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Geological strength index (GSI), disturbance factor (D), material constant (mi), and uniaxial compressive strength (σci) of the
intact rock are essential input parameters (IPs) of the Hoek–Brown (H − B) criterion. Mechanical parameters (MPs) of the
engineering rock mass, including elastic modulus (E), cohesion (c), and internal friction angle (φ) estimated by the H–B
criterion, and the predicted excavation response of surrounding rock, including the displacement and excavation damage zone
(EDZ) based on the MPs, are of high relevance with the four IPs of the H–B criterion. In this paper, the deep and huge
underground cavern excavated in basalt from a hydropower station under construction in the southwest of China is used to
analyse the sensitivity of the IPs on theMPs, the displacement, and EDZ of the surrounding rockmass. Firstly, the H–B criterion is
applied to estimate the MPs, among which the IPs are obtained from a series of in situ and laboratory tests, including borehole
camera observation, wave velocity test, uniaxial and triaxial compression tests, and so on. Secondly, the sensitivity relationships
between IPs, MPs, and prediction results of displacement and EDZ are established and described quantitatively by the sensitivity
factor (si). Results show that theMPs of the rockmass are more sensitive to GSI and D · GSI and σci are high-sensitivity parameters
affecting the displacement and EDZ. Finally, the variations in the estimated MPs and associated prediction results concerning
excavation response, which are caused by the uncertainties in the determination of the IPs, are further quantified. ,is study
provides a straightforward assessment for the variability of the rockmass parameters estimated by the H–B criterion. It also gives a
valuable reference to similar geotechnical engineering for the determination of rock mass parameters in the preliminary design.

1. Introduction

,e study on the mechanical properties and behaviors of
rock mass is the basis of rock engineering practices due to its
inherent uncertainty [1]. Moreover, it has aroused great
attention to rock mass mechanical parameters (MPs) such as
elasticity modulus (E), cohesion (c), and friction angle (φ)

as essential elements to describe the properties and be-
haviors of rock mass in engineering [2–5]. On one hand, the
reliable parameters are highly demanded in the preliminary
engineering design and stability assessment phase. On the
other hand, reliable acquisition of parameters is necessary to
ensure construction safety and the engineering economy.
Hence, the acquisition of more reliable MPs of large-scale

rock mass before engineering construction has always been
the keystone and difficult problem in rock mass engineering
practice [1].

Many methods have been proposed to solve the afore-
mentioned difficulties. ,e method of converting rock pa-
rameters obtained by laboratory tests into engineering rock
mass parameters, based on a rock mass classification system,
has been increasingly recognized by specialists in the geo-
technical engineering [6–9]. ,is method fully considers the
integrated influence of joints and fissures in rock mass,
groundwater, and size effects. In these methods, the
Hoek–Brown (H–B) criterion is now considered to be one of
the most well-developed methods, with the influence of
structural characteristics on rock mass strength
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comprehensively reflected. ,e H–B criterion for rocks was
firstly proposed by Hoek and Brown [10], according to the
statistical analysis of laboratory triaxial tests and field tests
for hard rocks, and it can be expressed by

σ1′ � σ3′ + σci

�������

m
σ3′
σci

+ s



, (1)

where σ1′ and σ3′ are major and minor effective principal
stresses at failure, σci is the uniaxial compression strength of
the intact rock,m is the H–B frictional constants, and s is the
H–Bmaterial constants.,e constantm is comparable to the
frictional strength of the rock and s indicates how fractured
the rock is and is related to the rock mass cohesion [11].

,e H–B criterion has been frequently modified many
times in the past few decades. ,e most commonly used
expression (2002 edition) [12] is as follows:
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σ3
σci

+ s 

a

,

mb � mi exp
GSI − 100
28 − 14D

 ,

s � exp
GSI − 100
9 − 3D

 ,

a �
1
2

+
1
6

e
−GSI/15

− e
− 20/3

 ,

(2)

where a is the H–B exponent, mi is the H–B frictional
constant m for intact rock, and mb is the H–B frictional
constant m for rock mass. ,e parameter mb is a reduced
value of mi which accounts for the strength reducing effects
of the rock mass conditions defined by geological strength
index (GSI) [11]. GSI is one kind of rock mass classification
system. D is a new index introduced to account for near-
surface blast damage and stress relaxation in the rock mass.

According to (2), the critical point of using the H–B
criterion is to determine its input parameters (IPs), in-
cluding GSI, D, σci, and mi. ,e difficulty of criterion ap-
plication and the accuracy of rock mass parameters
calculation could be determined by the accuracy of input
parameters, to a great extent [13]. For GSI, a quantitative
evaluation method that can consider the distribution rate of
the discontinuous surface, roughness, weathering, and
infilling properties was proposed in [14]. Hoek et al. [15]
proposed a quantification method of the GSI chart based on
two well-established parameters Joint Condition (Jcond89)
and Rock Quality Designation (RQD) to reduce the dif-
ference of rock mass quality estimated result between dif-
ferent geologists working on a single project. For mi, a
quantified calculation method was built by Hoek [16] based
on the statistical analysis of the results of a set of triaxial tests.
Cai [17] established the relationships between mi, the crack
initiation strength of the uniaxial compression test, and the
direct tensile strength based on Griffith’s theory of strength.
,e relationship between D and the integrality coefficient
(kv) calculated by the wave velocity of the rock and rock
mass was established by Yan and Xu [18]. A disturbance

rating for open pit mine slopes developed by Rose et al. [19]
are based on the geologic structure, rock mass conditions,
groundwater, in situ stresses, slope geometry, poor blasting,
etc. More quantification proposed in these methods could
reduce the subjectivity of IPs’ selection and also improve the
calculation accuracy of rock mass MPs. However, there is
uncertainty in the determination of IPs for the complexity of
natural rock mass [20, 21]. ,e errors caused by this un-
certainty are inevitable in practical engineering. ,ere are
two issues that should be taken seriously in engineering
practice: (1) how the error of each IP (GSI, D, σci, and mi)
acts on the estimated results of rock mass MPs (E, c, and φ)
and the predicted results of displacement and excavation
damage zone (EDZ) of engineering rock mass and (2) how it
influences the calculation accuracy of MPs, and what range
of error could be acceptable with few effects on the pre-
liminary engineering design.

