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Abstract

Modern soil nailing technology, as a retaining structure for earth excavation,
has been widely‘ used since 1970s due to its convenience and rapidity in
construction, economy and reliability. However, because of its complex
mechanical behaviors, the design and calculation theory of soil nails lags behind
the engineering practice.

The key problem in researching mechanical behavior of soil nailing structure
is the action mechanism between soil nails and the soil. In this paper, on the basis
of present research achievement, the author tries to dévelop the analytic solution
of this problem. The major work and conclusions are as follows:

(1) The status of soil nail was distinguished into active tensile and passive
tensile. Based on the Mindlin solution of semi-infinite bbdy, and deformation
compatibility between the nail and the soil, the differential equation to solve shear
stress around soil nail was established.

(2) By simplifying expression in the equation with fitting method, the
equation was solved readily and the analytic expression of the shear stress along
_the soil nails is presented. Furthermore, the axial force and displacement of soil
nails can be obtained with numerical integral method.

(3) For the active state, the characteristics of shear stress distribution of the
soil nails under axial load, and the influence of relative stiffness of soil and the
nail (E/E,) on the shear stress distribution along nail were analyzed.

(4) For the passive state, the characteristics of shear stress distribution of soil
nails subject to excavation release load, the displécemcnt of excavation surface

around the soil nails, and the influence of E/E, on the shear stress distribution were
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analyzed.
Moreover, the results achieved in this paper also can be applied to fully

grouted bolt.

Key words: soil nails; bolt; Mindlin solution; analytic solution
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- (3-5)

fizrc(;_Z) Z%Z”(l-ﬂ)‘(Liz)J’(lfu)'(sz)’}dz
XF a TATET 425

G— MBI IR E

E,—— TR R R

S —HATET R TE AR

L—T4T4T K E .
#R (3-5) HITBMERE

(4= fD.(p_z,m;m)mfr- > *B'(Li fc’(Lz )3}2
- —z z +2Z
K A=(3-24);

B=2(1-pu);

_2G
E,S-a
7 L B AR F BRI, N
7 T Tz

T
A-—=D-(P-2mafwdz)+ +B- +C-
z ( ] ) L-z L+z (L+z)3

LEAEHES
7(z)-E(z)+K- [z(z)dz=DP (3-6)
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3-2p 1 - 2(-p) Lz

E(z)= - (3-7)
z L-z L+z 1-u (L+z)
K=D2ra= 4G = 2E
E,-a® (1+u)E,-d
MR (3-6) KEHEHE, 7
T Fl) K (3-8)

7(z) E(z) E(2)
ERFEI W EEAHE, TS AR RS SR,
WXAE, FXHRIETEAE —EHRBE.
W ERRBHEE, 84T RO

7(z)= Efz) exp(—K I——dzE EZ) J (3-9)
3.2.2 WHAMFHRKTE

N 3-4 (a) FiR, EFEHEOERT, FEEH=EMBE TR
ST E. HETFOWH, MEBILERE, T LB FIZmEE
WhBARE, BHWE 3-4 (b) FrmitEmE.

(a) HEHiHm
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S
L)
(b) AR LATHITE
| 3-4 WA ZHREHHE R
BREFEHENEAT, BRELE=ENLE, BRI u; FELL
AR, 'R use THPRELIE, ELEANUBEENAREAT,
fLO (x=y=z=0) THRIIMIE, B’H uy LET KL (x=y=0, z=L) T4
M, ®AHu. TETEHBTE, BH us.
Hep

-

La(3-2u) T(z)
2G z
L 27a [tdz

u3=L E‘,J:S dz

u,=
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1 L z
_.[)L li I-p) (L+z)+(1—u)'(L+z)3]dz

