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Abstract
A spiling reinforcement system is composed of a series of radially installed reinforcing

spiles along the perimeter of the tunnel opening ahead of excavation. The reinforcing spile
network is extended into the in-situ soil mass both radially and longitudinally. The spiling
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reinforcement system has been successfully used for the construction of underground
openings to reinforce weak rock formations on several occasions. The application of this
spiling reinforcement system is currently extended to soft ground tunneling in limited
occasions because of lack of reliable analysis and design methods.

A method of three-dimensional limit equilibrium stability analysis of the spile-reinforced
shallow tunnel in soft ground is presented. The shape of the potential failure wedge for the
case of spilereinforced shallow tunnel is assumed on the basis of the results of three
dimensional finite element analyses. A criterion to differentiate the spile-reinforced shallow
tunnel from the spile-reinforced deep tunnel is also formulated, where the tunnel depth, soil
type, geometry of the tunnel and reinforcing spiles, together with scil arching effects, are
considered.

To examine the suitability of the proposed method of three-dimensional stability analysis
in practice, overall stability of the spile-reinforced shallow tunnel at facing is evaluated,
and the predicted safety factors are compared with results from two-dimensional analyses.

Using the proposed method of three-dimensional limit equilibrium stability analysis of
the spile-reinforced shallow tunnel in soft ground, a parametric study is also made to in-
vestigate the effects of various design parameters such as tunnel depth, spile length and
radial spile spacing. With slight modifications the analytical method of three-dimensional
stability analysis proposed may also be extended for the analysis and design of steel pipe
reinforced multistep grouting technique frequently used as a supplementary reinforcing
method in soft ground tunnel construction.

Keywords : Spiling reinforcement system, 3D limit equilibrium stability analysis,

Spile-reinforced shallow tunnel, 3D finite element analysis

1. Introduction

Recently, various earth reinforcement techniques have been applied to many geotechnical
engineering problems. The spiling reinforcement system has been successfully used for the
construction of underground openings to reinforce weak rock formations on several
occasions{Korbin & Brekke, 1976, 1978). The application of this spiling reinforcement sys-
tem is currently extended to soft ground tunneling in limited occasions because of lack of
reliable analysis and design methods{Kim & Kwon, 1995)

A spiling reinforcement system is composed of a series of radially installed reinforcing
spiles 4.5 to 6.0m long spaced between 0.5 and 1.5m with an inclination angle of
approximately 30 degrees to the longitudinal tunnel axis(Bang, 1984}. The reinforcing spiles
are formed by inserting 2.5 to 3.8cm diameter rebars into predrilled holes with subsequent
grout.

Fig. 1 shows a schematic representation of the spiling reinforcement system. The general
principle deals with stabilizing a weak mass by installing an annular spiling reinforcement
network along the perimeter of the tunnel opening before excavation. The purpose is to im-
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prove the stand—up time by the prevention of loosening and to contribute to permanent
stabilization of the tunnel opening by the restriction of deformations. The reinforcing spile
network is extended into the in—situ soil mass both radially and longitudinally.
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Fig.1 A schematic representation of the spiling reinforcement system

A method of three-dimensional limit equilibrium stability analysis of the spile-reinforced
shallow tunnel in soft ground is presented. The shape of the potential failure wedge for the
case of spile-reinforced shallow tunnel is assumed on the basis of the results of three
dimensicnal finite element analyses. A criterion to differentiate the spile-reinforced shallow
turnel from the spilereinforced deep tunnel is also formulated considering the tunnel
depth, soil type, geometry of the tunnel and reinforcing spiles, together with soil arching
effects.
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To examine the suitability of the proposed method of three-dimensional stability analysis
in practice, overall stability of the spilereinforced shallow tunnel at facing is evaluated,
and the predicted safety factors are compared with results from two-dimensional analyses.

Using the proposed method of three-dimensional limit equilibrium stability analysis of
the spile~reinfbrced shallow tunnel in soft ground, a parametric study is also made to in-
vestigate the effects of various design parameters such as soil typé, geometry of the tunnel
and reinforcing spiles.

