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ABSTRACT

The rock mass properties are typically influenced by the excavation technique and the
changes in the state of stress due to the rock excavation. The amount and extent of damage
introduced in the rock mass depends on the excavation technique and practice quality. The
influence of blasting in the rock mass near the tunnel periphery is far more significant due to
the energy of waves and redistribution of stresses and the severity of the damage diminishes
as the radial distance from the tunnel opening increases. Therefore, it is important to consid-
er the effect of the damaged zone when analyzing the stresses and deformations around a
tunnel. This study aimed at providing a new numerical solution for determination of the
ground response (reaction) curve with the consideration of the non-uniform damage zone
around the tunnel periphery. A deep circular tunnel subjected to hydrostatic stress condition
and excavated in rock materials obeying the Hoek-Brown failure criterion is considered. A
solution for the determination of stresses, strains, and deformations around the circular deep

tunnel is presented in order to correctly assess the attenuation of damaged rock as the dis-
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tance from the tunnel perimeter increases considering the loads applied to the supporting

structure.
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ABBREVIATION AND SYMBOLS

BIDZ Blast-Induced Damaged Zone;

CCC

CCM

EDZ

GSI

RQD

TBM

UCS

pCT

b

Po

Convergence-Confinement Curve;

Convergence-Confinement Method;

Excavation Damage Zone;

Global Strength Index;

Rock Quality Designation;

Tunnel Boring Machines;

Unconfined Compressive Strength;

Peak strength parameters of Hoek and Brown;

Disturbance factor;

Initial value of the disturbance factor;

Parameter that depends on the type of intact rock;

Peak strength parameters of Hoek and Brown;

Elastic modulus of the rock mass;

Elastic modulus of the rock mass in residual conditions;

Radius of the tunnel;

Radius of the circular failure zone;

Critical pressure;

Internal pressure;

Original lithostatic stress in the rock;
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rext,i

Tint,i

tdam

uext,i

Uint,i

¢T€S

GRpl

Gr,ext,i

U@,ext,i

Og

Radius of the damaged zone;

Distance of the external edge of the ith ring from the tunnel center;

Distance of the internal edge of the ith ring from the tunnel center;

Peak strength parameters of Hoek and Brown;

Thickness of the damaged zone;

Radial displacement;

Radial displacement on the external edge of the ith ring;

Radial displacement on the internal edge of the ith ring;

Poisson coefficient of the rock;

Radial strain;

Circumferential strain;

Perpendicular strain to the plane comprising the radial and circumferential strains;

Residual friction angle of the rock;

Dilatancy angle of the rock;

Unconfined compressive strength of the intact rock;

Radial stress;

Radial stress on the plastic radius;

Radial stress on the external edge of the ith ring;

Circumferential stress on the external edge of the ith ring;

Circumferential stress;

Perpendicular stress to the plane comprising the radial and circumferential stresses.

4



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

INTRODUCTION

Any underground excavation or opening is surrounded by zones that have been damaged or
disturbed to some extent due to the redistribution of rock stresses that occur upon the crea-
tion of an underground excavation or as an effect of the excavation itself (Emsley et al.,
1997). Therefore, it is necessary to understand the behavior of the rock mass, and to deter-
mine the stresses and displacements around circular openings (Hedayat, 2016). The degree
and extent of the Excavation Damage Zone (EDZ) varies significantly based on the selected
method of excavation (Read, 1996). In tunnels excavated mechanically by Tunnel Boring
Machines (TBM), the effect of the damage in the surrounding rock mass is negligible. In the
drill-and-blast (D&B) method, however, the influence of excavation disturbance in the rock
mass near the tunnel radius is far more significant (Emsley et al., 1997; Martino and Chan-

dler, 2004; Bastante et al., 2012; Zhang et al., 2017).

The effect of the damage is evidently greater on the perimeter of the tunnel and tends to de-
crease until disappearing at a certain distance from it. For instance, Emsley et al. (1997) and
Kwon et al. (2009) stated that only in the near-filed (<2 m) the excavation method plays a
role causing a damaged zone, with Rock Quality Designation (RQD) values decreasing
around 10-15% in comparison with the RQD in undisturbed rock mass (Kwon et al., 2009;

Verna et al., 2014).

