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Calculation of neutral surface depth and pile-soil stress ratio of rigid pile
composite foundation considering influence of negative friction
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(1. College of Civil Engineering and Mechanics, Yanshan University, Qinhuangdao 066004, China; 2. Institute of Science and Technology,

Yanshan University, Qinhuangdao 066004, China)

Abstract: The computing method for determining the neutral surface depth and pile-soil stress ratio of rigid pile composite
foundation is studied under skin friction of pile using a linear model. A cushion-pile-soil deformation compatibility equation is
derived based on the settlement deformation relationship among different constituent parts of rigid pile composite foundation.
The distribution of the skin friction is simplified from a test curve to a linear model by taking into account the influence of
negative friction on working properties of the pile and soil. Additionally, considering the top of the pile piercing into the
cushion and the bottom of the pile into the substratum, and using the cushion-pile-soil deformation compatibility equation, a
model is created to describe the neutral surface depth and pile-soil stress ratios on the top surface and neutral surface of the pile.
Using the proposed method, the effects of various factors on the neutral surface depth and pile-soil stress ratio are analyzed. The
results show that the neutral surface depth ratio of the rigid pile composite foundation is within 0.15~0.35, and that the
pile-soil stress ratio on the neutral surface of the pile increases by 10%~40% of the top plane of the pile. Finally, the proposed
method is applied to an engineering field test and a rigid pile composite foundation model test, and the calculated values are
consistent with the experimental ones.

Key words: rigid pile composite foundation; negative friction; neutral surface depth; pile-soil stress ratio; influence factor
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Fig. 1 Variation of pile skin friction distribution and pile stress

with depth
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Fig. 3 Deformation of calculation element under overlying loads

4 HESMEERE 71X 36 fh 2%

Fig. 4 Test curve of pile skin friction

7 7

- _; _ e

|-
5 HE SN EERE 71 T 1 Bh 2%
Fig. 5 Simplified curve of pile skin friction

X fi A L S A B BHL ) oA PR S B AN 58 42
FAFT, AR AOAADL T A BE g B A AR 7 A2
Ao, L AR PR BE 75 B A6 DA 38 53 3 AT AR ELBE R £
L, SHEARE AT LE S & A . BRI, AR
KD — ik, BETACHE AR B d ok, FEERH )

K, R GUEERE R Berrum 22 -,
7, =ktanpo, (1)

A, k=tan’(45 +¢,/2), A LARKES) LED &
B oy ALK, o AHELIEESM, o Mk
L1 S T 1 G a1 T P o DU R VA E S
FRERHL g 0%, DR AR TURT v P Ak £ 2 L5 4
LML A E HE D FLA I I BE R 7(2) «

7(z) =71, (1 — IEJ , 2)

A b PRI RIERSE, ©(2) IR, R fiEE
BLT3, ©(2) WAER, FoRIEEEMT) .

2 TRMATIERIEIL
HRAR I 3 i A O VTR AR TE R R, ST R X

X
S.=8-58 3)
5p =S5,-S, 4)
S =8,+6 > (5)
S,=8,-6, (6)
A, SOMBER LR R Ai AR, S, I MITERE &

R4 e #K (5. (6) RN (3) IG5 (1),
ELSLECY
55:51+52+5p 0 (7
MIVEDE R A by FRIANARTEI, e b Pk bt 1
DR ARAE, DRI AT DR PR o 7 40 B, )
AL (7D, AP PR ER AR A BRI AR TE B
W
S, =6,+6,, (8)
S4=0,+6,, 9)
A, Sas 8, 20 T LA b AR 1A AT A £
JEAGAZTE R, Sear 8,0 730 0 PRI LA A 1) = A0
PEDE IR Hs A A2 T o

3 H%ENRE KAEL N 1 EE kR
TR ITR R ) e e 6 s, Bt o, o,
Oy PSR B 2 W A S R i 5 S (R TR A ) 3 1
W) N g o WIS A b e b 4 M A% 2 48 2 T I
R8N P, BEARTTRVE A m, WA UR5C
70,
P=mo,+(1-m)o, - (10)
LA W) A TH T Ay v, AR IE 2 ARHURE IA) 4
FATTAR, BRI PR
c,4,- (o, +do )4 —t(z2)u,dz=0 , (11)
o1, o, WVRRE 2 BRI, A,
TUARBEE] L ITHAR, w BRI A =u, /4,
L (1) 157



