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Figure 10. Plot of li/¢ end IL/dl0 , against relative density of compaction. 
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Analysis of a Spiling Reinforcement System 1n 

Soft-Ground Tunneling 
S. BANG 

An investigation of a spiling reinforcement system used for stabilizing tunnels 
is presented. The system is composed of a series of radially installed reinforcing 
spites placed around the perimeter of the tunnel heading before excavation. 
This system provides immediate stabilization of an opening as well as permanent 
stabilization. It has been successfully used for tunneling in weak rock formations 
and, to a lesser oxtont, in soft grou nds. To date, no rational design methodology 
has been formulated because no reasonable analytic method of analysis has been 
suggested. A generalized plane strain composite finite-element analysis, which 
uses the proper simulation of the excavation and reinforcement to calculate 
three-dimensional stresses and displacements while the finite-element grid 
remains in two dimensions, is presented. The effects of tho reinforcement, the 
incli nation, and the spacing of the spiles on the performance of the systom 

have been analyzed with the proposed method. The ground surface move· 
ments are used to calculate the vertical and horizontal distortions that are 
directly related to damage to buildings located above the tunnel. 

A spiling reinforcement system has been successfully 
used in tunneling to strengthen weak rock formations 
as well as other soft grounds (1). The system typi­
cally consists of a series of radially installed 
15- to 20-ft reinforcing spiles spaced from 2.5 to 5 
ft with an inclination angle of approximately 30 
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degrees to the tunnel axis. The reinforcing spiles 
are formed by inserting r e bars 1 to 1.5 in. in diam­
eter in predrilled holes with subsequent grout. 
Figure l shows a schematic representation of the 
system. The general principle is to stabilize a 

Figure 1. Spiling reinforcement ahead of the face. 
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weak mass by installing an annular spiling rein­
forcement network along the perimeter of the tunnel 
heading before excavation. The reinforcing network 
is extended into the in situ ground both radially 
and longitudinally; therefore, the tunneling opera­
tion is always performed inside a tubular reinforced 
zone encirclinq the tunnel opening. 

It has been reported (1) that the use of this 
scheme helps control both -the immediate stabiliza­
tion of an opening by preventing loosening and the 
permanent stabilization by restricting deformations. 
To date, a rational design methodology has not been 
formulated nor has a reasonable analysis procedure 
been offered. A method of analysis together with 
results obtained from the analysis for a spiling 
reinforcement system in soft-ground tunneling are 
presented here. 

METHOD OF ANALYSIS 

In formulating a method of analysis, it is important 
to take into consideration the tunnel excavation 
process and the soil-reinforcement composite be­
havior. These factors, which greatly influence the 
performance of the spiling reinforcement system, 
favor the use of finite-element analysis. 

A generalized plane strain finite-element method 
has been developed to investigate the detailed be­
havior of the spiling reinforcement system. The 
generalized plan strain condition assumes three 
nonzero displacement components, none of which is 
dependent on the out-of-plane coordinate; thus the 
out-of-plane strain remains zero, and the displace­
ment does not remain zero, which is commonly the 
case in the conventional plane strain approach. This 
approach was chosen because the conventional plane 
strain approach cannot effectively capture the out­
of-plane behavior of the incli ned spiling reinforce­
ment, and a full three-dimensional an~lysis may be 
prohibitively expensive and time consuming. The 
main advantage of the generalized plane strain ap­
proach is that it calculates three-dimensional 
stresses and displacements while the finite-element 
grid remains in two dimensions. A brief description 
of the element stiffness matrix formulaton in a 
generalized plane strain condition follows. 

