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The quality of ground surface pregrouting (GSPG) is commonly qualitatively evaluated using single factor; however, the quality
evaluation involves numerous facets, and a quantitative evaluation is rare. The aim of this study was to quantitatively evaluate the
quality of a GSPG based on three aspects. The fuzzy analytic hierarchy process (FAHP) was adopted to obtain the final score and
quality classification of the GSPG. Based on three aspects, namely, integrity, continuity, and sturdiness, a series of field tests was
also conducted, qualitatively evaluating the quality of the GSPG preliminary, to obtain the required test data and verify the FAHP
results. The results of the FAHP showed that the quality of the GSPG was 86.42, which could be classified as “Good”, whereas the
field tests exhibited that the GSPG was effective, thereby verifying that the FAHP was reliable. In addition, the proposed method
provided a detailed comprehension of the quality evaluation of GSPG and a frame of reference for analogous engineering.

1. Introduction

Ground surface pregrouting (GSPG) is a technique in which
a slurry containing several types of materials, such as cement,
mortar, and some chemical polymers, is pumped into bore-
holes to improve the quality of rock mass and prevent water
leakage [1]. Different from general in-tunnel grouting, GSPG
is performed on the ground surface before construction, and
it is generally utilized in shallow-buried sections as well as
portal sections in mountain tunnels [2].

The objective of GSPG is twofold: to improve the quality
of the rock mass and prevent tunnel collapse during con-
struction [3–5] and to reduce the permeability rate of the
rockmass from ground surface to tunnel bottom and prevent
the inrush of the surface water and groundwater [3, 6, 7].
Moreover, GSPG can also reduce the loss of surface water
and groundwater caused by karst fissures, which affects the
domestic water consumption near shallow-buried sections
during tunnel excavation [2, 8].

Generally, the targets of GSPG are the important parts of
mountain tunnels, such as portal sections and shallow-buried
sections. A poor quality of grouting may lead to geological
disasters, such as collapse and water inrush. Hence, the

quality evaluation of grouting is vital.This tends to be difficult
owing to the complex geological conditions. Typically, the
quality is evaluated indirectly using various tests. At present,
the water pressure test is a common method [9–12]. Other
field tests such as ultrasonic tests have been commonly
applied to the quality evaluation of grouting [13]. Moreover,
numerous new methods have been employed for evaluation.
Xu et al. [14] used self-developed pressure-grouting devices
to estimate the strength growth of post- to pregrouting
broken rock. Li et al. [15] proposed an HHT (Hilbert–Huang
transform)-based method to detect the grouting quality in
concrete structures.Wang et al. [4] utilized an analytical solu-
tion to predict the ground displacement caused by grouting.
However, these studies are based on single factor influencing
the grouting quality, which may not be used for quantitative
evaluation. Furthermore, studies using multifacet factors for
the quality evaluation of GSPG are rare, not in the least
for mountain tunnels. More significantly, field tests can be
utilized for only qualitatively evaluating the quality.Thus, the
quality classification of grouting cannot be achieved by such
tests.

Therefore, for multifactor evaluation, a quantitative
method is required. The FAHP (fuzzy analytic hierarchy
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process), a mathematical method based on fuzzy theory, is
used for the quantitative evaluation of an objective [16–19].
Fan et al. [20] proposed a hybrid fuzzy quantitative evaluation
method to assess the curtain grouting efficiency of a dam
foundation by considering the permeability rate of the grout
curtain. Zhang et al. [21] determined the curtain grouting
form, hierarchical structure of the layers of the overall target,
tool, attribute, and program by the AHP. However, the
FAHP is mainly applied to the curtain grouting of dams,
and its applications in the GSPG in mountain tunnels are
uncommon.

In this study, we have presented three facets: integrity,
continuity, and sturdiness, to quantitatively evaluate the
quality of a GSPG, using the FAHP. First, a series of field
tests regarding the GSPG was performed in the Tongluoshan
tunnel of southwest China, and five indices were tested.Then
wequalitatively evaluated the quality of theGSPG. Finally, the
FAHPwas applied to quantitatively evaluate the quality using
the five-test data, and the quality classification of the GSPG as
well as the final score was obtained.

2. Fuzzy Analytic Hierarchy Process (FAHP)

2.1. Analytic Hierarchy Process (AHP). The analytic hierarchy
process (AHP), a powerful andflexiblemulticriteria decision-
making tool for complex problems where both qualitative
and quantitative aspects need to be considered, was proposed
by Saaty [16, 17]. The AHP not only assists in making the
best decision and synthesizing the results but also pro-
vides an explicit rationale for the choices made. The AHP
encompasses three steps: (a) establishing the AHP model, a
hierarchical structure like a “family tree”, (b) devising the
judgment matrices, and (c) determining the weight matrix.