FE S BERH 3 KO AR A5 M v P8 R P2 B A B g BB 281

F2m HEHE, % %
do
4+ A1(z)=0 o 12
. (2) (12)

Y mui’TmuI
M | Y e

6 ITHBATAMZHEE
Fig. 6 Forces acting on calculation element
K (2) AR (12) FFERMA
AT

o, =2—1022 —Atz+C, o (13)

0
i L ERAER L, M z=00, o, =0,,
FHD R A (13), TR C —o., fCls
13) 1%
Aty

o, —72 —Atyz+0, o (14)
WP z AEWIPEREIREE N ) o,
0, =0, +Aipjozr(z)updz ) (15)

X, 4, S BEARIETTT AR KX (2D i AL (15)
HLy=u /4, G

Ty
c,=0,+tY|T,z——2 o (16)
S {0 zzoj

MR (14D, w3 A LA LR A ] 4 0
ARG, 73
Ssu = ID&dZ:L(GSZO _ﬂ
0 Es Es

) o

S, = jj%dz

:ELS(’;—;:P —%12 tol-al, +%z§j , (18)
A, B I DOE ) - R 4a i, o8 0 2
E WU 2 AU 4ifbiat, B

E - E +E5212Z+---+Esnln ’ (19)
R, Ep By B, 0% 2 10 JE 4 B0
Ly Ly-s 1R LRI, 1 A0 X )2 S
JE,

ML (16D, mIAF PR I A B AN WP BE ) B
AT, 730N
iy O 1
5, =] idz=—(az
°E E,

p 0

d
p ZDE

:L(—ﬂf ATV Py —ﬂzgj , (1)
E\ 6, 2 PR Ty
A, Ey ARIEBE R SR R .
IR o) N B2 o, ml e R ot gt
6,=c¢,(0,-0,) > (22)
L, o, APETE T2 SR 7 I R 188 ) A
%’
c,=L./E, (23)
Hp, LARERIZIRLE, E ABEIZEN R,
WP A A i RN B J2 FRIR BE 6, AT 4 B i
6,=¢, (Gp| — 0Oy ’ (24)

qﬁl/KzM .25
XA e, bEuAEH TR ENZE B I I ) 8 a) )
N, 73 (25) U0, KO bR AR R R
o AR L VARA L A IBEAR R TIAR s w R PTFE
s ZAE, AP SCHR16] A St R T K w8 LAl e B,
HEALER 0.79; Eo Mbkd LTRSS o,, o, 70l
9 S AL R TR] b S AR AR B N ) o ¥z =1 AR
(14, (16) FFH—FrFRIAEA:
:ﬂﬁ

oy 2, —Atl+o, (26)
o,=0,+ 7{1’0 —;—;lzj o 27)
0
Rl (260, (27) ARASL (24) AT
(}/+/1)1'OZ2

21,
B (17). (200, (22) AR (8) 15

0, =¢, |:C7p —o, +(y+ )yl - } . (28)

1 AT - 1 YT
Es(crslo —Tolgj—cu (o, —GS)+EP(GPZO +T°l§jo
(29)
Kl (18). 21). (28) AAAR (9) 4
L A0p Aop o) g+ 20p
E\6, 2 3
:i[—ﬂﬁ +Lopioi-oy, —ﬂzgj+
E\ 6, 2 3
2
cd{ap—as+(y+l)rol—%} . (30)
0



282 a5 oE L OB ¥

2016 4%

Kl (D AR (29) FaEEg

n=—=— (31)
o, a,
N N N N Z
Sl Oy BE TP 0 BE R E e =
Cu_/”tktangoloz_yktangDZOQ’ azzcu+l_0°
3E, 3E, ;
¥l (D AR (30) HaeH
n:&:% R (32)
o, a,
A,
3 2 2
3:i Aktangl” Ak tan gl +Z_Zo+lktan(plo B
Es 610 2 3
i[_ yk tan oI’ N yktanpl® yktangolzj_
E, 6l, 2 3
2
Cy —1+(y+l)ktan¢l_w R
21,
wrmepr L
EP EP
mpar 3D, (32) 15
o _ %
—=— 33
— (33)

Ulba, a, ap, o ABH L — I RKuE, WAL
HEE, (AT A R B Lo PAE . K o s al=l (31D
G 75 BBE T0F- Th A 1 3 g LR AL

Bt (10). (31) figfe

c =; ) (34)

