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Settlement research of pile groups in layered soils based
on virtual soil-pile model

XIN Dong-dong, ZHANG Le-wen, SU Chuan-xi
(Geotechnical and Structural Engineering Research Center, Shandong University, Jinan, Shandong 250061, China)

Abstract: The reinforcing and restraining effect of pile groups and the soil deformation under the pile tips are the key problems in
settlement calculation of pile groups. However, the research on pile groups settlement is insufficient and needs to be continued. The
reinforcing and restraining effect of pile groups was analyzed using the shear displacement method. The relations of settlement and
axial force between bottom and top of each pile in layered soils were deduced by the load transfer method, respectively. Based on
virtual soil-pile model, the calculation formula of virtual soil-pile length was provided. The relations of settlement and axial force
between top and bottom of each virtual soil-pile in layered soils were obtained. Flexibility coefficient matrix was ascertained by the
boundary conditions and the balance equations of pile section and virtual soil-pile section. Pile groups settlement was obtained based
on different pile cap types. Lastly, case study indicated that settlement predicted by the present method agrees well with those
measured from real test of engineering cases. The proposed method has high accuracy. The research played a complementary and
promoting role on the development of settlement theory of pile groups.
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Fig.1 Settlement calculation model of pile groups

(6)j b2

BIFL L, 3 AN EEE R LS, r Atk
PR RE AR, 1 D P AT B R AR P P Lo
Q -~ Q7RI HE. | BEFTZ I T 2K o

NEA AT, R AR R

(D BRSBTS B & e+
LR K504

(2) HEJH AR BRZ BT, BEAk S HE
AR AFEME LR B FEZ AW
TALFE AU T 51 EE AR ELAE

(3D FEAEAN R A 55 A0 A 2 [A) 42 B2 P 5 3
Fefnh o
3 BRI

i MRS TTRE s, BRI R —3B 0 | B AE
PETHAT 28 Q, A FH F 328 R& A BBl j W 0 75 5 B8 73 2%
T P AR R s, Al L@) s iR
Bl J AEAERETUAT 4 Q, 1 T 518 i I S5 3 v
ROSETT SR AT s » W& L(b)Frm. i BER)
SUTEE N

S =S; + i S; D)
j=Lj=i
31 WHsi

AR 0 ) 7 B vk S 3 B 3 5 2 SR (10058847

AT, AAs IR AR

N Tl r N[

— _"zi'0 m 0 m
Si =So— 2, ASo=—"22|In| |- > =ZIn|-
N G, ) im=ily U

(2)
X s N i BEFERET 3R Q /TR, AN pE A [l
PERTRZMRI IR DTRRAE s As,, N BEREOAETLEXS @ #F
IUTREHTIRAE s 7, 9 | BERETISZ A7 28k Q, /RN, 7E
HAETREE z /b= A M BERH 775 G, NIREE z &b+
RBTUIB R, G, =E,/[2(0+ )] » E, ALARsER
i, E, RAIN AR EFIRRHE,
TARERALL: v N EARBIYIAR TR S AR .

A emr ™ ¥ r AT U (12~24)r0 B $%
Randolph 2™t @i AT r, = 2.51p, 1— 1) » | A
W, p, NEAEAS R 5L, IR ATE 1.0,
o BY IS i R B AR K AT Y 0.5,

R A 3o e 2 ), ok iy oy R ko 5 A
W ARSTIVE 27 a3 Wl

E,A d%gz)_ K,;Si =0
ds,(2)  Qi(2) 3

dz AE,



2370 Eo R S - 2017 4
R B, NIRRT A BN EOR 1 HE R Csi(2)
WA Q (2) 4 i MERETIZ r 4 Q 1R IR, VR FE 422 aisi =0
2 0 BERE BRI Ky, 9 T BB S ds.(2)  Q(2) (
SR RBL KRB dz  AFE
X E N TMESEE, E = (1— u)E/NQ+ 2)(Q-

K, :2nGZ/[|n£I[:J Ji I"ln[fjﬂ D )