Based on a deep and huge underground cavern from a
hydropower station under construction in Southwest China,
the sensitivity of the H–B criterion’s IPs on the estimated
results of rock mass MPs as well as the predicted response
results of the surrounding rock is presented in this paper.
Firstly, the H–B criterion’s IPs are determined before the
cavern excavation according to a series of necessary labo-
ratory and field tests. ,en the sensitivity function (S) and
sensitivity factor (si) [22] are introduced to analyse the
sensitivity between the MPs of rock mass and IPs within a
specific fluctuation range. After that, the sensitivity rela-
tionships between the IPs and the corresponding displace-
ment and EDZ of engineering rock mass are established.,e
research results provide an explicit theory of interpretation
on the sensitivity relationships between the H–B criterion’s
IPs and rock mass MPs, displacement, and EDZ, which has
important guiding significance for the acquisition of rock
mass MPs in the preliminary engineering design.

2. Sensitivity Analysis of the MPs Estimated by
the H–B Criterion to the IPs

2.1. Engineering Background. ,e research conducted in this
paper is based on an underground powerhouse cavern with a
span of 34m and a maximum height of 88.7m at a hy-
dropower station located in the southwest of China. ,e
dimension of this cavern is 453m× 34m× 88.7m
(length× span× height) and the cavern has a depth of
420∼800m in the horizontal direction and 420∼540m in the
vertical direction, with the axis direction of N10°W. It is a
typical underground cavern of high side walls, large span,
and great burial depth [23]. ,e main geological structures
involved in this large cavern are shown in Figure 1. Several
weak structural belts are distributed, mainly including the
f20 steeply inclined fault zone, the large fracture of T813, and
the weak interlayer zones (WIZ) of No. 3, No. 3-1, No. 4, and
RS411. ,erein, the f20 steeply inclined fault zone is well-
developed, with a width of about 30 cm.,e width of T813 is
about 3∼5 cm. ,e thickness of the WIZs of No. 3-1 and No.
4 is 20 cm and 40∼60 cm, respectively. ,ese are highly
fractured coarse-grained materials, mainly composed of
mud and debris with different sizes and shapes. ,e weak

2 Mathematical Problems in Engineering



interlayer zone of RS411 outcrops in the upper part of the
cavern arch, about 5m thick, with densely developed cracks
[24, 25].

,e surrounding rock mass of the cavern is mainly
composed of cryptocrystalline basalt, porphyritic basalt,
almond-shaped basalt, breccia lava, and tuff in the Upper
Permian Emeishan Formation, with good integrity, mostly
in massive and subblocky structure. ,e geostress is mainly
dominated by tectonic stress, with horizontal stress higher
than the vertical stress. ,e maximum principal stress in-
volved in the cavern is within 22∼26MPa, with the orien-
tation of N0°∼20°E and the dip angle of 2°∼11°. ,e
intermediate principal stress is about 14∼18MPa, and the
plunge is 0°∼8°. ,e minimum principal stress is approxi-
mately vertical, and its value is generally 13∼16MPa. ,e
initial strength/stress ratio of the rock is 3∼5. However, in
the case of considering the redistributed stress after exca-
vation, the maximum stress tends to increase to 50∼60MPa,
and the strength/stress ratio would become 2∼3. Overall, the
underground cavern groups are located in a high stressed
area [23, 26].

According to the engineering investigations, geological
discontinuities involving the rock mass surrounding the
cavern from chainage K0+300 to K0+330 are rather de-
veloped. Cut by several sets of large fractures and the weak
interlayer zones of No. 3 and No. 3-1, rock mass in this
section tend to be more fractured than that of other sections
in the cavern (see Figure 2).,e existence of these large-scale
discontinuities could sharply weaken the mechanical
strength of rock mass and influence the stability of the
cavern. ,erefore, it is of considerable significance for ac-
curately determining the MPs of the rock mass around this
section in the design phase of the cavern engineering since it
directly affects the excavation and support schemes, con-
struction safety, and engineering cost. ,e cavern was ex-
cavated layer by layer from top to bottom by drilling and

blasting method. ,e pilot tunnel of layer I was excavated
firstly and then the expanding excavation towards two sides
was conducted. ,e detailed excavation sequences for the
first three layers at the K0+320 section are presented in
Figure 3.

,e following work will focus on the sensitivity and error
analysis on the estimation of MPs of the rock mass sur-
rounding the cavern from chainage K0+300 to K0+330. It
will provide an illustration on how to evaluate the rationality
of the rock mass MPs estimated by the H–B criterion and the
related excavation response results predicted based on the
estimated MPs.

