) PR AR (A ARBE AR
2024 42 H 56 54 5 1 B, Feb. ,2024,Vol. 54, No. 1
p Journal of Northwest University ( Natural Science Edition)
I INWU

- TR RE

AR T EXEERE RS RN

T2 e B 2 A A

(LT INER BT TEBE AR A IR LA T 51001052, P25l R~g k=g e H AR T B,
BEPE PE722 710018 ;3. PSRy NEFREE SR TR e, BPY 7522 710049)

WE MTEBBRLEZFAIRPOREEAL LR PSS REBR K AR X5 EE
B AR AT B ARk AR RIS R AR A BT F, A TR
e EAR A AR AL, TR T IR TG ek b B K95 AR R 0 T MAR R R I AT R K35 JE A
EERGER L E TR REIE LS T HAE, SREAW . HEHOATEREL L
503 Rk F LR, L8R TAEA K I B T AR 8] RAF e 80OR ; KB AR E R
PR SR R N B AL ME G dh ) EAETR AL R T M, KA B AR FRAKER ) B A
TR HESH L) REIE K Bk LIZRIBRG G a4 ) B3R F @ 2“D” F A 454, 4
Fr i KB R] 64 3 e AR TR T M M S TR A SR SR 1R 3 e e K, b B AL R R BT e A
FHB,

KEIR BraE Rk AR R ERA

mE 4SS TU444  DOI:10. 16152/j. cnki. xdxbzr. 2024-01-011

Model test on bearing characteristics of long-span pile

foundation of collapsible loess foundation
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Abstract The long-span pile foundation in the development project of the superstructure of the urban depot
has the characteristics of larger vertical bearing of a single pile, and the soil within the large span between the
piles is lesser stressed. Taking the long-span pile foundation of a depot of Xi’ an Metro as the research object,
artificial collapsible loess is prepared as a similar material. An indoor model test of long-span pile foundation
in collapsible loess layer was carried out. The load transfer mechanism and deformation law of long-span pile
foundation in collapsible loess layer were studied. The results show that the prepared artificial collapsible loess
is close in nature to the original loess on site, which can achieve good results in the application of model tests.

When the long-span pile foundation is not flooded, the load-settlement curve is steep, and the axial force of
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the pile body decreases significantly near the top of the pile. When the ultimate bearing capacity is not

reached, the pile top settles and the pile end resistance increases linearly. After the loess is flooded, the axial

force of the pile body is distributed in a “D” shape along the direction of burial depth. With the increase of

water immersion time, the pile top settlement and pile end resistance first slowly increased and then increased

significantly, and the neutral point position continued to move to the lower part of the pile body.

Keywords collapsible loess; pile foundation; model testing; negative friction resistance
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Tab.1 The mass ratio of each component of artificial collapsible loess B %
e Ak bR [l K TolkEh FAkAS
fick 1 25 35 30 3 5 2
Bic bt 2 30 30 30 3 5 2
BLEk 3 30 35 25 3 5 2
BEEL 4 35 30 25 3 5 2
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Tab.2 Physical and mechanical properties of artificial collapsible loess and intact loess

A ComkE W wmR o R AEEEMR EHEM
R L A T TR T e U0 T e HARM
ftte 1 2.72 1.09 12 25.5 15.4 10. 1 26.23 24.43 0.43 0. 088
BEkk 2 2.68 1. 06 12 25.5 15.7 9.8 19. 65 24. 94 0.45 0. 083
fic ke 3 2.73 1. 10 12 26.2 15.9 10.3 27.21 19.74 0. 39 0.075
fC Lk 4 2.76 1.12 12 26.5 15.8 11.7 22.18 22.11 0.45 0.077
JFREL 2,71 1. 08 12 26.3 15.8 10.5 28. 34 23.71 0. 38 0. 083

