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Abstract

This article introduces a new quantitative model for the geological strength index (GSI) based on attribute mathematics
theory. This new attribute evaluation index system of GSI consists of the rock mass block index, the joint spacing, the number
of joint sets, the absolute weathering index, the large-scale undulation, and the small-scale undulation. Recently, based on
attribute mathematics theory, the attribute mathematics evaluation model of GSI was established for identifying and clas-
sifying the geological strength index. Finally, based on the confidence criterion and the method of linear interpolation, a
quantitative model for the geological strength index is established. To verify the model, an improved numerical method is
introduced. Meanwhile, the equivalent transformation method of the Hoek—Brown strength criterion and Mohr—Coulomb
strength criterion is cited. The problems in the determination of the reinforcement time to support surrounding rock are solved
by the analysis of the construction process mechanics. A new concept called section displacement deviation is proposed for
effective comparison of the monitoring data and the simulation predictions. Project applications prove that this quantitative
method has strong pertinence and high accuracy and can organically combine geological surveys, experimental data, statis-
tics, and expert opinions, so this evaluation method can decrease the subjectivity of research decisions. The method of the

attribute mathematics evaluation of GSI provides a new approach to quantifying the GSI system.

Keywords GSI - Hoek—Brown - Attribute mathematic - Quantification - Numerical verification

Introduction

A rock mass is a complex geological body composed of
structural bodies and structural planes that form in certain
geological environments. Due to the existence of discontinu-
ous structures such as joints, cleavages, and faults, the engi-
neering properties of rock masses with discontinuous struc-
tures are quite different from those of intact rocks. Limited
by the current testing technology, the mechanical parameters
of rock masses are difficult to define, so derated mechanical
parameters of intact rock are widely used as the basis for
estimating rock mass parameters. Hoek et al. proposed the
Hoek—Brown strength criterion, which is based on the two
major sets of factors of rock mass structural fabric and joint
conditions, using the GSI index for the conversion of rock
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mechanical parameters to rock mass mechanical parameters
(Hoek et al. 1997, 2006).

GSl is a comprehensive reflection of the rock mass struc-
tural characteristics and joint conditions. The core of GSI
quantification is the construction and quantitative characteri-
zation of these two major index factors (Winn et al. 2019),
which are the central issues in related research at home and
abroad. For example, the GSI parameters of rock mass are
quantified (Sonmez and Ulusay 1999, 2002; Sonmez et al.
2004) by introducing the rock mass structure series SR and
rock mass surface condition grade, which is based on the
joint count of a rock mass volume, and continuously revis-
ing and applying the quantified GSI system. Cai et al. (2004,
2006) proposed a quantitative method for determining GSI
based on the rock mass volume and the joint condition coef-
ficient, and this method is based on describing geological
indexes (such as joint roughness, joint spacing, and filling
condition) and field test parameters. Russo (2009) analyzed
the relationship between the rock mass block index (RBI)
and the rock mass strength parameter formula obtained by
the uniaxial compressive strength reduction of intact rock in
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a GSI system and obtained the relationship between the GSI
and the joint condition parameter. Finally, a mixed method
for determining the GSI value was proposed with the joint
condition parameter as an index. Hoek et al. (2013) proposed
quantifying the GSI with the rock quality designation (RQD)
and with the joint condition rating of the rock mass rating
(RMR) system. Lin et al. (2014) introduced the complete
length of the core to quantify the structural information of
the rock mass and established a GSI quantification system
based on the complete drill core length index and joint con-
ditions by using typical photos of the drill core and joint
plane. Schlotfeldt and Carter (2018) introduced the concept
of the bias free volumetric fracture count (VFC) parameter
in GSI chart quantification, which effectively mitigates the
scalability of GSI and the treatment of deviations related to
RQD used in the quantification process. A supplementary
quantified approach (Feng et al. 2018) for the GSI system
was proposed by focusing on the rock mass disturbance fac-
tor, which uses the surface condition rating, the structural
plane condition factor, the rock mass basic quality index, and
the rock mass structure rating. Marinos and Carter (2018)
suggested that the ranges in the variability of intact rock
parameters o,; and m; for common rock masses are presented
in the context of a composite new GSI chart, which allows
selection of appropriate GSI ranges for any specific rock
suite. Although the above quantitative methods can reduce
the value error of the GSI system, the GSI values are highly
empirical and still need to be further improved.

In this paper, a qualitative—quantitative index system for
rock mass structural characteristics and structural plane con-
ditions is established by comprehensively considering the
rock mass block index, the joint group number, the joint
spacing, the weathering degree of the structural plane, and
the roughness degree of the structural plane. The attribute
identification model of the GSI system is established to
realize attribute interval division of the geological strength
index by applying the comprehensive mathematical multi-
factor attribute evaluation theory to GSI system evaluation.
Then, the concept of confidence ranking is introduced. The
minimum confidence ranking and the maximum confidence
ranking are taken as endpoint values to realize the on-site
quantification of the GSI attribute interval by using linear
interpolation. Finally, by further decreasing uncertainty,
the attribute quantification model of the geological strength
index is constructed to realize the transformation of GSI
from attribute interval acquisition to numerical quantifi-
cation. On the basis of the abovementioned method and
referring to the equivalent transformation method of the
Hoek—Brown strength criterion and Mohr—Coulomb strength
criterion, the effective transformation of rock mechanical
parameters to rock mass mechanical parameters in numerical
simulation is realized. Compared with the on-site monitor-
ing data, the application effect is discussed. Through this
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method, the attribute quantification model of GSI is con-
structed, and the inconvenience of numerical simulation
based on the Hoek—Brown strength criterion is resolved
by referring to the equivalent transformation method of the
Hoek—Brown strength criterion and Mohr—Coulomb strength
criterion. This method can also optimize the values of the
numerical simulation calculation parameters, ensure the
accuracy of the numerical simulation to a certain extent, and
solve the ambiguity of matching monitoring data and numer-
ical simulation predictions with numerical calculation.

