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A B S T R A C T

In order to effectively identify the loosened zone around underground openings by using continuum modeling,
this paper proposes an index called elastic modulus deterioration index based on the following two steps. First,
the response of surrounding rock mass in underground openings as obtained from ultrasonic tests before and
after excavation is investigated. Based on the attenuation of the P-wave velocities of the rock mass after ex-
cavation compared to the P-wave velocities before excavation obtained from ultrasonic tests, an index (χ) is
defined to assess the excavation-induced rock mass damage. Second, by introducing an empirical relationship
between the static and dynamic elastic moduli, the index χ is modified to represent the static elastic modulus
evolution, volume change, and stress redistribution of the rock mass based on an elasto-plastic numerical model.
Furthermore, this study verifies the performance of the elastic modulus deterioration index to identify the
loosened zone around underground openings by comparing its predictions with the results from ultrasonic
testing of the loosened zones around two tunnels in the Jinping II hydropower station. The comparisons show
that the loosened zones as identified by the elastic modulus deterioration index agree well to those from ul-
trasonic testing. Analysis of the effects of key input parameters and initial shear strength parameters on the
elastic modulus deterioration index in identifying the loosened zone demonstrate that: (1) the sensitivity of the
index to the key input parameters except the residual static elastic modulus is not significant; and (2) the index
has better fault tolerance performance compared to the indices based on plastic zone in terms of the selection of
initial shear strength parameters.

1. Introduction

Loosened zone around an underground opening is the zone where
measurable and permanent changes in rock mass properties have taken
place after excavation. The loosened zone is the core area for the sta-
bility control measures of the rock mass around underground openings.
The lengths of pre-tensioned rock bolts and grouted rock bolts for
supporting the surrounding rock mass both depend on the extent of
distribution of the loosened zone. Thus, it is important to identify the
loosened zone of underground openings before designing a reinforce-
ment system against surrounding rock mass instability. In engineering
practice, ultrasonic testing along the probe holes in the surrounding
rock mass is one of the most common methods to identify the loosened
zone (see Fig. 1), in which: (1) depth of the loosened zone at a location
in an ultrasonic test is equal to the distance between the entrance of a

probe hole and the change of the P-wave velocity along the probe hole
depth; and (2) boundary of loosened zone is determined by connecting
the coordinates that correspond to the mutated locations of the P-wave
velocity. Nevertheless, the ultrasonic testing method cannot completely
identify the overall spatial distribution of the loosened zone around
large complex underground openings owing to the limited number of
test points and the cost and time involved in field ultrasonic testing.
Therefore, some other methods are employed to refine the identifica-
tion of the loosened zone as preliminarily identified by field ultrasonic
test results.

Currently, continuum modeling is one of the most common tools to
predict the response of rock mass (e.g., Eberhardt, 2001;
Hajiabdolmajid et al., 2002; Jing, 2003; Cai et al., 2007; Eberhardt,
2008), and even to analyze the discontinuous problems such as the
damaged zone of the surrounding rock mass (e.g., Li et al., 2013; Jia
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and Zhu, 2015). The method is popular because it identifies the loo-
sened zone through some indices. These indices can be classified into
the following three classes: (1) the plastic zone, adopted by numerical
analysis tools, such as FLAC (Itasca Consulting Group Inc., 2005),
FLAC3D (Itasca Consulting Group Inc., 2005), Phase2 (Rocscience Inc.,
2007) and ANSYS (ANSYS Inc., 2004); (2) the failure approach index
(FAI) (Zhang et al., 2011); and (3) the plastic-strain gradient or the
plastic strain (e.g., Hajiabdolmajid et al., 2002).