KR RPR SRR A (E 8 T 4, 4 SOH ] .
gt e L RN BRLTA ST W o = AN W W
2 REENAIEHE R WHUR R
AW
DV 22 1k R 4 A0 B R i B A s it Ay 4K [ ] ﬁf]
FE L S ATBLELAMT , % RS I 07 M B0 R B e
Tl SR A N85 A , ST 1 2 P [A] LB A AR A 7Y
Horp U BERL AR RILE A 1 40,
2.1 EEFEEES
RREAUAE S 1A P o R B A AN A, A BE
o 5ok A AL B A P o 2 i n 2 ke B, A AR
FESNIERT A SRR K/ 2B AT, B
R B RS TR 0 1 T R 4% ' 80 .em
MEEFRUHE SIS R B 152 40 em 8L HE Y8 HAE A HF P10 T % R
H)2, AR 35 em AT H1 5 BT 1, Fig.1 Schematic of the section of the model fill
TR R 1.3 g/em’, HKEN 12% , Fo e 2.2 BEEEANEE
AR (25% ) TP (35% ) =l 1.(30% ) (K TGRS R A 16 A AL 3 B 1) 4 T 8, A 65
P(3%) T (5% ) EMEE(2% ) , Hh Btk om, BEFE 2 om, PERLRE 3. 1 GPa, 7RG R
L HB Ay T 20 8, BEIE e B s Z R A e, R JIARAEIVE, RS 10 em x 10 em x 3.2 em, FEAHE
ILIEH 75 em, BEvEIE A FESEE 8 4 )2 20 em, FER b AR B A AR RO X R B B A R, A R R

35cm

H-sH >~

20 cm

H B ER

20 cm




- 96 - (LBl QSR S)

554 &

3d(HEAR) o TE ARG BE R 1f1 X AR BRI 10 4>
AR R BEAT A B i 0, BARA B AN 2 R
HT TR R B R T, O TR EERH A
B TREAE 5 8 b A AR Jl i B S I 26
BFNAERE B iR 2 — 2 L

| - - - - -

E g S
g R - e
: - Toos T

18 cm 12cm 15cm 9cm  9cm Ez:m

B2 AR b R
Fig.2 Strain gauges application position

2.3 BRI A RIEIT
2.3.1 RZARE T KI5 AR R RARE KT

S (RSIHMERI AT |, ot
HEATINAR, 56—z 1 kN, S5 2L 42 0.5 kN,
hnE s kN,

BALGR A ARAE R AR T « 24 R A g R Ay 2t i
0.5 h J5,#%42:2 h NUTFEE AL 0. 1 mm B, 7]
JiE T — 2 A 22

LRSI 3R 2 TR B oK
AR, B R 4T MR B DO R T B2
far g F OISR 2 %, H— RN DR &R IR R
FEARASET, BIAT45= 1k 8 .
2.3.2 RARETRE LS GHERE

TIP3 2 AR RS TR R B i A
FRARZL 11 50% | g fa 8 e pnifE 5 2. 3.1 4y
AHIH

FEHEAARTTRE IS 2R RS G, JF IR P K #%
IR 222 H AR K, o O AR Z5 49 1 58
Bk, BIRWIKZE S 2R 0.5 em, FF7K ]
FEEAE S h NS I, REATIA R B RIAE Y +
LR IR B FIIRAS , I 1R 7K o
2.4 KIHELERE
2.4.1 #MGIATHRE

HR AR A B A B B3 A8 B FO AR B B i
FE S A B B ) ) T (1) T

o, =g xE (1)
o, 1 JZR 2 LE B9 AE B N g, B3k kPas
& N IE G WIAE B N A8 5 £ A A5 TR A Fg st A
BN kPa,

D= g UL AR R RN W)

N, =0, xA (2)
AN, O B JZ3R 2 A HEE R T, A kN
A Shy B TR A f A A T 1T A, B0 O mm® A =

0.25wD’ ; D FERBERINEIESR .

2.4.2  HEE Iy S RIE
PEAE IR 2 AR B0 L T3 A 08
dn,
ST axDxd: )

Arer, L JER 2 A BIREMIEERH 7 , 5437 kPa;
dNz SRR dz TR Bl FRAh KN
R A A 1 A TR AT 6 s 7 A8 e ) A, A
JEE BHL 3 -~ (B 0
N; =Ny
T, = (4)

m XD Xz
A e, R RIAEAE (A2 i B A A0 JEE L ) - 2
{6, FAEA kPas N; ARETINERER S @ Btk B il
I3, B KNz S B

3 RRAERSH

3.1 RBACIKZES T HEEAR FRA L 145 153
3.1.1 BRI v & 0

RS RN A 3 B, BETI T 2 2 N 2 =
5 kN, MR AR 2 A B8 22 1 7 2 TR (Q-S)
2, s 4 FR .