(a) Establishing the AHP Model. There are three layers in an
AHPmodel: target layer, criterion layer, and index layer. First,
the researchers are required to identify the problem, or target
of the study in the target layer. Second, the various factors
influencing the target are analyzed and then classified in the
criterion layer. Finally, the indices are determined for each
criterion. The AHP model is shown in Figure 1. As shown in
Figure 1, on the target layer, the target set Z is expressed as in
(1)

Z = {𝑍} (1)

where Z is the target set. On the criterion layer, criterion set
U is as expressed in (2)

U = {𝑈1, 𝑈2, ⋅ ⋅ ⋅ , 𝑈𝑛} (𝑛 = 1, 2, 3, ⋅ ⋅ ⋅ ) (2)

where𝑈1, 𝑈2, ⋅ ⋅ ⋅ , 𝑈𝑛 are the criteria influencing the target,𝑍.
Moreover, on the index layer, the index set P is expressed as
given in (3)

P = {𝑃11, 𝑃12, ⋅ ⋅ ⋅ , 𝑃1𝑛, 𝑃21, 𝑃22, ⋅ ⋅ ⋅ , 𝑃2𝑛, ⋅ ⋅ ⋅ , 𝑃𝑛1, 𝑃𝑛2, ⋅ ⋅ ⋅ , 𝑃𝑛𝑛}
(𝑛 = 1, 2, 3, ⋅ ⋅ ⋅ ) (3)

where P1n, P2n, and Pnn denote the indices concerning the
criteria.

(b) Devising the Judgment Matrices. Judgment Matrices A𝑍
and A𝑈𝑛 (𝑛 = 1, 2, 3 ⋅ ⋅ ⋅ ) were formed using (4) and (5) via a
simple pairwise comparisons of all the factors in the criterion
layer and index layer.

A𝑍 =

[[[[[[[[[[[[
[

1 𝑎12 ⋅ ⋅ ⋅ 𝑎1𝑗
1
𝑎12 1 ⋅ ⋅ ⋅ 𝑎2𝑗
... ... 1

...
𝑎𝑖𝑗1

𝑎1𝑗
1
𝑎2𝑗

⋅ ⋅ ⋅ 1𝑎𝑖𝑗 1

]]]]]]]]]]]]
]

(4)

A𝑈𝑛 =

[[[[[[[[[[[[
[

1 𝑏12 ⋅ ⋅ ⋅ 𝑏1𝑗
1
𝑏12 1 ⋅ ⋅ ⋅ 𝑏2𝑗
... ... 1

...
𝑏𝑖𝑗1

𝑏1𝑗
1
𝑏2𝑗

⋅ ⋅ ⋅ 1𝑏𝑖𝑗 1

]]]]]]]]]]]]
]

(5)

where aij and bij (𝑖, 𝑗 = 1, 2, 3 ⋅ ⋅ ⋅ ) are the numbers whose
values are listed in Table 1 according to the nine-scaling
method [16]. For example, the target layer includes U1,
U2,. . .,Un, and then element a12 is obtained by comparing the
importance of U1 and U2. If U1 is slightly more important
thanU2, then the value of a12 is “3.” Similarly, in the criterion
layer, the lower layer of factor Un includes Pn1, Pn2,. . .,Pnn,
and element b12 is obtained by comparing the importance of
Pn1 and Pn2. If Pn1 is more important than Pn2, then the value
of b12 is “5.”

(c) Determining the Weight Matrix. Following the establish-
ment of the judgment matrices, the normalized eigenvectors
of A𝑍 and A𝑈𝑛 (𝑛 = 1, 2, 3 ⋅ ⋅ ⋅ ) are expressed as given in (6)
and (7).

e𝑍 = [𝑎1 𝑎2 ⋅ ⋅ ⋅ 𝑎𝑛] (6)

e𝑈𝑛 = [𝑏𝑛1 𝑏𝑛2 ⋅ ⋅ ⋅ 𝑏𝑛𝑛] (7)

where e𝑍 and e𝑈𝑛 are the normalized eigenvectors obtained
by solving matrix equations, which can be conducted with
MATLAB programming. 𝑎𝑛 and 𝑏𝑛𝑛 (𝑛 = 1, 2, 3 ⋅ ⋅ ⋅ ) are
specific numbers. Thus, the weight matrix is calculated using
(8).

W = [𝑎1𝑏11 𝑎1𝑏12 ⋅ ⋅ ⋅ 𝑎1𝑏1𝑛; 𝑎2𝑏21 𝑎2𝑏22 ⋅ ⋅ ⋅ 𝑎2𝑏2𝑛; ⋅ ⋅ ⋅ ; 𝑎𝑛𝑏𝑛1 𝑎𝑛𝑏𝑛2 ⋅ ⋅ ⋅ 𝑎𝑛𝑏𝑛𝑛] (8)
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Table 1: Nine-scaling method [16, 22].

Values Equal importance with regard to the two indices
1 The two indices are equally important
3 The former is slightly more important than the latter
5 The former is more important than the latter
7 The former is much more important than the latter
9 The former is considerably more important than the latter
2,4,6,8 Intermediate values are used to reflect fuzzy inputs
Reciprocal The dominance of the second alternative is reflected compared with the first, aji = 1/aij
Note: Table 1 is reproduced from Xu et al. (2019) [22].

whereW is the weight matrix and 𝑎𝑛, 𝑏𝑛𝑛 (𝑛 = 1, 2, 3 ⋅ ⋅ ⋅ ) are
elements from the normalized eigenvectors.

2.2. Fuzzy Method. The fuzzy method, which is based on the
theory of fuzzy mathematics, was developed by Zadeh [18].
It has four steps: (a) establishing the evaluation set of the
target, (b) establishing the evaluation set of each index, (c)
calculating the membership of each index, and (d) evaluating
the target. The procedure of fuzzy method is as follows.