WIBABREMEEMSE, ELOL

Uy — Uy = Uy — U, +Us (3-10)

u,;EM.Zdzz

2G z
{

1 a-r(z)| 1 1 L z .
B .S(27zafrdz)dz—f G [L—z (l—ﬂ).(L+z)+(l—u).(L+z)3}h+us
T

a

LL%Ldz_LLM.EdZ=

L 27a [Tdz LaT( ) |
.[)’_E:F_dz .L 2G {L -z +2(1-k) (L+z l —u) L+z }dz ‘[)L

7 LBER MR T LB, NE

w_a(3-24) 7
L 2G z
(27rajz'dz)——g—- v a(l-p) 7 al 1-z3+ﬁ
E,-S 26 L-z G (L+z) 26G(1-u) (L+z) L
w e
"y 2G u;, 2G u ‘
‘E(2)+K- |7 =—.Ll-—.23 (3-11)
o(e) B(2)+K  fr(aje =2 20 1
AF
1-
Er)=3z2#_ L 2=4) L = (3-12)
z L-z L+z 1-4 (L+z)
4G 2F

"E,a (+pE, @
X (3-11) kFEH, B
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(z)  E(z) E(2)
FAMAFBEER (3-8) —, KEHEHR.

3.3 :3TBIN hEYREARE

B2y

7(z)=—=

E(z) E(z)

exp(—K‘ —-l—dzJ
B, RBYE()RRER, BEERS 5 EE, WHBUMANREREZ,
REXRUEHTE. AETHE, EEBEZELENNL, B

3-2pu 1 2(l-p) Lz

E(z)= z L-z L+z 1-u (L+z)3
_1((B=24) 1 2(1-p) z

L 7 1= 1+7 (1-p)(1+7)
=%'E1(Z’)

r—z
APz = (X

BUHHAEEL=0.14 020 0.3, 0.4, 0.5, 2 E () ®EY, W 3-5 Fiz.
AT RILH EEEEER

(1) 3z, HE(z)=0;
(2) HZ—>0, E(2)> +eo;

(3) HZ>1, E(Z)> —eo
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7(z)__E(z) K
7(z) E(z) E(2)
IR TRER (3-8) —#, KMEHFEHRA.

3.3 :3TBIN BRI

B2y

7(z)=—=

E(z) E(z)

exp(—K_ —-l—dz)
B, RBYE()RRER, BEERS 0 EE, WHBUMANRENREZ,
XREXRUEHTE. RETHE, EEBEZELENNL, B

3-2p 1 2(l-p) Lz

E(z)= z L-z L+z 1-u (L+z)3
_1[6-2)_ 1 20-) <
L 7 1-7 1+7 (1-p)(1+7)
=%'E1(Z’)

r—z
Az = (X

BUHHAEEL=0.1. 020 0.3, 0.4, 0.5, 2 E () {EY, mE 3-5 Fim.
AR ILH EEERE R

(1) 3z, HHE(z)=0;:
(2) HZ—>0, E(2)> +eo;

(3) HZ>1, E(Z)> —e.
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%, EXPH z & H (1) dinfa b . Bp=0.1. 0.2, 0.3, 0.4,

0.5, B8z« HBEIME 3-1 .

| x3-1 REX
I 0.1 0.2 0.3 0.4 0.5
2’ 0.66392 0.64944 0.63313 0.61446 | 0.59252
H 3.94174 3701766 | 3.461782 | 3.221786 | 2.981767

B 36, 37 AIEH, 7 ~u HuZ FIEANREER, Pas, B

z,(u)=0.684~0.178u (3-13)
H(u)=4.1817-2.3998u (3-14)
W& BB ALE 3-8, 3-9 fiin, MEMERE.
1
0.9
0.8
0.7
0.6 e S
" 0.5
0.4
0.3
0.2
0.1
: L
0 0.1 0.2 0.3 0.4 0.5 0.6

Yl

Bl 3-6 zg~ u gk
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- EER¥
—HUEERE
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4.5 1 —— EEX

4t MERY
3.5 | \
3 |

0 0.1 0.2 0.3 0.4 0.5 0.6
U

& 3-9 H~uftl & 2k

BURFufER, e R S() SERME (7), FEsmEmass.
T =01 BRI E, WE 3-10.
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170.1
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HE 3-10 B, FigMLEFES. US()BRE (), B
L

