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ABSTRACT Pre-grouting is a popular ground treatment strategy utilized to enhance the strength and stability of strata
during the excavation of a tunnel through a fault zone. Two important questions need to be answered during such an
excavation. First, how should the grouting size be determined? Second, when should excavation begin after grouting?
These two questions are conventionally addressed through empirical experience and standard criteria because a reliable
quantitative approach, which would be preferable, has not yet been developed. To address these questions, we apply a
recently proposed numerical approach known as discontinuity layout optimization, an efficient node-based upper bound
limit analysis method. A case study is provided utilizing a tunnel located in a stratum characterized by complicated
geological conditions, including soft soil and a fault zone. The factor of safety is used to quantitatively assess the stability
of the tunnel section. The influences of the grouted zone thickness and the time-dependent material properties of the
grouted zone on the stability of the tunnel section are evaluated, thereby assisting designers by quantitatively assessing the
effects of pre-grouting.
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1 Introduction

With regard to tunnels constructed in fault zones, the curtain grouting boundary
instability and potential collapse of the tunnel ceiling have

significantly negative impacts on the project schedule and boreholes %

cost [1,2]. Pre-grouting constitutes a very commonly used P i T ot Wi

A
strategy for reinforcing the soil and fractured rock mass in Z%__{,————,
advance, and it enhances the stability of the tunnel section gro“tlilng %T}"T " q the third
. . . . wal .~ € TIrs € SCCON € thir
dur.mg e)f(‘cavatlgnl[?)ig]. The Prﬁcedm‘% 1S very Clelar' a - circulation|  circulation circulation
series 0 boreholes are initially dl‘.l ed into planar §§\
excavation surfaces, after which grout is injected into the N~ ——— L

soil/rock medium [9-11] (see Fig. 1). Following a specific ] ‘S

period of time, during which the medium is reinforced and
the stability of the tunnel section is guaranteed, the grouted
media will be excavated. In this case, the stability of the curtain grouting boundary
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tunnel section depends on the size of the grouted zone and
the material properties of the grouted stratum, both of
which will change over time. When the geological
conditions of the original stratum are known, designers
and engineers seek the answers to two important questions.
First, how should the size of the grouted region be
determined? Second, when should excavation begin after
grouting? These questions are conventionally answered
through empirical experience and design criteria. There-
fore, a robust and efficient numerical procedure for
quantitatively evaluating the pre-grouting process would
be highly salient for addressing these two questions;
however, such a technique has yet to be developed.

The failures of tunnel sections or tunnel surfaces are
attributable to discontinuities, which can be analyzed by
nonlinear analysis and limit analysis methods. The former
include discontinuity deformation analysis and discrete
element methods [12,13] and phase field methods [14—19]
in addition to the numerical manifold method [20-22],
strong discontinuity embedded approach [23-28], cracking
elements method [29-31], cracking particles method [32—
34], and meshless method [35-37] as well as some
sophisticated techniques based on peridynamics [38—42],
to name a few. Unfortunately, despite their accuracy and
sophistication, most nonlinear analysis techniques suffer
from numerical instabilities and low efficiencies relative to
limit analysis methods, which preliminarily assume the
failure mechanisms and can directly obtain the failure
loads and patterns without utilizing loading/unloading
processes during the relevant calculations [43—46].

Regarding the application of limit analysis to the
stability of tunnel sections, researchers have presented
various numerical approaches. For example, Leca and
Dormieux [47] proposed a failure criterion for a tunnel face
in a cohesive-frictional soil to determine the upper and
lower bounds of the stability of the tunnel face. Mollon
et al. [48] employed a kinematic approach based on limit
analysis theory to analyze the collapse and blow-out face
pressures of a circular tunnel driven by a pressurized
shield. Similarly, Zhang et al. [49] described a new 3D
failure mechanism using the limit analysis-based kinematic
approach to determine the limit support pressure of the
tunnel face. Anagnostou and Perazzelli [50] proposed a
computational method for assessing the reinforcement of a
tunnel face situated within a cohesive-frictional soil with
bolts based on limit equilibrium considerations. Han et al.
[51] proposed a new 3D failure mechanism to analyze the
limit support pressures of tunnel faces in multilayered
cohesive-frictional soils based on limit analysis methods.
Chen et al. [52] revealed the failure mechanism and limit
support pressure of a tunnel face in dry sandy soil by using
the discrete element method (DEM). In addition, Dang and
Meguid [53] proposed an efficient finite-DEM to analyze
quasi-static nonlinear soil-structure interaction problems
involving large deformations in 3D space. Nevertheless,
most of these techniques were developed for a continuous
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medium, and thus, they are not very suitable for highly
fractured rock masses. Moreover, these numerical methods
are mostly element-based and therefore possess a mesh
bias.