(a) Establishing the Evaluation Set of the Target. For an
evaluation target of a project, all of its possible results can be
incorporated in a set I (see (9)), and each element in set I can
be specified in a range (Table 2).

I = [𝐼1 𝐼2 ⋅ ⋅ ⋅ 𝐼𝑛] (9)

where In (𝑛 = 1, 2, 3 ⋅ ⋅ ⋅ ) denotes the evaluation results of
the target. In Table 2, in (𝑛 = 1, 2, 3 ⋅ ⋅ ⋅ ) represents the
description of the evaluation results (e.g., i1 is excellent, grade
A, or others). In fact, I1 and i1 have the same relevance, for
clarity, we introduce them separately. Furthermore, cn (𝑛 =
1, 2, 3 ⋅ ⋅ ⋅ ) denotes a value in the range. Then a representative
value is specified for each of the evaluation result, yielding
(10)

I = [𝐼1 𝐼2 ⋅ ⋅ ⋅ 𝐼𝑛] (10)

where I is the specific evaluation set, 𝐼1 = (𝑐1 + 𝑐2)/2, 𝐼2 =(𝑐2 + 𝑐3)/2,⋅ ⋅ ⋅ , 𝐼𝑛 = (𝑐𝑛 + 𝑐𝑛+1)/2
(b) Establishing the Evaluation Set of Each Index. For a specific
index possibly obtained from some tests or measurements,
its evaluation result can be classified into 𝑉1, 𝑉2, ⋅ ⋅ ⋅ , 𝑉𝑛 (𝑛 =1, 2, 3 ⋅ ⋅ ⋅ ) in a set V (see (11)). Similarly, each element in the
set V can be specified in a range (Table 3).

V = [𝑉1 𝑉2 ⋅ ⋅ ⋅ 𝑉𝑛] (11)

where𝑉𝑛 (𝑛 = 1, 2, 3 ⋅ ⋅ ⋅ ) denotes the evaluation results of the
indices. vn (𝑛 = 1, 2, 3 ⋅ ⋅ ⋅ ) represents the description of the
evaluation results (e.g., v1 is excellent, grade A or others). dn
(𝑛 = 1, 2, 3 ⋅ ⋅ ⋅ ) is a value of the range. It should be noted that
the set I is formed for the target, and set V for the indices.

Table 2: Range of evaluation results in the set I.

Element Evaluation result (classification) Range
I1 i1 (𝑐1, 𝑐2)
I2 i2 (𝑐2, 𝑐3)
I3 i3 (𝑐3, 𝑐4)
I4 i4 (𝑐4, 𝑐5)
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
𝐼𝑛 𝑖𝑛 (𝑐𝑛, 𝑐𝑛+1)

Table 3: Range of evaluation results in the set V.

Element Evaluation result (classification) Range
V1 v1 (𝑑1, 𝑑2)
V2 v2 (𝑑2, 𝑑3)
𝑉3 V3 (𝑑3, 𝑑4)
𝑉4 V4 (𝑑4, 𝑑5)
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
𝑉𝑛 V𝑛 (𝑑𝑛, 𝑑𝑛+1)

Essentially, the evaluation result (or classification), both in I
and V, should be consistent.

(c) Calculating the IndexMembership. In this step, a piecewise
membership function, to assign a membership ranging from
0 to 1 to each index, is employed (Figure 2), and its expressions
are given in (15)–(18). Accordingly, a membership vector, ri
(𝑖 = 1, 2, 3, ⋅ ⋅ ⋅ ), is obtained (see (12)).

r𝑖 = [𝑦1, 𝑦2, ⋅ ⋅ ⋅ , 𝑦𝑛] (12)

where 𝑦1, 𝑦2, ⋅ ⋅ ⋅ , 𝑦𝑛 are the memberships for each evaluation
result and n is the number of the evaluation results.

To illuminate the usage of the membership function
clearly, we give an example where n=4 (the evaluation set
includes four elements and the membership function four
parts) in Figure 2. For instance, if the value of the index,
P12, is equal to 𝑥 (Figure 2), then the membership for each
evaluation result is y1, y2, 0, and 0, respectively. Thus, the
membership vector can be expressed as (13). Moreover, there
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is a matrix relationship between vector [𝑎1 𝑎2 𝑎3 𝑎4]T and
vector [𝑑2 𝑑3 𝑑4]T (see (14)).

r𝑖 = [𝑦1 𝑦2 0 0] (13)

[[[[[
[

𝑎1
𝑎2
𝑎3
𝑎4

]]]]]
]

=
[[[[[
[

0.8 0 0
0.5 0.5 0
0 0.5 0.5
0 0 1.2

]]]]]
]

[[
[

𝑑2
𝑑3
𝑑4
]]
]

(14)

𝜇1 (𝑥) =
{{{{
{{{{
{

1 𝑥 < 𝑎1
𝑥 − 𝑎2
𝑎1 − 𝑎2 𝑎1 ≤ 𝑥 ≤ 𝑎2
0 𝑥 > 𝑎2

(15)

𝜇2 (𝑥) =
{{{{{{
{{{{{{
{

0 𝑥 < 𝑎1
𝑥 − 𝑎1
𝑎2 − 𝑎1 𝑎1 ≤ 𝑥 ≤ 𝑎2
𝑥 − 𝑎3
𝑎2 − 𝑎3 𝑎2 < 𝑥 ≤ 𝑎3

(16)