2. Criterion for Classification of Spile-Reinforced Shallow and Deeptunnels

A criterion to differentiate the spile-reinforced shallow tunnel from the spile-reinforced
deep tunnel is formulated, where the tunnel depth, soil type, geometry of the tunnel and
reinforcing spiles, together with soil arching effects, are considered.

As illustrated in Fig. 2, the potential failure surface is assumed to consist of two planar
surfaces bending at point A, The coordinates of the intersection point A, are x=r-+x, cosx
and y=x, sing,. Also, H. is defined as the critical depth where the maximum vertical stress
o, is mobilized. Below the depth H, the vertical stress gradually decreased due to the shear
resistance. Based on the critical depth H, and tunnel depth H,, the spile-reinforced shallow

tunnel and deep tunnel are classified as follows.

If H.=H,, tunnel is classified as a shallow tunnel.

If H.<H,, tunnel is classified as a shallow tunnel.
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Fig.2 Potential failure surface in x —y plane
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To determine the critical depth H., & is assumed to be 45°+4/2 measured from the
center of the circular tunnel side, The geometric terms in Fig. 2 necessary for the formu-
lation are as follows.

R=r+I - sind (1)
Ri=xj+r1'—2x;rcos{n—a)

4+ (2reosy }x, — (R —1") =0

x,= —rcosa,+ 4/ (reosa, )+ (R —r%) (2)

where, R=radius of the reinforced zone in x--vy plane, r= radius of the tunnel, l==length

of the spile, and 6=inclination angle of the spile with z direction.

Also, H=H -r, H.=xsina, and H,=H—H,.

To solve the discontinuity problem encountered at the intersection point A, the poten-
tial fajlure surface is assumed to be a logarithmic curve which passes through the intersec-
tion points A, and A; as shown in Fig. 2. In addition,

(x—r)=A " In(y+1) (3)
where, x=r+xcosx, and y=xsina,.

Substituting these values into Eq. (3) yields

rtxcosxy —r=A - In{xsiny,+1) (4)
X CO8Y; In{y+1)
A=————"— herefore, x= +
where, I (xsine A1) Therefore, x I(xsina-t1) (x,cosa ) tr

Also, y=H,+r ~{ and therefore,
In(H+r—{+1})
X:
In(x;sinx+1)

In addition, B=2x and the following expression is finally ohtained.

do. _2¢ o . tang
d? =?" B 2Kyl B

(x,cosa)+r (5)

e - In{xsinoe,+1)
B In(H,+r—{+1){xcosx)+r - In(xsina,+1}
In{x,8ina,+1)
In(H,+1 —{+1}(xecosa,)+r - In(xsine,+1)
By differentiating Eq. (6) with respect to depth { and equating the result to zero, i.e.,

do. .. .
%=O, the maximum wvertical stress s, and the critical depth H, are determined. Below

- (6)

—K,y{tang

this critical depth H,, soil arching effects are expected to occur.

Compared with the results from 3D FEM analyses by Kim et al.{1996), the proposed cri-
terion described above shows generally good agreement. The results of the comparisons are
summarized in Table 1. Based on Table 1, a schematic criterion of the classification of the
spile-reinforced shallow and deep tunnels for various depths and different soil internal fric-
tion angles can be also drawn as Fig. 3, For example, if §=42° and H,/ D=1, the corre-

sponding tunnel is classified as a shallow tunnel. However, if ¢=42° and H,/D=3, the cor-
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responding tunpel is classified as a deep tunnel. And although the case of ¢<22° is not
shown in Fig. 3, the corresponding tunnel is classified as a shallow tunnel within a given

range.