In the first class, the loosened zone is viewed as the plastic zone, i.e.,
the zone in which the stresses satisfy the yield criterion. However, the
rock mass in a loosened zone is in equilibrium not at the point of peak
strength but at a point of post-peak strength. Therefore, the extent of a
loosened zone is much less than that of the plastic zone. Accordingly,
the length and density of rock bolts are often overestimated by the
extent of plastic zone as obtained from numerical modeling. In the
second class, the plastic zone is subdivided into the loosened and failed
zones in accordance with the damage degree assessed by FAI. It means
that the determination of the thresholds of FAI to the initial looseness
depends upon both the field information and the engineering experi-
ence. In the third class, a plastic zone is subdivided into loosened and
failed zones on the basis of the damage degree given by the plastic
strain gradient or the plastic strain. It indicates that the thresholds of
plastic strain to the initial looseness and of the ultimate plastic strains to
the failure are determined on the basis of both the field information and
the engineering experience. Generally, the three indices referred above
are established from the perspective of rock mass strength degradation.
However, the ultrasonic testing results of surrounding rock mass pro-
vide only the acoustic wave velocities after excavation, and cannot
provide information of rock mass strength degradation due to excava-
tion. Thus, a problem remains in which the loosened zone as identified
from ultrasonic testing cannot directly correspond to that predicted by
the three indices. Since acoustic wave velocities have strict theoretical
relationships with dynamic elastic properties, it may be a valuable al-
ternative to establish indices from the perspective of the elastic mod-
ulus deterioration of rock mass for solving this problem.

This paper proposes a numerical approach to resolve the issues re-
lated to the comparison between the numerical predictions and the P-
wave velocity testing results of the loosened zone around underground

openings. The approach relies on the rock mass elastic modulus dete-
rioration induced by excavation. Suitability of the approach is verified
by comparing the numerical predictions with ultrasonic testing results
for typical engineering examples.

2. Proposed elastic modulus deterioration index

2.1. Damage assessed by P-wave velocity attenuation

In engineering practice, P-wave velocity is regarded as one of the
fundamental indices for rock mass classification, because it can in-
directly reflect the changes in rock mass structure induced by the in-
ternal macro-fracture propagation and coalescence. In order to assess
the rock mass damage during excavation by using results of P-wave
velocity, the attenuation index χ is proposed as:

= − = −χ V V V V V( )/ 1 /p
0

p p
0

p p
0

(1)

where Vp is the P-wave velocity of the rock mass after excavation or
inside the loosened zone.

2.2. Damage assessed by the deterioration of elastic modulus

For a given rock mass, Vp
0and Vp can be expressed as follows:
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0 and νd are the dynamic elastic moduli,
densities, and dynamic Poisson’s ratios of a rock mass before and after
excavation, respectively. Then, the ratioV V/p p
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For a given rock mass, mass m remains same before and after ex-
cavation. Accordingly, ρ0and ρ can be calculated by the following
equations:

=ρ m Vol/0 0 (4a)

=ρ m Vol/ (4b)

where Vol0 and Vol are the volumes of the rock mass before and after
excavation, respectively.

Close correlations between the static elastic modulus E and the
dynamic elastic modulus Ed have been observed from numerous testing
results of rock specimens and rock masses (e.g., Ukhov and Panenkov,
1968; King, 1983; Van Heerden, 1987; Eissa and Kazi, 1988; Lacy,
1997; Ohen, 2003; Ameen et al., 2009; Brotons et al., 2014; Najibi
et al., 2015). Empirical relationships between E and Ed are listed in
Table 1, and can be classified into the following three equations:

= +E aE bd (5a)

=E a E( )b
d (5b)

= +E a E bE( )d d
2 (5c)

where a and b are constant parameters.
Van Heerden (1987) proposed that a and b in Eq. (5b) are stress-

dependent. In the present study, the influence of confinement stress on
the elastic constants is considered, so Eq. (5b) is adopted to describe the
relationships between E and Ed. However, the data of the two para-
meters provided by Van Heerden (1987) showed that the value of b
fluctuates little with different confinement stresses. Then, for simplifi-
cation, parameter b is treated as a constant for a given rock mass under
any confinement stresses. A relationship between the parameter a and
confinement stress σm (i.e., the mean stress of the three principal
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Fig. 1. Illustration of a loosened zone as identified by ultrasonic testing. (Vp
0is

the P-wave velocity of the rock mass before excavation or outside the loosened
zone; Vp

cr is the P-wave velocity of the rock mass at the boundary of loosened
zone).
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stresses σ1, σ2 and σ3) can be obtained by fitting the data provided by
Van Heerden (1987) (see Fig. 2) as:

=a c σ( )d
m (6)

where c and d are constants, and σm is in MPa.
Defining a parameter β as the ratio of a before excavation to that

after excavation, its expression can be obtained from Eq. (6) as:

=β σ σ( / )d
m m

0 (7)

where σm
0 is the confinement stress before excavation.