𝜇𝑛−1 (𝑥) =
{{{{{{
{{{{{{
{

0 𝑥 < 𝑎𝑛−2
𝑥 − 𝑎𝑛−2
𝑎𝑛−1 − 𝑎𝑛−2 𝑎𝑛−2 ≤ 𝑥 ≤ 𝑎𝑛−1
𝑥 − 𝑎𝑛
𝑎𝑛−1 − 𝑎𝑛 𝑎𝑛−1 < 𝑥 ≤ 𝑎𝑛

(17)

𝜇𝑛 (𝑥) =
{{{{
{{{{
{

0 𝑥 ≤ 𝑎𝑛−1
𝑥 − 𝑎𝑛−1
𝑎𝑛 − 𝑎𝑛−1 𝑎𝑛−1 ≤ 𝑥 ≤ 𝑎𝑛
1 𝑥 > 𝑎𝑛

(18)

where 𝜇1, 𝜇2, ⋅ ⋅ ⋅ , 𝜇𝑛−1, 𝜇𝑛 are piecewise functions, 𝑥 is the
value of an index, and 𝑎1, 𝑎2, ⋅ ⋅ ⋅ , 𝑎𝑛−1, 𝑎𝑛 are the parameters
defining these functions.

By repeating the procedure stated above, all the mem-
bership vectors are calculated for all the indices calculated.
Finally, by arranging thesemembership vectors, themember-
ship matrix, R, is expressed as given in (19).

R = [r1 r2 ⋅ ⋅ ⋅ r𝑖]T =
[[[[[[
[

𝑟11 𝑟12 ⋅ ⋅ ⋅ 𝑟1𝑛
𝑟21 𝑟22 ⋅ ⋅ ⋅ 𝑟2𝑛
... ... d

...
𝑟𝑖1 𝑟𝑖2 ⋅ ⋅ ⋅ 𝑟𝑖𝑛

]]]]]]
]

(19)

where rin (i is the number of indices and n is the number of
evaluation result) is an element in a membership vector.

(d) Evaluating the Target. By the AHP, the weight matrix,W,
is obtained. Then a calculated set, B, is expressed as in (20).

B =W × R = [𝑏1 𝑏2 ⋅ ⋅ ⋅ 𝑏𝑛] (20)

where R is the membership matrix and bn (n is the number
of evaluation results) is a specific number, whose value is no
more than 1. Eventually, a score of the target is acquired by
(21).

𝑆 = B × IT (21)

where S is the score, B is the calculated set, and IT is the
specific evaluation set.

2.3. Fuzzy Analytic Hierarchy Process (FAHP). As stated
above, the FAHP is comprised of three components. First,
the evaluation target of a project is determined according
to the research objective. Second, the AHP model is estab-
lished. In the model, some essential factors, namely, criteria
and indices, which strongly affect the evaluation target are
selected, form a multilayer hierarchy model. The aim of this
step is to obtain a weightmatrixW, the link between the AHP
and fuzzy method. Finally, the score of the target is acquired
and evaluated using the fuzzy method. In this step, the two
evaluation sets (I and V) are set up regarding the target,
with each index being the centerpiece. A series of calculations
about the membership function and membership matrix R
are also important. Then the weight matrix,W, membership
matrix,R, and evaluation set, I, are utilized to obtain the final
score of the target. The workflow of the FAHP is shown in
Figure 3.

3. Qualitative Evaluation of the GSPG

3.1. Project Overview. The Tongluoshan tunnel, which was
control engineered on the Dianlin highway, is located in
the Sichuan Province, China. It is 5197 m long and spans
12.7 m. The depth of the shallow-buried section near the
Liaojia gully is merely 6–25 m (Figure 4(a)). The lithology
in the shallow-buried section is dark gray limestone with a
5–10 cm layer thickness, the thickest of which can reach 30
cm.The rock mass, containing numerous fissures, is strongly
weathered, and even small pieces of the rock can be easily
split with hands. Moreover, the rock mass is water rich, the
permeability rate of which ranges from 30.36 to 65.61 Lu
(Section 3.3.2, before grouting in Table 6). Additionally, in
the Tongluoshan tunnel, a karst is developed, and a critical
water inrush or muddy phenomenon occurs, resulting in a
high risk during tunnel construction. The above will pose
numerous challenges during construction. Therefore, the
GSPG technique was adopted in the shallow-buried section
to reinforce the rock mass and prevent water leakage. As
shown in Figure 4(b), the GSPG zone, counting a test zone,
is 204 m long, where the boreholes are divided into three
sections to grout, with a depth of 7 m, 6 m, and 7 m,
respectively (Figures 4(b) and 4(c)).
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Figure 1: AHP model.
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3.2. Design of the GSPG

3.2.1. Layout of the Boreholes. A large inhomogeneity exists
in the vertical and horizontal directions in terms of the
stratum of the GSPG zone. Consequently, the arrangement
of the grouting holes was in the form of a quincunx and the
horizontal and vertical distances between two holes are 2 m
(not all the holes are presented in Figure 5). The holes have
two types: grouting holes and test holes (i.e., holes before test
and holes after test), with a diameter of 0.11 m.

The grouting process was performed in three orders:
primary, secondary, and tertiary grouting, represented by
dark blue, orange, and green, respectively.The test data of the
GSPG were obtained from five pairs of test holes (denoted
by red). The holes before test were implemented to obtain
the rock mass parameters before grouting, and the holes after
test the parameters after grouting. The rock mass parameters

before and after grouting were compared to qualitatively
evaluate the quality of the GSPG.

