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STUDY OF GROUND RESPONSE CURVE (GRC) BASED ON A DAMAGE MODEL

BADANIE KRZYWEJ ODPOWIEDZI GRUNTU (GRC) W OPARCIU O MODEL PEKANIA SKAL

Analysis of stresses and displacements around underground openings is necessary in a wide variety
of civil, petroleum and mining engineering problems. In addition, an excavation damaged zone (EDZ) is
generally formed around underground openings as a result of high stress magnitudes even in the absence
of blasting effects. The rock materials surrounding the underground excavations typically demonstrate
nonlinear and irreversible mechanical response in particular under high in situ stress states. The dominant
cause of irreversible deformations in brittle rocks is damage process.

One of the most widely used methods in tunnel design is the convergence-confinement method (CCM)
for its practical application. The elastic-plastic models are usually used in the convergence-confinement
method as a constitutive model for rock behavior. The plastic models used to simulate the rock behavior,
do not consider the important issues such as stiffness degradation and softening. Therefore, the use of
damage constitutive models in the convergence-confinement method is essential in the design process
of rock structures. In this paper, the basic concepts of continuum damage mechanics are outlined. Then
a numerical stepwise procedure for a circular tunnel under hydrostatic stress field, with consideration of
a damage model for rock mass has been implemented. The ground response curve and radius of excavation
damage zone were calculated based on an isotropic damage model. The convergence-confinement method
based on damage model can consider the effects of post-peak rock behavior on the ground response curve
and excavation damage zone. The analysis of results show the important effect of brittleness parameter
on the tunnel wall convergence, ground response curve and excavation damage radius.

Keywords: rock damage, constitutive model, damage mechanics, convergence-confinement method,
Strain Softening

Analiza naprgzen i przemieszczen powstatych wokot otworu podziemnego wymagana jest przy sze-
rokiej gamie projektow z zakresu budownictwa ladowego, inzynierii gorniczej oraz naftowej. Ponadto,
wokot otworu podziemnego powstaje strefa naruszona dziatalno$cia gornicza wskutek oddziatywania
wysokich naprezen, nawet w przypadku gdy nie sa prowadzone prace strzalowe. Reakcja materiatu
skalnego znajdujacego si¢ w otoczeniu wyrobisk podziemnych jest zazwyczaj procesem nieliniowym
i nieodwracalnym, zwlaszcza w stanach wysokich naprgzen in situ. Gtéwna przyczyna nieodwracalnych
odksztatcen skat kruchych jest pgkanie.

*  DEPARTMENT OF MINING AND METALLURGICAL ENGINEERING, AMIRKABIR UNIVERSITY OF TECHNOLOGY,
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Jedna z najczg$ciej stosowanych metod w projektowaniu tuneli (wyrobisk podziemnych) jest metoda
konwergencji i zamknigcia, popularna ze wzglgdu na zakres zastosowan. Metoda ta zazwyczaj wyko-
rzystuje modele sprezysto- plastyczne, jako konstytutywne modele zachowania skat. Modele plastyczne
wykorzystywane dotychczas do symulacji zachowania skat nie uwzgledniaja pewnych kluczowych
aspektow, takich jak obnizenie sztywnos$ci czy rozmigkczanie. Dlatego tez zastosowanie konstytutyw-
nych modeli w metodzie konwergencji i zamknigcia jest sprawa kluczowa przy projektach obejmujacych
struktury skalne. W pracy tej omowiono podstawowe zatozenia modelu continuum uszkodzen i spekan.
Zaimplementowano wielostopniowa procedurg do badania tunelu o przekroju kolistym znajdujacego sig¢
pod polem naprezen hydrostatycznych, przy wykorzystaniu modelu pgkania gorotworu. Krzywa odpo-
wiedzi gruntu oraz promien strefy naruszonej wybieraniem obliczono przy wykorzystaniu izotropowego
modelu uszkodzen. Metoda konwergencji i zamykania oparta na tym modelu uwzglgdnia zachowanie
skat po wystapieniu szczytowych naprezen i powstaniu strefy naruszonej wybieraniem. Analiza wynikow
wykazata znaczny wptyw parametréw zwigzanych z krucho$cia na konwergencjg $cian wyrobiska, ksztatt
krzywej odpowiedzi gruntu oraz promien strefy naruszonej wybieraniem.