3 kg
Fig.3  The process of the test

FrE/KN
0 1 2 3 4 5 6

—a
[
B
B
L

W B/ mm
=

B4 HE S A R -DURR h 2%

Fig.4 Load-settlement curve of pile



1

X/ S B P M B R R AR A AR T =97

TEE [ 4] 280 A9 1 TR, Q-S il 2k O BE i L
FEUE 180 O ~ 4 KN IR A8 T00 350 A {8 It 5 5% 1)
A0 PR S AT A 30 0 5 7 88 ) i R 4 ~ 5 kN
IS BPETHUITC e ELAV R I, Ao b A AR BB . 218
[ ff 28 4 kN I, JUREAE 9 3. 07 mm g 5 1 [i] £y
B 4.5 kNI, JUREAE N 5. 07 mm 20 %5 [i] £ 2
'S kN i, UUFEAE A 15. 44 mm T 1168 1) 47 2
4.5 kN IPHETITC R 1 2 % kR Al ) A0 FR
HRETI 4.5 kN, BELERMK =2 1FFIPEHE
fil 9 28 1) AR B RFAE (L 2. 25 kN,

3.1.2 Ak db Ay 5 AR BT A 547

S (P 6 3 S5l Dhg Ak B Al g AT A2 BEL T
DT W R A2, A S RIE 6 R, Bl
R AT A K AR A [+ — o7 A A A E L
I RIHE B ik 77 Ao R 0 K 5 AEATE B 1 il T T
B, HEMIEE BT S 45 A L A58/ s AE AR B 358, b
T3/ IR BERR , WA B BEL 3 22 K
ﬁgoﬁéjj/kN

0.0 0.2 0.4 0.8 1.0 1.2 1.4

00 T T T T T T 1
-0.1
—&— | kN
B2 —¢— 1.5kN
& —A—2 kN
= 0.3
% —v—2.5kN
3 kN
-0.4
3.5kN
—e
05 4 kN
—®— 4. 5kN
-0.6 —*— 5 kN
(SIRIEE i
Fig.5 Pile axial force distribution curve
0 B BH. 73 /kPa
0 10 20 30 40 50 60 70
0.0 T T T T T T 1
-0.1
—=— 1 kN
-0.2 Sh-e —e— | 5kN
g —a— 2 kN
#w -0.3 —w—2.5kN
¥ 3kN
-0.4 3.5kN
—>—4kN
-0.5 —o— 4.5kN
i ——5kN
-0.6

6 AEANIEE R 201 26

Fig.6 Pile side resistance distribution curve

TE_EFAT AR SRS A TR e %

FE ] SR o Ak Bl 368 o A 28 RHL 7 12328 59
SR A 2 e R T gy 2803 7 ] R A4, B
b B TR BE TS IR , 7 A M- AR RS AT S A4
S BB TE 17 T O IEEERE T, P A BT AR TE o
3.1.3 AR M

&7 Sy ks B BN BEL ) 78 B AR A 24
TR 2o Bl bR AR 3G K, RN BH
RN K HL B8 ] fr 20 (H 80% 7047, Mk s BH )
ARG R H. 7 BB ]y 2 (H 20% Ao . AR
A2 BT R T B B AR BR A T ) A A BE
WARTE BN Gl ATl N 11 N il e g N
RAETTOIREIR R # e J1 TR

09

—=— i )
0.7F —e—{llFE 5

0.5F

0.3F

MIBR 7 = ML 73/kN

0.1F

1 bR 7 28 7

0.0 : . : : : ;

0.00 0.25 050 075 1.00 125 1.50
AR A TR /KN

V7 AN [T TOUAT 8 o A7t BEL T R RE g 1 56 2 it 2k
Fig. 7

The relationship curve of pile end resistance and
side resistance under different pile top loads
3.2 BB THERTREIRIFEST
3.2.1 BAKRKRETHER-THE G X5