In this paper, we apply the recently proposed disconti-
nuity layout optimization (DLO) numerical approach [54—
57] to quantitatively evaluate the stability of pre-grouted
tunnel sections. DLO, which belongs to the family of
topology optimization methods [58—60], introduces over
one thousand nodes into the domain and connects every
pair of nodes as a potential discontinuity for optimization.
The target function is defined based on the minimization of
energy, and the final solution is obtained automatically
[61-64]; accordingly, this approach exhibits numerical
stability and a high efficiency [65-68]. Compared with the
aforementioned methods, DLO does not predefine any
blocks, elements or failure mechanisms; furthermore, the
final activated discontinuities are automatically calculated
as results rather than inputs. Unlike element-based
methods, DLO is a node-based approach, meaning that it
does not exhibit any mesh bias [69]. In addition, by
defining a factor of safety [70,71], DLO can be used for
stability analysis [65], and thus, it represents a suitable tool
for this study. Here, a tunnel excavated within a zone
characterized by complicated geological conditions,
including a fault zone and fractured rock with a rock
quality designation of RQD < 10, is considered. The size
of the grouting region and the effect of the grouting time
are taken into account. The factor of safety is used to
quantify the stability and the quality of grouting. With the
calculated results, our study answers the two previously
proposed questions and helps to determine the size of the
grouted zone and the time required for excavation. We
emphasize here that DLO is a patented method [72,73] and
that the case study shown in this work is provided to
indicate the capabilities of this method “only for
engineering attempts rather than financial purposes” .

The remaining parts of this paper are organized as
follows. In Section 2, the numerical DLO method is
explained with the governing equations, the target
functions, and the optimization constraints. In Section 3,
the project background of the tunnel and the zone are
described in detail. Numerical studies are conducted in
Section 4 to evaluate the influences of the size of the
grouted zone, the geological parameters and the grouting
material properties on the tunnel stability. Finally, the
concluding remarks are presented in Section 5.

2 Governing equations of DLO

The numerical DLO method was presented in Ref. [54]. By
introducing the factor of safety, DLO can be further
utilized for stability analysis [65]. Accordingly, we present
the formulation of DLO here. In a 2D domain, n nodes are
introduced, and each pair of nodes is connected to
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represent a potential discontinuity for a total number of
discontinuities C(n,2). Every potential discontinuity with a
potential displacement jumps along both the normal
direction and the shearing direction composing the
displacement jump field d, which represents the basic
unknown in the governing equations. Meanwhile, the
factor of safety A, which is defined as an increasing factor
of the gravitational acceleration that triggers failure, is
introduced. With regard to the energy balance, A = E/W,
where E represents the dissipated energy and W is the work
done by gravity, both of which are functions of d. Hence,
the general governing equations are given as

min A = —E(d) ,
W (d) (1)
subjectto Ad=u,

where A is the target function, and A is the constraint matrix
of the optimization equation. Since Ref. [65] introduced
the unit work constraint and added W(d) = 1 to the
constraints, A = E(d).