3.2.2. GSPG Parameters. The GSPG parameters are com-
prised of the grouting pressure, diffusion radius of the slurry,
and grouting volume per borehole. In case of the grouting
pressure, a high grouting pressure can make the slurry
penetrate the stratum rapidly, and it is beneficial to precipitate
the moisture of the slurry to accelerate its cementing process.
However, an extremely high grouting pressure may split the
rock mass, resulting in slurry loss [23] and prompting the
uplift of the ground surface [4]. In this GSPG, the grouting
pressure was 1.0–1.5 MPa, with mulling over the construction
conditions, such as the tunnel depth, layout of the boreholes,
and the weathering degree of the rock mass [24]. The
diffusion radius of the slurry is related to numerous factors
such as the rheological behavior of the slurry [4], grouting
time, and grouting pressure. For overlapping the diffusion
range of the slurry, the diffusion radius is determined to
be 1.3 m based on the layout of the holes and engineering
experience.

More significantly, owing to a strongly weathered rock
mass and highly developed groundwater, the slurry is easily
diluted or even washed away, causing slurry loss. Moreover,
the presence of numerous fissures in the rock mass in the
test zone also facilitates slurry loss [23]. Hence, the slurry loss
cannot be disregarded.

In general, to prevent the slurry frombeing highly diluted,
relatively high concentrations are used in strongly weathered
zones. If the groundwater is highly developed, the cement
slurry needs a longer time to solidify, producing aworse effect
of GSPG. Under this condition, adding some polymers to the
slurry could decrease the slurry loss [25], thereby improving
the GSPG quality.

Given the complex geological conditions, however, the
loss of the slurry tends to become difficult to measure
before grouting. According to the engineering experience, the
volume of the slurry should be more than the designed value
to ensure the grouting quality.
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Determination of
evaluation target

InputNine-scaling
method

Determination of criteria 
and its indices 

Establishment of AHP 
model

Establishment of judgment 
matrixes A

Obtaining weight matrix W

Calculation of
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Figure 3: Comprehensive evaluation process of the FAHP.

First, the grouting volume per borehole is estimated
preliminarily based on (22) [26],

𝑄 = 𝜋𝑅2𝐻𝑛 ⋅ 𝑚 (22)

where Q is the grouting volume per borehole, R is the
diffusion radius, H is the borehole depth, n is the porosity of
the rockmass, having a value 1%–5%, andm is a factor, related
to A, 𝛽, and 𝛼, as expressed in in (23).

𝑚 = 𝐴𝛽𝛼 (23)

where 𝐴 is a factor relating to the grouting loss, generally
having a value 1.2–1.5; 𝛽 is a factor relating to the filling
degree, having a value 0.8–0.9; and 𝛼 is a factor relating to
the consolidation rate of the slurry, having a value 0.5–0.95.

Second, the finishing standard of grouting is determined.
It stipulates that the grouting flow is 20–35 L/min, with the
grouting pressure reaching the final pressure andmaintaining
for 20–30min [26]. It should be noted that (22) ismerely used
for estimating the amount of the slurry required and to ensure
that the slurry can completely fill the fissures and cavities.
Therefore, the finishing standard should be employed.

Finally, in this GSPG, the grouting volume per borehole
was estimated preliminarily using (24).

𝑚 = 1.35 × 0.850.73 = 1.57

𝑄 = 𝜋 × 1.32 × 20 × 4.5% × 1.57m3 = 7.43m3
(24)

In practice, to render the GSPG more effective, we
strictly followed the standard (the final grouting pressure

exceeded the maximum designed value of 1.5 MPa, with the
grouting flow being 20–35 L/min and the grouting pressure
maintaining for 30min) and add sodium silicate (water glass)
to the slurry, with a concentrate of 35 Bé and a volume
proportion of 3%–5%. The grouting volume per borehole in
the test zone is as shown in Table 4. The practical grouting
volume in borehole #3 is less than the estimated value of 7.43
m3, whereas those in #1 and #2 almost equal the value and
those in #4 and #5 exceed the value. The excess rates (i.e., a
rate that reflects that the practical grouting volume exceeds
the designed one) of the latter are 12% and 13%, respectively,
normal values that meet the requirement of the standard
[26].

3.3. Qualitative Evaluation of the GSPG. Owing to the com-
plex geology conditions, the GSPG quality is required quan-
titative evaluation using the FAHP (Section 4 ) where the
index values are required. Therefore, in this section, a series
tests was performed to obtain the index values. Furthermore,
to verify the results from the FAHP, the results from the tests
were preliminary used for qualitatively evaluating the GSPG
quality from the three aspects.

In general, the objective of a GSPG is twofold: to reduce
the permeability rate and improve quality of the surrounding
rock.Therefore, the tests can be performed based on the three
aspects namely, the integrity, continuity, and sturdiness of the
rock mass.

3.3.1. Integrity Test. When a broken rock is cemented by
the slurry, the integrity of the grouted rock mass improves.
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Figure 4: Profile of the grouting project.

Table 4: Grouting volume per borehole at the three sections.

