.

LIU Fangcheng, WU Mengtao, JING Liping. Experimental
study on the isolating performance of a new reinforced rubber-
sand mixture composite cushion[ J]. Journal of Vibration and
Shock, 2019, 38(22) . 184-189.

ZORNBERG J G, CABRAL A R, VIRATJANDR C.
Behaviour of tire shred sand mixtures [ J .
Geotechnical Journal, 2004, 41(2) . 227-241.
X RG, WhESC, Rdmbk, 5. BRI EIZTEARRZY
L ERIERRSOV AT ()], MR TR S TR R, 2019,
39(1) . 128-137.

LIU Fangcheng, YAO Yuwen, WU Mengtao, et al. Isolating
effects of rubber sand mixture cushion at different categorized
sites [ J ]. Earthquake
Dynamics, 2019, 39(1) . 128-137.

MBI, P, 2, % KREIES WA R M6
Wetse(T]. AR TR, 2022, 38(3): 153-161.

ZHU Mengfan, LUO Chao, WANG Hao, et al. Experimental
study on dynamic performance of rubber-sand with different
proportion [ J |. World Earthquake Engineering, 2022, 38
(3). 153-161.

0’ SHAUGHNESSY V, GARGA V K.
earthfill. Part 2: pull-out behaviour and reinforced slope
design[ J]. Canadian Geotechnical Journal, 2000, 37 (1) :
97-116.

2R, ERAS. B RBOR AR D 1 WA R R B9 B — ik

Canadian

Engineering and Engineering

Tire-reinforced

ST T]. A4 H2F, 2017, 38(5) ; 1343-1349.
LI Bo, HUANG Maosong. Dynamic triaxial tests on

liquefaction characteristics of rubber-sand mixture[ J ]. Rock
and Soil Mechanics, 2017, 38(5) : 1343-1349.

REfG, BIRSE, MSTF, . BriE R RSG5
(], sSREE 74, 2010, 31(34 ) 2) . 3945.

XIONG Wei, ZENG Qinghao, SHANG Shouping, et al.
Experimental study on innovative geotechnical seismic
isolation system[ J]. Journal of Building Structures, 2010, 31

(Suppl.2) : 39-45.

[9]

[11]

[12]

EHSANI M, SHARIATMADARI N, MIRHOSSEINI S M.
Shear modulus and damping ratio of sand-granulated rubber
mixtures[ J ]. Journal of Central South University, 2015, 22
(8): 3159-3167.

MASHIRI M S, VINOD J S, SHEIKH M N. Liquefaction
potential and dynamic properties of sand-tyre chip ( STCh)
mixtures[ J ]. Geotechnical Testing Journal, 2016, 39 (1)
69-79.

BRUNET S, DE LA LLERA J C, KAUSEL E. Non-linear
modeling of seismic isolation systems made of recycled tire-
rubber [ ] ].
2016, 85 134-145.

DING Y, ZHANG J S, CHEN X B, et al. Experimental

investigation on

Soil Dynamics and Earthquake Engineering,

static and dynamic characteristics of

granulated rubber-sand mixtures as a new railway subgrade

filler [ J ]. Construction and Building Materials, 2021,
273, 121955.
PAMUKCU S, AKBULUT S. Thermoelastic enhancement of

damping of sand using synthetic ground rubber[ J]. Journal of
Geotechnical and Geoenvironmental Engineering, 2006, 132
(4): 501-510.

AE, HABAR, FERER, G5, RRRRIURIR & 1 3h Rtk
SRR IS (1], A i, 2014, 35(2)
359-364.

LI Lihua, XIAO Henglin, TANG Huiming, et al. Dynamic
properties variation of tire shred-soil mixtures[ J]. Rock and
Soil Mechanics, 2014, 35(2) ; 359-364.
PROMPUTTHANGKOON R, HYDE A. Compressibility and
liquefaction potential of rtubber composite soils [ C ]//
International Workshop on Scrap Tire Derived Geomaterials
Opportunities and Challenges. Bangkok, Thailand: [ S.
n. ], 2007.

A N IEAN[E R IE &, ki TR PUR B0 (2009
AERR) : GB 501112006 [ S]. b ut: w [ 3 & i hc#,
2009.

FHrif. ANSYS TS T M. JEat: ARSGHE
HiikE, 2007.

L. Ak o B 45— % ik Bl ) A LA T
FRUCREIIFID]. BUM : WK, 2014,

sE, XIZRTE, BT §7RE) S Drucker-Prager Jif Al
WA S B AR E A R B R [T ], A £ TR A 4,
2003, 25(2) : 216-219.

ZHANG Luyu, LIU Dongsheng, SHI Weimin. Application of
the extended general Drucker-Prager yield criterion to slope
stability analysis [ J ]. Chinese Journal of Geotechnical
Engineering, 2003, 25(2); 216-219.

LUO C, LOU M L, GUI G Q, et al. A modified domain
reduction method for numerical simulation of wave propagation
in localized regions [ J ]. FEarthquake Engineering and

Engineering Vibration, 2019, 18(1) : 35-52.