Stowa kluczowe: pgkanie skal, model konstytutywny, mechanika spgkan, metoda konwergencji i zam-
knigcia, uplastycznienie

1. Introduction

The convergence confinement method (CCM) is an effective analytical tool for the un-
derground openings design. It consists of three basic components: longitudinal deformation
profile (LDP), support characteristic curve (SCC) and ground response curve (GRC). The study
of the interaction between support and tunnel can easily be carried out using the convergence-
confinement method. The GRC, which describes the relationship between decreasing of inner
support pressure and the increasing of radial displacement of tunnel wall, is generally evaluated
by analytical methods based on axial symmetry plane strain assumption (Guan et al., 2007).

Many studies have been conducted on the tunnel convergence-confinement method. These
available studies, although distinguished from different failure criterions and post-failure be-
haviors, are generally based on the plasticity theory (Brown et al., 1983; Oreste & Peila, 1996;
Jiang et al., 2001; Detournay, 1986; Carranza-Torres & Fairhurst, 1999; Alonso et al., 2003).

The dominant causes of irreversible deformations are plastic flow and damage process.
The plastic flow is controlled by the presence of local shear stresses which cause dislocation
to some preferential elements due to existing defects. During this process, the net number of
bonds remains practically unchanged. The overall macroscopic consequence of plastic flow is
that the elastic properties and, therefore, the stiffness of the material are insensitive to this type
of irreversible change (Yazdani & Schreyer, 1988). The main cause of irreversible changes in
quasi brittle materials such as rock is the damage process occurring within the material. From
a microscopic viewpoint, damage initiates with the nucleation and growth of microcracks. When
the microcracks length reaches a critical value, the coalescence of microcracks occurs and local-
ized meso-cracks appear (Shao et al., 20006).

The macroscopic and phenomenological consequence of damage process is stiffness deg-
radation, dilatation, & softening (Molladavoodi & Mortazavi, 2010). In this paper, the ground
reaction curve (GRC) was formulated based on the damage mechanics theory.

The construction of a long circular tunnel under a hydrostatic in situ stress condition can be
considered as an axial symmetry plane strain problem. After tunnel excavation, the surrounding
rock mass behaves elastic and softening sequentially.

According to different fictitious inner pressure provided by the tunnel face and the support,
elastic and damage zone will be created around the tunnel. Fig. 1 shows a circular tunnel being
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excavated in a continuous, homogeneous, isotropic, initially elastic rock mass subjected to a hy-
drostatic stress P,. The tunnel surface is subjected to an internal pressure P;. As P; is gradually
reduced, the radial displacement occurs and a damage zone develops around the tunnel when P;
is less than the yield stress.

In Fig. 1, P, is the hydrostatic in situ stress; a & R, are the radii of the tunnel and the elastic-
softening interface respectively.

elagtic zone

Rd damage zone
Po

tits

Fig. 1. Schematic representation of the rock mass zones after tunnel excavation

The main objective of this paper is to develop a procedure for obtaining the ground response
curve of a circular tunnel excavated in elastic-damage rock mass.

The strength of the rock mass in the strain softening zone must be described properly. In
other studies, the rock strength decreases linearly with strain increment. In this model, the rock
strength declines as hyperbolic decay similar to the experimental observations.

2. A Damage Constitutive Model

In this model, the rock in pre failure region behaves linear elastic. With stress increment,
the stress state is attained to the failure criteria. The failure criterion in this model is assumed
Mohr-Coulomb failure criterion as following:

F=0,—k0,—f.(D)=0 )

where ¢, o3 are major principal stresses respectively. &, is the constant frictional coefficient
calculated as below:

1+sing
ky=—""—
1-sing

2
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In Eq. (1), f.(D) is resistant function of failure surface depending on the rock damage vari-
able (D). Because of tunnel hydrostatic loading condition, the pre and post failure rock behavior
is considered isotropic. In damage mechanics, rock stiffness is gradually degraded by damage
progression. The stiffness modulus of damaged rock is calculated based on following relation:

E=(1-D)E, 3)

where E, and E are the rock stiffness modulus of intact and damaged rock respectively. Because
of isotropic damage, the rock stiffness modulus in Eq. (3) is scalar. The range of damage variable
(D) is between 0 (intact rock) to 1 for completely damaged rock.

After peak strength, the strength of rock drops gradually with increasing strain and follows
the softening behavior. In softening region, the rock strength is degraded as power law func-
tion with strain increment. The rock stress-strain curve under uniaxial compressive strength is
illustrated in Fig. (2).