& 8 iR ACIR A A T TR Bt 1] 114 22 A6
Lo MR TH SR04 2 A FE 1) 88 ) 7K 2K T R AEAEL
2.25 kN J5, HETRPTFE(EFR E M 1. 83 mm, 7ETF
IR KT 8 A FE TR 5 A58 /0N , YUK 1 I B ]
ARG I HAEK G218 ; NZE 8 h 1 20 h, JifF & 2
EHEIN, 20 h Z S HEIE R TR RS EIR S, B
BT VIR FRE o

B E)/h
0 4 8 12

16 20 24
0 T - )

sl

-10F
-15}F

W F# /mm

20k
225k
230l
8 BETILRE S 3K I ] H 2k

Fig.8 Pile top settlement and immersion time curves




- 98 - (LBl QSR S)

554 &

3.2.2
E o

Ak B¢ %k o 55 A A FEE BEL T 43 A itk 2 53] DL T 9
FE 10, HEAEERH T2 O AL RP S b fi 7 8 . 2
K4 b, kB il g il R R A B 2 B RS BN,
I D7 RIS 5 AN EE B AEAE T N
IR, YR B KRR S WA AR IR Ty 1) 32
W, A B IE EERE 75 bk AT A SR
0.08 m b, Bl /KB RIS, AR 7 B2 BH g
FEXERIE T ) T4, rh e a5 B ) A
TSRS, RK 20 h 5, BIUAR N AR K
TR, A7 EERH Y8 BRIl ek, Ak s B AR IR
KF0.35 m, Pk SERBE LR 0. 63, BEFIESEA
B PH AN ESHIATLRKEZL R
0.34 ~0. 85" | A B Ay LA ARTR

BE 5 1 J1/kN
0.0 02 04 06 08 10 1.2 1.4 L6
T T T T T T 1

R E T ARG 4y AR LAy B Pk

0.0

—=—0Oh

-0.1 | —e&—4h

+8h

-0.2 —v— 12 h

g 16 h

w -03 F 20h
-04 F
-0.5 F
-0.6 -

B9 BRIKCIRZS T ALY Bl g 73 il £k
Fig.9 Axial force distribution curve of pile body un-

der water immersion

& L /kPa
-60 40 -20 0 20 40 60

J—l | .I
0.1+
L_i”

0h -0.3 4

——4h b T 17
D 044 [I |
——12h

6 05+

20h
-0.6 -~
R /m

B 10 BRIKCARZS T BN BHL ) 70 A1 T 26

Fig. 10  Pile side friction resistance distribution

curve under water immersion
TERRIGAR T IR K )G, BT = N B ALA]
R N T J A R ENR T K e S kA
FNUL, I, SR 2 PR R TR R IR R

T TR, A0 2 18 52 20 A & AR ] A
T3, 77 A A EE BH g, Bk B il g o i A S 5 T 4
Ko A=K E] 3G, 185U A 3 T8 A 7K 5338
Wi OB BV T AR N T B kR
MRBAARTE | R TORE i K T B R
I A0 70 2 BEL 7 1% 0 L B s 1) 1] T 4 K,
= DARIERT S /5ty NP < B Rl N T w2 9 - (OB
FE 7 BE A SR T3 O, (H A AR R0 B M 2 Bl 2 R
JTHIRE RTINS, BRI, T 7 A B R A
EEE B o 2 NS BT (i aa ORI VR 8 WA N st
FATC R (0 T /0N T B B T 38 L, A0 /28 L 7 e
R IR F A
3.2.3 A 5

TH A A ) R S A TR K TR
REL 70, 25 SR UL 11, 127K EE 2 2. 25 kN
(FAARBERIBETR AT 2 0. 562 5 kN) I, AR
M BH A7 o5 % ] ff 2 19. 5% . Bt 45 15 7K B ]
MYIGEC  RK W ME v BHL ) G218 14 K, 1=K s 15 )
WEWER . MUK E 8 h, WEuiRH 7 & 8w far 2k Y
35.6% ;47K 2 20 h, Bk v BH Sy 7 % 1a] i 2K 1
92% . 7K 20 h Z J5 78 A K 0k v £ 25 F 67 2R
BHIVERT B = A B K TR, B0t R 1