Depth (m) Number of boreholes
1 2 3 4 5

0–7 4.50 4.48 4.17 4.67 5.31
7–13 1.47 1.52 1.28 1.64 1.99
13–20 1.53 1.48 1.72 2.01 1.13
Total 7.50 (0.9%) 7.48 (0.7%) 7.17 8.32 (12%) 8.43 (13%)
Please note that “(0.9%)”, “(0.7%)”, “(12%)”, and “(13%)” are the excess rates.

The integrity test is generally implemented by an ultrasonic
method [27]. The sound velocity is related to the type of rock
mass, physical andmechanical parameters, weathered degree,
and density degree [28, 29]. A dense and complete grouted
rock mass implies a high sound velocity.

The integrity tests were implemented in both single
boreholes (J1, J2, J3, J4, J5) (Figure 6(a)) and double boreholes
(J2–J1, J2–J3, J2–J5) (Figure 6(b)). A transmitter and receiver
were installed on a probe with a recorder on the ground.
The single-borehole tests reflect the rock mass quality near
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Figure 6: Schematic of the test of ultrasonic waves.

a borehole, whereas the double-borehole tests represent that
between two boreholes.

In the single-borehole tests, first, the ultrasonic data of the
five boreholes are missing at a depth of 0–10 m (Figure 7),
indicating that the fissures are highly developed, and the
water leakage is serious before grouting. After grouting, the
ultrasonic data are complete at a depth of 0–10 m, indicating
that the fissures are filled by the slurry. Second, before and
after the grouting, the average sound velocity is 2273 m/s and
2639 m/s, respectively, which is increased by 16%. Both the
facets indicate that the near-borehole quality of the rockmass
is markedly improved.

In the double-borehole tests, first, the ultrasonic data
are missing at depths of 0–10 m before grouting (Figure 8),
thereby indicating the fissures between the two boreholes are
developed at the depth range, and the permeability rate of

the stratum is high. After grouting, the data between 0 and
10 m are complete, thereby suggesting that the fissures are
blocked by the slurry and the permeability ismuch lower than
before. Second, the average sound velocity is 3119m/s after the
grouting, rising by 7% relative to 2909 m/s. The two aspects
reflect that the between-borehole quality of the rock mass is
boosted.

Both the single-borehole and double-borehole teats
reflect the improvement degree of the rock mass. The latter,
however, is slightly higher than the former. This is partly
because the ultrasonic wave is not sensitive to the fissures
particularly those that are small. It tends to transmit in a
complete rock rather than in the fissure-spreading, when it
transmits in the stratum between two boreholes. In terms
of the integrity, the two tests reveal that the GSPG is
effective.
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Figure 7: Sound velocity at different depths in the single-borehole tests.

3.3.2. Continuity Test. The continuity test generally entails
an evaluation via the water pressure test [30]. An in situ
penetration test is conducted in a borehole; it is the most
commonly usedmethod to determine the permeability rate of
a rock mass (Figure 9), whose unit is Lugeon as proposed by
Lugeon [31]. A Lugeon is defined as the water loss of 1 L/min

per meter length of the test section at an effective pressure of
1 MPa.

As for the continuity test, the key indices include four
types (i.e., A, B, C, andD) of the p-Q (i.e., p, grouting pressure;
Q, grouting flow) curve and the permeability rate of the
rock mass [30]. The four types of the p-Q curve are used
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Figure 8: Sound velocity at different depths in the double-borehole tests.

Flow gauge
Water pipeCable

Pool

Water pump Motor

Water-blocked spigot

Borehole

Data 
collection 
system

Fresh water

Figure 9: Schematic of the water pressure test.

for depicting the fissure conditions during grouting. Type
A is an excellent one, followed by types B and C—both are
acceptable—and type D, a bad one. The definitions of the
curve types are illustrated in Table 5.

As shown in Figure 5, the test holes have five pairs,
each of which are divided into three sections (0–7, 7–13, and
13–20m deep, respectively) from top to bottom (Figure 4(c)).
The types of the p-Q curve and permeability rate, in all the
sections, are listed in Table 6.

As shown in Table 6, before grouting, the permeability
rate is 45.78 Lu on an average, a relatively high value. The
curve types are mainly classified as types D accounting for
a total of 73% (i.e., the total number of samples is 15, and
the number of type D is 11; thus, the calculated percentage

is 73%) (Figure 10). Types A, B, and C have an extremely
low proportion, accounting for a total of 7%, 7%, and 13%,
respectively. Both indicate that the fissures of the rock mass
are highly developed.

After grouting, the permeability rate is 4.30 Lu (very low)
on average, which decreases by approximately 90%. Then
the proportion of type A and B increases to 60% and 27%,
respectively, whereas that of type D is reduced to 6%. These
results indicate that a considerable number of fissures are
filled, and most of them would not be split when grouting.
Therefore, in terms of the continuity, the GSPG is effective.

3.3.3. Sturdiness Test. In the sturdiness test, the unconfined
compressive strength of the rock samples [32] was deter-
mined. The samples were obtained at a depth of 13–20 m
in the holes before test and after test (i.e., P1–P5, J1–J5),
where the lithologywasmoderately weathered limestone.The
test data are listed in Table 7. The unconfined compressive
strength of the rock samples improves by 13% on average,
indicating that the GSPG is effective in terms of the sturdi-
ness.