Attribute identification model of GSI

Based on the attribute evaluation index system considering the
rock mass structure and joint conditions, this article establishes
an attribute identification model of GSI. Attribute interval divi-
sion of the rock mass structure and joint conditions is achieved
through three steps: single-index attribute measure analysis,
multiple index attribute measure analysis, and attribute identi-
fication analysis (Li et al. 2013; Zhou et al. 2013). Finally, the
GSI value table proposed by Hoek et al. (2006) is referenced
to realize attribute interval discrimination of the GSI.
Referring to the GSI value table (Marinos et al. 2000;
Hoek et al. 2013), GSI is mainly affected by the rock mass
structure and structural plane surface conditions, as shown in
Fig. 1. Let X be the evaluation object and establish the evalu-
ation object space X; (i=1,2) = {rock mass structural char-
acteristics, structural plane surface conditions}. X; refers to
the arrangement and combination of the rock mass structural
planes and structures. At present, there are two main types
of descriptions. One is based on rock cores and is usually
represented by quantitative indicators such as RQD and RBIL
The second is based on the apparent characteristics of the
rock mass and is usually expressed by apparent quantitative
indicators such as joint group number and spacing. However,
it is difficult for any expression form to effectively reflect the
three-dimensional structural characteristics of the rock mass.

| Geological Strength Index |- Structural plane
t conditions
(X)
Rock structure
Characteristics
Xy
Absolute Roughness
weathering degree
index )
Rock internal Rock external (Y
Structure Structure
Sy (€] Large-scale ~ Small-scale
l undulation undulation
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block index  joint sets L)
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Fig. 1 The GSI attribute identification model
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Table 1 Expression of rock-mass structure by RBI (Hu et al. 2002)

RBI Qualitative index of rock mass characteristics

A 30~100 The overall structure, intact or with large blocks, basically has no disturbance, and its integral coefficient is generally greater than

0.75

B  30~10 The block structure is relatively intact, with no or partial disturbance, and its integral coefficient is generally 0.75-0.55

CcC 10-~3 The mosaic structure has poor integrity and is generally broken.. However, the rock blocks are stable, and their integral coefficient
is generally 0.55~0.35

D 3-~1 Broken structure: the rock mass is broken and fully disturbed, via fractures or thin layers, with well-developed structural planes,
and its integrity coefficient is generally 0.35~0.15

E 1~0 Loose structure: the rock mass is extremely fragmented, disturbed, and loose, and the integrity coefficient is generally less than

0.15

Therefore, this article integrates the internal and apparent
structural characteristics of a rock mass and constructs an
evaluation index system of the rock mass structural char-
acteristics ; (j=1,2,3) = {rock mass block degree, joint
group number, joint spacing}. X, refers to the contact state
of the structural plane, which directly affects the mechanical
properties of the structural plane and is mainly related to
the degree of surface weathering, the degree of filling and
the surface morphology. This article constructs a surface
condition evaluation index system J j(j =1,2) = { Absolute
weathering index, surface roughness degree}. For further
description of surface roughness degree, the secondary index
is D; (i=1,2) = {large-scale waveform factor, small-scale
waveform factor}. Taking the GSI value table (Hoek et al.
2006), the vertical and horizontal coordinates are divided
into five sections. For the measured value t; of each index,
the five-level attribute space F' = {evaluation grade} =Cy
(i=1,2,3,4,5)={A, B, C, D, E} is constructed to realize the
effective matching between the value section of each index
and the coordinate section of the GSI.

Evaluation index system of the rock mass structural
attributes

Quantitative index of rock mass internal structure

The RBI is a main indicator of the internal structure of the
rock (Hu et al. 2002). It is determined from cores collected
perpendicular to the surface of the rock mass. The meas-
ured core lengths are taken as weight values according to

the core acquisition rates of the five categories of 3~ 10 cm,
10~30 cm, 30~50 cm, 50 ~ 100 cm, and more than 100 cm.
The cumulative value multiplied by the respective corre-
sponding coefficient is taken as the evaluation index, which
is the comprehensive embodiment of the rock mass internal
structural characteristics. Referring to Hu et al. (2002), the
5-level attribute space of the RBI index is shown in Table 1.

Quantitative index of rock mass apparent structure

A joint group is the main focus of the rock mass structural
surface characteristics and the measurement index of the
potential of the rock mass to fragment. It is the comprehen-
sive embodiment of the occurrence and intersection relation-
ship of structural planes. According to previous studies, the
more joint groups there are, the more likely the rock mass
will be cut into blocks and the higher the degree of rock
mass fragmentation. Referring to the research of Bar et al.
(2017) and Barton (2002), taking the joint group as the main
control factor, the 5-level attribute space of J,, is defined as
shown in Table 2.