FHE
0.8r
—=— IR
2 06 —— fUBH S
S
o
I 0.4
=
Ry
g 0.2
0.0 : : : : : )
0 4 8 12 16 20 24

15 7K B JE)/h

P 1L kOB g s BEL g Bt K B (1) 8 A P 56 2 2

Fig. 11 The relationship curve of pile side resistance and

end resistance with water immersion
A\
4 ZHiP

1) JEHCEL fiy 41007 0 s e £ K8 Tl
AL R REA B, DURUIR BT A AR L
PR IEER IBPERS R BRI RS 4 R
ARG R BEES BN S S, T SO PR
F] At 55 JUTR B 0 B 2 S AR P v



1

X/ S B P M B R R AR A AR T 99 -

£/ 1IN BRLTAEY 4 Y o

2) PRI P A B B s FERE B BT
WERLTE AR B B R/ MR EE R . TEAR A B
BRAR B T I, Bl L T A 384 K, Ak THUTL e Ak
S BHL 7 A3 R H AR N 5 s W FRAR BT
TSR Ak s L S 2538 K

3) AR KA, AL T - B I (] A2 A /)
HAHESE I, Bk AL — 5 S Bl A = A S EE R 5 352
JK PR G A RE TR ik B I ] TG o v R
BN S T A 8l BRI A, s
(T PB4 — 2 Ak, 15 1) i 2R R AS
Uit L) A MESE AR S S5 I HL 24 h Rk
PURSAE o ARMALE SR FUNR A Y B IR RO
FIRB IR

S 3k

(1] Tz, EESTBIAREE L S35 PCa H B A LA
WFFEL D] iR - V4 R 538 K, 2007.

[2] TOMA T M. A model study of negative skin friction on
a fixed base pile in soft clay[ D]. Edinburgh: Heriot
watt University, 1989.

(3] A=sm, T 0, K, 45 10 29 5 B 5 s 2 8 45 44

BB BRI [T ], %5 £ J1%,2015,36 (S2) -
252-258.
NIU Y Q, WANG X, ZHENG ], et al. Experimental
study on the anti-seepage effect of the new structure of
lateral confinement anti-seepage subgrade[ J]. Chinese
Journal of Rock and Soil Mechanics,2015,36(S2) .
252-258.

(4] REEAA:. ERESR T 7 RE 428 ) IR B F S M 22 30 2 5
[J]. /KB T ,1997(5) :54-58.

LU M S. Experimental study and empirical formula of
negative friction on pile foundation surface[ J]. Water
Transport Projects, 1997 (5) :54-58.

[S] FJRME, BRICHR. Wb 1 o % v 3= 3 osi s 67 e

FEL3 8 kR AR S T 7 [T ). Tk i 5, 2021, 51
(5):151-157,144.
WANG Z H, CHEN T L. Experimental study on a new
pile type that actively reduces negative friction resist-
ance in collapsible loess foundation [ J]. Industrial
Construction,2021,51(5) :151-157,144.

[6] ASSALLAY A M,ROGERS C D F,SMALLEY 1 J.
Formation and collapse of metastable particle packings
and open structures in loess deposits[ J]. Engineering
Geology,1997,48(1/2) :101-115.

(7] Rem s, SR, AR, S5 B BLIEURE B AR B0 RHK
BmtFE L) ] AL R 24l ( H AR B RR) L2015, 36

(1) :138-142.

KANG X T,HUANG G,DENG B Z,et al. Experimen-
tal study on similar material for simulating raw coal
[J]. Journal of Northeastern University ( Natural Sci-
ence) ,2015,36(1) ;138-142.

[8] LAWTON E C, FRAGASZY R J, HARDCASTLE ]
H. Collapse of compacted clayey sand[J]. Journal of
Geotechnical Engineering,1989,115(9) :1252-1267.

[9] BASMA A A, TUNCER E R. Evaluation and control
of collapsible soils[ J]. Journal of Geotechnical Engi-
neering,1992,118(10) :1491-1504.

[10] FE3CE. RIS S5 ) AR [ M. 5. vy
T ACTE K2 A, 1998.