As presented in Refs. [54,57] and represented in matrix
form in Refs. [65,69], regarding the utility of DLO in
stability analysis, A4 includes three types of constraints:
compatibility constraints, flow rule constraints, and unit
work constraints. Furthermore, to eliminate absolute
operation in the flow rule constraint, a plastic multiplier
field p is also introduced as an unknown. Finally Eq. (1)
can be transformed into

minimize FE =ep,
subject to
B 0 0 Viel,s;=0 (2)
N {Z}: O|,and¢ Vi € I,, n;,=0

G 0 1 p=0

where I and I, are sets of the discontinuity index fixed
along the shear and normal directions, respectively. In
Eq. (2), the dissipated energy is calculated by

Ed)=E(p)=ep= %[lej qli] pj, ®)

where ¢; is the cohesion of the inner discontinuity j, and /; is
the cross section of the discontinuity j with a value equal to
the length of j in two dimensions.

B is obtained by assembling the local constraint matrix
B,, where i denotes a potential discontinuity i, as

a; -Bi
Bi a;

Bi= —0; B , @
B o

where o, and f; are the x-axis and y-axis direction cosines,
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respectively, for a discontinuity 7 connecting nodes 4 and
B. Figure 2 shows the polar angles of discontinuities 1
through 4, where a; = cosé); and ;= sinf,. Bd = 0 represents
the rigid displacements of the sub-domains separated by all
potential discontinuities.

B, B,

6,

B, B,

Fig. 2 The discontinuities connected to a node (where o; = cos6;
and f; = sind).

N in Eq. (2) is calculated by assembling the local flow
rule matrix in consideration of the Mohr-Coulomb flow

law as

d. -1 0 1 -1 d

[l - MR
p; 0 -1 tang; tang; | LP;

where j is the inner potential discontinuity, and ¢; is the
corresponding friction angle (see Refs. [54,65] for details).

The unit constraint matrix G is constructed by consider-
ing the work done by gravity attributable to the potential
movements of the sub-domains. G is assembled by a local
unit constraint matrix as

G, d; = G, sgn(o;) [~fi—oy] d;, (6)

where G is the total weight (G; = 0) of the strip of material
lying vertically above the discontinuity 1.

As discussed in Ref. [65], the final obtained results are
composed of the minimum value of A in addition to the
corresponding displacement jump field d and plastic
multiplier field p. As a direct criterion, if the obtained
A>1, the structure is considered to fail only when the
constant of gravitational acceleration is greater than the
standard value. In other words, A >1 indicates that the
structure is stable and self-supported. For details regarding
the numerical platform used in this study, interested
readers are referred to Refs. [74-76].

3 The case study

3.1 Project background

The considered tunnel project is the Zhongjiashan tunnel
located in the western part of Jiangxi Province, China,
which was excavated by the New Austrian tunneling
method (NATM). The project includes two tunnel lines
passing through a fault zone named F2, which is
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considered to have a large width of approximately 15—
30 m. F2 dips toward the east with an angle of 84°, and it
intersects with the axis of the tunnel at 45°. In addition, the
stratum is composed of weak soils and fractured rocks with
ROD < 10. During the excavation of the tunnel, a collapse
occurred near the right line at ¥ K91 4 371 ~ 389 (as
shown in Fig. 3); the volume of the collapse was
approximately 1200 m?. The formation lithology of the
region is divided into four units (see Table 1).

The grouting material used in this project is a cement
paste-silicate grout with a cement paste/silicate ratio of
CP/S = 1:1, where the cement paste is composed of a
cement paste/water ratio of C/W = 1:1. The cohesion and
friction angle of the grouted stratum are obtained by direct
shear tests on two groups of in situ specimens: one from
the typical grouted stratum and the other from the grouted
stratum near F2 (as shown in Fig. 4).

3.2 Numerical modeling and discretization
The cross section of the tunnel is shown in Fig. 5. We focus

on the crown of the tunnel (section 1) to investigate the
stability of the tunnel.
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The excavation of the Zhongjiashan tunnel mainly
included three conditions: i) the tunnel encountered the F2
fault and other soils; ii) the tunnel was completely located
within the F2 fault zone; iii) the tunnel was completely
located in soil.

