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Abstract

In order to evaluate the grouting treatment effect of goaf foundation more systematically
and comprehensively, taking the goaf treatment project of a school district in Xinmi as
the research object, a grey relational fuzzy comprehensive evaluation method is
proposed based on the principle of grey relational analysis and fuzzy mathematics.
Combined with the actual working conditions and collected data, 5 first-level evaluation
indexes and 18 second-level evaluation indexes were analyzed and determined. Ahp was
used to determine the weight of each index, grey correlation coefficient was used as the
membership degree of second-level indexes, and a grey correlation fuzzy comprehensive
evaluation model was built by analyzing the engineering data. This model is used to
evaluate the grouting effect of goaf treatment project in a school district of Xinmi, and
the conclusion is that the grouting effect is "good", which is basically consistent with the
follow-up monitoring results of surface settlement, which verifies the feasibility of this
method in the evaluation of the grouting effect of goaf foundation, provides theoretical
support for the safe use of the school district after completion, and also provides a
reference for similar projects in the future.
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1. INTRODUCTION

With the steady development of the integration of urban and rural areas, the construction
land is increasingly tight, and many buildings will inevitably be built above the goaf. When
disturbed by the new load, the original stress state of the goaf and its overlying strata will
change, resulting in uneven settlement of the stable surface and endangering the safety of new
buildings and residents on the surface [1,2]. Grouting and filling method means to drill holes on
the ground and use grouting devices such as high-pressure pumps to inject grout into rock
cracks to form grout stones inside rocks and fill in the interior of rock layers, so as to improve
the bearing capacity and compressive deformation of rocks and effectively control the surface
residual settlement of goaf under important buildings (structures) such as houses and roads
[3,4]. The grouting treatment of goaf is a hidden project, and there are many kinds of post-
construction quality detection methods, which can be roughly divided into three categories:
data analysis, geophysical detection and drilling detection. Xue Yiguo et al. [5] used the P-Q-t
curve method to study the grouting effect of the water gusher fault in Qingdao Jiaozhou
undersea Tunnel, and determined that the grade of surrounding rock after grouting was
significantly improved and the grouting effect was remarkable by integrating geophysical
exploration and drilling methods. Li Shuzhi [6] used borehole TV to compare and analyze the
filling situation of rock cracks and voids before and after grouting, and evaluated the grouting
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effect combined with the loss of borehole washing fluid. Zhang Xuan [7] evaluated the grouting
treatment effect of goaf by integrating geophysical exploration methods such as direct current
sounding, Rayleigh surface wave, electromagnetic CT and seismic CT. Although the grouting
testing technology has been relatively mature, the evaluation of grouting effect in engineering
practice often relies on a single test result and does not pay enough attention to the correlation
between various test indexes. The evaluation focuses on post-construction quality testing, and
the results are independent and incompatibility [8-10]. Therefore, the evaluation of grouting
effect should be a systematic work, which should involve geological exploration before
construction, data analysis during construction and quality inspection after construction. Due
to the concealment and complexity of grouting engineering, the collection of engineering data
can not cover all aspects, and the traditional fuzzy comprehensive evaluation can not effectively
reach a conclusion. Grey correlation analysis is just suitable for this kind of situation.

In the course of the continuous development of grey system theory, grey correlation analysis
has become one of the hot topics in recent years. As a new method to study uncertainty
problems such as small amount of data and lack of information, grey correlation analysis mainly
conducts in-depth research on known parts of data and further explores favorable information,
so as to accurately describe the operation behavior and evolution law of the system and
effectively monitor it [11]. Nowadays, with the rapid development of information technology,
"small data" and "poor information" and other common situations in engineering are still urgent
problems to be solved, and the emergence of grey theory provides corresponding solutions.
Based on the geometric features of sequence curves, it is possible to determine whether the
relationship between each sequence is close. Previous grey relational analysis models, whether
based on point correlation coefficient or generalized grey relational analysis with overall
planning, measure similarity degree from the perspective of proximity [12].

Olson[13,14] et al. proposed a grey relational degree analysis method for solving interval-
number multi-attribute decision making problems, and applied it to the simulation of various
fuzzy multi-attribute decision models to obtain relatively systematic probabilistic explanations
related to the simulation results. Amanna[15] et al. combined GM and GRA models to conduct
in-depth discussion on intelligent reasoning engine and adaptive algorithm in wireless
communication. Liu Weifeng [16] gave a generalized interval grey relational degree model, and
explained the calculation method and feasibility of the model with specific cases. Huangshi [17]
incorporated the maximum entropy principle into the study, and took Xinghe Oilfield in
Shaanxi-Gan-ning Basin as an example to explore. It is known from the research that although
grey correlation analysis is rich in theoretical research, there are few researches on the
application of evaluating the grouting effect of goaf. Therefore, this paper combines it with fuzzy
comprehensive evaluation, comprehensively analyzes the influencing factors of grouting
detection technology and grouting effect, and establishes the evaluation model of grouting
treatment effect of goaf foundation. The model is used to evaluate the effect of the grouting
treatment project in the goaf of Xinmi Party School.

