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Abstract

A loess stratum was selected as the research object, assuming that the slurry diffuses in a hemispherical shape during secondary
grouting. Based on the unified strength theory describing the failure characteristics of loess and the critical condition of bolt shear
failure, the critical pressure value of the secondary grouting in loess strata was determined theoretically. The reliability of the theoretical
analysis was verified by the numerical modeling realizing the large deformation of formation and the dynamic injection of slurry. The
critical grouting pressure of 821.80 kPa of theoretical calculation was obtained. Comparing the results of the numerical simulation
analysis, it was found that the critical grouting pressure calculated using the theoretical equation had a safety index of 1.14. Bounded
by g, (the ratio of expansion radius R, of soil plastic zone to the expansion radius R, of the slurry) equal to 2.65, the water pressure at the
grouting port is the main factor affecting the upper limit of critical grouting pressure when it is less than 2.65, and the effective internal

friction angle of soil layer is the main factor when it is greater than 2.65. The influence of matric suction on the upper limit of the critical

grouting pressure can be ignored.
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1 Introduction
The total area of loess around the world is approximately
13 million square kilometers, and the area of the Loess
Plateau in Shaanxi, Gansu, and Shanxi provinces in China
exceeds 300,000 km?. With the acceleration of urbaniza-
tion in China, western cities, such as Xi'an, Lanzhou, and
Taiyuan, are flourishing. As the most efficient infrastruc-
ture for alleviating urban traffic pressure, the metro needs
to be urgently constructed. The shield method [1-3] is grad-
ually being widely used because of its fast construction,
minor disturbance to the stratum, and low labor intensity.
In the shield construction process, owing to the exis-
tence of shield tail clearance, the soil disturbance due to
shield tunneling further increases. As an essential pro-
cess during the construction of a shield tunnel, synchro-
nous grouting can fill the gap in the shield tail in time
and reduce the adverse impact of soil disturbance. When
the effect of synchronous grouting on ground settlement
control is poor, secondary grouting is needed. Secondary
grouting is a grouting method that cement slurry and water
glass are injected into the strata around the segment for

secondary sealing by using grouting holes on the segment.
It has the advantages of adjustable construction parame-
ters and large construction freedom, and is of great sig-
nificance for dealing with construction problems such as
surface deformation, segment dislocation and groundwa-
ter leakage. However, improper control of the secondary
grouting parameters can easily cause engineering prob-
lems such as ground settlement overruns, segment rup-
tures, and bolt shear. Therefore, controlling the grouting
pressure according to the stratum conditions during con-
struction is an essential issue of concern to the industry.
However, the current research does not distinguish
between synchronous grouting and secondary grouting
but is uniformly referred to as backfill grouting. To solve
the related problem of backfill grouting (including syn-
chronous grouting and secondary grouting), Ye et al. [4, 5]
assumed that the grouting slurry was viscosity time-vary-
ing, the slurry diffused along the hemisphere, the colum-
nar [6] and the uniform cylindrical [7], and obtained the
diffusion radius of the slurry and the pressure calculation
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formula. Furthermore, Gou et al. [8] and Ye et al. [9] derived
a circumferential distribution model of synchronous grout-
ing filling pressures along the shield tail gap under the
conditions of Bingham and Newton fluids. In addition,
Liu et al. [10] proposed a diffusion analysis model of back-
fill grouting based on a Bingham fluid and found that the
radial expansion distance of backfill grouting was propor-
tional to the diversion capacity and initial grouting pres-
sure, but inversely proportional to the yield stress of back-
fill grouting. Li [11] deduced the relationship between the
surface settlement and theoretical grouting volume based
on the heterogeneous distribution model of a loose foun-
dation. Based on the shield tail grouting test, Liu et al. [12]
analyzed the backfill grouting effect under different coat-
ings. In terms of grouting application, Mei et al. [13] stud-
ied the settlement control effect of operating grouting on
the upper railway through field tests and numerical simula-
tion. Ding et al. [14] analyzed ground deformation induced
by shield tunneling considering the effects of grouting.

Overall, although the theoretical research on the dif-
fusion mechanism of backfill grouting has been more
in-depth [15], owing to the adaptability of slurry and stra-
tum, the engineering practicability and generalization of
various slurry diffusion models still have certain limita-
tions. Most of the existing numerical simulation methods
ignore the fluid characteristics of the slurry and the large
deformation characteristics of the soil. Therefore, the
study of backfill grouting pressure (especially secondary
grouting) for a specific stratum is the main task for future
studies on backfill grouting.