Table 1. Comparisons with 3D FEM analyses results carried out by Kim et al.{1996)

soil Results of classification based on
internal the proposed criterion D FEM analyses
friction _ _ —
angle H,/D=1 H,/D=3 H,/D=5 _,IZI.}_:l &=3 ﬂ:s
#() Ho{m) result H, result H. result D D D
22 - Shallow - Shallow - Shallow — Shallow | Shallow
32 - Shallow 15.55 Deep 18.51 Deep Shallow Deep Deep
42 - Shallow 10.64 Deep 11.70 Deep Shallow Deep Deep
52 - Shallow 6.58 Deep 6.90 Deep Shallow Deep Deep
62 3.54 Deep 3.60 Deep 362 Deep Deep Deep -
.00 —
1,00 —
'2.00 4

H,/D

§=62° g=52° Shallow tunnel

3.00 —

=42° \§=32°
400 —] ¢=42" \¢

Deep tunnel
5.00
I | ! I
0.00 1.00 2.00 3.00 4.00 5.00

HE/D

Fig.3 A schematic criterion of classification of the spile-reinforced shallow and deep tunnel
3. 3D FEM Analysis

To determine the postulated three dimensional failure wedge which lies ahead of the
spile-reinforced tunnel facing, 3D FEM analyses are carried out for the case of a shallow
tunnel. The 'SMAP 3D’ Program is used for 3D FEM analyses. In these 3D FEM analyses,
s0il and shotcrete are modeled as continuum elements and the spile is considered as a truss
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element which only mobilizes frictional resistance due to the small diame:zer of the spile it-
self. Although tensile forces constitute the dominant reinforcing mechanism, passive lateral
earth resistance can develop against the spile on either side of a potential failure surface,
when reinforcing elements are rigid. Pertinent parameters and grid model used in 3D FEM
analyses are surnmarized in Table 2 and Fig. 4.

Table 2. Pertinent parameters used in 3D FEM analyses

. . . soil tunnel i o longitudinal| radial
E’Oll_umt E’m! internal d.tunnel depth H(m)| P eh 1nbe11-tmfg spile spile
we}gh:t; co imc‘:n friction lameter (refer to ]ant an.gle(l?) spacing spacing
Ht/m*) | et/m®) 1 e gy | Dim) Fig.2) {m) | spile s:(m) s:(m)
1.8 15 30 6.0 12.0 6.0 30 13 0.5

Fig.4 Grid model used in 3D FEM analyses

A typical shear strain distribution obtained by 3D FEM analyses is depicted by the
contours in Fig. 5. The postulated three dimensional failure wedge is approximately
estimated by examining the locus of the peints of maximum shear strain.
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(a) Shear strain distribution in transverse (b} Shear strain distributicn in lengitudinal
direction direction

Fig.5 Results of 3D FEM analyses
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4. Three Dimensional Limit Equilibrium Stability Analysis of the Spile-Reinforced
Shallow Tunnei

4.1 Assumptions

Postulated shape of the three dimensional failure wedge is approximated by connecting
the highest maximum shear strain points on x—y plane and y-z plane analyzed through 3D
FEM analyses. It appears that the shape of the postulated three dimensional failure wedge
for the case of the spilereinforced shallow tunnel may be reasonably assumed to consist of
two planar surfaces with a transition occurring at the back edge of the spilereinforced
zone as shown in Fig. 6.

In addition, the postulated three dimensional failure wedge in Fig. 6 has angles o, and o,
in the spile —reinforced soil region, and angles a; 2. and «; in the unreinforced soil region
starting from the side of the tunnel with the same elevation as the center line of the tun-
nel. Note that the conditions «=>q, and x,=a; are required when performing the analysis.
Note also that angles %, and 2, are the same because the soil deposits are assumed to be
homogeneous. An angle «, is assumed to have an angle of tan™'(H,/lcosf) as shown in Fig.
6. The three dimensional failure wedge is determined by finding a set of angles which yields
the lowest overall factor of safety.

H,

Fig.6 Postulated shape of the three dimensional failure wedge

Because of the symmetry of a tunnel axis and planes of failure about the y —z plane, only
half of the failure wedge needs to be considered. Note that no shearing forces are expected
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in the plane of symmetry.