It is, therefore, important to consider the effects of a blast-induced damaged zone (BIDZ)
when analyzing the stresses and deformations around an excavation. The development of a
BIDZ has a considerable effect on the strength and stiffness of the rock mass. This damage
to the material is assumed to form a cylindrical zone of influence at a constant extent (He-
dayat et al., 2018). Emsley et al. (1997) discussed the boundary between the damaged (irre-
versible changes in rock properties, see Saiang and Nordlund (2009)) and the disturbed (re-
coverable changes in rock properties, see Palmstrom and Singh (2001)), zone is gradational,
i.e. there is no distinct boundary but a change which may be defined as the boundary beyond

which (at greater distances from the walls) any changes within the rock mass caused by the
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effects of the excavation are recoverable, thus the disturbed zone, i.e. zone beyond the BIDZ

is an elastic region, characterized by undamaged material properties.

The assessment of the BIDZ is important and its importance in the design phase varies in
different mining, tunneling or petroleum fields (Olsson and Ouchterlony, 2003; Mandal et al.,
2005). Daemen (2011) emphasized on the importance of BIDZ assessment in design of nu-
clear waste repositories, especially at locations where permanent seals are to be installed
and extent and characterization of damaged zone pertaining to design and development of
high-level nuclear waste disposal repositories have been extensively studied (Martino and
Chandler, 2004; Hudson et al., 2009; Walton et al., 2015). BIDZ in in underground mining
and tunneling has, however, received relatively less attention (Scoble et al., 1997). Mandal
and Singh (2009) suggested that the damaged zone beyond overbreak zone, i.e. the zone
beyond the minimum excavation line of the designed periphery from where rock blocks/slabs
detach completely from the rock mass (Verna et al., 2018), should be considered in the de-

sign of the tunnel support systems.

Interaction between the ground and the support system can be determined by the conver-
gence-confinement method (CCM), which describes relationship between the internal applied
pressure and the radial displacements of a tunnel wall considering an elasto-plastic analysis
of a circular tunnel subjected to hydrostatic far-field stress and uniform internal pressure
(Rechsteiner and Lombardi, 1974; Panet, 1995; Peila and Oreste, 1995; Oreste, 2009; 2014;

Spagnoli et al., 2016; 2017).

Over the years, the convergence-confinement method has also been applied to rock masses
with a non-linear failure criterion, as described by Hoek and Brown (1980). When the internal
pressure, p;, in tunnels falls below a critical pressure, p., a plastic zone develops around the
tunnel (see Fig. 1). When BIDZ is included in the analysis, the dead weight of this broken
zone exerts higher pressures to the support system at the crown (roof) of the tunnel which
leads to safety factor decrease (e.g. Torbica and Lapcevi¢, 2015; Hedayat et al., 2018). This

needs to be considered in the elasto-plastic analysis of the tunnel. However, in order to rep-
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resent these rock masses in the calculation, some simplifying assumptions are necessary, in
particular as far as the strains in the plastic field are concerned (Brown et al., 1983; Carran-

za-Torres and Fairhurst, 2000).

The current state of practice for the effect of BIDZ is to consider a constant zone of damage
for the rock mass with a constant thickness around the tunnel perimeter e.g. Hoek and Kar-
zulovic (2000); Gonzalez-Cao et al. (2018). Obviously, such simplification can lead to errors
in the assessment of the convergences that the tunnel can manifest and of the loads that can
be applied to the supporting structure. For this reason, in this work the effect of the damage
of the rock mass on the static behavior of the tunnel has been investigated, considering a
damage that progressively decreases until it disappears at a certain distance from the perim-

eter of the tunnel.

A numerical solution to the CCM method has been developed in this study, which makes it
possible to analyze the behavior of circular openings in rock masses, without the need of
introducing any added simplifying assumptions. The utilized approach is the same as that
used when a numerical solution is introduced into the CCM (Oreste, 2014). After having pre-
sented the formulation necessary to be able to describe the convergence-confinement curve
(CCC) of a tunnel excavated in rock masses, some significant results for typical variation
intervals of the Disturbance Factor are reported. The objective of this study is to highlight the
importance of certain assumptions about the characteristics of the damaged zone and in par-
ticular the need to correctly assess the attenuation of damage to the rock mass as the dis-

tance from the perimeter of the tunnel increases.