Then, the ratio E E/ dd
0 can be expressed as:

=E E E E σ σ/ ( / ) ( / )d
b d

d
0

0
1/

m m
0 (8)

where, E0 is the static elastic modulus before excavation.
By substituting Eqs. (3), (4), and (8) into Eq. (1), the equation for

the index χ is:

= − ∙ ∙ ∙χ k E E σ σ Vol Vol1 ( / ) ( / ) /d
0 m m

0
0b

1
(9)

It is clear that the index χ accounts for the effects of changes in
elastic modulus and volume, and stress redistribution of surrounding
rock mass on Vp during excavation. These effects can be completely
accounted for by elasto-plastic numerical computation.

2.3. Determination of the parameters

When using the index χ to identify the loosened zone around un-
derground openings, the threshold of χ to mark the boundary of loo-
sened zone (χmin), and the other three parameters, namely, k, b, and d,
should be determined.

The first choice, to determine χmin, is to assess it based on the sta-
tistical results of Vp

0and Vp
cr according to the following steps:

(1) Collect the curves for P-wave velocity vs distance of probe hole
after excavation and smoothen these curves as shown in Fig. 1;

(2) Take the value of P-wave velocity at the end (Point B) of the first
segment of the curves (Point A to Point B) as Vp

cr;
(3) Take the value of P-wave velocity at the stable segment of the

curves (Point C to Point D) as Vp
0;

(4) Statistically analyze the values of Vp
0 and Vp

cr to obtain their median
values;

(5) Calculate χmin according to Eq. (1) by using the obtained median
values.

When no test data of Vp
0and Vp

cr are available, the value of χmin can
be set equal to 0.1 by relying on a consensus among Chinese hydro-
power engineers that came from the practice of ultrasonic testing on
rock masses at various Chinese hydropower stations and has been in-
stitutionalized in the Chinese Industry standard DL/T 5389-2007
(Professional Standards Compilation Group of People’s Republic of
China, 2007). In practice, however, the selection of χmin is a risky de-
cision to mark the extent of loosened zone as it leads to a conservative
or an unsafe reinforcement design against surrounding rock mass in-
stability.

For the rock mass class I or II, the Rock mass Basic quality index of
which (see the English version of Chinese National Standard GB/T
50218-2014 (Hudson and Feng, 2015)) is greater than 550 or between
451 and 550, the value of its dynamic Poisson’s ratio before excavation
is set between 0.20 and 0.25 by referring to the range of its static
Poisson’s ratio. After excavation, the dynamic Poisson’s ratio is assumed
between 0.25 and 0.30. Then, a curve of parameter k versus νd can be
drawn as shown in Fig. 3. The figure shows that the value of k is be-
tween 1.0 and 1.1, indicating that the influence of the change in νd on
the ratio V V/p p

0 is small. For simplicity, k can be treated as a constant
within the range of 1.0–1.1.

Parameters b and d should be obtained by fitting field measure-
ments of E and Ed of a large-scale rock mass under different stress levels

Table 1
Some empirical relationships between E and Ed.

Lithology Test type Stress level Equation1 R2 Reference

Five rocks (E =5–30 GPa) Large-scale field test 4 MPa =E E0.0005( )d 2.502 0.775 Ukhov and Panenkov (1968)
Igneous-metamorphic Laboratory test 0 = −E E1.26 29.5d 0.82 King (1983)
Different Rocks Laboratory test 10–40MPa =E a E( )bd = −a 0.097 0.152 >0.95 Van Heerden (1987)

= −b 1.388 1.485
Sedimentary Laboratory test 0 = −E E0.74 0.82d 0.70 Eissa and Kazi (1988)
Sedimentary Laboratory test 0–137.9MPa = +E E E0.018( ) 0.422d d2 0.747 Lacy (1997)
Shale Field test In situ stress =E E0.0158( )d 2.74 0.847 Ohen (2003)
Limestone Laboratory test 27.6 MPa = +E E0.541 12.852d 0.60 Ameen et al. (2009)
Calcarenite Laboratory test 0 = −E E0.867 2.085d 0.961 Brotons et al. (2014)
Limestone Laboratory tes 0 =E E0.014( )d 1.96 0.87 Najibi et al. (2015)