It is further assumed that the direction of the failure wedge movement is within the
y—z plane only, and therefore the horizontal shear stresses are assumed to be zero on the
¥ —y plane. The shear forces acting on the yv-z plane are assumed to be parallel to the bot-
tom surface of the failure wedge. For example, the shear force S, and the projection of the
S, and S; on y—z plane have an angle 2, with z axis. This assumption is similar to the as-
sumption adopted in the three dimensicnal slope stability analysis described by Chen and
Chameau(1982). Taking into account the assumptions described above, the free body dia-

gram of the three dimensional failure wedge may be drawn as shown in Fig. 7.
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Fig.7 Resulting free body diagram of the three dimensional failure wedge

4.2 Formulations

As shown in Fig. 8, the forces acting on the Element(4) are determined as follows.

W,,:—L —_
6 tano.tana,

2
deﬂ_ . “J___
2 tanx,tanzx,

Jour. of KGS 109



H3

N11=_1‘K0Y—3=N10- Su:ﬁnNn (9)
6 tana,
H:
le—_l'KW : =N;, Sn=ﬁ13Nn {10)
6 tana,

where, W,=weight of Element(4), g=surcharge per unit area of ground surface, Q.=total
force caused by surcharge q, y=unit weight of soil, K,=coefficient of earth pressure at rest,

and f#,, fi;=ratios between normal and tangential forces.

Nisinl:

B N coad;
Hy Nu Bu,/
tanxy Y ;

el Sipind,

Nu=Nsing;

Bi=8c0n2;

s Sigcnsﬂg

‘LSi1=Sucosatq
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L
]
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tanoe

Fig.8 Forces acting on Element(4) in x—z plane

Based on the force equilibrium conditions, normal and tangential forces could be
estimated. To estimate the ratio f, it is assumed that the total driving force expected
along the postulated failure surfaces is equal to the total resisting force developed along
the same failure surfaces, i.e.,

Np=(W,+Q,+8,sina,+8,8ina ) coses+ (N, —~ Sicosa,) Sl[:;s
cosd;
i ; . : COSEs
Sp=(W,+Q.+Sysing,+8.8ine,) sinas + (N, —S;sine) ) (1)
2
. H H
- ye Mo M
=N, tang + T tame Tana seca;
i ; sing;
N, =(W,+Q,+8,sine,+S;sina, ) cosa,+{(Ny; — S cosay) D
2
COSNs
8= (W4+Q4+Sllsina4+8133inag) sinas + ( N —SIICOSO:Z) = ( 12)
2
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H H.
=N, tang +—— L secns
tang. tanwx,

where, ¢ =developed 30il cohestion, ¢'=developed soil internal friction angle, a;=angle be-
tween the plane acting on the shear force S,; and the horizontal plane.

By solving Egs. (9)~{12}, the ratios between the normal and tangential forces, 5, and
B are determined as follows,

_ BF+DC CE+AF
ﬂll_’ AD—BE’ ﬁlﬂ AD —BE (13)

where, A=Nsine,{sing; —cosastang”)

. SO , . cosd
B=N,sina{cosestang’ —sinw;) —Nicose( *tang -+ d
cosé, cosf,
sina , . cosd ¢’H}
C={W,+Q,){cosastang’ —SIna.-,)-FNU( > tang '+ * )+ !
086, costh Z2tano;tano,cosos
D=Nsinx;(sing —cosastang”)
. .. sin cosy
E=Nsinz(cosustang —sina;) — Njcosa,{ t ng +—0n
inf, sind,
smrxa COSHs ¢'H}
F=(W,+Q,) {cosastang” —51na5)+N13( ang +

sinf, 2tangtano,cose;
Since the tangential force cannot be greater than the maximum shear resistance Ntang’,
the ratio f must be smaller than tang’, Value of the ratio 8, therefore, must be positive, i,

e.
00<f<tang’
Also the forces acting on Element(2) are determined as follows.