THE GEOMECHANICAL PARAMETERS OF THE DAMAGED ZONE

To describe the damage zone, the parameter introduced by Hoek and Brown (2018), called
Disturbance Factor (D) is used. This parameter, which varies from 0 to 1 (i.e. 0 in the ab-
sence of damage and 1 in case of maximum damage), has the merit of being able to produce
an immediate estimate of the geomechanical parameters of the rock mass: not only the pa-

rameters of the strength criterion of Hoek and Brown of rock masses (the parameters m,, s

7
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and a) (Hoek and Brown, 2018), but also the elastic modulus E,.,, (Hoek and Diederichs,

2006):
GSI-100
m, = m; - e28-14D (1)
GSI-100
S =e 9-3D (2)
GSI 20
a:§+%.(e—z_e—?) 3)
5 1-P/,
Eym(MPa) = 10°  —z5s6-asr (4)
1+e 11
where:

m; is a parameter that depends on the type of intact rock (it can be obtained in the laboratory

based on the results of triaxial tests);

GSl is the Global Strength Index (Marinos and Hoek, 2000), which measures the geome-

chanical quality of the rock mass;

D is the Disturbance Factor.

Through these parameters, therefore, it is possible to characterize in detail the rock mass in
the damaged zone that is present at the edge of the tunnel. More specifically, it is possible to
define the geomechanical parameters of the rock mass at each point of the damaged zone,
from the perimeter of the tunnel (where the damage is greatest, D = D;;;) to the extreme of
the damaged belt where the damage disappears (D = 0). For simplicity, a linear trend of the

Disturbance Factor was considered within the damaged zone.

The tunnel problem considered in this paper is shown in Figure 1. In order to analyze the
effects of the presence of the damaged zone on the behavior of the tunnel, the convergence-
confinement method of the deep and circular tunnel was used, made of a homogeneous and

isotropic material with a hydrostatic stress condition.
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196 Fig. 1 Sketch of a deep circular tunnel subjected to a hydrostatic stress field with a
197 damaged zone containing a plastic zone (A); with a plastic zone extending beyond the

198 damaged area (B); and with a damaged zone without considering a plastic zone (C).
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Because of the blasting impact, a cylindrical BIDZ is developed around the tunnel with differ-
ent material properties than the rest of the medium. For this tunnel problem, a uniform sup-
port pressure of p; is assumed to act radially on the interior of the tunnel. As the internal
pressure decreases, the tunnel radial convergence u, increases. The ground reaction curve
is by definition the relation between the decreasing internal support pressure and increasing
ground convergence. When the radial internal pressure falls below a critical pressure, p.-, a
circular failure zone of radius R,, develops around the tunnel. More specifically, the solution
proposed by Oreste (2014) was used to determine the convergence-confinement curve of

the tunnel excavated in rock masses. This solution:

1. considers the generalized failure criterion of Hoek-Brown (updated version of 2002)
and a law of brittle elasto-plastic behavior;
2. develops a detailed analysis of plastic deformations in the plastic field;

3. assumes the dilatation y as a percentage value of the residual friction angle ¢, . of

the rock mass, evaluated according to the slope of the strenght criterion on the
01 — O3 curve
4. uses a finite difference numerical solution, which provides for the discretization of the

plastic zone in 1000 concentric rings.

Basically, the rock mass obeys a law of brittle elasto-plastic Hoek-Brown behavior (Hoek et
al. 2002). The original solution has been modified and integrated to be able to consider the
presence of the damaged zone with the value of the variable parameter D inside it. The

changes led to a calculation sequence of this type:

e evaluation of the fictitious convergence-confinement curves on the external perimeter
of the damaged band (at a distance r = R + t 4., Where R is the radius of the tunnel
and ty,, is the thickness of the damaged zone), with the determination of several
sets of values of the radial and circumferential stresses and of the radial displace-

ments (o;; og; u) for different values of the radial stress o;;

10
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¢ division of the damaged zone into 1000 concentric rings in which the stresses and de-
formations (as well as the radial displacements) are evaluated starting from the most
external ring up to the inner ring next to the tunnel perimeter;

o determination of the radial stress and of the radial displacement on the inner edge of
the last ring next to the tunnel perimeter; this pair of values represents a point of the
convergence-confinement curves on the p — u diagram, in the presence of the dama-

ged rock area.

The numerical solution adopted was suitable to be able to easily deal with the problem of

damage variability.