2. FUZZY COMPREHENSIVE EVALUATION MODEL OF GROUTING EFFECT
BASED ON GREY CORRELATION ANALYSIS

2.1.The establishment of evaluation index system

The Analytic Hierarchy Process (AHP)[18-20] is mainly based on the analysis of target
elements to build an interconnected cascade level, which clearly reflects the relationship
between various elements. Through the combination of qualitative and quantitative methods,
the decision-making process is made mathematical and the decision results are objectified, so
as to simplify the evaluation of the treatment effect of goaf foundation. Combined with previous
literature, field construction and post-construction quality detection, the evaluation of grouting
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effect of goaf foundation should take into account construction quality, post-construction
detection, field test and other factors, and determine 5 first-level evaluation indicators and 18
second-level indicators, as shown in Figure 1.
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Figure 1. Evaluation model of grouting treatment effect of goaf foundation

2.2.AHP method to determine index weight

In the evaluation system, the influence degree of each factor on the evaluation object is
different, which can be quantified and weighted to reflect the influence degree of each factor on
the evaluation object. AHP can combine qualitative and quantitative methods and determine
the weight through multi-objective decision analysis. According to the criterion layer and the
index layer in the grouting evaluation index, the 1-9 scale method is used to describe the
influence of each factor on the evaluation objective, and the corresponding score is given
according to the advice of experts. The evaluation matrix A=(aij)nxn is constructed, and the
scale is shown in the following table. Using MATLAB software to calculate the maximum
eigenvalue of the matrix Amax, the corresponding eigenvector is the weight of each level of
factors. The consistency test of judgment matrix uses the consistency ratio CR as the test
condition. When CR<0.1, the matrix consistency is considered to meet the standard; if CR=0.1,
the judgment matrix needs to be readjust.
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Table 1. Scale table
meaning
1 a and b are of equal importance
3 a is slightly more important than b
5 a is significantly more important than b
7 a is more important than b
9 a is absolutely more important than b
2,4,6,8 The median of the above tests
) If a is more important than b is m, then b is more important
reciprocal .
thanais1/m
Table 2. Randomness Index Table (RI)
order 1 2 3 4 5 6 7 8 9
RI value 0 0 0.52 0.89 1.12 1.26 1.36 1.41 1.46
Table 3. V-U judgment matrix
Evaluation and classification
of treatment effect of U1 Uz Us Us Us
grouting in goaf V
U1 1 2 7 1/2 3
U2 1/2 1 5 1/4 2
Us 1/7 1/5 1 1/8 1/5
Us 2 4 8 1 5
Us 1/3 1/2 5 1/5 1
Table 4. U1-Ui-ijudgment matrix
Grouting carrier integrity U1 U11 U1z Ui Ui14
U1 1 5 1/2 1/3
U12 1/5 1 1/6 1/7
Ui3 2 6 1 1/2
U14 3 7 2 1
Table 5. U2-U2-i judgment matrix
Grouting car{leer continuity Unt Usz U Una
U21 1 5 1/2 1/4
Uz2 1/5 1 1/7 1/9
U2s 2 7 1 1/3
U24 4 9 3 1
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Table 6. U3-U3-i judgment matrix

Grouting carrier firmness U3 Us1 Us2 Uss Uss
Us1 1 1/2 1 1/4
Us2 2 1 2 1/3
Uss 1 1/2 1 1/4
U3 4 3 4 1
Table 7. U3-Us-ijudgment matrix
Grouting cons'tx"uctlon Uat Uiz Uss Usa Uis
control condition U
Us1 1 1/2 1/3 1/2 6
U4z 2 1 1/3 1 7
Ua3 3 1/2 1 2 9
Uas 2 1 1/2 1 7
Uss 1/6 1/7 1/9 1/7 1
Table 8. U4-U4-i judgment matrix
Grouting cons_tx_‘uctlon Uat Uiz Uss Usa Uis
control condition Us
Us1 1 1/2 1/3 1/2 6
U4z 2 1 1/3 1 7
Ua3 3 1/2 1 2 9
Uas 2 1 1/2 1 7
Uss 1/6 1/7 1/9 1/7 1
Table 9. Consistency test
Maximum
. I RI
Judgment matrix characteristic CI CR value
value
root
V-U 5.1632 0.0408 1.11 0.0368
U1 4.0766 0.0255 0.882 0.0289
U2 4.1042 0.0347 0.882 0.0394
Us 4.0206 0.0069 0.882 0.0078
Uz 5.102 0.0255 1.11 0.023