H; H,
W, = . i : 14
"2 tane, tana (14)

H H
Q=q - —— (15)
tanc, tane;
H3 , HZ
Ny=t - Ky y-——, 8=N,- tang'+S~ - — (16)
6 tang. 2 tang

H.

N=5K, 7 Hi- i S=8N, an
tanas

where W,=weight of Element(2), Q,=total force caused by surcharge q.
Based on the force equilibrium conditions of Element{2}, normal force N, and tangential
force S',(=88ina;) are determined as follows.
N,=(W,+Q,+Ssing; )} cosa,+Nsing,
8, =(W,+Q,+Ssinx;)sinx, — Ncosa —~S;; — Sy (18)
H, H;

=(N,tang +¢ + —— - ——) - sing;
tang; 310K

Jour. of KGS 111



From the above equations, ratio 8,(0.0<pg,<tang’) is estimated as follow.

"H,Hsi
B=[ (W, +Qsina; — Nycosa,—S;;—S; —{ (W, +Q,} cosa,+Nsina.tang sina, —C—ZS_IPEEL
tanosing,
-+ Nsina;{cosasinatang —sina,) (19)
Also the forces acting on Element(1) are determined as follows.
1 Hi H,
W,==1-7- + 20
P tang, r tang, (20)
H, H.
Q=q- (rt+ : ) ' (21)
tany, = tang,
1 2 HE
N1=?Ka}’H3(r+—), S1=.B1N1 (22)
tanu,

where W =weight of Element(1), @ =total force caused by surcharge q.
Based on the force equilibrium conditions of Element(l), normal and tangential forces

are determined as follows.
Ny={W,+Q,+8,)cosa,+N sing,

S,=(W,+Q,+8,)sina, — Ncosa, — S, (23)
=Nang +c” _HJ (r+ H.
sino, tang,

From the above equations, ratio f,{(L0<pg <tang’)is estimated as follows.
Bi=[ (W +Q )sina, — N,cosx,—8,;, —{ (W,+Q,) cosa,+Nsinz,tang”
. Hi + H,

; r
SIng tano,

)]+ N (cosa,tang —sins,) (24)

—C

As shown in Fig.7, the forces acting on Element(3) are determined as follows.
H.H.: P H; 1 H§ 3t 2H,

W=7 - + + 25
=T {tanag v ta.nacl) 6 tanog r tana, 2 ()
H, H,
Q=q - (rt+— (26)
tang; tang,
NF%K.W/H‘(rJr ) -1 (2K yHA3KH) — b Ko H+ Lok,
tana, § tana, 4 8
H. H H, :
H 2 ¢ ;r ! (27)

S;=Ntang +e {H,(r+ Y (2r+ )
tamuy, tano, 2 4

where W,=weight of Element (3}, Q,=total force caused by surcharge q.

As previously defined, no shearing forces are expected on the plane of symmetry. Ag a re-
sult, the normal force N, acting on this plane may be reasonably assumed to be an at rest
condition, i.e.,

HE | HH, 1 B

1 ;
N=LlK,—= 4l Fkg 28
I tang, 2 " tana, © ' tana (28)

In addition, the force equilibrium conditions in all directions for the spile-reinforced soil
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block Element(3) yields the following.
Nicosa,+Seinasing,+Nycosy+Ssine=Q,+ W,+8, — 8, —Ssina,
N,sing, —Sicosasing, =N, — N, {29)

Ssina,cose; — Nising,+8cosa;=N, — Ny~ P —~8,cosx,
where, P=total force caused by compressed air.
Furthermore considering the overall moment equilibrium condition about point O, and
using the above Eq. (29), the following equation is obtained.
N, * hys—Ssing « hy+N; - hy;
=P h,+Q:* heytW; - hyyt Ny » hyy+8; - he =S, - hy =N, - hy {30)
where hp, hgs, haw hws, b, by, by, b hs, and hy;, are the moment arms of the related acting
forces to the reference point O. By solving the above equations, forces N, S, N; and S; are
determined.
The total driving force expected along the entire postulated failure surfaces is as follows.
Sp=8,+8,+8,+58+8,+8+85., {31)
The total resisting force developed along the entire postulated failure surfaces may be de-
termined as follows.
Sp=(N;+N,+N+N,+N,+N,,} - tang’
to ey M M HH,
sine, tans, tang, sine,  2tane, sing
b (g By o, FH(r—
2sinoy tana, 2tanatano,cosa; tany,
2
+2rt tH” )%i+ 1 H

ang, 2 tana,

)