The total virtual work is defined as 

II N 
oV= ~ oV.= ~ (oU.-liW.)=O 

e=l e=l 
(!) 

where N is the number of elements and ~ue and ~We are 
the element virtual internal energy and external 
work, respectively. With an incremental material law, 
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/:;a= C lie - - - (2) 

where 60 and 6£ are vectors of small changes in 

stresses and strains and the constitutive matrix C is 

dependent on current stress state and history, the 
element virtual internal work is written incremen­
tally as 

(3) 

Using the incremental constitutive law, one can write 

ot:.U.=J oeTct:.e dV0 Ve ..... ...., ,..,. (4) 

Because the displacement components in generalized 
plane strain are independent of the coordinate in 
the out-of-plane direction, z, i.e., 

u = u(x ,y) 

v = v(x ,y) 

w = w(x,y) 

the strain components become 

~ = {au/ax, av/oy, 0, au/oy +av/ax, aw/ax, aw/ay r 

(5) 

(6) 

Using linear approximation of displacements, the 
three displacements at each node of the quadrilat­
eral element can be approximated as 

4 
u = :E Niui 

i=l 

4 

w= i~l Niwi (7) 

where ui, vi, and wi are approximate nodal displace­
ments and Ni is the first-order shape function. 

From Equations 6 and 7 the strain component along 
x direction can be calculated as 

e = ilu/ax =(a/ax) ( l N1u·) = ~ F·u· (8) 
X 1=1 1 1=1 I I 

where Fi = aNi/ax. 
s imilar'ly, one can obtain 

4 

'YXY = i~l (Giul + Fivi) 

4 

')'XZ =it! Fiwi 

4 

yyz = it! Giwi (9) 

where Gi = 3N1/ay. 
The strain- displacement relationships can be 

written as 

(10) 

where 6~e is vector of nodal displacement increments. 
Equation 4 can then be rewritten as 

MUe = f v. [(~li'!.e? ','..(~!:;~.)] dVe 

(11) 

where the element tangent stiffness matrix K is ex­

pressed as 



Transportation Research Record 945 

~=Iv. ~Tf ~ dV. (12) 

Here 

FT 0T 0T 

0T GT 0T 

0T 0T QT 
B= 

GT FT 0T 
(13) 

0T 0T FT 

.Q,, 0T GT 

where FT = {F1 , F2 , F3, F4} and GT = {G1, G2, G3, 

G4 }. Thus a 12 x 12 element tangent stiffness 
matrix can be obtained, 

COMPOSITE ELEMENT 

The composite representation of the reinforced sys­
tem used in this analysis is an expansion of the 
approach developed by Romstad et al. (~), which 
expresses the orthotropic composite material prop­
erties as functions of the properties of each of the 
constituent materials (i.e., the soil mass, the 
reinforcing members, and their geometric arrange­
ment). 

This approach is based on the concept of the unit 
cell, an isolated small unit of the material that 
completely exhibits its composite characteristics. 
The average values of the stresses distributed over 
the cell faces are equal to the stresses in the 
equivalent composite material, and the average 
values of strains for the cell are those of the 
composite. Thus the average response of the unit 
cell to a homogeneous state of composite stress or 
strain is the same as the composite response of the 
material. Therefore, the desired composite prop­
erties may be calculated from detai led consideration 
of the behavior of the unit cell. These composite 
properties may then be used in the analysis of the 
complete structure. Such as analysis yields the 
composite stress and strain throughout the struc­
ture. Once the composite stress state is determined 
at a particular point in the structure, the corres­
ponding constituent stress state (e.g., soil or 
spile) may be determined by returning to the analy­
sis of the unit cell. 

A schematic representation of the unit cell is 
shown in Figure 2. The composite material consists 
of a soil reinforced with spiles parallel to one 
another at a chosen spacing, S, and extending deep 
into the soil mass. The 1-axis in Figure 2 is chosen 
parallel to the spile and the 2- and 3-axes form a 
plane perpendicular to the longitudinal axis of the 
spile, where the 2-axis passes through the center of 
the tunnel. For a given reinforcing pattern, all 

Figure 2. Unit cell. 
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spiles in a given 1-2 plane are assumed to be 
equally spaced. 