KR (3) 18, IREE z &b i MEME B AL RS AN fh
MR

A R L I

Refts Ay =k (EAN? s ov ¢, IAEERHL

HONREHEERS, FHEAEEENA n 2L, W
WFE an B HAEE m B RER Y h, WA

55 m B IR TR S 058 R AR
si(z(M) | [t t,] |si(2(0)
{Qn (Z(h))L : Lis ‘ijm {Qn (2(0))L ©
Hr
{tu t} RO e S
b hedn | g A4 sh(4;h) ch(4h) |

P

K B BOMEAE BF (6782 M1 A 77 5¢ R 06 B R i -
BEATIENN, FIASHERR . THUCRE S48 RAERE

sl tle @

Hors
T Ty A R
{T.g T, } H[t t} o
NT AR s, (1) i 77 Q, (1) » FHEXT
RE LR AT R AT

i T2 QA I, HL R A A ) 7
FE 7 Wb AR M BEREL 7 2 o T R bk 2 ()R A7 7E A
5 5 2 A R, AR BT B v SR e 49 1
F A7 A R A

!
7, r
i,i: ZIOIn m
Gz rO

AR B e 3 R SR B, e b S R RS 0
JiRER AR 715 LR R R AN

S (10

2u)l, E NTHAAEAE; Qf(z) v i HEMETIZ A
BQ TEHIN, TRIE z Ab i BERRE T HEAE S A 705 K,

i A AR A A A R R AR P S5 I &R
#, HAHEAAXA
K. = 21G / [In(rrmD (12)

KA (11D FIIRIE 7 AbRE HAEHE S AR A
i A3 A

Si,i(z) B i o it c,
{Qiz(z)H—EMe%z A,A’e“}{ } (13

Kb A =[G (EA? s ¢ o NRFERH.
R LA N AR ZE B, H A ' B
A, WPRERE LR A n' B, Hob g m' Bl LK
NN, SRR AN T, TR AT
JERUTIE 5l ) % R HERE R

anl alaen] o

/\q:‘
Tt b (15)
Tl's Tlé m'=1 ti,3 t|I4 m
’ ’ l ! ’
{t;1 ti’2:| i ch(A4h) Awsh(ﬂﬂh)
b bl E,A 4 sh(4;h') ch(Ah")
(16)

HRIESEAEAR IO R AR A IR ) 32 57 2% DL R ik
BE55 R EAE BT (T AR, AR R R AR

si (k) =si ()

Qii(ll):Qi,i(Il)
Qi (0)=Q,

si (I, +1,)=0

B @) Ak (14 AR A, 15

ol e e o

an




5% 8 W

SKARZ (18) W LA & HETUTR% s, (0) A Thi e
B Q MRKREXN
Si (0) = fiiQ' (19)

i £ o8 i BERETRSZ S VR P IR B S TOER 2R 4
HisE A0
o Ti4Ti,2 _TiZTizl (20)
! TilTi:1 _TiSTi’2
3.2 RfEsj
DNRAG J HERETAZ A5 4 Q; 1 AR XS 1 AEATE N 51
EUIFRE s » ASTAE MylonakisBIATAR R 55 45021
I3 HT BRI A SRAT AT, B i AR —TRB dz AT
21534, i 2 .

Al g

Q(2)+dQ,(2)
B2 jAEsrEeE | HETRE R A

Fig.2 Settlement calculation model of pile i
caused by pile j

CIECY IR YW

dQ; (z) +urdz = ur,;dz 2D
A u=2mr; ur=kys;; ur,=r/lkys;
AT DL 8 B 5 A Sy O AR A O 5 R

Ajl Ajz _ /3ij 0 Gy G t, 1 71_
Ajs Aj4 m_ 0 ﬂij _ﬂij iz T, m ti, m

143 6h(4,0)sh(4,h) ~ch( 4,h)ch(2,h)

ﬁij ﬂ“u
B, A oh(2;h)sh(2;h) - E A sh(4,

1
Fvadel

ch(;h)

|:tijl tij2:| _ Ch(ﬂ"jh)
iz Gy, " E AL Sh( )

(29)