1 E and Ed are in GPa;
2 The equation is obtained by best fitting the data from curve 1.
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at a specific site. However, it is an expensive and time-consuming op-
eration. For the rock mass class I or II, the difference of structure be-
tween an in-situ stressed rock mass and its intact rock specimen is
small. Therefore, some empirical values of b and d from the laboratory
test results of intact rock specimens can be used. For example, for the
different intact rock specimens under a confinement stress of
10–40MPa, the value of parameter b given by Van Heerden (1987) was
in the range of 1.388–1.485. In general, the value of b in Eq. (5b) is
between 1.0 and 3.0 according to the references listed in Table 1. The
value of d was obtained as 0.33 by fitting the experimental data re-
ported by Van Heerden (1987) (see Fig. 2).

3. Numerical implementation

3.1. Elasto-plastic model

The elastic modulus deterioration index for a rock mass was cal-
culated on the basis of a strain–dependent model referred to as the rock
mass deterioration model (RDM) (Jiang et al., 2008). The RDM is an
extension model of the cohesion weakening and frictional strength-
ening (CWFS) model (Hajiabdolmajid et al., 2002) and was applied to
model brittle failure of rock mass. This model assumes weakening of
cohesion, strengthening of friction, and deterioration of static elastic
modulus as functions of rock mass equivalent plastic-strains given by:

= = =
− − −

c c ε ϕ ϕ ε E E ε·( ); ·( ); ·( )c ϕ E0
p

0
p

0
p

(10)

where c0 and φ0 are the initial cohesion and frictional angle, respec-
tively; and

−

εE
p
,

−

εc
p
and

−

εϕ
p
represent the equivalent plastic strain limits

corresponding to the residual static elastic modulus (Ef ), the residual
cohesion (cd) and the frictional angle (φd), respectively.

These functions (Eq. (10)) can either be linear or non-linear. As
shown in Fig. 4, these functions were considered as linear functions in
this study. Because the rock mass damage which deteriorated the static
elastic modulus started from the pre-peak stage, plastic strain was re-
garded as a part of the irreversible strain induced by excavation. It
means that the threshold of the equivalent plastic strain limit corre-
sponding to Ef should be less than those corresponding to cd and φd.
Moreover, the minimum value of Ef should be greater than that of the
limit given by Eq. (11) in order to avoid violating the Drucker as-
sumption in the elasto-plastic model (Zhang et al., 2012). The expres-
sion for Ef is given as:

≤E E ζ/f 0 (11)

where ζ is a critical value for a rock mass that satisfies the linear Mohr-
Coulomb criterion, and is given as:

=
+ − − + −

+ − − + −
ζ

ϕ ϕ ν σ c ϕ ϕ
ϕ ϕ ν σ c ϕ ϕ

ξ
((1 sin )/(1 sin ) 2 ) ' 2 ·cos /(1 sin )
((1 sin )/(1 sin ) 2 ) 2 ·cos /(1 sin )

d d 1 d d d

0 0 1 0 0 0 (12)

where σ'1 is the major principal stress corresponding to the residual
strength, and =ξ ε ε/v

e
d
e is the ratio between the elastic strain corre-

sponding to the peak strength (εv
e) and the elastic strain corresponding

to the residual strength (εd
e). ξ can be obtained from the whole stress-

strain curve of rock specimens based on engineering experience. When
=ξ 1.0, ζ is the critical value for an elasto-brittle-plastic rock mass;

when <ξ 1.0, ζ is the critical value for an elasto-plastic strain-softening
rock mass. Based on a preliminary computation, the values of ζ were
approximately equal to 0.4 for the rock with obvious post-peak beha-
vior.

3.2. Elasto-plastic numerical computation with the index χ

Elasto-plastic numerical computation was performed with the index
χ to identify the loosened zone around underground openings, by fol-
lowing the steps of the FLAC3D (Itasca Consulting Group Inc., 2005)
numerical model:

(1) Perform elasto-plastic computations based on RDM to evaluate the
state of an underground opening before excavation, and store the
data of E0, σm

0 and Vol0 of each mesh element at this stage;
(2) Perform elasto-plastic computations based on RDM to evaluate the

state of the underground opening after excavation and store the
data of E , σm and Vol of each mesh element at this stage;

(3) Input the values of b and d and calculate the index χ in accordance
with Eq. (9) and determine the value of χmin in each mesh element;

(4) Mark the boundary of loosened zone around the underground
opening by the isoline of χmin.