2.3.Determine feature sequence and character sequence

The data sequence that reflects the behavior characteristics of the system is the parent
sequence, letitbe U = {U,,U,,...,U,}; The sequence of factors that affect the behavior of the
system is the characteristic sequence, let it be

U, = {U11r Uiz oees Ulm}
U, = {U21' Uzz) -ons UZm}

U, = {Um1, Uz, -, Upm}s Construct evaluation set
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V ={V,,V,,V5,V4,} = {Excellent, good, qualified, unqualified}
2.4.Membership degree determined by grey correlation analysis

Grey correlation analysis is a multifactor statistical method based on grey system, according
to the factors of sampling data, the available methods of grey correlation degree, the strength,
size, and sort of the relationship between various influencing factors of digital processing. This
method is compared with the conventional analysis of multiple factors analysis is more intuitive,
suitable for processing has a certain gray level of the sample data, can be used on concealment
goaf grouting treatment project. Traditionally, grey correlation analysis method is the optimal
value of all parameters as the target matrix, according to the literature research the reverse
application [34], will be measured as the target matrix, it combined with matrix evaluation
grades as matrix analysis, grey correlation coefficient of solving steps are as follows:

Establish a grey relational basic data analysis matrix Xi ', where xi0' is the measured value of
evaluation indicators during grouting construction, and xil ', xi2', xi3 ', and xi4' are the median
of the grading interval for excellent, good, qualified, and unqualified evaluation indicators.

Xio' (1) x1'(D) - xi' (D)
X, = xioi(z) xi1,.(2) xi4,.(2)
xio'.(m) xil'.(m) xi4'.(m)

According to the following formula, dimensionless normalization is carried out on the
analysis sample data, and the normalization analysis matrix Xi is obtained.

xfj (k) = ™ {xi; () }
e U = e (R}
(i=12..,5j=01..,4k=12.,m)

xij(k) =

Xio(1) x4 (1) - x(1)
X, = xl-o.(Z) xi1.(2) xi4.(2)
xiotm) Xi1 &m) xmtm)

Calculate the correlation coefficient of each subsequence to the parent sequence

_ Amin + pAmax
rij(k) =
Aij (k) + pAmax
(i=12..5j=1.4k=12.,m)
Among them, A;;(k) = |xo(k) — x;;(k)| 5 Apin = mjm e |xio (k) = x;;(K)| 5 Dax =
™% |xi0(k) — x;;(k)|; p is the resolution coefficient, in the value of [0,1], the smaller the

max
J
resolution coefficient, the greater the difference between the correlation coefficient, the

stronger the differentiation ability, usually take 0.5.
2.5.Grey relational fuzzy comprehensive evaluation

According to the evaluation model of grouting treatment effect of goaf foundation, the multi-
stage fuzzy comprehensive evaluation factor set U, Ui and evaluation set V are constructed. The
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membership degree of each indicator Uj in the second-level evaluation indicator Ui to each
evaluation level Vi is rij, then the evaluation matrix of Ui relative to V is

e T2 o Tk

21 T2 0 Tk
Ri=1]" : . :

Tm1i Tm2 °° Tmk

The weight A; = (a;1, a3, ---, Ai;m), then the comprehensive evaluation matrix of the second-

level index can be expressed as
B; = A; X Ry = (bi1, biz, -, bix )
The fuzzy comprehensive evaluation matrix of first-level index is
R = (Bl’ Bz, ey BTl)
B = A XR = (bl,bz, ,bk)

According to the principle of maximum membership degree, the element of evaluation set

corresponding to maximum membership degree is taken as the evaluation result
V ={V;|V; - maxb,;}

3. ENGINEERING APPLICATION
3.1.Project Overview

Taking the evaluation of the grouting effect of goaf foundation in a campus in Xinmi as an
example, the evaluation system constructed above is adopted for verification. The school area
is located at the northeast corner of the intersection of Qingping Street and Yuecui Road, Xinmi
City. The overall terrain of the project area is flat, high in the north and low in the south, with a
slope of about 3%. The ground elevation of the study area is 255m~268m, the lowest point is
the center of the collapse pit, and the ground relative elevation difference is about 8m. There
are four circular collapse pits scattered in the area. The distribution of the pits is shown in
Figure 2.
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Figure 2. Distribution of caving pits in goaf