The basic composite properties defining the 
stress-strain relationship were calculated by 
Romst.ad et al. ~) by successively considerinq a 
number of simple composite stress-strain states and 
approximately determining the response of the unit 
cell. The constitutive relationship in global coor­
dinates can be obtained by considering two succes­
sive general two-dimensional axes rotations de­
scribed by Mohr's circle relations (see Figure 3). 

SHOTCRETE LINING 

To prevent soil fall-out, a thin shot.crete lining 
may be used immediately after excavation and before 
installation of a permanent lining. The shotcrete 
lining was considered to be a flexible membrane 
element with no bending stiffness. Figure 4 shows a 
general membrane element with a thickness, t. This 

Figure 3. Coordinate transformation of unit cell. 

(a) 

(b) 

Figure 4. Membrane element representation. 
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approach was chosen because the shotcrete lining is 
relatively thin and no separate representation of 
the lining in the fin ite-element grid is necessary 
in this approach. The resulting stiffness matrix of 
the membrane element can be added directly to that 
of the soil e lement adjacent to the lining. 

Assuming cry', TX'y', and TY'z' are zero, 
the stress-strain relationship reduces to 

[

ax· ] [C1 1 
a,• = Cu 

1"x•i • 0 0 

0] ["x' J o e, · 
C33 rx -.· 

(14) 

Taking the x' and z' displacements at any point as 
u' and w', respectively, 

Ex'= au·;ax· 
€z• = 3w'/3z' = 0 

'Yx'z' = (au·;az•) + (aw•/ax•) = aw·;ax· (15) 
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are obtained. Note that the generalized plane strain 
condition is applied. 

Because x' = x0 + ~(1/2) (from Figure 4), 

a;ax' = (o/o~)(o~Ox') = (2/Q)(o/o~) 

Also 

u' = [(1/2) u1(1- m + [(1 / 2) u'.z(l + m 
= (1/2) lM + u\) + ~(u2 - ui)J 

The nodal displacements are expressed as 

uf ;::; ui cos8 + v1 sin8 

vf = -ui sin8 + Yi cosO 

W{ ;:Wi 

(16) 

(17) 

(18) 

for i = 1, 2, where u, v, and w are the nodal dis­
placements with respect to the x, y, and z coordi­
nates. Substituting Equations 15 into the element 
virtual internal work expression, the following 
element stiffness matrix is obtained. 

S11 S12 0 -Su -S12 0 

S12 S22 0 -S12 -S22 0 

0 0 S33 0 0 -S33 
K= 

-Su -S12 0 Su S12 0 
(19) 

-S12 -S22 0 S12 S22 0 

0 0 -S33 0 0 S33 

where 

sll (t/R.) ell cos2 0 
S12 ,. (t/l) ell cose sine 
S22 • (t/l) ell sin2 0 

and 

S33 = (t/l) C33 

INCREMENTAL ITERATIVE PROCEDURE 

A finite-element computer program incorporating the 
previusly mentioned features was developed. The 
construction and excavation process was simulated by 
a two-step incremental procedure. The first incre­
ment computes the initial stress state of the whole 
soil mass simulating in situ soil condition. This 
increment results in the development of stresses 
only (i.e., displacements are reset to zero). The 
second increment handles installing the spiles and 
excavating the tunnel as well as the construction of 
the shotcrete lining. 

Within each increment, the nonlinear soil prop­
erties are accounted for by an iterative solution 
procedure using a nonlinear soil model developed by 
Duncan and Wong (3) . This model assumes that the 
soil does not experience any stress- or strain-in­
duced anisotropy (i.e. , soil behavior is described 
by the instantaneous value of Young's modulus depen­
dent on the stress state). A hyperbola is assumed 
to represent the stress-strain relationship for 
primary loading, and a straight line is assumed for 
unloading and reloading. A constant Poisson's ratio 
of 0.3 was used because the expressions for initial 
and tangent Poisson's ratio do not include the ef­
fect of unloading. 