1 L
dr= [——
JE(Z) J151(2)
-_—£2_.(.l_z'2—(l—z').z'_-?12'2+z'+(z'2—z')ln|z'—z;|+C') (3-15)
H 2 0 2 0 0 0 0 0 2
RAR (3-9), B3

7(2')= —C—-exp(—K i-dz')

E(Z) E(Z)
=C-M(ZZ—Z]exp[T-(-l—zz—(l—zo)-z)]-lz—-zolj (3-16)
z~z, 2

AP C ARG RE. HEREHN

L-exp(T(—%z,,2 +20)J
M=

KL2
J=- = (2,2 -2,)=T(zy — 2,)

3.3.1 LETEMFRRTBMITHEAZ
xR PERI AT, NE
[2mzaz=p
¥ (3-16) fRN, AR C. BT (o) UG, WZARERS T
e
TETH I E AR N

N(z)=P- f27za~2‘(z)dz

R A BERR 5 B ETE
B 3-11 T Y4+ HERE E=50MPa. A =03, §T{h3MEE
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E=2.1x10°MPa. *¥4% ¢=12.5mm. R [=7m B ZEHIR S P=117.8kN fEH T
HATHAT A M MBI 4 £k, B 3-12 5 TAEM B H4T# 4 f 4k .

1. 20E+06
1. 00E+06
8.00E+05 |

6. 00E+05

7 (Pa)

4. 00E+05 I

2. 00E+05 [/

0. 00E+00 : ; -= —- = —

~2. 00E+05 - z (m)

B 3-11 4T By S5 45 A7 ih %

1.40E;05 r
1. 20E+05 R
1. 00E+05 |
8. 00E+04

6. 00E+04

N(N)

4. 00E+04

2. 00E+04

0. 00E+00

-2. 00E+04 % z (m)

B 3-12 L4TH oA thsk
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3.3.2 T5THHZTHREITES X
R AE &

Uy —Uy S Uy~ U, F U
B, ou us REFEHESERN . ERMETH LW, KELEOLE, 7T
W ARKH. HREEBEH () F X, HYEETHRSZRH C. 5LWHL,
HHE C, |ARBMIELETMBIN . #MAFTHERS, KIBAFER.
W MR E=15MPa. 4=0.3. sTABMME £,22.1x10°MPa. ¥
% a=12.5mm K L=Tm, ZEFFIZH B AER T, 5T kR AL ,=0.03m.
ZUuHEE, BRBINHS ML mE 3-13 fir.

8.0E+07
7. 0E+07 1
6. 0E+07
5. 0E+07 r

4. 0E+07

r(Pa)

3.0E+07
2. 0E+07

1. 0E+07

07 0E+00 ! L i L L 1 J
]%' 1 2 3. 4 \s\’_ﬁ/'i

-1. 0E+07

-2. 0E+Q7
z (m)

B 3-13 4T BY R J1 497 i 2
3.4 AZEAENMNBITE

i Mindlin 230, ZET4T8IN AER T HIEEELETEE A r 19— S A4L
B TR
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W(r):fﬂtﬁl‘r(z)- B, 42l Gan

AE Jri+z (J;:;;)
M EHBIRE, BRUEOAESYE, LABHFHLME 3-14 Ff
o MEAHEHRRRE, BHANHHSH, SRNE LTAROFEE
BB EETTHROTFBEMBLZIL, B uw) /o 55 r 0K RWE 3-15 B

No .