A
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Fig. 2. The rock stress-strain curve with Power-law softening and residual strength
at post-peak region (Zhu & Tang, 2004)

The residual strength coefficient (1) is defined as the fraction of residual (f.,) to peak strength
(f.0) (Zhu & Tang, 2004). ¢, is strain at peak strength (f;,). In Fig. (2), the post-peak rock
stress-strain curve consists of two regions. In first part, the rock strength is decreased as power
law softening with strain increment. After the rock strength decreases to residual strength (cor-
responding to ¢,,.), it is fixed to residual strength in second region. Based on (Zhu & Tang, 2004),
the stress-strain curve in softening region is described with decreasing and power-law relation:

&

O—:EO[&J L& (4)

where b is rock brittleness parameter. Based on Eq. (4), the strain corresponding to residual
strength (e.,) can be expressed as
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_ gca
& = 67 (5)
With comparison of Egs. (3) & (4), the damage evolution rule is explained as below:
0 E<&,
b
D=<:1-| = & <g<e¢g
( c j co cr (6)
Ae,,
1- g, <¢
gcr

In above equation, the damage evolution law is defined based on total strain. The shear
damage evolution is always related to maximum compressive strain (Zhu & Tang, 2004). Based
on tunnel loading status, the tangential strain (&) is substituted to the uniaxial compressive strain
(¢) in Eq. (6). The mechanical behavior of rock in biaxial compression and confinement state of
tunnel is associated with increasing of rock strength and strain corresponding to the peak strength.
Therefore, the tangential strain at interface of the elastic and damage zone (g4, ) can be substituted
to ., in Eq. (6). As a result, Eq. (6) can be rewritten as below:

0 &y < &g,
b
E
_ Oe
D=41-|=| ¢,<¢g,<e¢, 7
€y
Ae,
Oe

l-—= g, <g,

€y

Based on Eq. (4), the rock strength (f;) in softening region is decreased as below

f;O 800 '
)]

Based on (Molladavoodi & Mortazavi, 2011), the brittleness parameter is defined as following

)

In above equation, ry is elastic energy associated with peak strength (f,() can be calculated
from the following equation:

r():_ (10)
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In Eq. (9), g/is the area under the compressive uniaxial stress-strain diagram (compressive
fracture energy for unit volume). This rock parameters definition is showed in Fig. (3).

Based on Eq. (9), the relation between the brittleness parameter (b) and the fraction of 2L
is illustrated in Fig. 4. "

o
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Fig. 3. The definition of elastic strain energy and rock fracture energy
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Fig. 4. The relation between the brittleness parameter () and the fraction of Er

7

As shown in Fig. 4, rock with increase of the brittleness parameter (b) behaves perfectly
brittle (g = ry). With decrease of the brittleness parameter (b), the ductility of rock post-peak
behavior increased.
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The relation between minimum and maximum principal strains in elastic zone is defined by
Poisson’ ratio (v). After microcracks creation and progression in damage zone, the ratio between
minimum and maximum principal strains is increased. In damage and residual zones, these rela-
tions can be expressed as

de. =de’ — f-(ds,—d¢g}) (1

Based on the isotropic damage mechanics, the parameter (f) within damage zone can be
written as (Carol et al., 2001)

f= (12)

where v is Poisson’ ratio of intact rock.

3. Analyses of Ground Responses

3.1. Elastic Zone

The elastic solution for the excavation of cylindrical cavities in a hydrostatically loaded
medium is given by Lame’ solution (Timoshenko & Goodier, 1970). It applies to the elastic
region of this problem (where » > R;). The stress distributions in this region can be expressed as

R2
a,=1%—(1%—crm)[r—:j (13)
o, =F+(F, —%)(%J (14)

where o, and oy are the stresses in radial and tangential directions; Py is in situ and initial isotropic
stress of region, and o,, denotes the radial stress at the elastic-damage interface (R,;). The distribu-
tions of radial strains (¢,.), tangential strains (¢4), and radial displacement (u) is expressed as below

__(R-o.) _Grf)[R_f] (15)

2

' 2G, r
(R-0.)( R
E, =—- —
7726, ( = (16)

PO_ re R2
o) ){Td] (17)
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where G, is the shear modulus of intact rock. Since the radial and tangential stresses at the
elastic-damage interface (» = R ;) should satisfy the Mohr-Coulomb criterion in Eq. (1), it leads to

2P - f
o, =0—f°0 (18)
ky,+1
2P, £
Oy =20 - (19)
k¢+1

Based on Egs. (17) & (18), the radial and tangential strains at the elastic and damage zones
interface (r = R;) can be calculated as below