To improve the rate of convergence in the itera­
t i on process, a modified estimate of the soil mod­
ulus was used . For iteration n this value was ex-
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pressed in terms of the calculated modulus and the 
modulus from the previous iteration, n - 1. That is, 

E•(n) = rE(n) + (1 - r)E(n-l) (20) 

where r is a relaxation factor. Because the con­
vergence was oscillatory, a study was conducted to 
obtain the factor that gives the minimum number of 
iterations to be solved in the finite-element analy­
sis. A factor of 0.7 was found. Using this under­
relaxation factor, the solution usually converged 
within 4 to 8 iterations for each increment. 

RESULTS 

To understand the spiling reinforcement system in 
soft-ground tunneling, an investigation has been 
performed using the developed computer program. The 
investigation was limited to the study of a hori­
zontal, single, circular tunnel with all spiles 
having the 'same axial and circumferential spacing 
and the same inclination angle along the entire 
circumference of the tunnel. Figure 5 shows the 
typical finite-element grid used in the study. The 
pertinent soil properties adopted in the study are 
given in Table 1. 

Figure 5. Typical finite-element grid. 

ROLLER BOUNDARY 

Table 1. Pertinent soil properties (!I. 

Loading modulus 
Unloading modulus 
Modulus exponent 
Failure ratio 
Cohesion (psi) 
Friction angle (0 ) 

Poisson's ratio 

8SM is silty sand. 

bCL is clay with low plasticity . 

Soils 

No.1 
(SM8

) 

200 
330 
0.6 
0.7 
2.778 
33 
0.3 

120 
198 
0.45 
0.7 
2.083 
30 
0.3 

SPILE 
REINFORCED 
ELEMENTS 

60 
153 
0.45 
0.7 
0.694 
30 
0.3 

The main variables considered were the depth of 
the tunnel center (HJ, the spacing (S), and the in­
clination of the spiles (a). Both the diameter of 
the tunnel and the length of the spiles remained 
constant at 20 ft. These values were chosen because 
the diameters of the tunnels used in Washington, 
D.c., Metro1 Frankfurt1 Sao Paulo; and San Francisco 
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were in the range of 18 to 21 ft (4) and, for the 
soil region farther than one radius- from the open­
ing, any increase in strength related to the pres­
ence of the reinforcement is small ( 5). (Note that 
spiles equal in lengt.h to the diamete~ of the tunnel 
with 30 degree inclination form a reinforced zone 
one radius from the tunnel opening.) The reinforcing 
spiles consisted of 1-in. -diameter rebars in 4-in. 
predrilled holes filled with grout. A brief descrip­
tion of the results o.btained from the analysis fol­
lows . 

Generally, there is a dramatic reduction in de­
formations when the spiling reinforcement system is 
used. Figure 6 shows a comparison of the tunnel 
deformations for unreinforced and reinforced tun­
nels. Quantitative comparisons of the deformation 
are given in Table 2. It is obvious that the use of 
spiling reinforcement reduces the crown and bottom 
movements of the tunnel by approxima·tely 87 percent 
and 48 percent, respectively:. A similar reduction 
in vertical ground surface movements is shown in 
Figure 7. The reduction may be as great as 90 per­
cent of the unrein.forced case. 