The joint spacing J, is the second expression of the rock mass
structural surface characteristics. It is the main controlling fac-
tor for the integrity of the rock mass and has a certain influence
on the volume and quantity of the rock mass. Taking the joint
spacing J; as a parameter, and combining it with the description
of the rock mass structural plane number J,, the comprehensive
quantification of the competence and integrity degree can be
realized. Based on the research of Bieniawski (1989), the 5-level
attribute space of the J; index is shown in Table 3.

Table 2 Expression of rock

Qualitative index of rock mass characteristics

L. Structure type J,
mass structure by joint group J,
(Bar et al. 2017; Barton 2002) A 05~1.0
B 1.0~5.0
C 5.0~10
D 10~15
E 15~20

Massive, no or few joints

One or two sets/one joint set plus random joints

Three sets/two joint set plus random joints

Three joint set plus random joints/four or more joint sets

More than four joint sets, random, heavily jointed/
crushed rock, soil-like
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Table 3 Expression of rock mass structure by joint spacing J, (Bieniawski 1989)

Structure type Jr Rock mass characteristics qualitative indicators

A >200 cm Intact or massive, complete rock mass or large-scale distribution with few large-spacing structural
planes, generally larger than 200 cm

B 60~200 cm Blocky, inlaid undisturbed rock mass, and joint spacing is generally greater than 60 cm, less than 200 cm

C 20~60 cm Very blocky, partial disturbance, and joint spacing is generally not more than 60 cm

D 6~20 cm Blocky/disturbed/seamy, rock mass is broken and fully disturbed, bedding plane or schistosity plane is
developed, and the joint spacing is generally not more than 20 cm

E <6cm Disintegrated, rock mass is extremely broken and mixed, consisting of angular and round rock blocks

Attribute evaluation index system of structural
surface conditions

Quantitative index of weathering filling conditions

The joint condition is a qualitative description of the
mechanical properties of the structural plane. The weath-
ering of structural planes will lead to changes in the sur-
face morphology, filling characteristics, contact relation-
ship, and rock mass properties, which will lead to unknown
changes in the mechanical properties of the rock mass
structural planes. Referring to the research results of Su
et al. (2009) and considering the filling state of structural
planes, the AWI is defined as the weathering and filling
degree of the rock mass. The 5-level attribute space of the
AWI index is shown in Table 4.

Quantitative index of surface roughness

The degree of joint roughness is an important influence
parameter in the analysis of the mechanical properties
of a structural plane. It directly affects the cohesion
and internal friction angle of structural planes and thus
influences the shear resistance of the structural planes.
According to the research sampling range and referring
to the large-scale fluctuation coefficient and small-scale
fluctuation coefficient, the roughness of joints is quanti-
fied at two scales.

Table 4 Expression of rock mass weathering by AWI (Su et al. 2009)

The large-scale wave coefficient J, is defined as the rate
of undulation of the rock mass surface within the range of
1~ 10 m. According to the fluctuation rate, the 5-level attrib-
ute space of the large-scale wave coefficient J, is shown in
Table 5 (Cai et al. 2004). The small-scale wave coefficient J|
is defined as the degree of the rock mass surface smoothness
within the range of 1-20 cm. According to the volatility, the
5-level attribute space of the small-scale wave coefficient J
is shown in Table 6 (Cai et al. 2004).

Analysis of single-index attribute measurement

Based on the above analysis, the rock mass quality evalu-
ation and classification standards are shown in Table 7.
There are six evaluation indexes in Table 7 that satisfy
the attribute spaces F = {structural characteristics of rock
mass} ={I, I, I3} ={RBI, J,, J,}, D= {roughness of
structural surface} ={D,, D,} ={J,, Js}, and S = {joint
condition} ={J;,, D}={AWI, D}. This data satisfy the data
format requirements of mathematical attribute calcula-
tions. Therefore, attribute operations can be performed
on attribute sets, corresponding attribute measures can
be given for different attribute sets, and additivity rules
can be satisfied. The single-index attribute measure p;;;
expresses the measured value tj of the Jth evaluation index
of the Ith object in the evaluation object space with the
size of the attribute C,. The size of the Ith object with level
C, is expressed by the comprehensive attribute measure

Structure type AWI

Rock mass characteristic qualitative indicators

A 0.90~1.0 Unweathered, the fracture surface is good and fresh and is contained within fresh bedrock

B 0.90~0.75 Slightly weathered with good fracture surface, relatively fresh, and the minerals with weak weathering resistance are
slightly altered

C 0.75~0.55 Slightly weathered, the fracture surface is generally smooth and unfilled, and the minerals with weak weathering
resistance are partially altered

D 0.55~0.35 Strongly weathered, poor fracture surface conditions and dense film coverage or angular debris filling on the surface,
most minerals with weak weathering resistance are altered

E 0.00~0.35 Extremely weathered, poor fracture surface conditions with a weak soil film and clay, and most of the minerals with

weak weathering resistance are altered
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Table 5 Terms to describe large-scale undulation J,, (Cai et al. 2004)

Structure type J, Description of volatility (%)
A >3.0 Interlocking

B 25~3.0 Stepped

C 2.0~25 Large undulation

D 1.5~2.0 Small to moderate undulation
E <1.5 Planar

Ui Referring to previous research results (Li et al. 2013;
Zhou et al. 2013; Li et al. 2020a, b), the single-index
attribute measurement function of attribute mathematics
is shown in Table 8.