P -
g, = _M (20)
2G,
(F-0,)
="’ 21
860 2G0 ( )

3.2. Damage Zone

It is required to solve for the stresses and displacements in the damage zone to obtain the
ground response curve. Assuming a state of plane strain and axial symmetry around the tun-
nel opening, the strain-displacement compatibility equation in polar coordinate system can be
expressed as

_du

=— 22
&= 22)

u
Ey=—,
r

Because of the complex stress-strain relation in damage zone, it not possible to find closed-
form solutions to the stress and strain distributions. In this condition, a numerical solution pro-
posed by Brown et al. (1983) was used. This numerical solution includes a stepwise procedure
that calculates the stresses, strains, and displacements on the boundaries of a number of annular
rings. The damage zone is divided to a number of annular rings. Based on Fig. 5, ring (j —1) lies
between normalized radii p;) = r(;) /Ry and p;_1y = r(;_1)/R4. The displacement, strain, and stress
at the normalized radius p;y can be written as u;y, £y, £(j)» €o(j) and o,

Based on Eq. (24) and damage zone division to annular rings, the strain-displacement rela-
tions at normalized radii p(;y and p(;_,y is as following

0 du
Eoj) = T &) T dp (23)
j J
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Fig. 5. Normalized damage zone with finite number of annuli (Lee & Pietruszczak, 2008)

If the annular rings are considered quite thin, an approximate relation can be written as below

u . —u.
YTy L [d_j [d—] o
Puy =Py 2I\4P )y \dp )

If the displacement expression and its derivative calculated by Eq. (25) is substituted in

above equation, Eq. (26) can be rewritten as

2855~ &) TE)

P) P (25)

26y = Ex() ~E)

In a step of numerical calculation, the tangential strain (¢4) increased as d,y. The tangential
strain increment (d,) selected an arbitrary small value. The tangential strain increment is as below

o) ~ %oty (26)
In the strain-softening region, the radial strain increment at p ;) can be calculated as following
dgr(j) = dgre(j—l) _f ’ (dgg(j) _dg;(j—l)) 27)

where &7 1), dej;_y) are the radial and circumferential elastic strain increments at p(;_;) respec-
tively. The elastic strains at p(;_, can be calculated by using the elastic stress-strain relationship

i) = %[(1 - V)(Gr(H) -5 ) i (%(H) ) )} (28)



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

664

Eojn) = %[(1 - V)(O-H(j—]) -5 ) - V(Gr(j—l) -k )} (29)

where G is shear modulus of the rock (Park et al., 2008).

The parameter (f) is calculated based on Eq. (14). At elastic-damage boundary (p = p(y = 1),
the principals strains (eg(1), €-(1)) are given by Eqs. (22) & (23). &y(2), £,(2), and p() can be calculated
using an arbitrary small value (d,) and based on Egs. (27), (28), and (29). With increment of
tangential strain, the damage variable increased and the rock strength decreased based on Egs. (7)
& (8) respectively. Then the parameter (f) is estimated based on the updated damage variable.

The stress states in the softening region should satisfy the Mohr-Coulomb failure criterion.
Because of the axial symmetry of the problem, the failure criterion can be expressed with the
radial and circumferential stresses, o, and oy, such as

F=0,-koo.—f.=0, o, =k,o, + 1, (30)

The differential equation of equilibrium must be satisfied by the rock stress state as below
do, o, -0,
+
dp p

=0 31)

In above equation, the tangential stress (oy) is substituted from Eq. (32). It leads to

do, (1=k)o, + 1. _
dp P

(32)

By dividing the damage zone with a number of thin annular rings (Fig. 4), the above equa-
tion can be rewritten between normalized radii p(;_;) and p;) as following

Or(5) T O
(1-ky) L
%) = Oy 2
sl =0 (33)
Py = Py {P(,,-l) t A }
2

After some manipulation on above equation, the solution for g,.;) is as below

Py ~ Py
2p;) +ky (/’0—1) ~A)

) ’ f‘c(‘/) (34)

where f. ;) is the post-peak rock strength can be calculated based on Eq. (8).

The radial stress on the outer boundary of the first annulus in which (p = p(;, = 1) is given
by Eq. (20). Using this as the starting point, successive values of o,(;, may be calculated from
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Eq. (36) for the normalized radii determined from Eq. (27). When ¢, reaches the residual strain
(e.) on Eq. (5), the rock strength is considered constant at the residual strength (f.,.).