Because the SPH (smoothed particle hydrodynamics)
theory does not have a fixed grid, it has strong adaptabil-
ity to problems such as fluid dynamics and large structural
deformations. The theory is used to analyze engineering
problems such as ground displacement caused by hydrau-
lic jets [16], the flow of fresh concrete [17] and pile-soil
interaction [18]. Li et al. [19] introduced the SPH method
into the numerical simulation of synchronous grouting
in a shield tunnel [20] and analyzed the diffusion mech-
anism and related parameters of synchronous grouting
slurry during shield tunneling, as well as the large defor-
mation characteristics and dynamic response of the soil
and grouting body [21]. On this basis, Li et al. [19] used
visual large-scale model tests to reproduce the real-time
flow process of slurry in an irregular space and verified
the rationality of the numerical simulation [22]. However,
no scholars have applied this theory to study the second-
ary grouting process of shield tunnels.
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In this work, based on a shield tunnel in the Xi'an metro,
combined with theoretical analysis and numerical calcula-
tion methods, the upper limit pressure of the secondary
grouting of a shield tunnel in a loess stratum was studied.
Cities in loess areas, such as Xi’an, Lanzhou, and Taiyuan
in western China, still have a great demand for metro traf-
fic and water pipelines. Therefore, this study's theoretical
results pertaining to the grouting pressure in a loess stra-
tum are expected to be significantly helpful and provide
guidance for field construction.

2 Theoretical analysis of grouting pressure in loess strata
2.1 Fundamental assumption

Loess exhibits the characteristics of being typically homo-
geneous, non-layered, and porous [23]; hence, it basically
conforms to the precondition of continuous and uniform
isotropy. Furthermore, the elastic-plastic analysis of hemi-
spherical expansion in unsaturated loess strata was car-
ried out based on the following assumptions. The sche-
matic of the hemispherical expansion grouting model is
shown in Fig. 1.

(1) Ignoring the permeability of the interface between
the grout and soil, it is assumed that the backfill grout-
ing first produces a compaction effect on the surroundings;
if the grouting pressure is too large, the surrounding soil
will split.

(2) Because the radius of the shield tunnel is much
larger than the expansion range of the grouting slurry, the
arc effect of the shield segment is ignored, and the outer
wall of the segment is considered to be a plane.

(3) Considering synchronous grout and loess, as a whole,
the stress-strain relationship obeys Hooke's law in the elas-
tic region of the soil. The stress-strain relationship of the
soil in the plastic zone obeys the unified strength criterion.

Fig. 1 Schematic of the hemispherical expansion grouting model [6]
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(4) The static earth pressure at an infinite distance
and the internal pressure of the soil under the initial state
are P, and the values in each direction are equal.

2.2 Elastic-plastic analysis
Supposing that the initial radius of the hemispherical slurry
is R, the present radius in the expansion process is R, the
corresponding elastic-plastic interface radius is R,, and
the soil outside R, remains elastic, the stress region of the
hemispheric expansion of the grout is as shown in Fig. 2.
In unsaturated loess strata, the stress in the soil can be
expressed by effective stress. In this study, the effective
stress based on the suction stress was adopted, and the
distribution of the matric suction in unsaturated soil was
constant under drainage conditions. According to the elas-
tic-plastic theory, the equilibrium equation of the spheri-
cal symmetry problem is:
dé, . 6,-6,

+2—-= =0. 1
dr r O

In the above equation, ¢, and g, are the effective radial
stress and the effective circumferential stress based on the
suction stress, respectively.

The geometrical equation is:

du u
=——", g, =——F. 2
" dar’"’ dr @
The elastic physical equation is:
_o0,-2vo,
- F : 3
(1-v)o, —vo,
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E

where, ¢ and ¢, are the radial strain and circumferential
strain, respectively; u_is the radial displacement of the
soil, E is the elastic modulus of soil, and v is the Poisson
ratio of soil.

The boundary conditions are:

C,lp, =P
. @)
limo, = F,

r—o

where, P is the grouting pressure, and P, is the groundwa-
ter pressure at the grouting hole.

For the study of the yield criterion of unsaturated loess,
Zhang et al. [24] assumed that when the two large shear
stresses and normal stress influence the functions of the
double shear unit of unsaturated soil to reach a certain limit,

Plastic zone of soil

Elastic zone of soil

Hemispherical grouting body

Grouting hole

Fig. 2 Stress region and radius indication under hemispherical grouting
a) stress region indication, b) model-related radius

the unit begins to yield failure. To accurately describe the
properties of unsaturated loess, assuming that the pressure
is positive, the unified yield criterion of unsaturated loess
is expressed by Eq. (5):

6, =M'6,+0o,,
2(1+b)(1+sing’)+mb(sing'—1)
[2(1+b)—mb](1—sin<p') ’ ®)
o' 4(14b)c"cose’
" [2(1+b)—mb](1-sing")’

M'=

’

where, c;r and 0:0 are the effective radial and effective cir-
cumferential stresses, respectively. M'and o, are the uni-
fied strength criterion parameters for unsaturated loess;
m is an intermediate principal stress parameter; and b is
a unified strength criterion parameter. When » = 0, the
strength criterion is the M-C strength criterion, and when
b =1 is used, the strength criterion is the double shear
stress strength criterion. The internal friction angle is the
effective friction angle ¢" and the cohesion is ¢"” = ¢’ + c..
¢’ is the cohesion of the unsaturated undisturbed soil and
c, is the suction stress. Ye et al. [25] assumed that the
stress-strain relationship in the plastic zone obeys the
M-C strength criterion when studying the critical grout-
ing pressure of shield tunnels in clay strata.