2.2. Determination of the IPs

2.2.1. Estimation of GSI. Fifteen monitoring sections are
arranged along the underground cavern, among which six
sections are used to monitor the cracking process and as-
sociated EDZ of surrounding rock.,emonitoring holes are
symmetrically set on the upstream and downstream side of
the cavern. ,e remaining sections are set to monitor the
displacement of surrounding rock with the excavation, each
of which is equipped with three sets of multipoint exten-
someters. As shown in Figure 3, there are two monitoring
sections arranged in the zone from K0+300 section to
K0+330, namely, sections K0+320 and K0+330 for moni-
toring both the EDZ and displacement of the surrounding
rock. It needs to be mentioned that some small auxiliary
caverns are designed and pre-excavated around the large
underground caverns in underground hydropower engi-
neering, such as the anchorage caverns and drainage cav-
erns, which are very helpful for setting the preexcavated
observation boreholes towards the concerned cavern, such
as the boreholes R-K0+320-0-1 and R-K0+320-0-2 (with
110mm in diameter and approximately 26.5m in depth)
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Figure 1: Geological profiles along the axis of the underground powerhouse.
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shown in Figure 3(a). In addition, some boreholes for EDZ
observation could be flexibly set after the excavation of the
pilot tunnel, such as the boreholes R-K0+320-1-1 and
R-K0+320-1-2 in Figure 3(a). Herein, the digital borehole
camera system (see Figure 4(a)) that can capture a 360-
degree panoramic image of the borehole wall is used as an
efficient way to recognize the geological structure planes
that cut through the boreholes, as well as the cracking
process of surrounding rock. ,e highest circumferential
accuracy of the borehole camera is 0.1∼0.2mm. Details on
the principle and components of the borehole camera
system can be found in work by Liu et al. [23]. ,e

generalized structure of rock mass surrounding the bore-
holes K0+320-0-1 and K0+320-0-2 are, respectively,
interpreted based on the observations results from the
borehole camera and the drilling cores as shown in
Figures 4(b) and 4(c), for example, and shown in
Figures 4(d) and 4(e). It indicates that the rock mass
around the cavern roof at the section K0+320 is mainly
composed of almond-shaped basalt and relatively broken
due to the cut of well-developed joints.

,e value of GSI can be calculated by the equation
proposed by Hoek et al. [15] as expressed in (3). ,e Jcond89
involved in (3) was estimated based on the above
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interpretation results of the generalized structure of rock
mass surrounding the boreholes. ,e value of the RQD was
calculated according to the coring results. ,e final calcu-
lation result shows that the average value of the GSI of rock
mass surrounding the cavern roof at the section K0+320 is
53 (55 and 50 for the two boreholes, respectively). ,e
detailed data involved in the calculation are shown in
Table 1:

GSI � 1.5JCond89 +
RQD
2

. (3)

2.2.2. Measurement of σci, mi, and D. Core samples from the
boreholes of the concerned monitoring section K0+320 were
partially processed into standard rock specimens for labo-
ratory mechanical tests. ,e uniaxial compression test was
performed on the RMT150-C multifunctional test system to
obtain the uniaxial compressive strength (σci). In the test, the
axial pressure was applied at a fixed loading rate of
0.001mm/s, and the distribution of σci of almond basalt was
obtained when 20 sets of rock tests are repeated (see
Figure 5). σci obeys the normal distribution, in which the
mean value is 147MPa, and the variance is 24.33. According
to the 95% confidence interval, the average σci of the al-
mond-shaped basalt is within 137∼157MPa.

,e constant mi could be calculated by the equation
proposed by Hoek [16]:

mi �


n
i�1 σ3i σ1i − σ3i( 

2
  − 

n
i�1σ3i

n
i�1 σ1i − σ3i( 

2/n

σci 
n
i�1 σ3i( 

2
− 

n
i�1σ3i( 

2
 /n

,

(4)

where n is the number of the triaxial tests and σ1i and σ3i are
the major and minor principal stresses.

,e triaxial compression test was performed on the
MTS815-04-type rock mechanical triaxial testing system.
During the test, the axial pressure was applied at a fixed
loading rate of 0.02mm/min. ,e confining pressure is first
applied to a predefined value, and then the axial pressure is
applied until the failure of specimen.,e confining pressures
adopted in the conventional triaxial tests were 0MPa, 5MPa,
10MPa, 20MPa, and 40MPa, respectively. ,e typical
stress-strain curves of almond-shaped basalt are shown in
Figure 6.,e obtained mechanical parameters, including the
strength, elastic modulus, and Poisson’s ratio, are shown in
Table 2. Afterward, the calculation result indicates that the
(mi) f almond-shaped basalt is 26, consistent with the
recommended value of 25± 5 for basalt by Marinos and
Hoek [28].
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Figure 4: Observation results of borehole camera. (a) Digital panoramic borehole camera system. (b) An example of the panoramic image of
two meters of the wall of borehole K0+320-0-1. (c) One box of the drilling core samples from the borehole K0+320-0-1. (d) ,e generalized
structure of rock mass surrounding borehole K0+320-0-1. (e) ,e generalized structure of rock mass surrounding borehole K0+320-0-2.
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,e parameter D could be calculated by the following
equation proposed by Yan and Xu [18]:

D � 1 −
Vpm

Vpr
 

2

, (5)

where Vpm indicates the longitudinal wave velocity (LWV)
in the rock mass and (Vpt) indicates the LWV in rock
specimen.

,e in situ acoustic velocity testing of the rock mass was
carried out in the monitoring section K0+320 by the wave
velocity tester (see Figure 7) through the single-hole method.
,e test boreholes located in the cavern roof as shown in
Figure 3 could also be used for acoustic velocity testing at
any time. During the test, the water was used as a coupling
medium between the probe and the borehole wall, and the
wave velocity data were collected every 20 cm along the
borehole. ,e measured average LWV of the rock mass
around the borehole is 4206m/s. Meanwhile, the average
LWV of rock specimens obtained in the laboratory wave
speed tests is 4773m/s. Afterward, the value of D can be
obtained as 0.21.