4. Verification by using ultrasonic testing results of the loosened
zone around tunnels in the Jinping II hydropower station

4.1. Testing tunnel

Jinping II hydropower station was constructed at the Yalong River,
Sichuan Province, China. The underground powerhouses were con-
structed within the thick-bedded marble of the right bank at the
Dashuigou site. In this site, the overburden depth ranged between 568.6
and 708.4 m. In-situ stress measurements showed that the initial ver-
tical stress was approximately 22.9MPa, whereas the initial horizontal
stress was approximately 19.8 MPa. A test tunnel with a typical section
of 3.2m×2.6m (e.g., Section S1 in Fig. 5) was excavated in one step
by the drilling and blasting method with short footage and weak
blasting (see the Chinese Industry standard DL/T 5389-2007 compiled
by the Professional Standards Compilation Group of People’s Republic
of China (2007)). During the excavation by this method, the blast-holes
with depth of 3.5m and diameter of 48mm were arranged at equal
spacing of 100 cm along the outline of the tunnel, and the amount of
explosive for each blast-hole was 2.0 kg. The depth of loosened zone
induced by blasting is between 0.41m and 0.43m.

The surrounding rock mass at Section S1 was categorized as rock
mass class II with VP of 5.507–6.759 km/s in accordance with Chinese
National Standard GB/T 50218-2014 (Hudson and Feng, 2015). Ultra-
sonic tests in the test tunnel were performed after excavation. The
depth of the loosened zone around the test tunnel at Section S1 was
between 1.3 m and 1.6 m, as shown in Fig. 5. This depth is much greater
than that of loosened zone induced by blasting in the drilling and
blasting method. It indicates that stress redistribution induced by ex-
cavation was the dominant factor in the formation of loosened zone of
this tunnel.

In this case, the geometric model, in-situ stress, and mechanical
parameters of the RDM model for the surrounding rock mass were the
same as those reported by Jiang et al. (2008). Since the directions of theFig. 4. Mechanical properties of a rock mass vary with the plastic strains.
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major and intermediate principal stresses were parallel to Section S1,
an equivalent plane-strain numerical model was adopted to verify the
performance in identifying the loosened zone around the underground
opening (see Fig. 6). In the y-direction, the thickness of the model was

equal to the dimension in the y-direction of an element. The model was
32m wide along the x-direction and 32m high along the z-direction.
The area around the opening was modeled using a finer mesh with
element size between 0.21m and 0.25m, whereas a coarser mesh with
element size of 0.25–0.5 m was adopted in other areas. To achieve the
effect of plane-strain simulation, boundary conditions were provided as
follows: (1) all grid-point movements in the y-direction were prevented;
(2) movement was prevented along the z-direction at the top and
bottom boundaries and along the x-direction at the left and right
boundaries. VP of the rock mass at the boundary of loosened zone (i.e.
Vp

cr) was 5.2 km/s based on the curves of VP versus distance of probe
hole. VP of the rock mass outside the loosened zone was considered as
that of the rock mass before excavation (i.e. Vp

0 =5.507–6.759 km/s).
Thus, the value of χmin was approximately equal to 0.15 according to
Eq. (1) when Vp

0 was taken as the median value within the range
5.507–6.759 km/s. The value of b was set as 2.0, which is the median of
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Fig. 6. Geometric and boundary conditions of a numerical model of the test
tunnel at Section S1.

Table 2
Parameters for identifying the loosened zone around the test tunnel at Section
S1.

Parameter Value Parameter Value

E0(GPa) 12.0 σt(MPa) 2.0
EfGPa) 4.8 −

εc
p
(10−3) 2.5

ν 0.2 −

εϕ
p
(10−3) 4.0

ϕ0(
o) 25 −

εE
p
(10−3) 2.0

ϕd(
o) 42 χmin 0.15

ψ(o) 11 b 2.0
c0(MPa) 3.2 d 0.33
cd(MPa) 0.5 κ 1.05
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upper and lower limits of its empirical values (see Section 2.3). The
value of d was taken as 0.33, as mentioned in Section 2.3. The value of κ
was equal to 1.05, which is the median value within the range 1.0–1.1.
All the parameters adopted in the numerical simulation are listed in
Table 2.