Regarding the shear strength of unsaturated undis-
turbed loess, Yuan et al. [26] and Bi et al. [27] studied the
shear strength of unsaturated undisturbed loess based on
suction stress, as follows:

T, =c'tang'= (o —u, —c, )tang’,

¢, =- U, ~t, ©)

' [1+(a(ua —uw)")]il/n ,

where, ¢’ is the effective internal friction angle, and a and
n are the fitting parameters of the soil-water characteristic
curve (SWCC). It was found that the Van Genuchten model
is more suitable for SWCC [27], so the parameter c_of suc-
tion stress in this study was taken from the Van Genuchten
model. That is, a = 6.43 kPa, n = 1.93 and m = 0.33. Addi-
tionally, Wang [28] conducted numerous experiments on
unsaturated undisturbed loess in eastern Gansu. Based on
the power function relationship between the matric suction
and cohesion of unsaturated undisturbed loess combined
with SWCC fitting, the cohesion of the unsaturated undis-
turbed loess is ¢/ =13.14+2.349 (u, —u, )"

In the field grouting process, with an increase in the
grouting pressure, the soil at the edge of the slurry gradu-
ally enters the yield state. The critical pressure of the soil
entering the plastic state from Eqs. (1)—(5) is

2oy +(M'-1)P,
P,=PR+ Lo 2(+M' ) °]. @)

Further, the stress and displacement of the elastic region
(r>R,) are obtained.

3
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The stress of the plastic zone (R, <7 <R,) is:
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At the elastoplastic interface (= R)), its effective radial
stress is the critical expansion pressure P, that is,

6;' ‘V:RP = PP . (10)
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Substituting Eq. (10) into Eq. (9), the following is obtained:

2(M'-1) o'
C=R, " |P+—"— . (11)
1 P ( P M! _ 1]

By substituting the boundary condition s =| _, = P into
Eq. (9), the relationship between the plastic zone radius
R, current slurry radius R , and pressure level F' can be
obtained as follows:

M'

_Ry _ (M,_l)P"'G(; Z(ML]):Fz(/C;['L]) (12)
R, | (M'-1)P,+o, '

_ (M'—l)P‘i‘O'é (13)
(M'-1)P,+o,

In Eq. (12), § is the ratio of the expansion radius R, of
the plastic zone to the expansion radius R of the slurry in
the unsaturated undisturbed loess.

The relationship between the initial radius of the slurry
R, and the present radius R is obtained.

l_&:(l—Zv)(M’+l)[PP+ o )ﬂz(fi,',”_ﬁ;
¢ R, E(M'+2) M'-1
(14)
or(1-2v), ; R
(B 1) -8B +1
v | Gt
InEq. (14), 5 = 2VE_1 P+ a +v)§;” _PO), is the slurry

expansion rate.

2.3 Critical grouting pressure
In the field grouting process, the grouting pressure is too
high, which may lead to slurry split soil and an increase
in the segment stress, resulting in bolt and segment joint
concrete damage and bolt shear failure. When the grouting
pressure increases to a certain extent, the pressure gener-
ated by the slurry on the segments causes the connection
bolt to bear excessive shear stress, which makes it easy
to cut the bolt. Therefore, in this study, the critical value
of the grouting pressure was deduced by analyzing the
shear failure of the segment connection bolts. The shear-
ing effect of bolts is shown in Fig. 3.

The pressure on the segments during slurry compac-
tion is:

_ 2_ 2
F,=PrR,=nPR, . (15)
The pressure of plastic soil on the segments is:

Rp !
FP:.[R G 2nrdr=m {— Mcfo_

(R -RI)+C (Ri/”" —Rf‘”ﬂ (16)
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Fig. 3 Shearing effect of bolts a) normal segment, b) segment

misaligned by grouting pressure

The total pressure of compaction grouting on the seg-
ments is:

F,=F,+F, :E{PRf— -
: M'-1

'
% _(R-R)+C, (Rf,/”' —Rf/W')}.
a7)
When the grouting pressure on the segments is concen-
trated at the back of individual segments, there is a trend of
dislocation between the stressed segment and its adjacent
segment. When the load reaches a certain degree, disloca-
tions may occur between the segments or even cut the con-
nection bolt. The maximum shear stress on the bolts [29]
is calculated as follows:

ey

max

oA F,

2 - 2 p
Ty Ly mryl, N,

i

where, /, is the effective length of the bolt, Q is the equiva-
lent shear force of the bolt, 4 is the length between the two
shear contact points of the bolt, and r, is the bolt radius.
Combined with the pressure Eq. (17) produced by
grouting on the segments, the shear force on the bolt is.

l,-AF,
7’-max = 2 -
rrl, N,

i
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Egs. (12) and (13) are substituted into Eq. (18) and sim-
plified to

By substituting Eq. (19) into Eq. (14), the equation for
f becomes

/ 2(M'-1)
(M—N—5)ﬂ3+(N— % W] VPR - M+1=0
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By substituting the allowable shear stress of the bolt
into Eq. (20), the ratio 8, of the expansion radius of the soil
plastic zone to the expansion radius of the slurry is solved
by considering the shear failure of the bolt. Substituting 8
into Egs. (12) and (13), and replacing P with P ,, the for-
mula for the critical value of P___for the grouting pressure
considering bolt shear failure is