) (ijjh)

aijl aijz :i m-1,m=2 tul t Ajl
Gz Gys | ma|| k2 | bjs t,J4 A

KA FET R AR R AR R AR IR E 7T 2371
d’s; (z)
p dJZZ kZ'JS * IO kZJJSJJ ( ) 0
! (22)
dsy(2) Qi (2)
dz E,A

e Ky AR BT 5 R AR SRR 5 R K
HHAENT O WBCY 0, HEAFKA

ky = 2nGZ/ PJ In (rmJ —In (rmﬂ (23)
r0 Ilj I’-0

Rt (22) 15 1 AR 2 e g2 S
LW abliiY ]

s (2) Vu 0} s (2) N

Qi(z)] [0 A5 Qu(2)

(24)
[ e’ e ]{dl}
“EALEY EALe LD,

A A =[k,; I(E A))]l/2 s By =1l ky Ik —
ky): oy~ d, ARFEREL

ST HAEVER AR n B4, AT 3.1 i
(B HER A FE, 7530 0 AEAE RS54 T0 P 30 2 A il
TIRZR RN

S ]
[0 e el

Tijl Tijz :ﬁ tijl tijz (26)
TijS Tij4 m=1 tij3 tij4 m

1 1

mch(ﬂﬁh)sh(lﬂh)—msh(ﬂ,‘jh)ch(ijjh)
1+%sh(ﬂﬁh)sh(ijjh)—ch(ﬂﬁh)ch (45h)
i m
27

A]Z

L 1 tj2 le sz N
x (28)
A]4:| (kl_!W|: 13 tj4:|k]} |:Tj3 Tj4

R R LA AT 0T, SR B
s, (1) Fiti 11 Q; (1) « j BEVETSZA5 80 Q, ME AT, B¢
Eiﬁﬁ%ﬁﬁfz&?%%@mﬁ%,ﬁwﬁm
W RERE IS R



2372

ini>
H_

2017 4F

4 r
sﬁ=%°m(£] (30)
Gz Iij

R CUR E e B (S8 Bl oy 5 RE A ik 0 5 180 72 ok
RHAXN

d2 si" (Z) ’ /
ESA) d Jzz kzu =

dsj(z) __Qi(2)
dz AE,
e ko 0 AR R AP AR BT 5P AR 1) 2 2L
W &R %, HAtE ARy

|..
ki, = 27G / [”ln[rmB (32)
I I;

A (31D BIEIRE 7z 4b s LA 5175

si(2)] | ¥ e {dﬂ
Qj(2)] |-EALET EALe™ |,

(33)
A A =[k (EAN?: dy d, AfeE REL
Xt kg L AEVE R A K ' 2, R AT A5 R AT A
05 R L EAE R I R Al /) 5 R =0

{%@q Fﬁ1&ﬂ%@+m} (3
Qi(h)| [Tis Tia || Qj(h+1,)

(3D

Horfs
Ta T | o |ty G
= (35)
{Tuls Tij,4:| r!_[l{t,ja tljj
{t.;l t.;z} ool g a)
Btk leagsn(an)  anlgn) |
(36)

AR T AREAHE B i AFET 2 ) R M AR ER PRI 756
(EROVSGRIESEN aw i3 IR S P SRS

s (1) =sj (L)
Qij(|1)=Qi}(|1)
Q; (0)=0 (37
si’j(I1+I2):O
Qj (O)ZQJ
K (25) X (B4) RAKRNA (37), WfE

3O o @0
vl )

B (200 AR (38) IR, FTLAHASE i

BERIHETIITRE s (0) A1 j BEMETAT 2R Q; AR AR N
s;(0)=f,Q; (39

(38)

e £ 9 J AR AT AT I SR | AR TR R 4L

T. T +T. T/
ij1'ij2 ij2"ij4
T Tl +T T/ (f alj3+alj4) <4O)

ij3'ij2 ij4'ij4

f =f. i %in T Gz —

a0 (19 Ml (39) A (1) &
A T ) L T BB

5(0)=f,Q+ 3 £,Q (41)
j=1, j=i
JEFF R T AN
Sl(o) f11 f12 le Q1
52(0) _ f21 fzz sz Qz (42)
SN(O) le sz fNN QN

33 AR ERN

G b, G A S R A AR BE B4 1 A R
PERIKE o B R T RfoRd 5 R A AN R i o 2 2 T ok
RETHRSH, WELERE . RYESCHEk[15]1
SR B 7S, A i Ak 48 L 2 AR R AE AT B LA
THIE R, 7ESEBR N A A rT O 5 PL R — 2 IR
JERAE i LR, FHERBZIR IR EY 0,
o AT B (1 JE B o AR L B T B 5 SR A —
SO, BRI /NI S B 0% S e LS e o AR AR
TR SR I /N, BRI R U 75 4 i AR B ) 5%
R I SR