0 T T R R SR M B i
3 4 5 6 7 8 9 10
r(m)

B 3-14 EZHZHCRET TSI AL
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E—%Fd, FH Mindlin FERCBER, FHT HALTEHRZHRE.
WA BRREN, WIS H A A RATAR . A EASIE B AT W B AT,
HRFATRAKE. NASTREREWEE, I 5T L5 R
Wi, hHAT I AT R R A R RS

4.1 ZHEHE -

B ESNB NI T RGN RN R T 4T OBR N ALk, 7oA
AT — T LA SRS

(1) RO, HOFEWNEANT, L OUTFIRN AR AN
BEARAE:

(2) HATAT RN H S BAMER, W 2 MBARFRAN,
FRBEIETE, AR A, WRNRA. B AR R4 R
A AL STLEBHR RS Y BN, Sitt i NN RERK, TR
Ba% z M KEHRA . Bk RN AT, 5 % BOrRiRiE
BB ST RO RS . L4 R AL

4.2 E/E, B3 F HHF W

M (3-13) RIEATLUEY, ZERERET, EZHRHHRETHHEINZH
BRET LETFT 2B SR KA, % 4TS AR MR E K
Ll EE, B . B 4-1 KRB 42 iR ARRE T, EARM EE, EE&G
T, BN AW AT L. NETFATLUER: EE, /b, B
B, WLATERZMBIN AR KERB/D, BN ASAEERBEL. #BIY5;
RZ., EIE, 8K, WEKBINAERK, BINAHIERBREBAN, BEF.
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B 4-3 sEINESFF N A B

4.4 SHEEE LR
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(1) BEE AT KA, TERBRAZ M, BRI KEE MG
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M X

S — S ¢ 7
E=5e+T; % pa
Ea=2.1e+11; % pa
u=0.3;
q:0.0125; % m
L=T7, | ' gm
P=117.8¢+3; s

x0=0.684028-0.1778*u;

H=4.1817- 4.1817*u;

K=2*E/(1+u)*Ea*a’2);
=-K*L"2/H;

J=T*(x0"2-x0);

M=L*exp(T*(-1.5*x0"2+x0))/H;

x=0.00:0.001:1;
z=0.000:L/1000:L;




G o e e e e e o
R B R - e e
for i=1:1001

(i) =M*(e(i)2-x(0) V(x(i)-x0) *exp(T*(0.5 *x(i)"2-(1-x0) *x(i))) *(abs (x(i)-x0))VJ;
FAi)=M*(@(Y/LY2-(2GYL)(2(YL)-x0) *exp(T*(O 5 *(z(i)/LY"2-(1-x0) *(z(i)/L))
YXabs((2(i)/L)-x0);

end

S=trapz(z,fz);
C=P/(2*pi*a*S)

plot(z,C*z, ' b');

Ea=2.le+11; % pa
u=0.3;

a=0.0125; % m
L=7, $m
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P=117.8¢+3; &N
x0=0.684028-0.1778*u;
H=4.1817- 4.1817*u;
K=2*E/(1+u)*Ea*a"2);
=-K*L"V/H,
J=T*(x0"2-x0);

M=L*exp(T*(-1.5*0"2+x0)/H;

B e e e e e e
§rmm oo S b e e T
x=0.00:0.001:1;

2=0.0001:L/1000:(L+0.0001);

= e e e e e e
§ommmmm e B JJHEIR ~ o e e e e

for i=1:1001

F()=M*((z()/LY2-(zGYL)Y((z(i)/L)-x0) *exp(T*(0.5 *(z(z')/L)’\2-(_l -x0)*(z(i)/L)))*(
abs((z(i)y/L)-x0))\J;

end
S=trapz(z,fz);
C=P/(2*pi*a*S)

L b I A B faiatnts
for i=1:1001
y(@)=P-2*pi*a)*quad(' inline_n',0,i*L/1001);

end STEHEBMY ~HMinline N, I EHILMCHEEH A
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Fommmmm e kb T S mmmmmmmmmmooeoo
plol(z,y, ' ');

% 3

cle;

clear;

grid on;

hold on;

Ea=2.1e+11; $ pa
u=0.3;

a=0.0125; $ m
L=7; &m
P=117.8e+3; &N

%0=0.684028-0.1778%u;
H=4.1817-2.3998*%u;
- K=2*E/((1+u)*Ea*a’2);
T=-K*L"2/H;
J=T*(x0"2-x0);