THE CONVERGENCE-CONFINEMENT METHOD APPLICATION IN ROCK MASSESS

The calculation starts from determining the radial stress on the plastic radius (Usz) through

the following expression, numerically solved:

Oci ORpl aP
Po — Dcr =5 (mb,p '%-}_Sp) (5

ci

The subscript "p" indicates the reference to the peak conditions, different from the residual
ones, represented by the "res" subscript throughout the paper, o.; is the unconfined com-
pressive strength (UCS) of the intact rock.

For pressures inside the tunnel higher than p.,., the rock mass is entirely elastic and, there-
fore, the equations describing the stresses and the strains in the elastic field in the axisym-
metric geometry are considered valid. For these pressure values the convergence-
confinement curve appears with a linear trend in the internal pressure-radial displacement of

the perimeter diagram (p — w).

For pressures below p,,., a plastic zone around the tunnel appears. In this area, in addition to
the strength criterion of Hoek and Brown (in the residual conditions) the following two differ-

ential equations are valid:
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1. The differential equation deriving from the equilibrium of the forces of an infinitesimal

element of rock in the polar coordinates:

Lr = 200 (6)

ar T
Where oy and g, are respectively the circumferential and radial stresses;

r is the distance from the tunnel centre.

2. The differential equation deriving from the evaluation of strains in the plastic field:

=0t (g, = po) - (1= Ny 25) + (0 = p) - (N = 25)] — Ny - ™)

Eres

Where:

Vrm 1S the Poisson coefficient of the rock mass;

po IS the original lithostatic stress in the rock mass;
u is the radial displacement;

E,es 1S the elastic modulus of the rock mass in residual conditions;

_ l4siny,
T 1-siny’

Ny
Y is the dilatancy angle in the rock mass, expressed as a fraction of the residual friction
angle.

The geomechanical parameters relating to the residual conditions are evaluated by referring

to a reduced GSI value:

GSlyps = GSI for GSI<35
GSlyes = 35+ (GSI — 35) for GSI>35

The friction angle of the rock mass is evaluated in apparent terms, starting from the tangent

to the strength criterion, for a given value of the minimum main stress (confinement stress).

By varying the pressure inside the tunnel, from the value p, to the null value, it is possible to
obtain the convergence-confinement curve, i.e. the relation that links the internal pressure to

the radial displacement of the tunnel perimeter (Oreste, 2014).
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THE VARIABILITY OF THE DISTURBANCE FACTOR IN THE DAMAGED ZONE

Considering the stress and strain state of the damaged zone, it is important to consider the
variation of the Disturbance Factor, D, in the numerical solution. D will be lineary changed
from an initial value, D;,, at the edge of the tunnel (r = R) until to a null value D=0 at the
boundary of the damaged zone. The adopted numerical procedure for finite differences in-
volves starting from the external radius of the damaged zone (r = R + tg4:,), COnsidering one
at a time the 1000 concentric rings of equal thickness in which the damaged zone is divided,

until reaching the last ring next to the perimeter of the tunnel.

From the extreme radius of the damaged zone (r = R + t44.,) the three values (o,; og; u) are

considered which are obtained from the analysis of the natural rock through the evaluation of
the convergence-confinement curves of the fictitious radius tunnel (r = R + t4,,,). FOr each
ring considered, it is evaluated whether the stress state is such as to produce the failure of
the rock mass, by checking the achievement of the maximum (major) principal stress value

of the Hoek and Brown strength criterion:
< oy ap
09 S 0p +0g (mb_p =+ sp) (8)

where,
my ., Sp and a,, are the peak strength parameters of Hoek and Brown, evaluated in relation to
the value of D attributed to the distance r of the considered ring, being D a linear function of

r.

a
If o9 <o,+0,- (mb’p ."_T_+sp) ’ an elastic behavior of the damaged rock is observed,

Oci

therefore the following equations are valid:

_ (or—p0) (g9—D0) (01-Dpo)
gr_E__Vrm'E—_Vrm'E— (9a)
™™m ™m ™m
_ (09—D0o) (o7—Dpo) (01-Do)
&9 = £ —Vrm*® E —Vrm*® £ (9b)
™™m ™Tm ™™m
_ (o,.-po) (0r—D0) (09—D0)
& = E ~—Vrm*® ; ~—Vrm*® E (9C)
™m ™m ™m
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Where:

&, g and g, are respectively the radial, circumferential and perpendicular (to the plane com-
prising the first two) strains;

o, gg and o, are respectively the radial, circumferential and perpendicular (to the plane
comprising the first two) stresses;

po IS the natural lithostatic stress;

E,, and v,, are respectively the elastic modulus and the Poisson coefficient of the rock
mass; being E,.,,, function of the Disturbance Factor D, it varies at each ring in relation to the
distance r of the ring from the tunnel centre.