4. Quantitative Evaluation of the GSPG

These tests can only be utilized to qualitatively evaluate
the quality of a GSPG, with the results being effective or
ineffective. Hence, an FAHP based on the three facets was
performed to quantitatively evaluate the quality, obtaining
the quality classification (as well as the final score) of the
GSPG.
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Table 5: Five curve types of the water pressure test.

Curve types Relationships between pressure and flow Characteristics of curve
types Depictions

Type A 1

2

3

4

5

Pr
es

su
re

 (M
Pa

)

Flow (L/min)
Type A

Two curves (1-2-3 and
3-4-5) are straight lines

originating at (0, 0) and are
coincident

An excellent condition, where
the seepage form is laminar flow.

Fissures do not change
throughout the test.

Type B 1

2

3

4

5Pr
es

su
re

 (M
Pa

)

Flow (L/min)
Type B

Two curves (1-2-3 and
3-4-5) converge to the
Q-axis and coincide

An acceptable condition, where
the seepage form is turbulent
flow. Fissures do not change

throughout the test.

Type C
1

2

3

4

5

Pr
es

su
re

 (M
Pa

)

Flow (L/min)
Type C

Two curves converge (1-2-3
and 3-4-5) to the p-axis and

coincide

An acceptable condition where
the fissure form changes and the
permeability of the rock mass
increases as the test pressure
increases, but the change is

temporary and reversible. As the
pressure decreases, the fissures
return to the original form,
showing a behavior of elastic

expansion.

Type D
1

2

3

4

5Pr
es

su
re

 (M
Pa

)

Flow (L/min)
Type E

Curve 1-2-3 converges to
the p-axis and does not
coincide with curve 3-4-5

A bad condition, where the
fissure form changes and the

permeability of rock increases as
the pressure increases. This
change is permanent and
irreversible. The flow is

significantly increased and
cannot be restored to its original
form, indicating fissures are split.

Table 6: Permeability rate and curve types obtained from the five pairs of the test holes.

Depth (m) Before or after grouting Number of boreholes
1 2 3 4 5

0–7 Before 53.97/D 50.91/D 65.61/D 62.13/D 53.78/B
After 4.90/A 5.12/A 4.69/B 4.67/B 4.72/A

7–13 Before 47.12/D 45.50/D 42.00/D 41.18/D 46.21/C
After 4.31/A 4.26/B 4.81/C 5.18/D 4.33/A

13–20 Before 34.42/C 30.36/D 36.16/D 41.10/D 36.19/A
After 3.44/A 3.69/A 3.21/A 3.96/B 3.15/A

Note: the unit of the permeability rate is Lu.
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Figure 11: AHP model for the GSPG.

4.1. Analytic Hierarchy Process (AHP)

(a) AHPModel.According to Section 2.1 (a), first, the “GSPG
quality” was specified on the target layer. The objective of
the GSPG is twofold: to improve the quality of the rock
mass and reduce the permeability rate of the rock mass.
Thus, three aspects, integrity, continuity, and sturdiness, were
selected as the criteria on the criterion layer in the AHP
model.Then the five sublayer factors, the indices, which were
obtained from the three tests, were determined on the index

layer. Consequently, a three-layerAHPmodelwas established
(Figure 11).

(b) Devising the Judgment Matrices. In this GSPG project,
compared with the continuity and sturdiness, the integrity
was the most essential factor because it comprehensively
reflected the quality of the rock mass and also reflected
the other two factors to some degree. By comparing the
importance of the criteria U1, U2, and U3, on the criterion
layer, the judgment matrix AZ was obtained. Similarly, by
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Table 7: Increase rate of the unconfined compressive strength of the rock samples before and after grouting.

Number of rock
samples

Before grouting
(MPa)

After grouting
(MPa)

Increase rate of unconfined
compressive strength of the

rock samples (%)
P1-1 10.5 12.3 17.1
J1-2 13.5 15.3 13.3
P2-1 19.2 21.2 10.4
J2-2 21.7 23.4 7.8
P3-1 15.3 17.1 11.8
J3-2 14.1 16.3 15.6
P4-1 13.2 15.6 18.2
J4-2 18.3 20.6 12.6
P5-1 17.1 19.4 13.5
J5-2 18.7 20.3 8.6

Table 8: Evaluation results of the target and their scores.

Elements Evaluation results Scores
I4 Excellent >90
I3 Good 80–90
I2 Moderate 60–79
I1 Bad <60

comparing the importance of (P11 and P12) and (P21 and P22),
the judgment matrices A𝑈1 and A𝑈2 were obtained. Because
there wasmerely one index on the sublayer ofU3, the element
in matrix A𝑈3 is 1. The four judgment matrices are shown in
(25).

A𝑍 =
[[[[[[
[

1 2 3
1
2 1 2
1
3
1
2 1

]]]]]]
]

,

A𝑈1 = [
[

1 2
1
2 1

]
]
,

A𝑈2 = [
[

1 2
1
2 1

]
]
,

A𝑈3 = [1]

(25)

(c) Determining the Weight Matrix. Using MATLAB pro-
gramming, the normalized eigenvectors of the four judgment
matrices are given in (26). The weight matrix, W, is derived
from (8), as shown in (27).

e𝑍 = [0.54 0.30 0.16]T

e𝑈1 = [0.67 0.33]T

e𝑈2 = [0.67 0.33]T

e𝑈3 = [1]T

(26)

W = [0.36 0.18 0.20 0.10 0.16] (27)

where e𝑍, e𝑈1 , e𝑈2 , and e𝑈3 are the normalized eigenvectors of
the four judgment matrices.