2
- %H‘ ZTw (32)

where, N's=N;+ETw, Town=Tisin(e,+d,—90%)

Tor=Trcos (o, +6,—90°), Tr="T sinb,

t,=angle between the projection of the spile on x —y plane and y axis

f0=inclination angle hetween the spile and z direction

The maximum spile tension expressed as T, in Eq. (32} is expected to occur at the inter-

section point between the postulated failure surface and the corresponding spile. Value of T,
is estimated by integrating the shear stresses developed between the reinforcing spile and
the surrounding soil, based on the mean value over the effective spile length of the normal

stresses in the transformed axis which is in the plane perpendicular to the spile, i.e.,

d elﬂ nlt' ’ ’
T.= Fils WS (o’ an¢ +C ) S(Anp,k\ fv/sl) (33)

5

where, d,..=spile diameter, s,=longitudinal spile spacing, A,..=cross-sectional area of
reinforcing spile, l,=effective length of nth spile, f,=tensile yield stremgth of spile, o,

=mean value of the normal stresses.
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The effective length is dependant on the point of intersection between the reinforcing
spiles and the assumed failure surface. When a reinforcing spile intersects the assumed fail-
ure surface at point ¢ as shown in Fig. 9, the effective length can be calculated through fol-

lowing procedures.
chb=R,cosf,=xsiny, {34)

H
where, vSB,.s—g-, v=cos"?2(refer to Fig.2)

Ri=x’+r"2x,rcosa, (35)
From Eq. (34) and (35)

% ";3'2_4—’“\} - (36)

R.={
e, e,
where, A=( c?s }—1 and B=2( cos )
sing tana;

therefore, the effective length 1, can be calculated as Eq. (37).
R.—r

sinf

where, 1=total length of the spile, §=inclination of the spile

L,=1- (37)

e

section A-A

Fig-9 Parameters goveming force on spile

4.3 Evaluation of overall stability

Based on the equilibrium conditions, the three dimensional overall stability of the
spile-reinforced shallow tunnel system may be analyzed. At any stage of analysis, the total
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driving force and the total developed resisting force along the postulated three dimensional
failure wedge surfaces must be in equilibrium state, i.e.,
Sp =8¢ (38)
The overall factor of safety of this system, FS, is estimated on the basis of the Taylor's
criterion.

FS.=FS,=FS (39)
where FS.=factor of safety with respect to soil cohesion and FS,=factor of safety with re-
spect to soil internal friction angle.

The factor of safety with respect to cohesion and friction is regarded as the ratio be-
tween the available cohesion and friction and the developed cohesion and friction, i.e.,
¢’=c/FS, tan'g=tang/FS (40)
By solving the derived equilibrium equations, the overall three-dimensional factor of
safety of the spile-reinforced shallow tunnel system, FS, may finally be determined. An iter-
ative solution procedure for determination of FS is necessary for various angles defining
shapes of the postulated failure wedge.

5. Comparison with the Mostafa’s Two Dimensional Analysis

In 1982 Mostafa presented a two-dimensional stability analysis method for the spiling re-
inforcement system. The overall factors of safety predicted by the proposed method of
analysis on the basis of the postulated three dimensional failure wedges of the
spile-reinforced shallow tunnels are compared with the results from the two dimensional
stability analysis method by Mostafa. Table 3 describes values of pertinent parameters
used for the analysis. Also the predicted results of factors of safety are described and
compared in Fig, 10,