2.3. Sensitivityof theMPsEstimatedby theH–BCriterion to the
IPs. ,e values of the IPs used to calculate the MPs of the
rock mass surrounding the cavern from chainage K0+300 to
K0+330 were determined as stated above. However, there is
always uncertainty in the determination of IPs [20, 21]. For
the complexity of natural rock mass, this uncertainty is
prevailing in the analysis of geotechnical engineering. Carter
and Miller [20] divided this uncertainty into two types based
on its causes. Besides, they also established the relationship
between uncertainties due to natural variability and data
inadequacies as a function of data accuracy and cost of site
investigations. Baecher and Christian [29] and others have
described these sources of uncertainty as being aleatory or
epistemic. Aleatory uncertainty is the irreducible random-
ness or variability associated with phenomena that are
naturally variable in time or space, even when the system is
well known. Epistemic uncertainty, on the other hand, arises
from limitations in our fundamental knowledge or under-
standing of some aspects of a problem [30]. During the
estimation of theMPs, the uncertainties arise from a series of
data collection processes, such as the changes in the location
of the observation boreholes, the errors of field tests, the
changes in the number of rock specimens for laboratory tests
and the test errors, and the subjective errors in the artificial
analysis. ,ere are errors in the determination of IPs, while
these errors are always limited. In practice, the values of the
IPs of the H–B criterion inevitably fluctuate within a certain
range, and the estimation results of MPs will inevitably
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Table 2: Results of triaxial compression tests of almond-shaped
basalt.

σ3 (MPa) σ1 (MPa) (σ1–σ3) (MPa) E (GPa) ]
0 150 150 26 0.17
5 131 126 17 0.19
10 178 168 23 0.25
20 183 163 22 0.21
40 458 418 35 0.24

Table 1: ,e detailed data involved in the calculation of GSI.

Monitoring hole Discontinuity length Separation Roughness Infilling Weathering JCond89 RQD GSI
K0+320-0-1 1 1 6 6 6 20 50 53
K0+320-0-2 1 1 5 6 5 18 46 50
Note: the guidelines for classification of discontinuity conditions proposed by Bieniawski [27] are used to rate the factors in Table 1.
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fluctuate accordingly. People are more concerned that what
degree of variation range in the estimation results of MPs
would be caused by the fluctuation range of IPs.

For example, the average value of GSI at the K0+320
section is estimated as 53 by using the method introduced
above. Perhaps the result will be 45, 55, or other values
close to 53 if another method is used by other experts in
the same condition. However, the result is unlikely to be
30 or 75, which is far from 53. ,e errors in the deter-
mination of other IPs (i.e., σci, mi, and D) also have the
same characteristics. To simulate the effect of this error
on the calculation results of MPs, displacement, and
EDZ, IPs determined by actual investigations and tests
above were taken as the reference value, and then the
fluctuation ranges of IPs should be artificially given.
However, in order to understand more about the sen-
sitivities of the estimation results to these IPs, the fluc-
tuation ranges of IPs are considered as much as possible,
as shown in Table 3. ,e GSI and D are two parameters
related to the rock mass. For GSI, its fluctuation range is
determined as 15–65 in which the basic H–B criterion can
be better used [15]. For D, the complete range (0-1) is
given. ,e constants mi and σci are related to the intact
rock. According to the studies by Marinos and Hoek [28]
and the results of laboratory tests, the ranges of 20–30
and 137–157MPa, which the almond-shaped basalt can
cover, were chosen as the fluctuation range for mi and σci,
respectively.

Based on the H–B criterion, a series of estimation
results of MPs corresponding to the IPs in the fluctuation
ranges are obtainable, and then the sensitivity analyses of
MPs to IPs can be carried out. ,e sensitivity function (S)
and sensitivity factor (si) [22] used to describe the sen-
sitivity relationships between IPs, MPs, and the predicted
results of displacement and EDZ are defined as in (6) and
(7)). To illustrate the physical meaning of si, (7) is
transformed into the expression, as shown in (8). ,e
numerator of (8) is defined as the variation of charac-
teristic δy and expressed as (9). ,e denominator of (8) is
defined as the error of factor δx and expressed as (10).

Hence, it can be found that si represents the multiple
relationships between δy and δx:

S � abs
dF

dx
  ·

x

y
, (6)

si � abs
dF

dx


x � xi  ·

xi

yi

, (7)

si � abs
dF

dx


x � xi  ·

xi

yi

� abs
Δy
Δx

  ·
xi

yi

� abs
yi − yi−1( /yi

xi − xi−1( /xi

 ,

(8)

δy � abs
Δy
yi

  � abs
yi − yi−1

yi

 , (9)

δx � abs
Δx
xi

  � abs
xi − xi−1

xi

 , (10)

where S is the sensitivity function, si is the sensitivity factor,
x � x1, . . . , xi−1, xi+1, . . . , xn  and xi indicate different
factors, δx is the error of factor, y � y1, . . . , yi−1,

yi, yi+1, . . . , ym} and yi indicate different characteristics, δy is
the variation of characteristics, and F represents the func-
tional relationship between y and x.