Analysis of multi-index comprehensive attribute
measurement

The evaluation of the multi-index comprehensive attribute
measure is based on the evaluation object with m index values.
The multi-index attribute measure analysis can be calculated
according to formula (1):

m

Uy = ijuljk
=1
' ()

m
Uy = iju2jk
=1

where u; is the multi-index attribute of rock mass structure,
Uy is the multi-index attribute of jth rock mass structure,
Uy is the multi-index attribute of joint condition, u,; is the
multi-index attribute of jth joint condition, and w is the
weight of the jth index.

The judgment matrix is constructed by using the 1~9
scale method in the analytic hierarchy process (AHP).
Through the 9 importance levels and their assignments
given by Saaty (1990), the influencing factors in the index
system are compared in pairs, and the levels are evaluated
according to their importance. Finally, the matrix com-
posed of the comparison results is used as the judgment
matrix. The weight vector of the factor is calculated by

Table 6 Terms to describe small-scale undulation J, (Cai et al. 2004)

the square root method. The evaluation model judgment
matrices can be referred to formulas (2) ~ (3):

35

3 @)

E = 1
1
51

N =00 | = et

E, = 3

W= N -
N= ==
3

where El is the judgment matrix of rock mass structure, E2
is the judgment matrix of joint condition.

By finding the eigenvector corresponding to the largest eigen-
value of the judgment matrix, the weights of different index can
be obtained. The judgment matrices shown in formulas (2)~(3)
are used to calculate their eigenvalues and eigenvectors as,

A =3.0385. - B, =[0.637, 0.258, 0.105]

Amaxa = 3065 -+ -+ - B, = [0.188, 0.731, 0.081].

where 4, is largest eigenvalue of the judgment matrix
E,, B, is the weight of the rock mass structure index, A, »
is largest eigenvalue of the judgment matrix E,, B, is the
weight of the rock mass structure index.

In order to judge whether the weight can be used for multi-
index attribute measure analysis or not, the index of consist-
ency ratio (CR) is commonly used in the analytic hierarchy
process (AHP) method to test the consistency of the evaluation
matrix (Saaty 1990). When CR <0.1, it is generally considered
that the degree of the matrix inconsistency is within the allow-
able range, and the weight can be used for multi-index attribute
measure analysis. The CR can be calculated using formula (4):

_a
CR—ﬁU )
Cl = Lo n

n—1 (4‘)
CR, = 0.033 < 0.1

CR, = 0.056 < 0.1

where Cl is the consistency index, RI is the random consistency
index, n is the number of non-zero eigenvalues of judgment

Structure type  J, Qualitative index of rock mass characteristics

A 3.0 Very rough, near vertical steps and ridges occur with an interlocking effect on the joint surface

B 2~3 Rough, some ridges and steps are evident; asperities are visible; discontinuity surface feels very abrasive (rougher
than sandpaper grade 30)

C 1.5~2 Slightly rough, asperities on the discontinuity surfaces are distinguishable and can be felt (like sandpaper grade
30-300)

D 0.75~1.5  Smooth and polished, surface appears smooth and feels smooth to the touch, visual evidence of polishing exists

E <0.75 Slickensided, polished and striated surface that results from sliding along a fault surface or other surface

@ Springer
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Table 7 Indices and criteria for

Evaluation Structural characteristics of rock mass Feature description of structural plane
assessment grade
1 I 1 Ji Iz
D, D,

RBI Jy J, AWI Jp Jg
A 30~100 >200 cm 0.5~1.0 0.90~1.0 >3.0 >3.0
B 30~10 60~200 cm 1.0~5.0 0.90~0.75 25~3.0 2.0~3.0
C 10~3 20~60 cm 5.0~10 0.75~0.55 2.0~25 1.5~2.0
D 3~1 6~20cm 10~15 0.55~0.35 1.5~2.0 0.75~1.5
E 1~0 <6cm 15~20 0.00~0.35 <15 <0.75

matrix, and the value of RI can be taken from Table 9 (Saaty
1990).

The consistency ratios of the rock mass structural charac-
teristics and the structural plane condition evaluation matrix
are all calculated to satisfy these two consistency tests.

Analysis of the attribute identification

The purpose of attribute identification is to judge which evalu-
ation level C; the multiattribute measure of x belongs to. In the
attribute comprehensive evaluation, the evaluation set (C;, C,,
..., Cp) is usually an ordered set. For the ordered evaluation set
(C;, Cy, ..., Cp, determine which evaluation level C, belongs to
x, which can be used as the confidence criterion (Cheng 1997).

Confidence criterion: Suppose (C;, C,, ..., C,) is an ordered
evaluation set of attribute space F, where f is the confidence
ranking, and the value range is 0.5 < f < 1, usually between
0.6 and 0.7.

When C1>C2>...>Ck:

k
ko=min3 k: Y uy>p1<k<K (5)
=1

When C1<C2<...<Ck:

k

ko=max{ k: D uy>p1<k<K (6)
1=k

Fortunnel engineering, the worse the quality of the sur-
roundingrock is, the more likely geological disasters willoc-
cur. Therefore, the evaluation set (A, B, C, D, E) is an orderly
collection, A <B <C <D <E. According to the criterion of
confidence ranking, #=0.60 for calculation in this paper. x is
considered to belong to the C,, level if formula (6) is satisfied.