The stepwise process was repeated several times to determine completely the stresses,
strains, and displacements in damage and residual zones. After » times calculation, the last o,.;),
i.e. o,(,), reaches the internal support pressure value, P; which is acting on the excavation surface
of the opening with radius a. The damage radius R, can be obtained from the following relation:

R, =— (35)

u(ﬂ) = gﬁ(n) a (36)

It is obvious that the solution will converge to the exact solution by increasing the division
number 7. This calculation procedure can be easily implemented into the computer program to
obtain the ground response curve.

4. Application

In order to show the applicability of the proposed damage model in evaluation of the ground
reaction curve and excavation damage zone, a typical circular tunnel of radius @ = 5 m is consid-
ered. This tunnel is excavated in a fair to good quality rock at depth which the in situ hydrostatic
stress is Py =55 MPa. Table 1 shows the rock mass properties used to solution. Similar conditions
could exist in the deep tunnel projects.

TABLE 1
The rock mass properties used to solution
. Brittleness
Ey (GPa) v (4] fo0 (MPa) A )
30 0.22 25 50 0.1 1-3

This problem was solved assuming that the idealized rock mass behavior shown in Fig. 2 ap-
plies to the rock mass. A principal strain increment of de ;)= 0.01¢;_,, was used in Eqs. 28 & 29.

4.1. Ground response curves and excavation damage radius

The ground response curve and excavation damage radius were calculated based on the
damage model and numerical stepwise procedure presented in section 3 and Appendix. Fig. 6
shows ground response curves (GRC) at different brittleness parameters (b).

The internal support pressure (P;) on tunnel wall decreases in Fig. 6. With decrease of ficti-
tious inner support pressure (P;), the tunnel wall convergence increases. Fig. 6 shows important
effect of brittleness parameter (b) on ground response curves (GRC). The initial parts of all ground
response curves with different brittleness parameters are same. The primary sections of GRCs are



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

666
0.6 1~
elastic zone
0.5 A
—h=1 ——h=2
0.4 A
== p=2.5 =3
Q
§ 0.3 b
N .3 == D=3,
] 3.5
increase of brittleness
0.2 A
0.1 A
0 T T T T T T T ]

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Displacement (m)

Fig. 6. Ground response curves at different brittleness parameters

relevant to the elastic behavior so they are not dependent on the brittleness parameter (b). The
second sections of ground response curves are related to the damage zone so there is a bifurca-
tion point on this section of the ground response curves (GRCs) after elastic behavior. Because
of different brittleness parameters used in ground response curves analysis, the ground response
curves are not similar in damage zone. It is evident in Fig. 6 that the tunnel wall convergence
increases with brittleness parameter (b) increment. In a brittle rock exhibiting rapid loss strength
with strain increment, the capacity of absorbed fracture energy at post-peak region decreases so
the tunnel wall convergence increases. Therefore, the tunnel wall convergence in a much more
brittle rock is more than a much less brittle rock if other rock strength properties are same.

The results for b = 1 show that the tunnel wall convergence is small even though without
internal support pressure (P; = 0). The calculations indicate that the tunnel will stabilizeatb=1 & 2
following some displacements. However, the results for b = 3 & 3.5 illustrate that the tunnel
wall convergence is so much that the tunnel will not stabilize without internal support pressure.

Fig. 7 shows the variation of excavation damage zone (R;) with reduce of internal support
pressure (P;) at different brittleness parameters.

Fig. 7 can explain the spreading of the damage zone with decreasing internal support pres-
sure. With decrease of fictitious inner support pressure, the excavation damage zone increases.
The effect of brittleness parameter (b) on development of the damage zone (GRC) is illustrated in
Fig. 7. It is shown in Fig. 7 that the excavation damage zone radius (R ;) increases with brittleness
parameter increment at same inner support pressure (P;). For b = 3, corresponding to a brittle
rock, a substantial fracture zone will develop with no internal support pressure.