D omed-m®
al
_ o, P
*am+a,(1-m)
¥z =1, AN (14D (16D 453 v v Ak +-
ISP A E ST

(35)

GPZD

- o, 20,-1t,
HIAES (33) LR fiffs 1o IO, K (34) ~
(36) A SR, 2, PP . BETCE
B N B DA rR PR A ) By 8 A v A
o

_ 20, +77, (36)

n,

4 FREERE &AL LR E R
kil
HRAS 3 Ve PO AT S, RIRERES A e g
PETTRBE BT L L 5 2 RN AT K. O T Hok %
PRI o0 e P T R E BB 0 AT LR B0 BB S

PEMES S, MIVEREPIEE D2 24 =10 m,
BE42=0.4 m, %5 =2200 kg/m’, P HHE=12000 MPa,
Hia =02, 2. BER L. FENZWHE LS
A1, HAbTHES ) LERECO 300 kPa , #%
HIRIEEE Dy 300 mm, HERIEE 2.0 m, A2 FEEA
16° o ASCH G IRUHHREZ TR AR B L PR,
BEAR S BRI A A . A RO 6 DR 00
TRIE B N g LG R 2 o VS AN FE 4 R 2R A LS
IniEEm, RUCASE AR, RES 3 TR A
AT PRI EE L Ch PR TR S S AR L AED |
TGPt Y 7 B DA A P AR = N g L
F1EBE. iEL. TENEZMEDESH
Table 1 Physical and mechanical parameters of cushion, soil

between piles and underlying layer

BT WS

pope AR oy EE

/MPa /(kgm?)  /kPa /(°)
Ay 40 0.3 1950 — 35
A1) - 18 0.35 1900 30 20
NN 18 0.35 1900 30 20

Ve RN R, RN % )E HIBUE i
4.1 BREEENPHEERE RN AW

WEH R R 2 SIEC 100, 200, 300, 400, 500,
600, 700, 800 mm, HABTHEZSEFLFTITHE, 251
THEAS [ 2 JE S A M TR T Bl S Y g Ll 17
B, WHEERWE 7, 8 iR,

0.28 -

R TETIRBE o/
o o
N ]

o

N

D
T

0.20 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800
PFHE R /mm

7 FEEREE X PR E R E RS0 ih 2

Fig. 7 Curve of cushion thickness vs. depth ratio of neutral plane

—— PRI A ) b
—o— kLR ST L

100 200 300 400 500 600 700 800
PEH R mm
8 HERZEE XM+ [ /1 b RIS/ il 4%
Fig. 8 Curves of cushion thickness vs. pile-soil stress ratio
R 7, 8 W%, BEAGWRIRZ LR, ik
TR BELEHGE R, B LN g B/, F i R s #8312
WO, VAR R N AR RS AT BRI . A%
£ L SN | NP1 Y Ayl = ey NP L1 W A = 9




El;
S
]331:\

A2 4

S5 RN PR PRI PR 525 i v P PR B A N ) v B 283

NIRRTy R, GUFTERZE; MBEE R K
I, AE N T EE AR CANTR R, BRI R 2
JEFEAMEASBE YD W PEAE AR R A28, 3823 in KA )
LA AR, BB B R L AR R B AR
MR Kk, fETRENHR, NiZMNLTFMEME
PR A AT B LA T T S5 5 % 08, BE &4 1)
VR
4.2 FREFESNPMERERMELN N LLAFE
PR BIE 2 BIEL 10, 20, 30, 40, 50, 60, 70,
80 MPa, HATHH S EFaymHUE, 25k AR ¥E
HOZ RN P R B L R N T LRI, TS
2K 9, 10 fis.
028

0.26

=]
[\
=

PR EREE o/ 1
o o
8 B

o
=
%

0.16 I I

1
10 20 30 40 50 60 70 80
R /MPa

9 BEEREX PIEERE RN 2k

Fig. 9 Curve of cushion modulus vs. depth ratio of neutral plane

MRIEIE 9, 10 /%0, B PRERE G, +
TR LR s A N I B WA L 28 NP R O 3 P b
RSB R, D2t AR A, AP T 1) 8 J22 8 3R R R A
PN AR, P EETI N ), R B
Ko AE RN,y TAERE) + 7890 2 LR 3 T
Y, WEFE5 BN SRR, ARE -+ N ) EEAEGL K.