In this study, the IPs are considered as different factors, and
MPs are regarded as different characteristics. y � F(x) rep-
resents the functional relationship between MPs and IPs.
Among the MPs, the parameters c and φ can be calculated
according to (11) and (12) and the iterative procedures pro-
posed by Sharan [31]. Equation (13) proposed by Hoek et al.
[12] is applied to calculate the rockmass parameter E.,en, the
functional relationships between MPs and every IP can be
established. After that, the sensitivity of each MP of the rock
mass to every IP is deeply analysed according to (6)–(10).
Herein, the dimensions of various IPs are normalized through a
regularization transformation by (14) in order to make a better
comparative analysis on the sensitivity of each parameter:

Collector

Wire

Probe

Rod

Pipe

Figure 7: Rock mass wave velocity tester.
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 K σ33max − σ33min  +
1
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σ3max
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σ3F σ3( dσ3,
(11)

1
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 K σ23max − σ23min  + C σ3max + σ3min( 

� 
σ3max

σ3min

F σ3( dσ3,
(12)

where K and C are linearization parameters for the material,
σ3 is the minor principal stress, and F(σ3) represents the
functional relationship between major and minor principal
stress:

E � 1 −
D

2
 

���
σci
100



× 10((GSI− 10)/40)
, (13)

k �
xi − xmin

xmax − xmin
, (14)

where k indicates the normalized result of the IP, xi indicates
different IP (GSI, D,mi, and σci), and xmax and xmin indicate
the maximum and minimum value of every IP in its fluc-
tuation range, respectively.,e sensitivity of E to GSI is taken
as an example to illustrate the process of sensitivity analysis.
,e parameter E corresponding to different values of GSI
can be calculated by (13) [12] as shown in Table 4 when the
remaining IPs (D, mi, and σci) are kept unchanged at the
reference value. ,en the functional relationship between E
and GSI is established based on data fitting. ,e sensitivity
function (S) of E to GSI is obtained according to (6) and si of
E to GSI can be calculated by S accordingly (see Table 4).
Similarly, the sensitivity analysis of other MPs corre-
sponding to each IP is conducted. Figure 8 shows the
variation curves of the calculated MPs corresponding to the
whole fluctuation range of each IP.

,e elastic modulus of rock mass is an important pa-
rameter in any analysis of rock mass behavior [32]. It was
calculated by (13), which only involved GSI and D.
Figure 8(a) shows that the sensitivity of E to GSI is more
significant thanD and it increases linearly with GSI. And the
sensitivity of E on D is also gradually increasing as D
increases.

Figure 8(b) indicates that the estimated result of pa-
rameter c is most sensitive to GSI, and the sensitivity tends to
be higher at an increasing rate with the increase of GSI. ,e
sensitivity of c to D shows the same significant rising ten-
dency. In the fluctuation ranges of σci and mi, the value of si
has almost no change, while the sensitivity of c to σci is
higher thanmi according to the comparison. Besides, there is
a significant change in sensitivity priority over the entire

variation range for four IPs. When k changes in the range of
“0< k< 0.5,” the sensitivity of c to σci,mi, and D is ranked as
σci >mi>D. In the range of “0.5<k< 0.6,” the sensitivity of c
changes to be ranked as σci >D>mi. In the range of
“0.6<k< 1,” the sequence of the sensitivity changes as
D> σci >mi.

From Figure 8(c), when k changes in the range of
“0 < k < 0.75,” the sensitivity of parameter φ to GSI is the
highest. In the range of “0.75 < k < 0.1,” the IP with the
highest si is D. ,e sensitivities of parameter φ to σci and
mi have almost no change over the whole fluctuation
ranges of k.

As described above, within the given fluctuation ranges
of IPs in Table 3, the estimation of rock mass deformation
parameter (E) and strength parameters (c and φ) are more
sensitive to the GSI and D. ,erefore, it is vital to determine
the reasonable value of GSI and D when estimating the rock
mass MPs by using the basic H–B criterion.

3. Sensitivity Analysis of the Displacement and
EDZ to the IPs

3.1. Numerical Simulation on the Excavation Response of Rock
Mass. In the design stage of excavation and rock support for
such a large cavern, numerical simulation analysis is es-
sential for the decision-makers to predict the probable re-
sponse behaviour of rock mass induced by adjacent
excavations. According to the MPs of rock mass estimated
above, the deformation and failure behaviour of the sur-
rounding rock around the concerned cavern section under
excavation had been simulated in advance by using the
FLAC3D program (Fast Lagrangian Analysis of Continua
[33]). ,e MPs of rock mass and WIZ are shown in Table 5,
among which the parameters of rock mass are calculated by
(11)–(13) based on the reference value of IPs in Table 3. ,e
WIZ is a permanent deformation zone with different
thickness and spacing in hard stratified rock masses in areas
where regional geotectonic movement has been historically
active. ,e MPs of WIZ are determined by the recom-
mended values given by Duan [24] and Duan et al. [25]. ,e
commonly used strain-softening constitutive model is
adopted to describe the mechanical behavior of rock mass
and WIZs.

Failure approaching index (FAI), proposed by Zhang
et al. [34], is a practical index and widely used to describe
the mechanical response status of surrounding rock. ,e
higher the FAI is, the more cracks that occurred in the
surrounding rock mass. FAI < 1 means that the rock mass is
at an elastic state. FAI � 1 indicates that the stress reaches
the peak strength of rock mass, FAI � 2 indicates that the
rock mass is completely destroyed, and FAI＞ 1 means the
surrounding rock is at a plastic state. ,erefore, FAI could
be used as a straightforward index to assess the stress

Table 3: Reference values and fluctuation ranges of IPs at the monitoring section.

IPs GSI σci (MPa) D mi

Reference value 53 147 0.21 26
Fluctuation range 15–65 137–157 0-1 20–30
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concentration area and the damage degree of the sur-
rounding rock mass. More details on the index of FAI could
be found in the work by Zhang et al. [34]. ,e numerical
prediction result of EDZ concerning the cavern section
K0+320 after the excavation of the central pilot is shown in
Figure 9(b). Figure 9(c) shows the actual investigation

result of EDZ along the boreholes K0+320-1-1 and
K0+320-1-2 by using the wave velocity test. It shows that
the simulated depths (FAI > 1) of EDZ in the direction of
K0+320-1-1 and K0+320-1-2 monitoring boreholes are
1.57m and 2.84m, respectively. ,e actual EDZ depths of
K0+320-1-1 and K0+320-1-2 observation boreholes are
1.9m and 2.5m, respectively.