» :F,=(2dé+3ﬁlﬂ_+ o,

2(M'-1) Gr
Mo 0 (21
max u2 2+M' M/_l)ﬁu M 1 ( )

’

2.4 Engineering application

Based on an interval shield tunnel of the Xi'an Metro, the
vault depth of the interval tunnel is approximately 11.4—-19 m,
and the upper strata are mainly Q, and Q, old loess strata.
The shield tunnel passes mainly through the Q, old loess
stratum. The corresponding physical and mechanical param-
eters of the strata are presented in Table 1. The groundwater
pressure P at the grouting point is 50 kPa, and the grouting
hole radius R is 2.5 cm.

The lining segments adopt reinforced concrete segments
with a 1500 mm ring width. The inner and outer diameters
of the segment are 5400 and 6000 mm, respectively. The
thickness is 300 mm, the strength grade is C50, and the
impermeability grade is P12. The segment is circularly
divided into six blocks, and the F block is inserted longitu-
dinally. The longitudinal and circumferential hand holes of
the segment are connected using M27 bending bolts, with
a performance grade of 8.8. The bolt material is low-car-
bon alloy steel, allowable shear stress |z] is 60 MPa, and
minimum yield strength is 640 MPa [30]. There are two
bolts around each joint, making it a total of 12; with ten

' 2oM'-1
% = {%[3 (M' ) +P, Bz}%. (19) bolts bring arranged longitudinally (2 each except the key
u b7b7 i max block). The bolt length /, of the shield tunnel in this interval
Table 1 Physical and mechanical parameters of the strata in the study area
Soil layer Matric suction (kPa) Cohesive force (kPa) Effective friction angle (°) Elastic modulus (kPa) Gravity (kN/m?) Poisson ratio
Q, Neo-loess 73 37.0 22.5 3000 15.3 0.3
Q, Old loess 67 36.0 22.5 3000 kPa 16.9 0.3




is 0.4 m, the length 4 between the two shear contact points
of the bolt is 0.01 m, and the bolt radius r, is 0.015 m.
The number N of connecting bolts near the grouting hole
of the standard block and adjacent block is 8.

Substituting P, = 50 kPa, s = 67 kPa, a = 6.43 kPa,
n =193, b=0,m=0.33 and ¢' = 22.5° into Eq. (6),
¢"= 3598 kPa and P, = 129.72 kPa can be obtained.

The ratio S, of the expansion radius R, of the plastic
zone to the expansion radius R of the slurry is 3.6587,
obtained by substituting the allowable shear stress into
Eq. (20). P_ = 821.80 kPa was obtained by substituting

max

E=3000kPa, v=0.3 and P, = 129.72 kPa into Eq. (21).

3 Grouting analysis based on the SPH theory

Based on the theoretical analysis of the critical grouting
pressure in the loess stratum and the SPH theory, this sec-
tion simulated the secondary grouting process of loess
shield tunnels. At first, the SPH was used to simulate
non-axisymmetric problems in astrophysics [31]. With an
understanding of the ability of the SPH algorithm to deal
with complex physical problems, its application range is
also becoming increasingly extensive. As a Lagrange
method, the SPH retains the properties of the macro-
scopic equations of continuum mechanics and has partial
properties of molecular dynamics [32]. The basic idea of
the SPH method is to describe the continuum (or solid)
with an interacting particle group, where each particle
carries physical quantities such as mass and velocity.
The mechanical behavior of the entire system is obtained
by solving the dynamic equation of the particle group and
tracking the motion trajectory of each particle.

Because the SPH has the advantage of no fixed grid, it
has strong adaptability to fluid power and large deforma-
tion of the structure. In this study, finite element software
was used to define the traditional continuous element.
During the analysis of the grouting process, a threshold
was set to convert the element mesh into particles.

3.1 Establishment of the grouting model
In the process of numerical analysis [33, 34], the strength
criterion of loess is the selected M-C strength criterion;
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that is, the unified strength criterion parameter b is 0. The
basic parameters of the soil layers are listed in Table 1.
The basic parameters of the segments, bolts, and synchro-
nous grouting are shown in Tables 2 and 3 [35]. Because
synchronous grouting basically reaches the initial setting
state during secondary grouting, the synchronous grout-
ing parameters take the corresponding parameters of the
initial setting stage.

The gravity y of the segment concrete is 25 kN/m?, the
elastic modulus E is 2.648 x 10* MPa, and the Poisson's
ratio v is 0.167. The parameters required for the plastic
damage model of concrete are as follows: a dilatancy
angle of 15°, an eccentricity of 0.1, a ratio of biaxial to the
uniaxial compressive strength of 1.16, and a yield constant
of 0.6667.