Table 3. Values of pertinent parameters used in the analyses

soil soil soil tunnel tunnel i . i i
i
unit , internal .un depth H(m) spiie 1nserting Spl,e
weight cohesion friction diameter (refer to length angle of spacing
t/m? D ile(® =s,
A4/ ) c(t/m?) angle 4(°) {m) Fig.7) £1{m) spile(”) si=s.(m)
1.9 1.95 33 6.1 9.14 12.2 0.75D 30 0.3~09

As illustrated in Fig. 10, in the case of tunnel depth H=9.14m, three dimensional factors
of safety are predicted as 11~20% higher than those of two dimensional factors of safety.
In the case of tunnel depth H=12.2m, however, two dimensional factors of safety are
estimated as 11~22% higher than those of three dimensional factors of safety. The reason
for this phenomenon is partly attributed to the increase in rate of total driving force
expected as the tunnel depth increases because the weight increase of failure wedge is
higher than that of total resisting force acting on the failure wedge surfaces.

Although the results of comparison shown in Fig. 10 are limited occasions, the overall
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stability of the spilereinforced shallow tunnel at facing may be checked deliberately as the
tunnel depth increases.

2.20 200 ‘
tunnel diameter (D) =6.1m . T ) N .
2.00 tunnel depth(H)=9,14m 0 2D E:gg:{ ?i;i?l:(tg)(zl)z-;nlm
spite length(}) =4.58m 1.80 — apile length (1) = 4 560
1.80 —
£ 2z 10— 3D
& 160 <
E 1. K
s T 140—
g 1.40 — §
= g 10—
1.20 - B i
1.00 — 1.00—
2D
0.80 -{
L i 080 3 | I
0.20 0.40 0.60 0.80 1.00 0.20 0.40 060 - 0.80 1.00
spile spacing{m) spile spacing{m)
(a) H=9.14m {p) H=12.2m

Fig.10 TResults of Comparison with two dimensional analysis

6. Parametric Study

Using the proposed method of three-dimensional limit equilibrium stability analysis of
the spiling reinforcement system, an analytical parametric study is carried out to investi-
gate the effects and significances of various pertinent parameters for the spile-reinforced
shallow tunnels. Properties of soil used in this parametric study are described in Table 4.
The parameters selected are the tunnel depth, spile length and radial spile spacing. The
adopted values for these parameters are summarized in Table 5.

Table 4. Properties of soil used in the parametric study

soil unit weight y(t/m?) soil internal friction angle ¢(") soil cohesion c{t/m?)
1.3 30 15

Table 5. Values of pertinent parameters used in the parametric study

tunnel tunnel rebar spile spile inserting |tensile vield|longitudinal|  radial
dia. depth dia. dia. length angle of | Strength spile spile

D(m) | H(m) (cm) {cm) ¢(m) |spile g(vy | of spile | spacing | spacing
(t/m2) si{m) s:{m)

3] D-~2D 2.5 10 0.6D ~1.3D 30 35000 06~1.6 0.3~1.3
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6.1 Effect of the tunnel depth

The tunnel depth is one of the most important parameters governing the deformation
characteristics of the spile reinforcement system. For the case of shallow tunnels the
factors of safety decrease as the tunnel depth increases as shown in Fig. 11. However, the
decreasing rate is gradually reduced. The results in Fig. 11 show that if longitudinal spile
spacing(s,) is 1.0m, decreasing percentage rate of the factor of safety is about 28% as the
tunnel depth ratio{(H/D) increases from H/D=4/3 to H/D=5/3, and alsc the
decreasing percentage rate of the factor of safety is about 20% as the tunnel depth ratio
{(H/D} increases from 5/3 to 6/3. These results indicate that the effects of the developed

soil resistances expected along the failure wedge surfaces are relatively higher as the tunnel
depth increases.