,e excavation response of the surrounding rock
around the section K0+320 of the cavern after the exca-
vation of layer I was simulated. ,e maximum principal
stress redistributed in the rock mass is shown in
Figure 10(a), and it indicates that the stress concentration

Table 4: E corresponding to GSI and the si of E to GSI.

GSI 15 27 34 40 46 53 65
E (GPa) 1.19 2.38 3.56 5.03 7.11 10.64 21.22
k 0 0.24 0.38 0.50 0.62 0.76 1
si 0.86 1.56 1.96 2.31 2.65 3.05 3.74
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Figure 8: Results of sensitivity analysis of MPs. (a) ,e sensitivity curve of E to IPs. (b) ,e sensitivity curve of c to IPs. (c) ,e sensitivity
curve of φ to IPs.

Table 5: ,e MPs used for numerical simulations.

Surrounding rock E (GPa) c (MPa) φ (degree)
Rock mass 10.63 4.58 46.99
WIZ 1.55 2.2 26
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after the excavation of layer I occurring at the spandrel on
the upstream side and the arch foot on the downstream
side of the cavern. Figure 10(b) shows the EDZ of the
surrounding rock which was evaluated by FAI, and it can
be seen that the strongly damaged zones were consistent
with the stress concentration locations. During the in situ
investigation work over the period of the excavation from
chainage K0+300 to K0+330, it was found that the sur-
rounding rock at the spandrel on the upstream side as well
as the arch foot on the downstream side was subjected to
obvious cracking from the surface of the cavern wall to the
inside gradually and even developed into spalling damage
and stress-structure controlled collapse in some positions
(see Figures 10(c) and 10(d)).

Based on the field observation, the actually damaged
zones were in accordance with the simulation result. It
should be noted that the asymmetric feature of the EDZ on
the two sides of the cavern was related to the initial principal
stress direction on the cross section. As shown in Figure 9(a),
the orientation of the maximum principal stress is at a
certain angle from the horizontal plane. Meanwhile, the
above analysis also concluded that stress-induced or stress-
structure controlled rock failures always occur at the ex-
cavation profile parallel to or at a small angle with the
orientation of maximum far-field principal stress in the cross
section of the tunnel [3, 35–38]. Figure 11 shows the

simulated displacement of surrounding rock after the ex-
cavation of layer I, and it is observed that the position of the
larger displacement is at the spandrel on the downstream
side, different from the EDZ. ,at is because the simulation
in this study was carried out based on the continuum
analysis, and the displacement along the unloading direction
of maximum principal stress, therefore, would be bigger
than other positions.

Moreover, the depths of EDZ along the boreholes
K0+320-0-1 and K0+320-0-2 were determined by the wave
velocity tests (see Figure 12), and the displacements of
surrounding rock could be recorded by the multipoint ex-
tensometers.,e comparison between the simulation results
and actual investigated results of the excavation response
concerning several specific observation points around the
roof of the cavern is shown in Table 6, and the high
agreement between the two indicates that the rock massMPs
estimated above and the reference value of IPs are basically
reasonable.

3.2. Sensitivity ofDisplacementandEDZto IPs. ,e predicted
displacement and EDZ are closely related to the MPs and
therefore affected by the error in the estimation of IPs.
Hence, it is necessary to analyse the sensitivity between the
prediction results (displacement and EDZ) and IPs, similar
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Figure 9: ,e simulation and observation result of EDZ on the section K0+320 of the cavern. (a) ,e FLAC model. (b) ,e simulation
contour of EDZ. (c) Results of in situ acoustic velocity tests.
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to the sensitivity analysis procedures as illustrated above.
First of all, several key points where the displacement or
EDZ is of concern around the roof of the cavern should be
selected to generate the data samples used for sensitivity
analysis. Herein, the dataset concerning the displacement of
point M1-1, M2-1, and M3-1 that were monitored by the
multipoint extensometer as shown in Figure 3 and the
largest depth of the EDZ are employed. ,en, a series of

prediction results of the displacement and EDZ corre-
sponding to the IPs in the fluctuation ranges (see Table 4) are
obtained. After that, the sensitivity analyses of the predicted
displacement (EDZ) to the IPs can be carried out according
to (6) and (7). ,e obtained sensitivity curves are shown in
Figure 13.

,e sensitivity curves of the predicted displacement at
different points to the IPs have the similar sensitivity
regularities (see Figures 13(a)–13(c)). It shows that the
predicted displacement is most sensitive to GSI and in-
sensitive to mi and σci. ,e sensitivity of the displacement
increases withD. ,e sensitivity of the predicted EDZ to IPs
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Figure 11: Contour of the displacement of surrounding rock after
the excavation of layer I of the cavern.
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Figure 12: Results of in situ wave velocity tests from the boreholes
after the excavation of layer I.
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Figure 10:,e response behavior of rockmass around section K0+320 of the cavern after the excavation of layer I. (a) Contour of maximum
redistributed stress. (b) Contour of EDZ. (c) Photo of rock cracking and failures at the spandrel on upstream side. (d) Photo of rock cracking
and failures at the arch foot on downstream side.
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is more complicated than that of the displacement (see
Figure 13(d)). ,e sensitivity of EDZ to GSI increases first
and then decreases, finally increasing over the entire range
of GSI. ,e sensitivity of EDZ to D continue to increase
over the entire range of D. When k changes in the range of
“0< k < 0.5” and “0.9 < k < 1.0,” the sensitivity of EDZ to
GSI is the highest. In the range of “0.5< k < 0.9,” the pa-
rameter with the highest si is D.