= *exp(T*(-1.5%x0"2+x0))/H;

x=0.00:0.001:1;
2z=0.0001:L/1000:(L+0.0001);
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for i=1:1001

for i=1:1001
Se(D=M*(x(i)"2-x())/(x(i)-x0)* exp(T*(0.5*x(i)"2-(1-x0)*x(i))) * (abs(x(i)-x0))"J;
J2(D)=M*((2(i)/LY2~(z(i)/L))/ ((z(i)/L)-x0)* exp(T*(0.5*(z(i)/L)"2-(1-x0)*(z(i)/L)))*(
abs((z())/L)-xONT;

end

end

SS=trapz(z,fz),

C=P/(2*pi*a*SSs);

R —— ETRRT R 27K - S S

for(i=1:1001)
Sss(D=(a*3-2*u)*(1-w) EY(C*12(i)/2(D);%

end

Sfyl=trapz(z,fss)

DLt v e i e o e . o " 2 o v oo o o T - = " 1+ i — - " " - —
Fm b A B T e
R=10;

Nomber1=1000;
r=0.00:R/Nomber1:R;

for j=1:(Nomberl+1)
for i=1:1001

WW(iy=(a*(1+u)/(4*E))* C*fz()* ((8* (1-w)/((r(/)"2 +2(1)"2)"0.5)) +((4*2(0)"2)/((())
M+2(i)2)M.5))):
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end

W(j)=trapz(z, WW);

end

plot(r,W, ¢ );

cle;
clear,
grid on;

hold on;

O~ 2 S
E=15e+6; %50e+6;%10e+6; % pa
Ea=2.1e+11; % pa |
u=0.3; |

a=0.0125; - s m

L=7; - %m

ul=1; $m

Sfpi*aAZ; ,

x0=0.684028-0.1778 *

H=4.1817-2.3998*y;

K=2*EA(1 +u)*Ea*a"2);

T=-K*L"2/H,

J=T*(x0"2-x0);
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M=L*exp(T*(-1.5*x0"2+x0))/H;

x=0.00:0.001:1;
2z=0.0001:L/1000:(L+0.0001),

for i=1:1001

Fe()=(L/HY*Ge(i) 2-x(i))/(x()-x0) *exp((-K *L"2/H) *(0.5 *x(i)"2-(1-x0) *x(i)-1.5*x0
£2+x0)) Habs (x(i)-x0)Y(-K *L"2/H) *(x0"2-x0));
F(i)=M*((2(iY/LY2-G()L) (i) L-x0) *exp(T*(0.5*(i)/LY2-(1-x0)*(z(i)/L))) *(a
bs((z(i)/L)-x0))"J;

end
= e e
- C S AVI L 4k DA SRR

for i=1:1001

y(i)=(2*pi*a)*quad('inline_jyz'0,i*L/1001);

for(i=1:1001)

F20)=(a*(3-2*u)*(1+u) E)*(f2(i)/2());

end

SH2=trapz(z,fs2)

PR 7 S

for(i=1:1001)

S53(D)=y(Ea*s);
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end

Sjj{3 =trapz(z,fs3)

R — TR BB RS - = - oo S
for(i=1:1001)

SAD=f()) (a1 EYHQAL-z()) H(2*A-mAL +2(D) (L *2A(A-w) L+
2(1))"3))); |

end

Sfyd=trapz(z,fs4)

Sfy=Sf2+Sfy3-Sfy4
- C=ul/Sfy
uu=SH2/Sfy

%plot(z,C*z,' b ");
plot(z,C*, .

W2=C*Sf2

S MO A B4R — - mm
R=10;

Nomber1=100;

r=0.00:R/Nomber1:R;
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for j=1:(Nomberl+1)

for i=1:1001
WW()=(a*(1+u)(4*E))*C¥Hz(@) (8 *(1-w)/(r(j)"2+2()"2)"0.5) H((4 *2() DN (r(
Y2+2(i)"2)*.5)));

end

W()=trapz(z, WW);

end

plot(r,ul -W,'b");
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