Fig. 7 illustrates the loosened zone around the tunnel at Section S1
as identified by the elastic modulus deterioration index. For compara-
tive purpose, the boundaries of the loosened zone from the ultrasonic
testing and the computed plastic zone are plotted in this figure. The
figure shows that, compared to the plastic zone, the loosened zone as
identified by the elastic modulus deterioration index is much closer to
the tested loosened zone. Although the plastic zone may be brought
much closer to the tested loosened zone by adjusting the strength
parameters, Fig. 7 depicts that the elastic modulus deterioration index
is reliable to identify the loosened zone of an isotropic rock mass. In
addition, Fig. 7 shows that the boundaries of the loosened zone for the
values of χmin varied between 0.1 and 0.2, which are in agreement with
the tested loosened zone indicating that the elastic modulus dete-
rioration index has good performance of fault-tolerance in terms of
identifying the loosened zone around underground openings.

4.2. Access tunnels

Access tunnels in the Jinping II hydropower station had a total
length of 17 km with the maximum overburden of 2.525 km. The cross-
section had a width of 7.0–7.4 m and a height of 7.2–7.6m. Fig. 8 shows
the layout of tunnels near Section Ak10+ 900, in which two parallel
access tunnels (#A and #B) and an auxiliary tunnel (#C) were located.
The surrounding rock mass at Section Ak10+ 900 was thick-bedded
marble, which was categorized as rock mass class II. The depth of
loosened zone around tunnel #A at Section Ak10+900 measured by
ultrasonic testing was between 0.6m and 2.4m (Zhang, 2010).

In this numerical study, the geometric model, in-situ stress, and
mechanical parameters of the RDM model for the surrounding rock
mass were same as those mentioned by Zhang et al. (2011). The nu-
merical model had a length of 70m (y-direction), a width of 155m (x-
direction), and a height of 120m (z-direction), within which tunnels

#A, #B, and #C were included. The element size in the area around the
tunnels was between 0.75m and 1.0m, whereas that in other areas was
between 2.0m and 5.0 m. The movements along the x-, y-, and z-di-
rections at the top and bottom boundaries were all fixed. The in-situ
stress components adopted in the modelling are shown in Table 3. The
values of χmin, b, d, and κ were the same as those adopted in Section 4.1,
considering that both the test tunnel and the access tunnels in the hy-
dropower station had identical lithology and similar rock mass quality.
All the parameters adopted in the numerical model of the access tunnels
are listed in Table 4.

Fig. 9 compares the loosened zone as identified by the elastic
modulus deterioration index, and as obtained by the ultrasonic testing
that was performed at section AK10+900. In addition, the boundary
of the loosened zone marked by the isoline of FAI=1.0 (Zhang et al.,
2011) was plotted in this figure. Compared to the loosened zone as
marked by the isoline of FAI=1.0, the boundary of the loosened zone
as marked by the isoline of χmin =0.15 was closer to the loosened zone
as obtained by ultrasonic testing. These results indicate that the elastic
modulus deterioration index can be considered reliable in terms of
identifying the loosened zone around underground openings.

5. Discussions

5.1. Effects of b and d

Parameters b and d used to calculate the index χ are the input
parameters that did not have any direct influence on the elasto-plastic
numerical computation, and hence, their effects on the identification of
the loosened zone should be assessed separately. Therefore, three
comparative computing schemes were analyzed with different values of
b and d but having otherwise identical numerical models, boundary
conditions, initial stresses, and properties of the RDM model as de-
scribed in Section 4.1. In all cases, the boundaries of loosened zones
were marked by the isoline of χmin =0.15. In the first comparative
computing scheme, the value of b varied between 1.0 and 3.0 according
to the published data (i.e. 1.0, 2.0, and 3.0), and the value of d was kept
constant at 0.33. In the second comparative computing scheme, the
value of d varied between 0 and 1.0 (i.e. 0, 0.1, 0.2, 0.3, 0.4, 0.5, and
1.0), and the value of b was kept constant at 2.0. In the third com-
parative computing scheme, the values of b and d were both variable,
and three sets of data for b and d (b =1.0, d=0; b=2.0, d=0.33;
andb =3.0, d=0.5) were adopted.