4. Discussion

4.1. Comparison between the Strain-Softening and S-Shaped
Failure Criterion. Numerical simulation is a technique of
major importance in various technical and scientific fields
[39]. For rock engineering, such simulation is essential for
studying the fundamental processes occurring in rocks and
for rock engineering design [40]. On the one hand, the

Table 6: ,e comparison between the simulated and observed EDZ and displacement.

EDZ (m) Displacement (mm)
RK-320-0-1 RK-320-0-2 M1-1 M1-2 M2-2 M2-3

Actual 3.4 1.8 29.5 28.9 23.1 20.5
Simulation 3.1 1.5 24.5 20.6 20.5 17.4
Note: the actual displacement of point M2-1 is not effectively recorded.
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Figure 13: Results of sensitivity analysis of displacement and EDZ. (a) ,e sensitivity curve of displacement (M3-1) to IPs. (b) ,e
sensitivity curve of displacement (M1-1) to IPs. (c) ,e sensitivity curve of displacement (M2-1) to IPs. (d) ,e sensitivity curve of EDZ to
IPs.
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prediction results of excavation response (displacement
and EDZ) from numerical simulations could be used to
illustrate the rationality of the reference IPs in comparison
with actual results. On the other hand, the numerical
simulation could be employed to predict the response of
surrounding rock under excavation corresponding to
different IPs so as to construct the dataset for sensitivity
analysis of related parameters. Hence, the efficiency of the
numerical simulation must be guaranteed. Choosing a
proper constitutive model that can describe the me-
chanical behavior of rock mass correctly is of importance
to the rationality of simulation results. In above analysis,
the strain-softening (SS) criterion is chosen to carry out
the numerical simulation for its effectivity at character-
izing the mechanical behavior of deep hard rock [41–44].
According to the literatures, it is suggested that the failure
envelop for the entire confinement range of brittle rocks
and rock masses is distinctly s-shaped. ,us, the S-shaped
failure criterion, considered tensile fracturing or spalling
at low confinement and extensile-driven shear at high
confinement, is proposed [45–47]. ,e two segments of the
criterion are connected by a transition zone where σ3 � σci/
10. ,erefore, it is necessary for demonstrating the ap-
plicability of S-shaped criterion in the engineering pre-
sented in this study and illustrating the differences of the
prediction results based on the S-shaped criterion and SS
criterion.

According the in situ stress condition and σci of almond-
shaped basalt, the rock mass around the K0+320 section of
the cavern is at high confinement. ,e S-shaped criterion
can be applied to FLAC3D on the basis of modified Hoek-
Brown constitutive model and a user-defined FISH-function
[48].,e parameters involved in the simulation are shown in
Table 7.

,e displacements of the points M1-1 and M2-1 (see
Figure 3) located in the multipoint extensometers are
recorded during the simulations. Besides, the depth of EDZ
along the direction of test boreholes K0+320-0-1 and
K0+320-0-2 are extracted. ,e comparison between the
predicted results based on above two criteria and the actual
results are shown in Figure 14. It is found that the prediction
results of displacement and EDZ based on the two criteria
are largely consistent. ,e prediction results of excavation
response simulated based on the two criteria are nearly close;
that is, both criteria could be adopted in the numerical
analysis in this study.

4.2. Variations in the Estimated MPs, Calculated Displace-
ment, and EDZof the RockMass Caused by the Fluctuations of
IPs. ,e relation of the IPs to the MPs estimated by H–B
criterion and the predicted displacement (EDZ) of the rock
mass have been established based on the sensitivity analysis
and described quantitatively by the sensitivity factor (si). ,e
sensitivity factors of the estimated results to the IPs under
the reference values are presented in Table 8.

,e errors caused by the uncertainty in the determi-
nation of IPs are inevitable in practical engineering, which
would influence the accuracy of the estimated MPs and

predicted excavation response of the rock mass. What sort of
variations in the estimation and prediction results would be
made by the errors of IPs and what range of variations could
be acceptable with few effects on the engineering design and
preliminary risk estimation are all worthy of further
discussion.

Taking the sensitivity of MPs, displacement, and EDZ of
the rock mass to two high-sensitivity IPs under the reference
values as an example, the estimation results and variations of
MPs and predicted displacement and EDZ corresponding to
the different fluctuations of the two high-sensitivity IPs
(such as ±5%, 10%, ±15%, ±20%, and ±25%) are shown in
Figures 15 and 16, respectively.

Figure 15 shows the variations in the estimation of the
MPs caused by the fluctuations in different degrees in the
determination of each IP. For a certain fluctuation in the
determination of IPs, the larger the associated variation of the
MP is, the more sensitive the estimated result is to the IP. For
the parameter E, 5% fluctuation in determination of D causes
0.6% variation in the estimation of E, while 5% fluctuation in
determination of GSI could cause 14% variation in the es-
timation of E. Namely, GSI is a very important IP needing to
be paid more attention in the determination process when
using the H–B criterion to estimate elastic modulus. For the
parameter c, GSI is still the sensitive IP that mostly affects the
estimation result compared with other IPs, but the variation
in the estimation result is relatively smaller than that of
parameter E under the same fluctuation condition in GSI, and
it means that the accuracy of parameter c is more likely to be
assured than parameter E in the estimation work. By contrast,
the parameter φ can be estimated with a high accuracy, and
large variations in estimation result are produced only in the
case of great fluctuation in the IPs as shown in Figure 15(c).