The state equation U, — U, was selected to describe the
slurry characteristics when simulating the grouting pro-
cess. The relevant parameters of U, — U, are related to the
characteristics of the material. According to the relevant
research results [36], the volume velocity of the slurry,
that is, the intercept C;, of the curve is 2300 m/s, the coef-
ficient s of the slope of the curve is 1.5, and the Gruneisen
coefficient y, is 1. Simultaneously, to describe the defor-
mation process of soil under grouting pressure using the
large deformation characteristics of the SPH theory, the
bolt stress changes in the grouting process were analyzed.
When the strain of the grouting body and soil layer unit
reaches a threshold of 0.001, it changes into particles. The
overall model is shown in Fig. 4, and a section of the seg-
ment is shown in Fig. 5.

Besides, a model profile of segments and soil-slurry
layers is shown in Fig. 6.

3.2 Initial stress analysis of the bolt

Bolt stress is related to many factors, such as ground
stress, and the position of the key block and the grout-
ing hole. Therefore, it is difficult to determine the criti-
cal grouting pressure of a specific stratum and the shield
tunnel design parameters under complex conditions. In
this study, the stress of the bolt was considered, and the
stress of the bolt in the initial gravity field was analyzed.

Table 2 Basic parameters of the synchronous slurry

Member Gravity (kN/m?®)  Elastic modulus (MPa) Poisson ratio Cohesive force (kN/m?)  The angle of internal friction (°)
Synchronous slurry 20 150 0.22 100 36

Table 3 Basic parameters of bolts [35]
Member Gravity (kN/m?) Elastic modulus (MPa) Poisson ratio Yield strength (MPa)  Tensile strength (MPa)

Bolt 78.5 2.1 x10°

0.29 640 800
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Fig. 4 Overall model

>
Grouting pressur®
821.80kPa

Fig. 6 Model profiles of segments and soil-slurry layers

The most unfavorable stress conditions on the bolt were
obtained, and a grouting simulation was carried out to
further study the influence of grouting on the bolt stress.
However, because the segments and bolts on both sides
are greatly affected by the boundary conditions, the stress
of the bolts in the middle ring segment can best reflect
the effect of grouting. Therefore, the stress of the bolts
involved in the middle ring was analyzed.

By using the method of explicit dynamics, the gravity
field of the shield tunnel project was solved, and the bolt
stress of the key block at the upper, left, and lower points
were analyzed. The distribution of segments under the
three conditions is shown in Fig. 7.

NG
AN

¢ mvfé'&'
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e
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Fig. 7 Segment grids corresponding to different positions of the key
block a) the key block is located at 0°, b) the key block is located
at 180°, c) the key block is located at 270°



The bolt stress for the three working conditions above
under gravity was solved, and the position of each bolt
was replaced by an angle. The circumferential and lon-
gitudinal bolt stresses corresponding to the three work-
ing conditions were then compared. The heading direction
is defined as the front; that is, the large side of the key
block is at the front. Stress comparisons of the circumfer-
ential and longitudinal bolts are shown in Figs. 8 and 9,
respectively.

As shown in Fig. 8, the stress values of the circumferen-
tial bolts on both sides are not significantly different; how-
ever, the stress values of most bolts are greater than those
of the front bolts. The circumferential bolt stress on the
opposite sides of the key block is the largest for the entire

200

2 ®
S338
[

—_—

=21

SO
1.1

Stress of circumferential bolt (MPa

NS
83353
IR

200 -
180
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Fig. 8 Stress comparison of circumferential bolts
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Stress of longitudinal bolt (MPa

200
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—o— (°-front ° 270°-front

Fig. 9 Stress comparison of longitudinal bolts

Feng et al. | /I 59
Period. Polytech. Civ. Eng., 67(1), pp. 152-165, 2023

ring and does not change with the change in the position of
the key block. Under the three working conditions, when
the key block is located at 180°, the circumferential bolt
stress adjacent to the standard block near 0° is the largest.

As shown in Fig. 9, the stress values of the longitudi-
nal bolts on both sides are significantly different, and the
stress value of the following bolt is significantly larger
than that of the front bolt. The position of the maximum
longitudinal bolt stress corresponds to the position of the
top block; that is, the maximum longitudinal bolt stress is
located at the adjacent block position near both sides of the
key block. The longitudinal bolt position of the maximum
stress is the adjacent block near the key block position.

In general, when the key block is located at 180°, the
stress of the longitudinal bolt at this point is the largest,
and the stress of the circumferential bolt at the 0° standard
block on the opposite side is the largest. The stress on the
longitudinal bolts is greater than that on the circumferen-
tial bolts. In other words, when the key block is located at
180°, it is considered to be a relatively unfavorable con-
dition for the bolt under the initial stress. Therefore, this
study analyzed the bolt stress corresponding to the sec-
ondary grouting process based on this unfavorable condi-
tion. Figs. 10 and 11 show the stresses of some circumfer-
ential bolts and longitudinal bolts when the key block is
located at 180°, respectively.