—=— BT AR S H
—o— rp AR A By HE

10 20 30 40 50 6 70 80
PR ELR/MPa
10 BRERERENHE L N LR R IRk

Fig. 10 Curves of cushion modulus vs. pile-soil stress ratio
4.3 MRS AR ERE KA R 0 EE R

PEKSr5IEL 10, 14, 18, 22, 26, 30, 34, 38 m,
Ftb v S BHL AT, 2 A EA R R Ak
TR 88 LE S = 8 g LR, TR R 11, 12
Fis.

WA 11, 12 771, BEAERECHHER, ki
FELEE AT 9N, AR SRR D A B 2t K, B K
G, PEIREE R . 35h, BEEMEKIE R, M

LN B R, (BB S A AT A
T RAFREARI R AE ST, EEOE I — e i),
BERHER T BEA AR B RE T I3 i AN ]S PRIt
FETREN HIIN, BEA LAy, Nz A BRI
P A 800 PO AT AL DU B ZOR IS T TSR 5 %5 18 A
T K.

0.26

S
o
i

PERTEIREE o/ ]
8

10 1:1 1I8 2‘2 2‘6 3‘0 3‘4 3‘8
A /m
11 A3 PR E R R0 gh 2%

Fig. 11 Curve of length of pile vs. depth ratio of neutral plane
48 -

— = — BETHCP A - b
—o— F kTR Vg b

20 1 1 1 1
10 14 18 22 26 30 34 38

K /m
12 FEACHSHE £ B2 77 b RS20 ih 22

Fig. 12 Curves of length of pile vs. pile-soil stress ratio
4.4 MEREXS AP EERE RAE LR BRI

BEFESY I 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 m,
CEHESHELATIIIE, 2 SRR R ki
RIS L Sk 8 ) B ROAEL, T R A 13, 14 P

MY 13, 14 W51, BEARIEOR, kiR B by
Ko BELN I HCIE/N o AERETIEE—E ), AR
MR R A HIEE AR, A A 48 ) 28
Ko AHIZIFAERBE AR S22 K. Rdk, MRk
NI, BETIN T AR, BE NI LRGSR
RIEACAEME ) 3 A T8 I3 R A AR B RERIME Al 22
BRI DL I, #E TREN I, HEAR A,
(BB AEBE,, & PR 20T, SCE A
HRETTER

0.28

o
)
=)

=4
[ ]
=

o
N
N

PR PTG o/

o

]

=
T

e
[N
oo

0.2 03 0.4 0.5 0.6 0.7
A2 /m

13 HEFEXT AP R B A B2 il 2%

Fig. 13 Curve of diameter of pile vs. depth ratio of neutral plane
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WEEL 2.0 19.6 30.0 12 8.0
R 22 20.0 2.0 30 30.0
WL 3.9 19.5 40.0 13. 12.0

A TRERI A S 5 13 22 1E 7 TR AT, JRis A
WAL TEATHE, AR KIS A TR e bk, i
Bt £, =3.15x10° MPa , #Ef2d=0.6m , HE ]
D=2.1m; PRI LEE 000 BE 1, Bhmks )24
A, RO R L BEERE A =025 m, K
GitiH E, =45 MPa o %5 A ML TR 8O REEE
41 600 kPa, 1EHY 3 #RAEREAT 3 1B AR, X5
K IngksE ol 1200 kPa, 43 12 2Nk, o —RpE )
p - s W& 19 fros.

plkPa
0 200 400 600 800 1000 1200
T T 1

10

19 ESHEREIRE p - s HLKE

Fig. 19 p - s curves of load tests on composite foundation
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Table 3 Comparison between experimental and theoretical results

B oppg BMEDCPHBE LRI pgimgy ki

151 /m SR W BRI WL
1 8.8 11.8 13.3 17.6 0.31
2 10.4 13.1 14.9 19.1 0.28
3 11.7 13.8 15.8 19.5 0.27

MR 3 208, BETVCFIORE 18 ) kg (i
WA ZER N, WG MR B TR T oe ik
HPE TR FE AR PR TR R 7 b, VR S 4 3
HEAT X LE, (RAREE TS v &, R VTR FE LU A 0.3
Ao, AR TTAE b N A AT IO T Y g L3
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Fig. 20 Comparison between calculated and test values of neutral

surface depth ratio
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Fig. 21 Comparison between calculated and test values of pile-soil

stress ratio on top plane of pile
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Fig. 22 Calculated results of pile-soil stress ratio on neutral surface
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