Identification of GSI attribute interval

According to the above analysis, the attribute interval analysis
of the rock mass structure and joint condition can be realized.

@ Springer

Since the attribute space F={A, B, C, D, E} of the rock mass
structure and joint conditions correspond to the five rock mass
structure intervals and the five joint condition intervals in the
GSI value table, the quantitative division of each attribute
interval can be realized. As shown in Fig. 2, the method of
orthogonal grid lines can be used to realize the comprehensive
identification of corresponding GSI attribute intervals.

Attribute quantification model of GSI

The GSI attribute recognition model can determine the GSI value
interval. However, the GSI values in the same interval differ by a
dozen or more. Thus considering the actual engineering require-
ments, it is necessary to quantify the GSI values within the same
value interval and establish a GSI attribute quantification model.
In the attribute identification model of GSI, according to
the concept of confidence criterion in “Analysis of the attrib-
ute identification”, when the confidence ranking is greater
than 0.6, it is determined that the parameter belongs to the
attribute interval. Therefore, for a single interval, the confi-
dence ranking is [0.6, 1]. Therefore, the internal quantification
of the same value interval can be realized by linear interpola-
tion with confidence ranking of 0.6 and 1.0 as endpoint values,
as shown in Fig. 3. Figure 3 shows that if the confidence rank-
ing is high, the calculated evaluation level of the rock mass
is low, and the quality of the rock mass is worse. If the con-
fidence ranking is low, the calculated evaluation level of the
rock mass is high, and the quality of the rock mass is better.
In this way, five intervals of rock mass structure charac-
teristics and five intervals of joint conditions intervals can
be quantified from the original GSI value table. The attrib-
ute quantification model of GSI can be constructed by using
orthogonal grid lines. The transformation of GSI values from
interval identification to quantitative identification is realized.
Based on the attribute identification model, attribute quan-
tification model and confidence ranking analysis, the multi-
index quantification of the geological strength index GSI can
be realized through four steps: single-index measurement
analysis, multi-index measurement analysis, attribute interval



6903

A quantitative model for the geological strength index based on attribute mathematics and its. ..

SL1<y 0 sTT< 0 ce<y 0
SLISIS STl oy STTSISSLT e CESISST e
1< - T>71> . T>1> . T>1> . €<
STI<T 00 e, STII>GEL L e, SLT>I>SUT 10 e ST>1>6T 1 _ ey se<r
STUIS 15 6180 ey STITS 15 SLE0 Fogs SLISIS STl z5 STTSISSLT o5 CESISCT 7 =)'
SLE00 > 1 I SLE0 > 0 TI>1 0 sLr>1 0 ¢T>1 0
sTT< 0 SLT< 0 sTe< 0
o _ . %0 o _ . <o L _ . <o
STTSISSLT e SLTSIS STT STESISSLT e
1< T>1> . T>1> . ] T>1> . <1
SIS0 e SLU>I> ST 10 ey STT>1>STT 10 _ ez, SLT>I>SLT 1 _ swe<r g
SLIS IS ST = SLISIS ST =5 STTSISSUT g5 SLTS IS SUT 225 STESISSLT o =)' En
ST1>1 i TI>1 0 SL1>1 0 sTT>1 0 sLT>1 0
90 <1 0 T80 <1 0 60 <1 0
S90S 15 SH0 e ST805 15 SLY0 egs S605715680 s
0<1? - 0>71> i n>1> i nN>1> . <1
.mNol . 0 =@*'n mv.ol Imv,o & = mho.ol = m@.o b = mw.o - |mmw.o o =@ .m@lol . 1A — (i
K0S 15 ST0 g KOS 15 ST0 Zo5 S90S IS PO T ST805 15 SL90 Ty 60515680 Fog = ()1
ST0>1 i T0>1 0 r0 > 1 0 $L9°0 > 4 0 80> 0
CLI<1 0 ¢TI<i 0 L<1 0
SLISISST mop STISISSL momr LS1Se &
: <] - . >1>¢ - L>1> c >71> . 1<
CSLS<E L, STU>I>CT L ey SL>1>L 1 ey €>1>6T1 1 _ oy A
SLI>1>6T oo SUSISSL o5 L>15¢ o STI>156L0 o STISISGL0 =7 =W
cTI>1 0 GL>1 0 £>1 0 SLo>1 0 SL0> 1 i
Lco<i 0 §0<1 0 LT<i 0
LTOS 15 €10 s 8OSISH0 i LTSIS €l o
0<1? 0>1> . 0>71> : - T>1>8 <1
B00=T 0 st 10222600 1y =@ vozi> el Ll =@ E1272280 L = e — (T
600545 €00 =oc 600515 €00 o5 LTOS 15 €10 o5 8051540 155 LTSISEl 25 =()'n
00> I €00>1 0 €10 > 1 0 ¥0>1 0 €1>1 0
<1 0 cEr< 0 or <1 0
pSIST & SEISISEY e SIS0 o
. mlﬁ Alh . @ = () NVM VImA m =" m.olv NIVv W = ()f'n o.m VIN VIm m._ M = )T @AIN ow .
S154560 = SI>1>60 = v>1>7 o SEI>1569 o5 07>1>00 o5 =WHn
co>1 1 c0>1 0 7> 0 §9>1 0 0c>1 0
q a 0 g v