From the previous equations, being €,=0 and ¢, = du/dr we obtain:

du 1

o =5 LA =) - (0 = Po) = (Wrm + vim) - (99 = po)] (10)

Which in numerical terms can be written in the following way for the generic ith ring:

Uinti = ﬁ [(1 - Vrzm) ' (ar,ext,i - Po) - (Vrm + Vﬁm) ' (Ue,ext,i - Po)] ' (rext,i - rint,i) +

uext,i (11)

where,

Uexe; aNd Uz ; are respectively the radial displacements on the external and internal edge of

the ith ring;

Orexti ANA 0g o ; are respectively the radial and circumferential stresses on the the external

edge of the ith ring;

Text; and 13,,¢ ; are respectively the distances of the external and internal edges of the ith ring
from the tunnel center. These distances are known, since the damaged zone of thickness

taam Was subdived in 1000 concentric rings of equal thickness (rext; — Texti = taam/1000).

The values of strain and stress on the outer edge of the ring i are the same obtained on the

inner edge from the calculation of the previous ring (i-1).
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Furthermore, the following equation of equilibrium of the forces in the radial direction of the
infinitesimal element of rock is always valid (see equation 6). Eqg. 6, resolved in numerical
incremental terms, allows to obtain the following equation able to supply the radial stress on

the inner edge of the generic ring i:

09,ext,i—Orext,i
Ot i = O ._#-(r =T ) 12
r,int,i r.ext,i (FextitTinei)/2 ext,i int,i ( )

Because g5 = u/r and by substituting where needed, the incremental numerical equation is
obtained which gives the value of the circumferential stress on the inner edge of the generic
ring i:

Uext,itUint,i

Orext,itOr,int,i P )
rm,i .. —ro
Text,itTint,i

+(Vrm +V72"m)'( 2

1-vim

09,int,i — +po| 22— 09, ext,i (13)

a
If g > 0, + 0y - (mb,p L sp) ’ there is a plastic behavior of the damaged rock and, there-

Oci

fore, the following equation is valid along with equation 6:
oy Qres
Og = 0p + 0" (mb,res .U_ci + Sres) (14)

By performing the necessary substitutions, the following incremental numerical formulas are
obtained, capable of evaluating the stress state on the edge inside the generic ring i, once

the stress state on the outer edge is known:

Aares
9r.ext
O'CL"(mb,res' o +Sres
ci

Orint,i — Orexti —

S ’ (rext,i - rint,i) (15)
ext,i

_ Ovr,int,i Ares
09,int,i = Or,int,i +o0g- Mp res s + Spes (16)

ci

In the plastic field the displacements are governed by the following differential equation

(Oreste, 2014):

=t [ w0 (1= My 2520) + o =) (Mg = 22| =

Ey 1—Vrm r

(17)

Where E,., rs IS the elastic modulus of the rock mass in the residual conditions, calculated
from the GSI in the residual conditions (GSls). From which the following incremental numer-
ical equation is obtained, which allows to obtain the radial displacement of the inner edge of

15
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the generic ring i, once all the other parameters on the outer edge and on the inner edge are

known:

_ (1_V12’m)'(rext,i_rint,i) OrextitOrint,i Vrm 09 ext,it00,int,i
Uint,i = {uext,i - ’ 2 —po) (1— Nl,b ' 1 + 2 -

Erm “Vrm

po) . (th _ _Yrm )] + Ny, _uext,i'(rext,i—rinc,i)} ) 1 18)

1-Vrm (rext,i"'rint,i) (rext,i_rint,i)
1- Ny eXbL bl

(Text,i*‘rint,i)

Once the last ring is reached, close to the tunnel wall, the values of the radial stress
(0r.int.1000) @and of the radial displacement (u ;,;1000) ON the internal edge represent the pair
of p —u values of the convergence-confinement curve of the tunnel. In this way, at every
point of the fictitious convergence-confinement curve for a radius r = R + t 4, COrresponds
a point on the real convergence-confinement curves, evaluated considering the presence of

the damaged zone.