,e variations in estimated results of the excavation
response caused by the fluctuations in different degrees in
the determination of each IP are shown in Figure 16. It can
be seen that the fluctuations in the determination of GSI and
σci could cause the variations in the estimation of the EDZ,
but the influences are limited, and the high accuracy of the
EDZ estimation therefore could be assured. For the dis-
placement, GSI is still a highly relevant IP that could sig-
nificantly cause large variations in the prediction result, and
that is because the estimation of E is highly related to GSI as
discussed above. In engineering practice, the deformation
behaviour induced by excavation in hard rock is generally
small and cannot be the main issue during construction.
However, for soft rock mass characterized by the large
deformation, especially under high geostress condition, the
prediction of surrounding rock displacement is an impor-
tant work, which responds to a need for the accurate MPs of
the rockmass, and the GSI should be carefully determined in
this scenario if the estimation method of MPs based on the
H–B criterion is employed.

Table 7: ,e parameters used in the simulation.

E (GPa) σci (MPa) mb s a ρ (kg/m3)

10.64 147 13.75 0.1427 0.5005 2730
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Table 8: ,e sensitivity factors of the MPs and predicted results to the IPs.

Input parameters
GSI σci D mi

Elastic modulus (E) 3.05 0.12
Cohesion (c) 0.91 0.36 0.07 0.27
Internal friction angle (φ) 0.35 0.16 0.04 0.18
EDZ 0.20 0.23 0.01 0.01
Displacement 3.66 0.10 0.01 0.05
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Figure 15: Continued.
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It should be noted that the above discussion points on the
accuracy of the parameters estimation are drawn under the
specific rock mass conditions presented in this study. Actually,
the sensitivity of estimation results to the IPs under different
reference values is different, which can be observed from
Figures 8 and 12. In other words, the accuracy level of each

parameter in the estimation is not fixed and mainly depends
on the geological conditions, rock mass structure, the strength
of intact rock, excavation disturbance, etc. ,erefore, for
specific engineering condition, such sensitivity analysis process
needs to be conducted once again to evaluate the accuracy of
rock mass parameters in the H–B criterion-based estimation.
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Figure 16: ,e prediction results and variations of EDZ and displacement of the rock mass corresponding to different given fluctuations of
the IPs. (a) ,e variations in the prediction of EDZ. (b) ,e variations in the prediction of displacement (5.6 and 15.99 in Figures 16(a) and
16(b) are the prediction results of EDZ and displacement at the reference value of the IPs).
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5. Conclusions

,eHoek–Brown criterion is used to estimate the rock mass
parameters of a deep underground cavern at a hydropower
station located in the southwest of China. ,e reference
values of IPs involved in the H–B criterion are obtained from
the in situ tests and laboratory tests that were carried out in
the concerned section of the cavern and then used to estimate
the MPs of the rock mass. Based on the estimated results, the
excavation response, including the displacement and EDZ of
the surrounding rock, was predicted through numerical
simulations. ,e estimation results were validated by the in
situ investigations, illustrating the reasonability of the refer-
ence values of the IPs determined before. ,e sensitivity
analysis of the MPs and excavation response behavior of the
rock mass to the IPs of H–B criterion was deeply carried out
on this basis. ,e results show the following:

(1) Different parameters of the rock mass to be esti-
mated have different sensitivity to the input pa-
rameters of the H–B criterion. Generally, the
deformation parameter (E) and strength parameters
(c and φ) are more sensitive to the GSI and D. In
order to acquire reasonable MPs of the rock mass in
the preliminary design phase of the engineering
according to the H–B failure criterion, the key is that
appropriate technique should be applied that take
into account the determination of GSI and D.

(2) ,e GSI and σci are high-sensitivity parameters that
affect the displacement and EDZ of the surrounding
rock. ,e sensitivity of displacement and EDZ to the
IPs is ranked as GSI> σci >mi>D at the reference
values concerning the cavern engineering present in
this study. However, it should be noted that different
reference values will lead to different conclusions.

(3) ,e sensitivity of estimation results to the IPs
under different reference values are different, and
variations in the estimation of MPs and associated
predicted excavation response of the surrounding
rock, which are caused by the uncertainties in the
determination of IPs, could be quantified via an
error analysis. It should be noted that the accuracy
of the estimation result of each parameter are
usually not fixed and mainly depend on the ge-
ology conditions, rock mass characteristics, and so
on.

(4) ,e sensitivity factor (si) in the estimation of MPs
based on the H–B criterion is of great value to en-
gineering practice, which can be used to estimate
what range of error could be acceptable with few
effects on the preliminary engineering design.

Abbreviations

GSI: Geological strength index
D: Disturbance factor
mi: Frictional constant
σci: Uniaxial compressive strength

IP: Input parameter
H–B: Hoek–Brown
MP: Mechanical parameter
E: Elastic modulus
c: Cohesion
φ: Internal friction angle
EDZ: Excavation damage zone
σ1′: ,e major effective principal stresses at failure
σ3′: ,e minor effective principal stresses at failure
m: ,e H–B material constant
s: ,e H–B material constant
mb: ,e H–B frictional constant (rock mass)
a: ,e H–B exponent
Jcond89: Joint Condition
RQD: Rock Quality Designation
Kv: ,e integrality coefficient
S: ,e sensitivity function
si: ,e sensitivity factor
WIZ: Weak interlayer zone
n: ,e number of triaxial tests
σ1i: ,e major principal stresses
σ3i: ,e minor principal stresses
v: Poisson’s ratio
Vpm: ,e longitudinal wave velocity in rock mass
Vpr: ,e longitudinal wave velocity in rock
LWV: Longitudinal wave velocity
x: ,e different factors
y: ,e different characteristics
F: ,e functional relationship between y and x
k: ,e normalized result of input parameter
xi: ,e different input parameters
xmax: ,e maximum value of every input parameter in

its fluctuation range
xmin: ,eminimum value of every input parameter in its

fluctuation range
FAI: Failure approaching index
δx: ,e error of factors
δy: ,e error of characteristics
SS: Strain-softening.
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