2.00
tunnel diameter{D)=86m
spile length(l) =6m
L.80 — radial apile spacing{s,) =0.5m
> .
% L.60 \
- H/D=4/3
o 140
=]
S
5]
e 1.20—
H/D=5/3
1.00— |
H/D=2
040 0.80 120 1.60 2.00

longitudinal spile spacting(m)

Fig.11 Effect of the tunnel depth
6.2 Effect of the spile length

The spile length is one of the most important factors in the stability of the spile
reinforced tunnels in soft grounds. The effect of the spile length is analyzed with various
design parameters, Fig. 12 shows that for a given tunnel! depth, the factors of safety in-
crease in general with increasing spile length,

Fig. 13 also shows the relationship between the depth ratio and the spile length for given
spile spacing. According to the results shown in Fig. 13, the overall factors of safety de-
crease to about 59~67% for given spile length as the depth ratio increases. The resuits in
Fig. 12 indicate that the overall factors of safety decrease to about 15~24% for given tun-
nel depth as the spile spacing increases. When the two results with decreasing rates of
factors of safety are compared for the case of shallow tunnels, the effect of tunnel depth is
more important than the effect of spile spacing.
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2.80 — tunnel dismeter (D)} =Bm
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Fig.12 Effect of the spile length

tunnel diameter{D)=6m
Jongitudinal spile spacing(s) =1m
radial spile spacing(s,)=0.5m

apile length{l)=0.8D~1.3D

2.80
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Fig.13 Relaticnship between the depth ratio and spile length
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6.3 Effect of the radial spile spacing

The radial spacing of spile is one of the most important factors in the stability of the
tunnel facing. As shown in Fig. 14, the overall factors of safety increase as the radial
spacing for given spile length decreases. For example, if the radial spacing of spile is 1.3m,
the decreasing percentage rate of factors of safety is about 11%. The radial spacing is 0.3m,
the decreasing percentage rate of factors of safety is about 28%. These results indicate
that the radial spacing of spile considerably affects the stability of the tunnel facing.

On the other hand, as the radial spile spacing increases for given spile length, the overall

factors of safety gradually decrease until the improvement due to the spile reinforcement
becomes negligible.

1.50
5,=0.3m tunnei diameter{D}==6m
tunnel depth(H)=2D=12m
1.40 — spile length(1)=1.2D=6.6m

Factor of Safety

8,=0.5m

1.30 —

3,=0.7m

1.20 —

s,=1.0m

1.10 - s,=13m \
1.00 —

090 LI S A I
0.00 0.40 .80 1,20 1.60 2.00

longitudinal spile spacing(m}

Fig.14 Effect of the radial spile spacing
7. Conclusions

A three dimensional analytical method is proposed for evaluating the stability of the
spile-reinforced shallow tunnel system. A limit equilibrium analysis is performed to predict
the overall factor of safety and establish a design method for the system.

A shape of the potential failure wedge for the case of spilereinforced shallow tunnel is
assumed on the basis of the results of three dimensional finite element analyses. A cri-
terion to differentiate the spilereinforced shallow tunnel from the spile-reinforced deep
tunnel is also formulated where the tunnel depth, soil type, geometry of the tunnel and
reinforcing spiles, together with soil arching effects, are considered.

To examine the practical suitability of the proposed method of three-dimensional stab-
ility analysis, overall stability of the spile-reinforced shallow tunnel at facing is evaluated,
and the predicted safety factors are compared with results from two-dimensional analyses,
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Using the proposed method of three-dimensional limit equilibrium stability analysis of
the spilereinforced shallow tunnel in soft ground, effects of various design parameters such
as tunnel depth, spile length and radial spile spacing are investigated. The parametric
study may provide useful informations in designing spile-reinforced tunnel system.

The method of analysis proposed may be used to evaluate the overall stability or to de-
termine the design parameters of the spilereinforced shallow tunnel system or both. With
slight modifications the analytical method of three-dimensional stability analysis proposed
may also be extended for the analysis and design of steel pipe reinforced multi-step grout-
ing technique frequently used as a supplementary reinforcing method in soft ground tunnel
construction. However, the analytical findings need to be verified through systematic ex-
perimental studies. Continuous research is needed to deal with seepage forces, layered soil
case, and spile-reinforced deep tunnel case.
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