The model of the grouted crown for the DLO analysis is
shown in Fig. 6 where the surcharge is set as 3128 kPa. The
section of the tunnel ceiling is assumed to be an arch with a
height H = 4.4 m; the depth of the tunnel (i.e., the distance
from the grouted zone to the upper part of the stratum) is D
= 20 m, and the grouted zone is assumed to be perfectly
circular with a thickness of 7= 8 m. The inner surface of
the tunnel and the upper part of the stratum are free
boundaries, whereas the lateral and bottom parts of the
stratum are fixed along the normal direction. The material
parameters are listed in Table 2, in which the cohesion of
the interface is assumed to be the same as the smaller
cohesion values of the two separate sub-domains.

The grid method [54] is used for the DLO pre-
processing, i.e., a large number of nodes on regular grids
are introduced into the domain, and the discontinuities,
which are allowed to intersect one another, are built by
connecting each pair of nodes; however, the nodes in
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Fig. 3 The collapse situation. (a) The settlement of the soil above the tunnel; (b) the location of the collapse.

Table 1 Lithology of each geological unit

geological unit thickness (m)

lithology

This formation is generically composed of mainly alluvial-diluvial and residual products. The lithology includes

reddish-yellow and sepia-colored silty clays, yellowish and bronze-colored gravelly soils, and a sandy gravel layer

formed by river degradation.

The upper part is a yellow arenaceous shale with layered quartz sandstone. The bottom part is composed of

grayish, medium-bedded, layered dolomite limestone.

The upper part is composed of a pale brown, thin- and medium-bedded, layered quartz sandstone and a shale.

The medium part comprises black, silty shale interbedded with 2 to 3 layers of coal. The bottom part is a grayish,
thin- and medium-bedded quartz sandstone and a shale.

0 0-30
Cld3 >20
cld2 175
D3s 248

The upper part is an ashy, medium-bedded layered quartz sandstone with a thinly layered Fe-bearing sandstone, an

arenaceous shale and a shale. The medium part is composed of an ashy, medium-bedded, layered mica fine
sandstone and a magenta, thinly bedded, layered mica fine sandstone with arenaceous shale. The bottom part is
composed of an ashy and pale brown, medium-bedded shale, a mica quartz sandstone, and a greyish-green,

mediumbedded mica quartz sandstone.
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Fig. 4 The results of direct shear tests on the grouted strata. (a) The typical grouted stratum; (b) the grouted stratum near F2.

the excavation contour primary support

N/

Fig. 5 The shape of the crown built with the NATM.

different types of soils are prohibited from connecting with

surcharge interface 1 each other. The potential discontinuities in both a

| A A A interface 2 homogeneous stratum and a heterogeneous stratum are

interface 3 illustrated schematically in Fig. 7. Based on the positions

------------- interface 4 of the potential discontinuities, the cohesion, friction angle,

p| P " and overburden are determined for each discontinuity to
soil 1 soil 2 construct the optimization equation (Eq. (2)). Zhang et al.

T ; [65] noted that the grid spacing dp has a substantial
influence on the final result. After preliminary experi-

mentation, we take dp = 0.7 min this work, forming
approximately 2000 nodes and over one million potential
Fig. 6 The model of the grout-supported crown considered in discontinuities. Furthermore, to improve the initial results,
this paper. refining procedures [65] are also used in which new nodes
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Table 2 Material parameters

Front. Struct. Civ. Eng. 2019, 13(6): 1393-1404

item cohesion (kPa) friction angle (°) unit weight (kPa/m)
soil 1 Cs=35.0 ¢y =6.3 ¥ = 19.8

soil 2 Co=17.0 b =27 vo =184
interface 1 Cq=35.0 ¢, =0.0 -
interface 2 Cr=17.0 ¢pn =0.0 -
interface 3 Cs=17.0 ¢pn =0.0 -
interface 4 Cs=90.52 ¢p =0.0 -

grouted soil 1 Cg1=105.8 ¢q1 =27.429 Y = 19.8
grouted soil 2 Cq1=90.52 ¢q1 = 22.831 va = 18.4

Fig. 7 The discretization of the model with nodes and discontinuities built by the grid method (only a subset of the discontinuities is

shown for the sake of clarity).

are added around the activated nodes during the last
optimization step for re-optimization; this refining proce-
dure is repeated 4 times in every simulation.

3.3 Excavation conditions of the tunnel

Considering the 3 possible conditions during the excava-
tion of the tunnel, the soil failure mechanisms are shown in
Fig. 8.