RESULTS AND DISCUSSION

The above calculation procedure has been applied to a specific case, in order to evaluate the
effects of a damaged rock area with variable and decreasing intensity as it moves away from
the tunnel wall. The variation of the Disturbance Factor D was considered linear from an ini-
tial value D;, on the perimeter of the tunnel up to a null value at the end of the damaged

zone.

The case of a circular tunnel with a radius R = 3.6 m, excavated in a rock mass having GSI =
45 (GSI in residual conditions: GSl,.s = 40) has been studied. The lithostatic stress state p,
was assumed to be 6 MPa, corresponding to a tunnel installed at a depth of about 250 m
from the ground surface. For the intact rock the following characteristic values have been
considered: the uniaxial compressive strength o,; = 30 MPa, the m; parameter of Hoek and
Brown equal to 8. The elastic modulus of the rock mass has been obtained from the equation
of Hoek and Diederichs (2006) both for the peak value (E,,,) and residual conditions (E,.s).
The Poisson ratio of the rock mass (v,,;,) was assumed to be constant (i.e. 0.3). The dilatan-
cy angle ¥ has been assumed on each point of the plastic zone as 50% of the residual fric-

16



370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

tion angle at that same point. It is therefore variable within the plastic zone in relation to the
stress state (radial stress) variation of the existing at each point with changing distance from
the tunnel centre, r. Initially the calculation was developed assuming the thickness of the
damaged zone of 2 m (t;,m = 2 m) and a value of the Distubance Factor on the tunnel wall
equal to 0.5 (D, = 0.5) which corresponds to mechanical or hand excavation in poor quality
rock masses (no blasting) resulting in minimal disturbance to the surrounding rock mass
(Hoek, 2007). D varies linearly and decreases progressively as the distance r increases, until
it reaches O at the end of the damaged zone (r = R + t4,m,). The result of the convergence-
confinement curves for this hypothesis is reported in Fig. 2, together with two other cases
studied: 1) the absence of the damaged zone; 2) the case of the presence of a damaged
zone of the same thickness (t 4, = 2 m), but with a constant value of D (D = 0.5). This last
case represents the traditional hypothesis that is adopted for simplicity, considering a con-

stant value of the Disturbance Factor within the damaged zone.

7
- -tdam=2 m - constant
6 D=05
—tdam=2 m - Din=0.5

©
02;5 —without damaged
= zone
m 4
=
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ﬂj 2
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1

O ____________

0 0,01 .02 0,03 0,04 0,05 0,06

Radial displacement of the tunnel wall - u (m)

Fig. 2 Convergence-confinement curves for the case of the tunnel studied with attenu-

ation of the value of the Disturbance Factor in the damaged band (grey line), together
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with other two cases: absence of the damaged zone (black line) and presence of a

damaged zone with value of D constant (dashed black line).

From the analysis of the figure it is possible to see how the effect of the damage on the static
behavior of the tunnel is considerably reduced if we consider a linear variation of the Disturb-
ance Factor D (grey line) with respect to the case where D remains constant (simplified ap-
proach, dashed black line). On the other hand, the presence of the damaged rock zone can-
not be neglected, since there is also a certain difference between the curve obtained from
the calculation with the proposed method (grey line) and the case relating to the absence of

damaged rock (black line).

Then the results of two different values of the thickness of the damaged rock zone (tgom =1
and 2 m) and two different initial values of the Disturbance Factor (D;, = 0.5 and 1) were
compared, considering the linear variation of D inside of the damaged zone. The results are

shown in the figure 3.
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Fig. 3 Convergence-confinement curves for the 4 analyzed cases, varying the thickness of
the damaged zone (t ., = 1 and 2 m) and the initial value of D on the tunnel wall (D;,, = 0.5

and 1).

From the figure 3 it can be noted that the estimation of the maximum value of the damage
(D;) on the tunnel wall and the thickness of the damaged zone (t;,,,) are very important.
Both of these parameters strongly influence the trend of convergence- confinement curves,
with the relative repercussions on the convergences of the tunnel and, therefore, also on the
loads applied to the supporting structures. The intensity of the damage on the perimeter of
the tunnel seems, however, to have a more important role than the thickness of the damaged

zone.