Hence, the damage zone of a tunnel excavated in a brittle rock is more than a less brittle
rock if other rock strength properties are same. The different values of excavation damage radius
calculated using different brittleness parameters illustrate the important effect of the brittleness
on tunnel stability.
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Fig. 7. Variation of damage zone radius with reduce of inner support pressure
at different brittleness parameters

4.2. Stress distributions

Fig. 8 shows the development of radial stresses in the rock with distance from the tunnel
wall at different brittleness parameters (b) with same inner support pressure (P; = 0).

elastic-damage

—=—p=1 ——p=1.5

Radial stress (MPa)
=
o

increase of brittleness| ==hb=2 —p=2.5

T T T T T T 1

1.00 125 150 175 200 225 250 2.75
rla

Fig. 8. The radial stress distributions in rock mass surrounding the tunnel

The radial stress increases with distance from the tunnel wall in damage zone and reaches
a maximum at the elastic-damage boundary. The elastic-damage interfaces are shown in Fig. 8.
The radial stresses in damage zone increases with greater rate than the elastic zone. With incre-
ment of brittleness parameters (), the excavation damage zone increases so the radial stress
raise rate in damage zone declines. Fig. 9 illustrates the tangential stresses distribution in the
rock with distance from the tunnel wall at different brittleness parameters (b) with same inner
support pressure (P; = 0).
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Fig. 9. The tangential stress distributions in rock mass surrounding the tunnel

It is evident in Fig. 9 that the tangential stress increase with distance from the tunnel wall
in damage zone and reach a maximum value at the elastic-damage boundary. Following that the
tangential stress decrease in elastic zone. In Fig. 9, the elastic-damage interfaces are illustrated.
In Fig. 9, the tangential stress at tunnel wall decreases with brittleness increment because a more
brittle rock cannot sustain high tangential stresses at post-peak region.

4.3. Convergence test

A principal strain increment of de ;) = 0.01¢,;_, is considered in this study as well as in
Brown et al. (1983). In fact the value of strain increment is chosen arbitrarily. In order to check
the convergence of the solution, the results of the radial displacements are compared for different
values of strain increment 0.05, 0.02, 0.01, 0.005, 0.003, 0.002. Fig. 10 shows ground response
curves at different values of strain increments.

In Fig. 10, good convergence of the ground response curves with different values of strain
increments can be seen.

5. Conclusions

The conditions associated with complex rock openings are such that the rock material,
acting as a quasi brittle material, damages and its stiffness modulus gradually degrade. Accord-
ing to different inner pressure, elastic and damage zones will be created around the tunnel. In
this study a damage model was implemented into a convergence-confinement method (CCM).
The numerical stepwise procedure was formulated based on the damage mechanics theory. The
developed method was implemented to evaluate the ground response curve (GRC). The stress
and displacement distributions were calculated in damage zone. The damage zone radius was
estimated based on the damage mechanics.
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Fig. 10. Convergence test of GRCs with different values of strain increments

The analysis of results show the important effect of brittleness parameter on the tunnel wall
convergence, ground response curve and excavation damage radius. The results show that the
developed method has good capabilities in predicting damage region around tunnels. Addition-
ally, the model input data can be determined more easily. In spite of successful application of the
developed method, it is believed that it is still work in progress and needs further verification.
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APPENDIX
GROUND RESPONSE CURVE CALCULATION

Input data

f.0 = uniaxial compressive strength of rock, £, v = Young’s modulus and Poisson’s ratio of
rock material, ¢ = friction angle of rock material, 1 = re sidual coefficient, b = brittleness param-
eter, Py = in situ hydrostatic field stress, a = tunnel radius

Preliminary calculation

1. G:Ll
2(1+V) 2

2k, = 1+s%n¢
1-sing

3. 0, =0, =(2R, — L)/ (1+k,)

4. 0, =0, =28 (28— ,,)/(1+k,)
5. &) =85 =8 =~ (B -0,y )/ (2%G)

e

6. Eo) = g;(l) =& = (Po _O-r(l))/(z*G)
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Sequence of calculation for each ring

9. dgg(j) = 0.0159(/,71)

10, &y(;) = o) + ey

11 1f o, > f.. then

J

b
H-1. ﬁm:(%)(%J o))
e 9(/)
o

b
11-2. Dy =1-| —
i)

12. If 7, < f., then

12-1. [y = foo A

e

2
122, D =1-2%e
(4) c
)

3. f,=i/(1-D,,)

14. dgr(j) = dgf(jfl) —f-(dgg(j) —d«e;(,,-,l))

15. ,0(_,-) =

16. 0() =0,y 2

17. 0y =ka -0y + Loy
.
18. &, :E[(l—v)(q(‘i) _PO)_V(%(/) _PO)}

19. &5 =E[(1—V)(%(,-)_}%)_V(Ur(f)_}%ﬂ
20. def =&, —&,

21. de ) =€) "€
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22. If o,(j) > P;, then increase j by 1 and repeat calculation sequence for next ring.
23. If 0,(j) = 0,(s) < P}, then calculate p, at tunnel radius (@)

24 Rd :L, l/l(n) = 86(}1) -a
)