(£10T ‘T8 12 NOYZ ‘CTOT ‘T8 32 I'T) Xopur 9[SUIS JO UOHOUNJ JUSWRINSLIW ANGLIIY g 3|qel

pringer

a's



6904

L. Lietal

Table 9 The value of random " 1 5 3 4

consistency index (RI) (Saaty

1990) RI 0 0 0.58 0.90

identification, and attribute quantification. Compared with the
traditional GSI quantification system, to a certain extent, this
new approach overcomes the strong empirical dependence of
the GSI, the different quantitative standards, and the variabil-
ity in the quantitative results. The evaluation index system is
more comprehensive, three-dimensional and scientific and can
reflect the quality of a rock mass in a wider range. Meanwhile,
in terms of obtaining evaluation index parameters, the work
of collecting parameters is simplified to a certain extent with
this approach, and it has strong applicability. Combined with
the characteristics of tunnel construction and considering the
tedious work of obtaining indexes, the rock drilling parameters
and rock face design parameters in the construction process are
selected to simplify the parameter collection work.

Engineering applications

Project profile

The prototype tunnel is an uphill double-track railway tunnel
in Dushan Mountain. The area where the tunnel is located is

Fig.2 The attribute identifica-
tion method of GSI

covered with Quaternary fine breccia soil, crushed stone soil,
fragmented stone soil, silty clay, coarse soil, and a debris flow
accumulation layer, and the underlying bedrock is Triassic
phyllite with sandstone. The surrounding rock of the tunnel
is relatively soft, mainly sandstone and phyllite, and locally
carbonaceous phyllite. Affected by the regional structure, the
rock mass is broken and easy to deform, and joints and fis-
sures have developed. After tunnel excavation, the rock mass
is prone to fragmentation, collapse and large deformation.

Engineering geological parameters

According to the requirements of tunnel construction,
advanced geophysical prospecting, advance drilling, and
tunnel face design are carried out along the entire line of
the prototype tunnel.

Based on the design data, the ZDK0+ 183 ~ZDKO0+263
sections with relatively stable rock structural characteristics are
selected for study. According to engineering data, the thickness
of the overlying strata is approximately 115 m. At the construc-
tion site, two advanced drill holes are arranged at ZDKO0+ 193
and ZDKO+219. The length of each drill hole is 30 m, with
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Fig.3 The attribute quantifica-
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an overlapping length of 4 m. Core RBI;pk(.,193=3.8 and RBI
ZDK,,19=4.2 are obtained, and the average value RBI=4 is
taken. According to the design of the tunnel face, the number
of joints is 3. According to Table 2, the score of the joint group
is J,=5. According to Table 3, the score of the joint spacing is
J;=0.37. According to Table 4, the absolute weathering coeffi-
cient is AW/=0.63. According to Tables 5 and 6, the large-scale
waveform factor is J,=2.2, and the small-scale waveform factor
is J¢=1.8. Based on geological data, on-site investigations and
laboratory tests, the calculation parameters of attribute meas-
ures are determined. According to the method presented in this
article, the attribute measure is shown in Table 10.

For tunnel engineering, the worse the quality of the sur-
rounding rock is, the more likely geological disasters will

06 0.7 08 09 10

occur. According to the criterion of the confidence rank-
ing, the confidence  for attribute identification is generally
between 0.6 and 0.7. In this paper, p=0.60 is taken for cal-
culation. According to formula (1), the confidence ranking
of U5 is 0.95, and the confidence ranking of U23 is 0.90.

According to the attribute quantification model of the GSI
and GSI value table and using the confidence ranking inter-
polation method, the above calculation results U;;=0.95 and
U,3=0.90 are used to draw orthogonal lines that intersect at
one point, as shown in Fig. 4.

Using the difference in GSI values, the GSI is calculated
to be 43 according to formula (7):

GSI =42+ (44 —42) X [L,/(Ly + L)l = 43 @)

Table 10 Calculation table of

X Evaluation Measurements Attribute measure
attribute measurement index
A B C D E
I, 4 0.00 0.00 1.00 0.00 0.00
L 0.37 0.00 0.00 1.00 0.00 0.00
I; 5 0.00 0.50 0.50 0.00 0.00
U 0.00 0.05 0.95 0.00 0.00
J; 0.63 0.00 0.00 0.90 0.10 0.00
D, 2.20 0.00 0.00 0.90 0.10 0.00
D, 1.80 0.00 0.10 0.90 0.00 0.00
Uy, 0.00 0.008 0.9 0.092 0.00
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Fig.4 Computing method of GSI=0
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where L, is the distance from this point to the upper value
line on GSI, L; is the distance from this point to the lower
value line on GSI.

Numerical analysis model

The steps of establishing a numerical simulation model are
as follows:

1. Based on relevant geological data, obtain the values of
RBL J,, J;, AW, J,, and Jg.

2. Calculate the GSI value based on the above GSI attribute
quantification model.

3. According to the equivalent transformation method of
the Hoek—Brown strength criterion and Mohr—Coulomb
strength criterion, calculate the rock mass parameters.

4. Establish the numerical model based on the obtained

rock mass parameters and actual tunnel.