To evaluate the stability of structures located 
above or adjacent to the tunnel, vertical and hori­
zontal distortion.a were calculated and compaced. 
The vertical distortion is de:fined as the differen­
tial vertical movement between two points divided by 
the distance separating them. The horizontal dis­
tortion is defined in a similar manner for the dif-

figure 6. Deformation of the tunnel. 
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Figure 7. Vertical ground surface movement. 
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ferential horizontal movement. These parameters 
have been used to describe the possible damage 
potential of various types of structures <i-!QJ . 
Figure 8 shows the distribution of the vert ical 
distortions for unreinforced and reinforced tunnels. 
Maximum vertical distortion of 1.25 percent results 
for the unreinforced tunnel, whereas only 0 .12 per­
cent is observed for the r einforced tunnel--a 90 
percent reduction . According to Bjerrum (11), 
cracking in panel walls is to be expec·ted if ver­
tical distortion exceeds 0.33 percent. Similar 
reductions are observed in maximum horizontal dis­
tortions (i.e., 0.79 percent and 0.065 percent, 
respectively). According to O'Rour ke et al. (12), 
0.3 percent is the threshold value of horizontal 
distortion causing architectural damage in buildings. 

The relative significance of the spile inclina­
tion angle to the performance of the system can be 
seen in Figure 9, which shows the resulting deforma­
tion of the tunnel due to differen t angles of spile 
inclination. Note that different scales are used 
for the tunnel and the disp_lacement. An angle of 
spile inclination of approximately 30 degrees to the 
tunnel axis produces the least movement at the 
crown, the bottom, and the side of the tunnel. This 
finding can be further confirmed by comparing the 
ground surface distortions. The results indicate 
that an inclination angle of 30 degrees produces 
approximtely 30 percent less vertical distortion 
than an inclination angle of 40 degrees and approxi­
mately 5 percent less than an i nclination angle of 
20 degrees. 

The effect of the spile spacing, a measure of the 
reinforcing intensity, has also been studied. A 
summary of the tunnel deformations obtained with 
different spile spacings is given in Table 3. The 
reduction in crown movement is much larger than the 
reduction in bottom movement, and the rate of im­
provement increases as spile spacing is reduced. The 
effect of spile spacing is even more pronounced in 
reducing the ground surface settlement. For in-

Table 2. Reduction of tunnel deformation spiling reinforcement 
in soil No. 1 (H = 50 ft). 

Crown 
Bottom 

Unreinforced 
(in.) 

-4.439 
1.4 

Reinforced 
(in .) 

-0.5734 
0.7214 

Figure 8. Vertical ground surface distortion. 
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stance a reduction of 34 percent in surface settle­
ment above the tunnel center can be achieved by 
reducing spile spacing from 4 ft to 2 ft, whereas 
approximately 29 percent and 6 percent reduction in 
crown and bottom movements are expected. Generally, 
the effP.ct of spile spacinq on the performance of 
the system, including tunnel deformations and ground 
surface movements, is much greater in weaker soils. 
Even though the effect of spile spacing is smaller 
in stronger soils, the reinforcing effect is still 
remarkable when the behavior of the reinforced sys­
tem is compared with that of the unreinforced system. 

The location of the potential failure surface was 
estimated by observing the variation of the maximum 
shear strains obtained from three-dimensional 
strains. A typical maximum shear strain distribution 
is depicted by the contours in Figure 10. The po­
tential failure surface was approximated by connect­
ing the highest maximum shear strain points. This 
indicates that the potential failure surface passes 
more or less through the side of the tunnel and 
propagates upward forming a circlelike curved sur­
face as shown in Figure 10. The potential failure 
surface may be approximated in the design of the 
system by a series of straight lines or a continuous 
curve. 

CONCLUSION 

An investigation of a spiling reinforcement system 
used in soft-ground tunneling is described. A gen­
eralized plane strain finite-element anaiysis has 
been developed to calculate the three-dimensional 
stresses and displacements while the finite-element 
grid remains in two dimensions. From the information 
obtained from the analysis, effects of the rein­
forcement, the inclination, and the spacing of the 
spiles on the performance of the system have been 
discussed and quantified. 