It is evident that collapse will occur mainly in the soft
layer when the tunnel is excavated within heterogeneous
soil. The soil at the junction of the soil layer and the

excavated tunnel will be damaged and will tend to fall into
the fault zone. Furthermore, the factor of safety of the
heterogeneous soil is almost identical to that of the soft
homogeneous soil, which explains why the stability of the
tunnel mainly relies on the geological properties of the soft
soil. When T is equal to 2, 4, 6, 8, and 10 m, the failure
mechanisms of the damage zone are almost identical, as
shown in Fig. 9. The value of A increases with an increase
in the thickness of the grouted zone, which means that the
stability of the tunnel increases with the thickness of the
grouted zone. When the thickness of the grouted zone is
relatively small, the damaged soil tends to collapse

. 4 ";
-45 45 125
(a)

Fig. 8 The failure mechanisms of soil during the different excavation conditions: (a) condition i), A=1.081; (b) condition ii) , A= 1.829;

(c) condition iii) , A=1.071.
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outwards, and the damage region becomes wider.

To choose a reasonable grouted zone thickness, the
factor of safety is obtained with the thickness varying from
2 to 10 m, as shown in Fig. 10. Evidently, although the
geological conditions differ, the relationships between the
grouted zone thickness and the safety factor can all be
fitted by an exponential function. When the cohesion and
friction angle of the soil are identical to those under the
project conditions, the most economic grouted zone
thickness with the best fit can be determined. If the
geological properties are substantially different from the
abovementioned soil, the most suitable thickness can be
chosen according to these two fitting curves once the
influence of the cohesion and friction angle on the safety
factor is known. The effects of the geological properties
and other influencing factors are discussed in the following
section.

4 Influencing factors on the tunnel stability

The dominant influencing factors on the tunnel stability
include the geological properties of the soil above the
tunnel and the grout-reinforced strength of the soil.
Tunnels excavated in uniform and non-uniform strata
with different geological conditions are compared in this
section.

4.1 Effects of geological properties

In the current simulation, the geological properties are
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varied by changing the cohesion and the friction angle of
the soil. Two dimensionless parameters (Q1 = Cy;/Cy,
and Q2 = ¢, /¢,,) are introduced to evaluate the effect of
the degree of non-uniformity on the stability of the tunnel.
Q1 and Q2 vary from 1.4 to 2.5 and then 5.0 by
respectively decreasing Cy, and ¢,. The material para-
meters of the soil in the fault zone and the grout are kept
constant, as shown in Table 2. Following these parametric
studies, the failure mechanisms and associated values of A
are shown in Figs. 11 and 12. The results indicate that the
geological properties of soil 2, which is a weaker soil, have
a greater influence on the tunnel stability.

To analyze the effects of the geological properties on the
uniform soil, the cohesion varies from 10 to 30 and 60 kPa,
while the friction angle ¢y, is kept constant as 6.3°.
Meanwhile, when the friction angle varies from 5° to 15°
and 30°, the cohesion is equal to 35 kPa. The grout-
reinforced strength (C, = 100 kPa, ¢, = 20°) and the unit
weight of the soil (y = 19.8 kPa/m) are kept constant.

The results of the simulations with different cohesion
values are illustrated in Fig. 13, which demonstrates that A
increases with an increase in the cohesion of the soil. With
the same friction angle, the failure mechanism is almost
identical for different cohesion values, but the damage
region will become wider with an increase in the cohesion
of the soil.

The influence of the friction angle on the tunnel stability
is shown in Fig. 14, which illustrates that A increases with
an increase in the friction angle. Moreover, when the
friction angle is smaller, the failure mechanism of the soil
tends to be vertical with respect to the ground surface.