S, Mises

(SFF;] 750/0)
+1.837e+02
+1.685e+02
+1.532e+02
+1.380e+02
+1.227e+02
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@
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(F189: 75%)
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+6.165e+01
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(b)
Fig. 10 Stress of some circumferential bolts when the key block is
located at 180° a) left side of the standard block A2, b) right side of the
standard block A2
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+2.396e+02
+2.196e+02
+1.997e+02
+1.798e+02
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@
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+4.857e+01

+4.456e+01

+4.055e+01
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+3.253e+01

+2.852e+01

+2.451e+01
+2.050e+01
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+1.248e+01
+8.470e+00
+4.460e+00
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(b)
Fig. 11 Stress of some longitudinal bolts when the key block is located
at 180° a) left side of key block K, b) right side of key block K

By observing the stress cloud diagram of some cir-
cumferential and longitudinal bolts when the key block is
located at 180°, it is found that the stress on the outer side
of the circumferential bolt is larger than that on the inner
side. As far as the stress of the longitudinal bolts is con-
cerned, most of the longitudinal bolts have a larger stress
on the outside than on the inside, but there is also a phe-
nomenon of lateral stress concentration.

3.3 Bolt stress under grouting

The following points must be explained when introduc-
ing bolt stress under grouting. First, the SPH theory is
used to analyze the stress of bolts under gravity conditions
with significant errors and inaccurate analysis results.
In the simulation of the grouting process, the grouting
pipe is regarded as a rigid body, and the fixed rigid body
affects the bolt stress under gravity. In addition, an explicit
dynamic analysis cannot set the working conditions. Based
on the analysis of bolt stress under the action of gravity in
Section 3.2, the gravity analysis results cannot be set as
the initial stress field of the grouting process because the
continuous element cannot be transformed into particles
under certain threshold conditions.

For these reasons, it is impossible to simulate the grout-
ing process based on an analysis of the initial gravity
stress. However, because the M27 bolt is made of low-car-
bon alloy steel, its material properties are in accordance
with the condition of the stress linear superposition prin-
ciple. Therefore, under the premise of analyzing the bolt
stress under gravity in Section 3.2, the grouting process

under the most unfavorable segment assembly conditions
was simulated. Considering that the contact area between
the key block and the stratum is small, the corresponding
stress area is also small. Moreover, there are only four cor-
responding circumferential bolts. Under the action of sec-
ondary grouting, the key block segment can be dislocated
and damaged. Therefore, secondary grouting does not
require the key block hoisting hole as the grouting point in
field construction. Based on the above conditions and the
analysis results in Section 3.2, this section simulates the
grouting conditions when the key block is located at 180°,
the 0° standard block hoisting hole is used as the second-
ary grouting hole, and analyses the stress conditions of
the soil, segments, and bolts under the action of grouting.
Considering that excessive displacement of the segment
during secondary grouting may lead to the occurrence of
segment rupture prior to bolt shear, combined with field
construction experience, specified requirements [37] and
monitoring data of tensile strength [38]. It is assumed that
the segment reaches the failure state when the maximum
displacement is greater than 3 cm.

Simultaneously, to reflect the advantages of the SPH
theory in the analysis of the impact and large deforma-
tion problems, the critical grouting pressure of 821.8 kPa
obtained from the study in Section 2.4 is used as the pres-
sure of secondary grouting, and the grouting body is trans-
formed from ¢ = 0 to particles. At the same time, the units
with interactions between the synchronous grouting layer,
old loess, neo-loess, and secondary grouting body are set
to transform into particles when the stress reaches a cer-
tain threshold. Fig. 12 shows the stress or displacement
state of the synchronous slurry, soil, and segment under
the action of secondary grouting.

The working condition of secondary grouting through
the hoisting hole of a 0° standard block was simulated.
According to the analysis results, when the segment dis-
placement reaches approximately 3 cm, the bolt stress does
not reach yield stress of 640 MPa. Therefore, the bolt stress
under gravity conditions and the bolt stress when the seg-
ment displacement reaches 3 cm under grouting were super-
imposed. The corresponding bolt stresses under the gro-
uting and after superposition are shown in Figs. 13 and 14,
respectively.

In contrast to the bolt stress under gravity, the stress
value of the circumferential bolt under grouting is larger
than that of the longitudinal bolt. Additionally, the stress
distribution of the circumferential bolt is the same as that
of the bolt under gravity, and the maximum stress values
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(®)

Fig. 12 Structural stress and displacement under secondary grouting a)

stress of soil and grouting, b) segment displacement

of the circumferential bolt are concentrated outside the
bolt. Therefore, the superimposition of the bolt stress value
under gravity and grouting has certain rationality. After
superposition, the stress values of the circumferential
bolts are still larger than those of the longitudinal bolts.
The stress values of four circumferential bolts in the 0°
standard block are 322.3 MPa, 560.5 MPa, 527.7 MPa and
410.6 MPa, respectively. The maximum stress of the bolt is
560.5 MPa, which is less than the yield stress (640 MPa) of
the M27 bolt.