In this numerical analysis model, the Hoek—Brown parameters
m=~10, cucs=56.1 MPa, and E=26.2 GPa were determined
by taking the prototype tunnel rock samples and conducting
laboratory tests. According to GSI=43 calculated above and
the determination method of the rock mass parameters in the
Hoek—Brown criterion, the tensile strength, compressive strength
(Hoek et al. 2002), and the Elastic modulus (Hoek et al. 2006) of
the rock mass can be calculated using formulas (8) ~(13):

GSI — 100
= mexp( L2199 _ {3059
G m‘“"( 28—14D> ®)
GSI — 100
= exp( ) = 0.0017761
s=en(Z5557) ©

a=05+ é[exp(—GSI/lS) — exp(—20/3)] = 0.50927

(10)

_ [mb+4s—a(mb—8s)(mb/4+s5)""
Ocm = Oycs 2(1 T a)(2 T (l) = 8.3829 MPa
(11)

G = %%(mb —\/m2 +45) = —0.076220 MPa  (12)

Table 11 Physical and mechanical parameters

1-D/2

E, = E(0.02
n = B0+ (60 + 15D = GSIy/11]

) =5.1285 GPa
(13)

For the tunnel is excellent quality controlled blasting,
D=0.

The Hoek—Brown strength criterion is non-linear, so not as
easy to use in numerical calculations as linear Mohr—Coulomb
parameters. Therefore, the equivalent transformation of the
Hoek—Brown strength criterion to Mohr—Coulomb strength
parameters has been applied. Hoek et al. (1990, 2002) proposed
the calculation method of instantaneous Mohr—Coulomb fric-
tion angle ¢ and cohesion ¢ based on the strength parameter of
the Hoek—Brown criterion, as shown in formulas (8)—(9).

mb a
o =03+ G"(a_% +5) (14)
a=0.5 (15)
o,

0<o3< ) (16)
o,=ko;+b (17)

01 0a 29173
k= 22;23_(2”3”)2 (18)

3

b= Z"l_ki‘%

n

According to regression analysis utilizing formulas
(8)-(9), the best-fit equivalent Mohr—Coulomb param-
eters were determined as internal friction angle ¢ =22°
and cohesion ¢=0.18 MPa. The rock mass mechanical
parameters used in the calculation are shown in Table 11.

Using FLAC3D software and relying on the pro-
totype tunnel, the deformation characteristics of
ZDKO + 183 ~ZDKO0 + 263 during construction are sim-
ulated and analyzed. The ideal elastoplastic model was
used in the calculation, and the yield criterion was the
Mohr—Coulomb criterion based on the Hoek—Brown trans-
formation. According to the calculation principle of the
underground structure, combined with the actual struc-
tural form and geological conditions of the tunnel, the

Compressive Tensile Elastic Poisson’s ratio  Internal friction Cohesion (MPa)  Unit
strength (MPa)  strength modulus angle (°) weight
(MPa) (GPa) (KN/m?)
Rock masses parameters 8.4 0.08 5.1 0.32 22° 0.18 22.5
Rock parameters 56.1 / 26.2 0.32 26° 0.2 22.5
Initial support parameters  / / 33 0.20 / / 23.0
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Fig.5 The calculation model

size of the simulation prototype is as follows: the length
in the horizontal direction (x-axis) is 96 m, the length in
the vertical direction (y-axis) is 84 m, the cover thickness
of the tunnel is 31.88 m, and the length along the tun-
nel axis direction (z-axis) is 80 m. Under the condition of
satisfying the calculation accuracy, the calculation model
is established as shown in Fig. 5. The model is divided
into 87,658 nodes and 82,920 elements. The grid near the
tunnel is relatively dense, and the grid far from the tunnel
is relatively sparse, which can better meet the accuracy
requirements of the model calculation.

Model boundary conditions and excavation process

According to the design data, the thickness of the overly-
ing strata is 115 m. Based on formula, ¢ = Ah the vertical
stress is obtained and uniformly applied to the upper sur-
face of the model. The upper surface of the model is set
as a free boundary, the normal displacement of the four
sides are constrained, and the three-dimensional displace-
ment of the bottom surface is constrained. According to
the project construction plan, the tunnel excavation adopts
the bench method. The excavation simulation is realized
by a null unit. The step length is 8 m, and each excavation
footage is 2 m.

In terms of tunnel support, the support timing has a deci-
sive influence on the deformation of the surrounding rock.
Judging from the time history of elastic—plastic deformation
of the rock surrounding the tunnel, the deformation of the
surrounding rock is generally divided into five stages, as
shown in Fig. 6. From O to t), the surrounding rock is not
disturbed by excavation, and the deformation is 0. For t,~t;,

@ Springer

the surrounding rock is deformed due to the excavation of
the adjacent face, and the deformation gradually increases
to S,. For t; ~t,, when the tunnel face is excavated, the sur-
rounding rock is unloaded and undergoes elastic—plastic
deformation, with the deformation reaching S,. According
to Sun et al. (2011), the duration of this process is approxi-
mately 5 ~20 ms, which can be regarded as instantaneous.
For t, ~t;, due to the spatial effect the LDP (longitudinal
deformation profile) of the tunnel face excavation, the sur-
rounding rock deformation accumulates and reaches S3 as
the face advances. After t5, the surrounding rock deforma-
tion is basically stable. Considering the actual situation, the
elastic—plastic deformation of the engineering rock mass
(the third stage) is completed instantaneously, and the sup-
port is difficult to maintain. Therefore, engineering support
is mostly applied in the fourth stage. Based on the above
analysis, the support simulation adopts a liner unit, which
is applied after the rock mass of this cycle is excavated and
the calculation is stable. Then, the next cycle excavation is
carried out.