Figs. 10 and 11 delineate the boundaries of loosened zone around
the test tunnel at Section S1 for the three comparative computing
schemes. Fig. 12 depicts the boundaries of the loosened zone under
different sets of data for b and d. In general, the sensitivity of b and d to
the loosened zone identified by the elastic modulus deterioration index
was small. It indicates that when the values of parameters b and d are
within a reasonable range, the extent of loosened zone as identified by
the elastic modulus deterioration index is not affected.

5.2. Effects of Ef

E0and Ef are all the input parameters in the elasto-plastic numerical
computation. The ratio of the static elastic modulus after excavation to
that before excavation (i.e. E E/ 0) was included in the index χ .
Therefore, the effects of Ef on the identification of a loosened zone was
assessed through comparative computing schemes with different limits
of E E/ 0 (i.e., E E/f 0 =0.4, 0.5, 0.6, 0.7, 0.8, and 0.9). The analysis was
based on the numerical model, boundary condition, initial condition,
and properties of the RDM model (expect Ef ) as described in Section
4.1. The boundaries of loosened zones were marked by the isoline of
χmin =0.15.

Fig. 13 shows the boundaries of the loosened zone for different
values of E E/f 0. The figure indicates that the extent of the loosened zone
is sensitive to E E/f 0: the smaller the values of E E/f 0, the larger was the
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Fig. 7. Loosened zone around the test tunnel at Section S1 as identified by the
elastic modulus deterioration index. (The boundary of plastic zones is obtained
by connecting the centers of the outermost grids in the plastic zones).
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Fig. 8. Geometric model for the excavation of tunnels near Section Ak10+900 in the Jinping II hydropower station.

Table 3
In-situ stress components of the access tunnels near Section Ak10+900.

σxx(MPa) σyy(MPa) σzz(MPa) τxy(MPa) τxz(MPa) τyz(MPa)

−41.33 −46.68 −49.39 −1.34 −2.80 3.73

Table 4
Parameters for identifying the loosened zone around the access tunnels near
Section Ak10+900.

Parameter Value Parameter Value

E0(GPa) 18.9 σt(MPa) 1.5
Ef (GPa) 7.56 −

εc
p
(1 0−3) 4.5

ν 0.23 −

εϕ
p
(1 0−3) 9.0

ϕ0(
o) 20 −

εE
p
(1 0−3) 4.0

ϕd(
o) 39 χmin 0.15

ψ(o) 0 b 2.0
c0(MPa) 8.0 d 0.33
cd(MPa) 2.4 κ 1.05

Loosened zone boundary (tested) 

Loosened zone boundary marked by  = 0.15 

Loosened zone boundary marked by FAI=1.0 (Zhang et al., 2011) 

Fig. 9. Loosened zone around the access tunnels at Section Ak10+900 as
identified by the elastic modulus deterioration index.
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extent of the loosened zone. Therefore, the value of Ef is an important
parameter in identifying the loosened zone based on the elastic mod-
ulus deterioration index.

5.3. Effects of k

The effect of parameter k on the identification of the loosened zone
was assessed through comparative computing schemes with different
values between 1.0 and 1.1 from Fig. 2 (i.e., 1.0, 1.02, 1.04, 1.06, 1.08,
and 1.10). The analysis was based on the numerical model, boundary
condition, initial condition, and properties of the RDM model as de-
scribed in Section 4.1. The boundaries of the loosened zones were
marked by the isoline of χmin =0.15.

Fig. 14 shows the boundaries of the loosened zone for different
values of k. The figure shows that the extent of the loosened zone was
dependent on the values of k: the smaller the values of k, the larger was
the extent of the loosened zone. However, it can also be found that the
loosened zone is not sensitive to k and the boundaries of loosened zone
under different values of k are relatively close, indicating that the in-
fluence of changes in νd on the index χ was not significant. In other
words, the assumption that k is set as a constant within the range of

1 m 

Fig. 10. Boundaries of the loosened zone around the test tunnel at Section S1
for different values of b with d =0.33.