The developed method of analysis can be used for 
the calculation of tunnel and ground surface move­
ments under various field conditions (e.g., soil 
type, tunnel depth, inclination and spacing of the 
spiles, and tunnel d iameter). The i:esults can then 
be used for the design of the spiling rei.nforcement 
system. An appropriate spile spacing can be chosen 
from the results to ensure that the deformation 
characteristics of the system can be kept within 
acceptable bounds-. Because the method of analysis 
produces three-dimensional displacements, the out­
of-piane nirection displacement can be included in 
the calculation of the ground surface distortions. 
Figure 11 is an example that indicates the variation 

Figure 9. Tunnel deformation for different spile inclinations. 
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Figure 10. Contours of maximum shear strain. 
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Figure 11. Variation of ground angular distortion. 
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Table 3. Tunnel deformation with different spile 
spacings in soil No. 3 (H c 50 ftl. 

Spile Spacing 
(ft) 

5 
4 
3 
2 

Crown (in.) 

-2.37 
-2 .29 
-2.19 
-J .65 

Bottom (in.) 

1.78 
1.76 
l.74 
1.65 

of ground surface angular distortion, a measure of 
combined vertical distortion in three dimensions. 
Angular distortion can be obtained from 

Angular distortion= (l/L)(lllly2 + tu5~)y, 

where 

distance between nodes, 
differential vertical displacement, 
and 

66z = differential out-of-plane dis­
placement. 

(21) 
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The developed method of analysis was intended to 
capture the most essential character is tics involved 
in the spiling reinforc ement system in soft-ground 
tunneling without resor t i ng to three-d ime nsional 
grids. However, the validity of the developed method 
of analysis remains to be tested. Furthe r res ear c h 
should be done in areas such as field instrumenta­
tion a nd mon i t oring o~ prot otype s ystems o r large­
scale c entrifuge model testing. I n th i s way the 
validity and effectiveness o f the developed analytic 
methods can be checked and extended. 
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Compactive Prestress Effects in Clays 

ALBERT OiBERNARDO AND C.W. LOVELL 

The load-deformation behavior of natural clays is strongly influenced by the 
geologic maximum past pressure. If such clays are excavated and manipulated 
before compaction, the geologic effect is largely lost. However, the compaction 
process establishes a new prestress value, and the ratio of this prestress to the 
effective normal stress in a compacted fill forms a new overconsolidation ratio 
(OCR). If the material and compactive prestress values are held constant in a 
moderately high embankment, the OCR values range from quite high at lesser 
depths to unity in lower embankment locations. Consequently , the nature of 
the shearing and compressibility responses varies considerably with position in 
the embankment. Laboratory studies have been conducted on both compacted 
shales and clays to demonstrate the empirical prediction of the prestress value 
and its relative effect on saturated compressibility and undrained shear be· 
havior. The prestress varies with the nominal compaction pressure and its rate 
of application, as well as with the material and its water content. This value is 
predicted from the conventional oedometer test on the as-compacted material. 
When the compacted materials are soaked at a variety of confining pressures, 
which si mulate differing embankment posi!lons, the volume changes are highly 
dependent o n the major compaction variables and the prestress. To achieve a 
homogeneous and predictable load-deformation response in major embank· 
ments, it is necessary to better understand and control the prestress effected by 
compaction. The research discussed here was conducted to examine the com· 
pressibility behavior of a laboratory-compacted soil in the as-compacted and 
soaked condition. A highly plastic residual clay and a kneading type of com-

paction were used . To determine the as-compacted compressibility characteris­
t ics, the compacted samples were trimmed to appropriate size and incre­
mentally loaded in the oedometer. Of particular interest was the value of 
compactive prestress. 

Early hypotheses concerning compaction of fine­
g rained soils explained the compaction process in 
terms of a predominant infl uence of individual clay 
particles (or clusters) . Mo re recently, the role of 
agglomerations or peds of clay particles has been 
emphasized. 

BACKGROUND 

Compac t i o n Hypothe ses 

Barden and Sides <.!> attempted to relate the engi­
neering behavior of compacted clay to its fabric. 
Photomicrographs of the fabric of two clays revealed 
that the main difference between samples compacted 