Verification of numerical simulation

To compare the difference between the numerical simula-
tion results using rock parameters and rock mass parameters,
the numerical simulation results and the on-site monitoring
results were compared and analyzed. However, using a sin-
gle data type (such as vault settlement or headroom conver-
gence) for verification leads to great uncertainty.

It is limiting to use the displacement difference of a sin-
gle point to measure the rationality of numerical calcula-
tion results. The numerical calculation results of rock mass
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Fig.6 Three phases of the surrounding rock deformation
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Fig.7 The displacements of
section ZDKO+ 193 using the
equivalent rock mass mechani-
cal parameters

parameters obtained by calculation are compared with the
on-site monitoring results, as shown in Fig. 7. The numerical
calculation assumes that the parameters of the rock mass are
isotropic and that the displacement distribution is symmet-
ric. However, the actual monitoring results show that dis-
placement symmetry does not exist because there are many
structural planes or bedding planes in the surrounding rock.
To some extent, this leads to some differences between the
numerical calculation results and the field monitoring results
and some uncertainties. Taking the spandrel as an example,
the displacement difference of the left spandrel A2 point
is 7.4 mm, while that at the right spandrel A4 point is only
0.1 mm. It is difficult to discuss the asymmetric distribution
of displacement caused by rock mass anisotropy, and it is
difficult to reflect the overall coincidence degree of equiva-
lent mechanical parameters.

When the displacement difference of a single point is
used to measure the rationality of the numerical calculation
result, not only is the overall coincidence degree not good,

Fig.8 The displacements of
section ZDKO+ 193 using the
intact rock mechanical param-
eters

SDD=5.06%

SDD=58.91%

On-site monitoring data

» Numerical calculation results

but an error may even occur. Taking numerical calculation
results of rock parameters as an example, the displacement
comparison of section ZDKO0+ 193 is shown in Fig. 8. For
point A5, the displacement difference of the displacement
rock parameters is 4.5 mm, while the calculated deviation
of the displacement rock parameters is 8.3 mm. The numer-
ical simulation results of the rock parameters seem to be
closer to matching the measured data at point AS. How-
ever, comparing Fig. 7 with Fig. 8, the numerical simulation
results of the calculated rock mass parameters are obviously
more consistent with the actual monitoring data, than when
numerical simulation is undertaken solely using the intact
rock parameters.

Therefore, to comprehensively measure the rationality of
numerical calculation results and reflect the effectiveness of
equivalent parameters, this paper proposes a unified treat-
ment method for the displacements of multiple measuring
points in a single section. Considering the anisotropy of the
rock mass, the cumulative difference between the numerical

56.9

» On-site monitoring data

» Numerical calculation results
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simulation displacement value and the on-site monitoring
displacement value of each measuring point in a single sec-
tion is divided by the sum of the on-site monitoring displace-
ment values to express the section displacement deviation
(SDD).

SDD =

sum of difference between the numeral simulation and on — site monitoring displacement

4. Inthe comparison of on-site monitoring data and numer-
ical simulation results, it is difficult to reflect the over-
all rationality of the numerical equivalent parameters.
Therefore, the concept of SDD is proposed to solve the
problem of data mismatch between different monitor-

19)

sum of the on — site monitoring displacement

Based on the above principles, the SDD calculated rock
mass parameter =5.06%, while the SDD intact rock param-
eter=58.91%. Clearly, the calculated rock mass parameters
are closer to the real monitoring values than the intact rock
parameters.

From the above results, it can be seen that the GSI quanti-
tative value method based on attribute mathematics and the
Hoek-Brown strength criterion can easily and accurately
estimate the rock mass mechanical parameters, which has
good rationality and applicability in engineering practice.

Conclusion

1. In view of the ambiguity of the GSI index system, con-
sidering the structural characteristics of a rock mass and
joint conditions, the attribute recognition index system is
constructed by introducing the seven indicators of RBI,
J,, Ji, AWI, J,, and Js. Applying the multifactor attribute
mathematics evaluation theory to GSI system evalua-
tion, a GSI attribute recognition model is constructed to
realize GSI attribute interval judgment.

2. Introducing the concept of confidence ranking, using
the minimum confidence ranking and the maximum
confidence ranking as the endpoint values, the regional
quantification of GSI attribute interval is realized by
adopting linear interpolation. Furthermore, the attribute
quantification model of GSI is constructed, which real-
izes the transformation from attribute interval acquisi-
tion to numerical quantification of the GSI.

3. Aiming at the numerical verification of the GSI attribute
quantification model, the inconvenience of numerical
simulation based on the Hoek—Brown strength crite-
rion is solved by referring to the equivalent transfor-
mation method of the Hoek—Brown strength criterion
and Mohr—Coulomb strength criterion. Based on the
mechanical analysis of a drilling and blasting tunnel
construction process, the problem in the determination
of the reinforcement time to support surrounding rock
is solved. This approach also solves the ambiguity of
matching monitoring data and numerical simulation
results in numerical calculations. It can be widely used
in engineering applications.

@ Springer

ing points in the same section due to the discontinu-
ity, heterogeneity and anisotropy of the rock mass. The
numerical method verification of the equivalent simula-
tion parameters is realized.
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