4.2. Fuzzy Method

(a) Establishing the Evaluation Set of the Target. In this
GSPG project, we classify the quality of the GSPG into four
categories, namely, excellent, good, moderate, and bad [21],
and provide the range (score) of each category (Table 8). The
four-element evaluation set, I, and the specific evaluation set,
I, are established as expressed in (28) and (29)

I = [𝐼4 𝐼3 𝐼2 𝐼1] (28)

I = [30 70 85 95] (29)

where I is the evaluation set of the target and I4, I3, I2, and
I1 are the categories of the GSPG quality, which represent
“Excellent”, “Good”, “Moderate”, and “Bad,” respectively.

(b) Establishing the Evaluation Set of Each Index.The evalua-
tion sets of the indices from the field tests should be consistent
with the evaluation set of the target.Therefore, the evaluation
sets are also compromised of four categories: Excellent, Good,
Moderate, and Bad (see (30)). The category range of each
index, however, is different from one another (Table 9).

V = [𝑉4 𝑉3 𝑉2 𝑉1]
= [Excellent Good Moderate Bad]

(30)
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Table 9: Definitions of the evaluation results for each index.

Index Symbol Range of each evaluation result Test data
Excellent Good Moderate Bad

Increase rate of sound velocity in
single-borehole test (%) P11 >15 10–15 5–10 <5 16

Increase rate of sound velocity in
double-borehole test (%) P12 >15 10–15 5–10 <5 7

Curve types of water pressure test P21 A B C D A: 60%, B:27%, C:
7%, D: 7%

Decrease rate of permeability
rate (%) P22 >80 60–80 40–60 <40 90

Increase rate of the unconfined
compressive strength of rock
samples (%)

P31 >15 10–15 5–10 <5 13

where V is the evaluation set of each index and V4,
V3, V2, and V1 are the categories of the GSPG quality,
which represent “Excellent”, “Good”, “Moderate”, and “Bad,”
respectively.

(c) Calculating Index Membership. Based on the test data
(Table 9) and membership function (Figure 2), the mem-
berships of the indices P11, P12, P22, and P31 are calculated
using the process stated in Section 2.2(c) and are shown
in Figure 12. As for index P21, its range of each evaluation
result is a discrete data, i.e., A, B, C, and D, and therefore,
the test data are directly used as the membership. Finally,
by arranging the membership of each index in order, the
membership vector, ri, and thematrix,R, are yielded (see (31)
and (32)).

r1 = [0 0 0.36 0.64]

r2 = [0.14 0.86 0 0]

r3 = [0.07 0.07 0.27 0.60]

r4 = [0 0 0.23 0.77]
r5 = [0 0 0.91 0.19]

(31)

R =
[[[[[[[[
[

0 0 0.36 0.64
0.14 0.86 0 0
0.07 0.07 0.27 0.60
0 0 0.23 0.77
0 0 0.91 0.19

]]]]]]]]
]

(32)

(d) Evaluating the Quality of the GSPG. Using the AHP, the
weight of each index is incorporated in the weight matrix,
W, and the membership of these indices, required in each
evaluation result, is expressed by the membership matrix,
R. By (20) and (21), the final score of quality the GSPG is
obtained (see (33)).

𝑆

= W × R × IT = [0.36 0.18 0.20 0.10 0.16]
[[[[[[[[
[

0 0 0.36 0.64
0.14 0.86 0 0
0.07 0.07 0.27 0.60
0 0 0.23 0.77
0 0 0.91 0.19

]]]]]]]]
]

[30 70 85 95]T = [0.0392 0.1688 0.3522 0.4578] ×
[[[[[
[

30
70
85
95

]]]]]
]

= 86.42 (33)

where 𝑆 is the final score, W is the weight matrix, R is the
membership matrix, and IT is the specific evaluation set. As
a result, the final score of the quality of the GSPG was 86.42,
which can be classified as “Good” in accordance with Table 8.

5. Conclusions

The FAHP was performed to quantitatively evaluate the
quality of GSPG in this study. To qualitatively evaluate the

quality of theGSPGand obtain the required data in the FAHP,
a series of field tests were also implemented.

The integrity test results showed that the sound veloc-
ity in the single-borehole tests and the double-borehole
tests increased by 16% and 7%, respectively. The conti-
nuity test results showed that the curve types were pri-
marily type A, accounting for a total of 60% after grout-
ing, with the permeability rate decreased by approximately
90%. Concurrently, the sturdiness test result showed that
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Figure 12: Calculation of the four index memberships.

the unconfined compressive strength of the rock samples
increased by approximately 13%. These results indicated
that the fissures were effectively filled and that the rock
performance was improved by the GSPG, thereby suggesting
that the GSPG was effective.

Based on the three aspects and five indices, the FAHP
was conducted to quantitatively evaluate the quality of the
GSPG. The results showed that the final score of the GSPG
was 86.42, which could be classified as “Good”. Moreover,
the results from the FAHP were consistent with that from
the field tests; thus, verifying that the FAHP was reliable

and that it could be applied to the quality evaluation of
the GSPG. With the qualitative and quantitative evaluations
being conducted comprehensively, this quality evaluation
of the GSPG provided a frame of reference for analogous
engineering.
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