If the safety factor between the numerical simulation
results and yield stress of the M27 bolt is 4, then

Smax : h = O-S M (22)

Substituting §_ = 560.5 MPa and ¢, = 640 MPa into
Eq. (22), h = 1.14 is obtained. Therefore, the critical grout-
ing pressure of 821.80 kPa obtained by the theoretical anal-
ysis has a certain safety limit, and the model has a guiding
significance for shield tunnel construction in loess strata.
It must be emphasized that the distribution of hydro-
static pressure varies greatly with strata. In other words,
the water pressure P, at the grouting outlet (hydrostatic

Feng et al. | 1 6/|
Period. Polytech. Civ. Eng., 67(1), pp. 152-165, 2023

450

400
~ 350
300
250 +

MPa

(
)
8

1

150
100 -

v
oo
Lol

=)
|

50
100
150 -
200
250
300
350
400
450 -

Bolt stress under grouting

—=a— Stress of longitudinal bolt-front Stress of longitudinal bolt-following
—a— Stress of circumferential bolt-front —@— Stress of circumferential bolt-following

Fig. 13 Bolt stress under secondary grouting

w
I=3R=]
S S
L
|
|
|
|

400

—- N W

ISEE=2=

o S S 3
L 1 1

w N

S o 9o 2

S S S S o
1 1 1 I )

Linear superposition of bolt stress (MPa)
S

500
600 - —

—a— Stress of longitudinal bolt-front Stress of longitudinal bolt-following
—o— Stress of circumferential bolt-front —@— Stress of circumferential bolt-following

Fig. 14 Linear superposition value of bolt stress under gravity and

grouting

pressure) may be the same under different loess ground
conditions and buried depths. Therefore, as far as the theo-
retical formula is concerned, it can be applied to the calcu-
lation of the secondary grouting pressure limit during the
construction of shield tunnels in loess strata without con-
sidering the buried depth conditions of the urban tunnels.

4 Sensitivity analysis of the grouting pressure

The above content verifies the reliability of the theoreti-
cal analysis; therefore, this model can be used to solve
the critical grouting pressure of shield tunnels in loess.
Furthermore, a sensitivity analysis of the factors affect-
ing the critical grouting pressure has important practical
significance for determining the grouting pressure at con-
struction sites. The theoretical formula of grouting pressure
in loess strata in this study involves variable parameters,
such as the unified strength criterion parameter b, water



1 62 | Fengetal.
Period. Polytech. Civ. Eng., 67(1), pp. 152-165, 2023

pressure P at the grouting outlet, effective internal friction
angle ¢’ of soil, and matric suction s. First, the influence of
the uniform strength criterion parameter on the grouting
pressure critical value was analyzed. Then, based on the
Sobol method, a sensitivity analysis was conducted on the
factors affecting the grouting pressure limit, such as the
water pressure P at the grouting outlet, effective internal
friction angle ¢’ of the soil, and matric suction s.

4.1 Unified strength criterion parameters

The unified strength criterion coefficient was set as 0/1.
In Section 2, when calculating the grouting pressure in the
loess stratum, it is assumed that the stress-strain relation-
ship in the plastic zone obeys the M-C strength criterion,
namely b = 0. This study analyses the grouting pressure of
a loess stratum when the stress-strain relationship of the
plastic zone obeys the double shear stress strength crite-
rion (b = 1) and calculates the ratio of the expansion radius
R, of the plastic zone to the expansion radius R of slurry
and the limit value of grouting pressure. The grouting
pressures calculated based on the different strength crite-
rion coefficients are listed in Table 4.

As shown in Table 4, compared to the M-C strength
criterion (b = 0), when the double shear stress strength cri-
terion (b = 1) is selected in the plastic zone, the ratio of
the soil plastic zone to the expansion radius of the slurry
decreases, but the limit value of the grouting pressure
increases. This shows that when the double shear stress
strength criterion is selected for the plastic zone, the soil
plastic zone under grouting is smaller, but the grouting
pressure is larger.

Specifically, the differences in the ratio of the soil plas-
tic zone to the slurry expansion radius and the limit value
of the grouting pressure obtained by the double shear
stress strength criterion and the M-C strength criterion in
the plastic zone are -0.0896 and 45.63, respectively; and
the differential percentages of the relative error are 0.62 %
and 1.35 %, respectively. It can be observed that when the
grouting pressure of the shield tunnel in the loess stratum
is determined, the selection of the strength criterion of

the plastic zone has little effect on the calculation results.
To simplify the calculation process, the strength criterion
parameter b was set to 0.

4.2 Limit value of grouting pressure

The sensitivity analyses performed include local sensitiv-
ity analysis (LSA) and global sensitivity analysis (GSA).
Because the local sensitivity analysis method cannot eval-
uate the interaction between model parameters when the
model parameters and structural response are nonlinear,
the analysis results depend on the selection of fixed points,
and the model parameters of different orders of magnitude
cannot provide effective analysis results. In this study, the
global sensitivity analysis method was selected to test the
influence of simultaneous changes in multiple parameters
on structural response. Based on the single-model param-
eter variation range as the whole definition domain, the
sensitivity of a single model parameter is analyzed when
all parameters change simultaneously.

Through the analysis of the relationship between the
input variables and the output response of the model, the
importance of the input variables was judged based on
the sensitivity coefficient of each input variable, and the
important and irrelevant variables were identified to real-
ize the preliminary understanding and prediction of the
model [39]. When determining grouting parameters in
construction, input variables with large sensitivity coef-
ficients can be considered to reduce construction costs.
In the sensitivity analysis, the variation ranges of water
pressure P, at the grouting outlet, effective internal fric-
tion angle ¢’ of soil, and matric suction s in loess strata
were investigated. The variation ranges are (0, 500 kPa),
(0, 35°), and (50, 300 kPa), respectively.