CRESUSERA T Mo, SR B A7
R BENE TR BT 2,5 2, Ab AR BRI R F1
o, 5 HEN ] o, 24552 ik &1

o, <0.20, (43)

X1 B A O I I R, DA RTE AR
# (P<P, /2, P, NEHEMIRAZ I T, IR
BEHE (1, =3d , o1 ARERIEE, d 9pEE) 1k
AR ZIRFEZ) 9 1.5B (B NEFHERIH %EE ), RiEEE#E
BE (I, =6d ) [ E40)2 B L) 0.5B; F 25N
W, R A K P UM I >4 B A oy L A s 4 5 6



5% 8 W

KA FET R AR R AR R AR IR E 7T 2373

AR S 2 3 AN TRV T AS [, EL X BRI e ) R A
FERAT TWEIC. 2EH N, KRR EEHUE N 225
HEIEHMRITEE (B, MK (1/d ),
BEEE . MEAREL (1, /d)D) SFREMFEM.
EHAEMAIRFENW TR B, SCHRE T HE
P BEAREERORZM, EUCR AT 2 2 HEAE T

BT R -
z,=B|1.2-0.3 InE+InI/—d+In l/d
10 50 6 (44)
o, =50 kPa

ST 28 P S S22 P A e
4 TN

41 WHEAKXNMA

XA R AR & SR IO TN, R
1% NIRRT

(D ARG A A AR, 27 NI
ZES= 2 P VA M S

q+@+m+%=P}

Sl:szz-..:SN =S

(45)

e P OSBRI 1 2
VARG HEA, NHZ TR A XI5

Q =P/N (46)

(2) X TA&GRI S E MR SR,
BAE (1) WA B3 & &R L ik, 4%
AN

s, = w(1— u*)bp, / E, (47)

A s, WREIR LR TRTTRERE: o MU
ARG b NRERENER; p MEREIR LYK
J1: By R BIREE AR, HREGEL,
A A e TR 38 3R 45
42 THERH1

X G HFEEISIE (LR T T R A RS, Dok
T HIRIG I — A& SRR G5 FI—dmk S
PESRIG: G16 A, &G AR, RAASCHTR T
T U HIE 5 S 8UE 7 B S RERe, g
HORTRM, X BRSNS i B A AT
B 5T

MG X 2 Al bR ZE M LR 8.0 m
TG AR 1, R~ 2, FiER 1N 4 kPa, PIJEE
BN 33, LIRBEIREZ N 8.2 MPa, JHFALL
%179 0.35; 8.0m LN ykpmighit, W~

BRI R 5 LR S AT A S FLEVERE, HE
By E Ty 20 GPa, fE LAEf#E (P<P, /2, P,
NTERERRBR AR D) R REAT A SRR IR0, FEpEAT
BILE 3, RIS 1. SCIR[LIIHR IR 58 sl
Kl SR G R 4 A B0 162 kN

A
\ i

B3 mmER
Fig.3 Layout of pile groups

R1 BHEARSH
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Table 2 Comparisons between the measured
and calculated settlement (unit: mm)
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Table 3 The characteristic indices of layered ground
EJE BIP) R

+Z m ./ MPa R[N 4
it 8.1 6.1 0.4
WV R R L 15.1 44 0.4
it 34 10.9 0.4
Wb AR 24.1 0.4

R4 HERERHF EBA: mm/MND
Table 4 The flexibility coefficients of piles top
(unit: mm/MN)

Viin= f, f, f; fy;
1 8.877 0.865 0.738 0.227
2 0.860 8.585 0.253 0.683
3 0.000 0.814 0.000 0.233
4 0.000 0.000 0.000 0.000
5 0.681 0.204 8.811 0.858
6 0.228 0.640 0.933 8.500
7 0.000 0.210 0.000 0.868
8 0.000 0.000 0.000 0.000
9 0.000 0.000 0.133 0.000
10 0.000 0.000 0.000 0.114
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