[11] DS, ZARA TR 58 55, 45, 357 AL Ml 5 g~ A 3

SR BE R B BE I [T, 5 A 1o 5 TR AR,
2006,25(9) :1842-1847.
WANG H P,LI S C,ZHANG Q Y, et al. Development
of similar materials for new geomechanical model tests
[J]. Chinese Journal of Rock Mechanics and Engineer-
ing,2006,25(9) :1842-1847.

[12] SRIEEA, EIE, BRI, 45 W R 1 5 A AL 0 A

BRI [T ]. 5 1 5 TRk, 2013, 32
(S2) :40194024.
ZHANG Y J, WANG X, LIANG Q G, et al. Develop-
ment of modeltest similar material of collapsible loess
[J]. Chinese Journal of Rock Mechanics and Engineer-
ing,2013,32(S2) :4019-4024.

[13] WAFFSR, RR VL, W€ . &5 #1828 T e
V] B A 15 TR 4, 2004, 23 (24) - 4142-
4146.

HU Z Q, SHEN Z J, XIE D Y. Deformation properties
of structural loess [ J ]. Chinese Journal of Rock Me-
chanics and Engineering,2004,23 (24 ) .4142-4146.

[14] WANG T T, JIANG B L, SUN X J. Train-induced vi-
bration prediction and control of a metro depot and o-
ver-track buildings [ J ]. Buildings, 2023, 13 (8):
1995.

[15] LIANGR H, DINGD Y, LIU W F, et al. Experimen-
tal study of the source and transmission characteristics
of train-induced vibration in the over-track building in
a metro depot[ J]. Journal of Vibration and Control,
2023,29(7/8) :1738-1751.

[16] TAO Z Y, ZOU C, WANG Y M, et al. Vibration
transmissions and predictions within low-rise buildings
above throat area in the metro depot[ J]. Journal of Vi-
bration and Control ,2023,29(5/6) :1105-1116.

[17] FENG Q S, ZHANG Y L, JIANG J, et al. Field

measurement and evaluation of vibration in different



- 100 -

(LBl QSR S)

554 &

(18]

[19]

(20]

[21]

[22]

areas of a metro depot [ J]. Earthquake Engineering
and Engineering Vibration,2022,21(2) ;:529-542.
CHEN Y M, FENG Q S, LIU Q J, et al. Experimen-
tal study on the characteristics of train-induced vibra-
tion in a new structure of metro depot[ J ]. Environmen-
tal Science and Pollution Research, 2021, 28 (30)
41407-41422.

Z0U C, WANG Y M, ZHANG X, et al. Vibration i-
solation of over-track buildings in a metro depot by u-
sing trackside wave barriers [ J]. Journal of Building
Engineering,2020,30:101270.

TAO Z Y, WANG Y M, SANAYEI M, et al. Experi-
mental study of train-induced vibration in over-track
buildings in a metro depot[ J ]. Engineering Structures ,
2019,198 :109473.

CAO Z L, GUO T, ZHANG Z Q. Vibration measure-
ment in a metro depot with trains running in the top
story[ J]. Journal of Vibroengineering,2017,19(1):
502-519.

PENG H, PANG F Y, LIZ C, et al. Study on the im-
pact of a metro depot cover structure on the existing

metro structure and additional settlement of tracks[ J].

[23]

[24]

[25]

Buildings,2023,13(8) :1914.

MRERR, HRAE R, IKES. AR &L M M E=
RIS W oE [J]. &+ J1 2%, 2013, 34 (8) ; 2231-
2237.

CHEN C L, SHAO S J, ZHANG Z. Study of artificial
structural loess under true triaxial tests[ J]. Chinese
Journal of Rock and Soil Mechanics, 2013,34 (8):
2231-2237.

i N RN D5 A & it 5. SR AT A DU
HARMTE  JGT 106—2014[ ST. Jb 5t o [ 25 Tl
H ikt ,2014.

B, WRIE DL, AL, 4. R JEEE A HE R I 1
G B AL TR RHE 1Y) KB 37 K i e i o [ 1]
4 TR ,2006,28(3) :382-389.

HUANG X F, CHEN Z H, HA S, et al. Large area
field immersion tests on characteristics of deformation
of self weight collapse loess under overburden pressure
[J]. Chinese Journal of Geotechnical Engineering,

2006,28(3) :382-389.
(/% B F #)