For this reason, great care should be placed on the correct estimation of the factor D at the
tunnel wall and also on the thickness of the damaged zone. When it is not possible to obtain
these parameters, it is necessary to define a variability interval for them, possibly associating
the estimate of this interval with the probability that the real value falls within it. Subsequent-
ly, it is possible to proceed with the evaluation of the convergence-confinement curve assum-
ing the extreme values of the interval of variability, in order to understand the effect of the
limit values of D and t,,,, on the convergences of the tunnel and on the loads applied to the

supporting structures.

Subsequently, in order to study the effect of the damaged rock in terms of pressures and
displacements on the perimeter of the excavation, the presence of the same damaged zone
around tunnels of different geometry and depth and in the presence of a rock mass was con-

sidered with different geomechanical quality.

Another 7 cases were analyzed, varying the depth of the tunnel (about 500m with p,=12MPa,
in addition to the case of 250m with p,=6 MPa), its radius R (7.2m in addition to the 3.6m
case) and the geomechanical quality of the rock mass (GSI=75, in addition to the case of
GSI=45). The case of p, = 6MPa, R = 3.6m and GSI = 45 has already been previously dis-

cussed.
19



427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

In all cases the presence of a damaged zone of 2m (t;,, = 2m) and an initial parameter D
(Din) on the perimeter of the tunnel equal to 1 was considered. For each of the cases the
convergence-confinement curve (CCC) was obtained, which was then compared with the
corresponding CCC in natural conditions, i.e. without the presence of the damaged zone.

Figs 4 and 5 show the results obtained by the calculation.

From the analysis of the figures it can be noted that in the low/medium geomechanical rock
masses (GSI=45) the effect of the presence of a damaged are is very important: the charac-
teristic curve, considering the presence of the damaged zone, moves upwards in a non-
negligible way, both for small/medium-sized and large tunnels. For the tunnels of
small/medium size the effect is even greater, considering a damaged area of constant thick-
ness in all the cases analyzed. These effects can be found both in shallower tunnels (6MPa)

(Figure 4) and in the deeper tunnels (12MPa) (Figure 5).

Comparison of the CCCs between the damaged and natural conditions reveal that as the
damage occurs around the tunnel, for the same amount of internal pressure applied, the
convergence is significantly larger. Similarly, for the same level of final convergence using
the support system, the required internal pressure and correspondingly the support pressure
will be significantly higher for the damage case than the natural case. For this reason, it is
very useful to know the effect of the presence of the damaged zone on the CCC, in order to

be able to correctly design the supports of the tunnel.
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Fig. 5 Convergence-confinement curves for a tunnel radius of 3.6m and 7.2m (R = 3.6m,
7.2m), a tunnel depth of 500m (p, = 12MPa) and GSI index of 45 and 75 (considering the
presence of a damaged zone with t ., = 2 m and D;, = 1 and without the presence of a

damaged zone).

CONCLUSIONS

In this study, a numerical solution was developed with the consideration of the degree and
extent of the blast induced damage zone around a tunnel. To analyze the effects of the pres-
ence of the damaged zone on the behavior of the tunnel, the convergence-confinement
method of the deep and circular tunnel made of a homogeneous and isotropic material sub-
jected to a hydrostatic stress condition was used. The damage zone with variable D factor
was considered in this study. The presented solution in this paper is novel and allows tunnel
engineers to assess the effect of blasting quality on the ground and support interaction in
tunnels. Several cases were presented to aid with the application of the presented method.

From the example shown previously it was possible to see how the extent to consider the
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damage area constant for the entire thickness (a simplified approach widely used in practice)
can lead to non-negligible errors on the development of the CCC and, therefore, to a consid-
erable overestimation of the loads on the supporting structures. The calculation also allowed
to note that the estimate of the thickness of the damaged zone and of the initial damage on
the wall of the tunnel have a considerable effect on the CCC. This analysis phase needs

special care in the design phase of the tunnel.

A limited parametric analysis on 8 cases, in which the radius and depth of the tunnel and the
geomechanical quality of the rock were changed, allowed to detect how the effect of the
presence of a certain damaged area around a tunnel can be especially important in
small/medium-sized tunnels in rock masses with low/medium geomechanical properties. The
depth, i.e. the original stress state of the rock mass, does not seem to play a fundamental
role in influencing the trend of the CCC in the presence of a damaged zone: in fact, the same

effects were noted both for the shallower and deeper tunnels.
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