1 m 

Fig. 11. Boundaries of the loosened zone around the test tunnel at Section S1
for different values of d withb =2.0.

1 m 

Fig. 12. Boundaries of the loosened zone around the test tunnel at Section S1
under different sets of data for b and d.

5

1 m 

Fig. 13. Boundaries of the loosened zone around the testing tunnel at Section
S1 under different values Boundaries of the loosened zone around the test
tunnel at Section S1 for different values of E E/f 0.

1 m 

Fig. 14. Boundaries of the loosened zone around the test tunnel at Section S1
for different values of κ.
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1.0–1.1 is reasonable when no test data for νd is available.

5.4. Effects of initial shear strength parameters

The elastic modulus deterioration index was calculated with an
elasto-plastic numerical computation and, hence, the effects of initial
shear strength parameters (i.e. ϕ0 and c0) on the identification of the
loosened zone should be assessed separately. The assessment was per-
formed through a comparative computing scheme with different values
of the initial shear strength parameters and based on the numerical
model given in Section 4.1. In this scheme, the values of ϕ0 and c0 were
taken by either reducing or increasing both by the same ratio
(i.e.−20%, 0%, +20%, and+40% as shown in Table 2). The bound-
aries of the loosened zones were all marked by the isoline of
χmin =0.15.

Fig. 15a delineates the boundaries of the loosened zone for different
values of the initial shear strength parameters. The figure shows that
the boundaries of the loosened zone for different values of the initial
shear strength parameters were essentially similar. On the contrary, the
difference in the boundaries of the plastic zone for different values of
the initial shear strength parameters (refer to Fig. 15b) was remarkable.
It indicates that the sensitivity of the elastic modulus deterioration
index to the initial shear strength parameters is much lower when
compared to the sensitivities of the indices based on plastic zone when

the surrounding rock mass is under its post-peak behavior. It also shows
that in terms of the selection of initial shear strength parameters, the
elastic modulus deterioration index has better fault tolerance perfor-
mance on the identification of the loosened zone around underground
openings when compared to the indices based on plastic zone.

5.5. Review on the elastic modulus deterioration index

(1) In this study, the elastic modulus deterioration index was applied
for the surrounding rock mass class I or II in tunnels. Compared to
the rock mass with poor or very poor quality, the rock mass class I
or II had less primary geological defects, and geological defects are
regarded to have less effect on the ultrasonic test results.

(2) The elastic modulus deterioration index was established based on
the empirical relationships between the static and dynamic elastic
moduli of intact rock under different stress levels. The empirical
relationships need to be further confirmed and improved on the
basis of field test data, measured before and after excavation, on
large-scale rock mass class I or II.

(3) The elastic modulus deterioration index was implemented using
elasto-plastic numerical computations. Parameters, such as b, d, and
E E/f 0, were determined based on laboratory test results of intact
rock specimens and on engineering experience. The numerical
model did not include all geological structures that might have
great influence on the stability of the surrounding rock mass.
Therefore, an integrated approach that combines elastic modulus
deterioration index, field geological conditions, and field mea-
surements is recommended for stability assessment in actual pro-
jects.

6. Conclusions

In order to identify the loosened zone around underground open-
ings, this paper proposed a numerical index, called elastic modulus
deterioration index, which considers elastic modulus evolution, volume
change, and stress redistribution of the surrounding rock mass. The
rationality of the approach and its applicability have been demon-
strated by comparing numerical predictions with ultrasonic test results
for two tunnels as examples. The following are the major conclusions:

(1) For the numerical prediction of the loosened zone around under-
ground openings, the elastic modulus deterioration index could be
used as a general purpose index and could provide a valuable al-
ternative to the indices which are established from the perspective
of rock mass strength degradation due to excavation.

(2) The effects of the key input parameters except the residual static
elastic modulus were not significant on the index in identifying the
loosened zone. The index had better fault tolerance performance in
terms of the selection of initial shear strength parameters compared
to the indices based on plastic zone.

(3) The loosened zones around two typical underground openings
predicted by the elastic modulus deterioration index agreed well to
those obtained from ultrasonic testing. This demonstrated the
suitability of the proposed index in identifying the loosened zone
around underground openings in engineering projects.
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