In the sensitivity analysis of the grouting pressure limit,
the ratio 8 of the soil plastic zone expansion radius R, to
the slurry expansion radius R should be obtained by solv-
ing the equation, after which the sensitivity analysis was
carried out for a specific value . According to the results,
the B, does not exceed 5. To explore the influence of var-
ious factors on the grouting pressure limit, the numerical

Table 4 Upper limit of the grouting pressure under different strength criterion parameters

Strength criterion parameter Ratio S8 of soil plastic zone R, to slurry expansion radius R Limit value of grouting pressure (kPa)

0 3.6587 821.80
1 3.5691 867.43
Differentials -0.0896 45.63
Percentage of relative error (%) 0.62 1.35

Notes: Differentials refer to 8, or limit the value of grouting pressure (b = 1) minus the corresponding value (b = 0). Percentage of relative error refers
to the absolute value of differentials divided by the average of the corresponding values (corresponding values when b is equal to 0 and 1).



variation range of f was set to (1, 8) when the sensitiv-
ity analysis of grouting pressure limit factors was per-
formed. The variation trend of the sensitivity coefficient
of the grouting pressure limit influencing factors with g,
is shown in Fig. 15.

It can be seen from the figure that the matric suction has
little effect on the grouting pressure limit. The influence
conditions of the water pressure at the grouting outlet and
the effective friction angle on the grouting pressure limit
change when §8 reaches 2.65. When the expansion radius
of the soil plastic zone R, is less than 2.65 times that of
the slurry expansion radius R , the water pressure at the
grouting outlet has a larger influence on the limit value of
grouting pressure, especially when the expansion radius of
the soil plastic zone is close to the slurry expansion radius;
that is, when the expansion radius of the soil plastic zone is
less than 1.5 times that of the slurry expansion radius. The
water pressure at the grouting outlet is the dominant factor
affecting the grouting pressure limit. Because the radius of
the plastic zone is small at the beginning of slurry diffu-
sion, the resistance pressure is mainly borne by the water
pressure at the grouting outlet.

When g is greater than 2.65, the effective internal
friction angle of the loess stratum has a significant influ-
ence on the limiting value of grouting pressure. When g,
is greater than 4, it can be considered that the effective
internal friction angle of the stratum has a dominant influ-
ence on the limiting value of grouting pressure. When the
radius of the plastic zone is large, the grouting pressure
offsets the effect of the water pressure at the grouting out-
let. At this time, the effective friction angle of the soil has
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Fig. 15 Factors influencing sensitivity on the upper limit of secondary
grouting pressure
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a significant influence on grout diffusion. Thus, the results
of the sensitivity analysis are consistent with the practical
engineering experience, which verifies the rationality of
the theoretical analysis.

5 Conclusions

(1) Based on the unified strength criterion, a critical pres-
sure calculation formula for secondary grouting in a loess
stratum is proposed. The existing slurry diffusion model
is appropriately simplified for the construction of backfill
grouting. The critical pressure due to secondary grouting
in the loess stratum was analyzed from an application per-
spective, and the critical grouting pressure corresponding
to the supporting project was calculated to be 821.80 kPa.

(2) Based on the linear superposition principle of stress,
the bolt stress under the gravity condition of the loess
stratum obtained by Explicit analysis and the bolt stress
under secondary grouting (821.80 kPa) simulated by the
SPH theory are superimposed. The results showed that the
maximum displacement of the segment related to grouting
reached 3 c¢m before the bolt yields when the bolt stress
was 560.50 MPa. The numerical simulation results ver-
ify that the theoretical analysis has certain reliability (the
safety factor is 1.14).

(3) When the soil plastic zone expansion radius R, is
less than 2.65 times that of the slurry expansion radius R ,
the water pressure at the grouting outlet has a significant
influence on the critical grouting pressure limit; especially
when the expansion radius of the soil plastic zone is less
than 1.5 times the expansion radius of slurry, with the
water pressure at the grouting outlet being the main influ-
encing factor of the critical grouting pressure limit. When
B, is greater than 2.65, the effective internal friction angle
of the soil layer has a significant influence on the criti-
cal grouting pressure limit. When 8 is greater than 4, the
effective internal friction angle of the stratum is the main
influencing factor of the critical grouting pressure limit.
In actual analysis, the influence of matric suction on the
critical grouting pressure limit can be ignored.

In addition, when the theoretical solution of the critical
grouting pressure was obtained based on the condition of
bolt shear failure, the deformation degree of the segments
was not considered. The numerical simulation showed that
the segment deformation was too large before bolt fail-
ure occurred. At this time, the bolt stress does not reach
the yield state. The results showed that the critical grout-
ing pressure obtained by theoretical analysis is relatively
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conservative, which can guide secondary grouting con-

struction of shield tunnels in loess strata. The results of

the theoretical analysis and numerical simulation need to
be further verified through field tests.
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