0 ' . 0
I
_10 L
720 L
728 L
-125 45 45 125 -125 -45
(@)
0
710 L 4
720 L 4
28L . .
-12.5

(d)

0
~10 1l
20
-28
45 125 -125 -45 45 125
©)
0
-10} '
_20.
125  -45 45 12.5

Fig. 9 The failure mechanisms with different thicknesses of the grouted zone. (a) 7=10 m, A=1.226; (b) 7=8 m, A=1.081; (c) T'=

6m, A=0.917; (d) T=4 m, 21=0.748; () T=2 m, A=0.445.
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A

1 =—2.499 exp(~T/8.5379) + 2.828

A

2 4 6
T (m)

10

12

Fig. 10 The failure mechanisms under different grouted zone
thicknesses.

-125 -45 45 125

0 : — .

When the friction of the grout is smaller than that of the
soil, the failure in the grouting interface will expand
outwards; meanwhile, if the friction angle of the soil is
greater than that of the grout, the failure will fold inwards,
and the damage region will become narrower.

4.2 Effects of the reinforcement strength of grouting

To account for the effects of time, we follow the work
presented in Ref. [77] and propose an exponential
relationship between the maturity of the grout-reinforced

strength and the time expressed as
C(t
O 1oy, )

where C, is the final cohesion of the reinforced soil and 4;,
(day ') is the growth factor. This exponential relationship

. . 0 ; ; . ;

0 . . ,

-125 -45 45 125

-125 -45 45 125

(©

Fig. 13 The influence of the cohesion at (a) 10 kPa (A= 1.052), (b) 30 kPa (A=1.151), and (c) 60 kPa (1=1.297).
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0 0
-10t -10
20 -20
28 -28

-125 45 45 125
(b)

Fig. 14 The influence of the friction angle at (a) 5° (A=1.153), (b) 15° (A=1.384), and (c) 30° (A=1.782).

is also supported by the experimental results provided in
Ref. [78]. Figure 15 shows an exponential growth curve
with a growth factor of 4, = 0.0822 day ' in which the
maturity reaches 90% after 28 d; this curve will be used in
the following analysis.

When C,, = 105.8 kPa, the failure mechanisms of the
tunnel sections exhibiting similar failure patterns are
illustrated in Fig. 16. Furthermore, the evolution curves
of A with different grouted soil cohesion values are shown
in Fig. 17. Evidently, the stability of the tunnel increases
with an increase in the cohesion of the grouted soil. The

1.00

0.75
8
Q 050
&)

025

0.00 > ;
0 4 8 12 16 20 24 28

time (day)

Fig. 15 The assumed evolution of the maturity of the grout-
reinforced strength.

results of this analysis can be employed to assist engineers
in determining the proper length of time after grouting to
begin excavation.

5 Conclusions

In this paper, the recently proposed DLO numerical
method was applied to analyze the effects of pre-grouting
on the stability of a section of the Zhongjiashan tunnel.
According to the actual formation lithology and the
geometrical parameters of the Zhongjiashan tunnel, 3
conditions that could have been encountered during the
tunnel excavation were simulated. The results reveal that
the factor of safety A is a minimum when the tunnel is
constructed at the junction of the fault zone. The effects of
the grouted zone thickness were also simulated, and a
fitting curve was obtained.

In addition, multiple parameters, namely, the cohesion
and friction angle of the soil and the reinforcement strength
of the grouting material, were taken into account. The
numerical method and the fitting equation presented in this
paper maintain the advantages of limit analysis and can
therefore assist designers and engineers in the rapid
elimination of inappropriate designs and the selection of
a reasonable thickness range according to the obtained
values of A to reduce the wasting of grouting materials and
lower project costs. Following analyses of the factor of

-12.5

Fig. 16 The failure mechanisms and safety factors of the grouted soil with time (C,, = 105.8 kPa). (a) Time =3 day, 1= 0.448; (b) Time =

9 day, A=0.872; (c) Time=15 day, A=1.128.
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1.4
13 [ —a— C,, =90.42 kPa

15[~ C.= 1058 kPa

1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

factor of safety A

0 5 10 15 20 25 30

time (day)

Fig. 17 The safety factors of tunnels with different grouted soil
cohesion values.

safety and the corresponding influencing factors on the
application of grouting prior to tunnel excavation, it is
advised to employ a larger pre-grouting region or a
grouting material with a greater strength when the tunnel
crosses a fault zone or is excavated through weak
surrounding rock/soil.
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