Combined with engineering practice experience and grouting operation requirements, the
water-solid ratio of curtain hole grout (water: solid material) is 1:1.3, solid ratio (cement: fly
ash) is 3:7, according to previous engineering experience, the curtain hole grout should be
mixed with 2% of the total solid mass of accelerator (water glass). The ratio of water to solid
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(water: solid material) in the grouting hole is 1:1.2, and the ratio of solid (cement: fly ash) is 3:7.
For the foundation grouting treatment of the goaf site in this project, two circles of curtain holes
are arranged around building 5 and building 6. The layout is triangular, and the grouting holes
are arranged in the shape of clubs. The distance between curtain holes is 6.5m; The grouting
holes are arranged in plum shape, and the spacing between the holes is 10m. There are 155
grouting holes, 17 rows of grouting holes, 1 to 7 rows with a distance of 8.66m. In this project,
there are 334 grouting holes, 179 curtain holes and 155 grouting holes in the goaf site of
Building 5 and 6 of the project. Borehole locations are shown in Figure 3.
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Figure 3. Borehole location distribution

3.2.Fuzzy comprehensive evaluation based on grey correlation analysis

(1) The weight of primary index and secondary index

According to the judgment matrix established in Section 2.2, the weight of each judgment
matrix is calculated by using the root method through MATLAB

T
[0.2631] 0179317
0.1496 00493
A=10.0336], 4, = ,
0.4536} 0.2937
01 0.4777
0.15281" 0.12141"
A —|00408| , _[0.2195
27102525 " 73 7 |0.1214| ’
0.5539 0.5376
0.133371"
0.2982
A, =10.3401
0.1967
0.0317

Since there is only one sub-index of grouting reliability, there is no need to establish a
discrimination matrix. Its value is 87.21% calculated by MATLAB programming, and the weight
A5 is regarded as 1.

(2) grey relational membership degree
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According to the principles in Section 2.3, SPSS data analysis software is used to calculate the
grey correlation degree

[0.7399 0.9488 0.8584 0.7415]
R, = 0.7129 0.9048 0.7923 0.5292

1.0000 0.8623 0.7334 0.6118]f
[0.9552  0.9640 0.9408 0.90201
[0.6757 0.5779 0.4558 0.3371]
0.6867 0.8622 0.5062 0.3689
0.7505 0.9963 0.6868 0.4588
0.7399 0.9488 0.8584 0.7415.
[0.9680 0.9390 0.9167 0.9028]
0.5897 0.7498 0.8570 0.9712
0.5476 0.7422 0.8051 0.4867
10.8624 0.8803 0.9103 0.9817.
0.7749 0.9789 0.7641 0.55107
0.8259 0.9457 0.7857 0.5621
R, =10.9460 0.9312 0.7010 0.5174}|,
0.9394 0.9140 0.9079 0.9322
L0.4770 0.5132 0.6819 0.6708-

Rs = [0.8458 0.9397 0.7058 0.5200]
(3) first-level fuzzy comprehensive evaluation
B, =A; XRy
=1[0.9178 0.9285 0.8578 0.7696]
B, =[0.7306 0.9006 0.7392 0.5932]
B; =[0.7771 0.8419 0.8865 0.9096]
B, =[0.8712 0.9253 0.7748 0.6217]
B =[0.8458 0.9397 0.7058 0.5200]
(4) two-level fuzzy comprehensive evaluation

B,
[Bz] 5.9864
6.4359

= X = X B =
B=dxk=4 lBil 5.5070
Bs 4.5826
According to the principle of maximum membership degree, it can be determined that the
grouting treatment effect of goaf foundation is good. The evaluation results are consistent with
the field geophysical detection results and the late settlement observation results, which
provides scientific and reasonable support for the safety of production and teaching activities
in Xinmi Campus.

4. CONCLUSION

1. Based on the actual working conditions of Xinmi Campus and the limited data in the
construction process, this paper constructs an evaluation system for the grouting treatment
effect of goaf foundation from the characteristics of grouting carrier, grouting control conditions
and reliability probability, determines 5 first-level indexes and 18 second-level indexes for
evaluating the grouting effect, and determines the main control factors through the sub-analysis
method. The grey correlation fuzzy comprehensive evaluation method can be used to evaluate
the grouting effect of goaf foundation.
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2. Using grey correlation coefficient instead of membership degree improves the calculation
efficiency. It can not only effectively deal with the difficulties caused by incomplete data record,
low precision, small amount of data and hidden grouting engineering in the construction
process, but also effectively avoid the subjective influence of using traditional methods such as
membership degree function to determine membership degree and ensure the objectivity of
evaluation results.

3. Taking the goaf foundation treatment project of Xinmi Party School as an example, through
the comprehensive evaluation of the grouting effect after construction, it is concluded that the
treatment effect is "good". The analysis results show that the grey correlation fuzzy
comprehensive evaluation method can be used well in the evaluation of grouting treatment
effect of goaf foundation.
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