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Abstract

Tunneling in weak rock has to be carefully designed since the overestimation of weak
rock mass properties or the underestimated design and behaviour of the support
system can lead to increased cost or even to failure. Based on the generalized Hoek-
Brown failure criterion this paper presents relation between geometrical parameters
(tunnel's radius, depth, etc) and rock's mass parameters (GSI, mi, etc) with the
extension of plastic zone around a circular tunnel, as well as the wall displacement
of an unsupported circular tunnel. All the analyses were executed considering
hydrostatic stress field and isotropic behaviour of the surrounding rock mass.

Key words: weak rock, unsupported tunnel, shallow tunnel.

Mepidnyn

H uelérn diavoilng onpayywv oc aoleveic fpoyouales ypeidletor 101aitepn tpoooyy,
0PEVOS YIOTI UTOPEL VO, YIVEL VIEPEKTIUNON TWV 1010THTWV THS aoBevois fpoydualog
KOI QQETEPOV UTOPEL VO, PIVEL DTOEKTIUNGCY THG COUTEPIPOPAS KOL TOV OYEOLAGLUOD TOD
OVOTHUOTOS VIOOTHPIENS 00NYdVTas o kGbe mepimtwon &ite oe avénuévo kOoTOg
KOTOoKeVNS €lte axoun kol o€ ootoyia. Booilouevor oto yevikeouévo pitipio
aotoyiog twv Hoek and Brown to dplpo avté mapovoialer ovoyetioeis uetalv
YEWUETPIKDV TOPOUETPWV OIS OKTIVO, ohpayyas, fabog anpayyas kim, mopousépwy
ppoyoualos, omwg GSI, m; kdx ue v éxraon e mhaotikng (oS yopw omod pia
KOKAIKI] 0njpayyo, OmwS ETIONG LE T UETOKIVHON TV TOLYWUATOV UIOG OVETEVOVTHG
onpoyyog. Oleg o1 avatioeig Eyivav Aopfavoviag vmown vOPOTTOTIKO TOOIKO TENLO
KOl LOOTPOTIIKY GUUTEPLPOPS, THG TEPLfidAiovaag Ppaydualog.

Aé&erg kletdrd: AoOeviig Ppayouola, avomootipixtn onpoyyo, afadng onpayya.

1. Introduction

Understanding the failure mechanism of a rock mass surrounding an underground opening is
necessary for the design of support systems for the openings. In any case this mechanism depends
on the in situ stress level and the characteristics of the rock mass. Usually at shallow depths, where
rock mass strength is controlled from weathering processes and is presented jointed the stability
problems are related with wedge free falls or slides from the roof or side walls of the opening. As
the depth below ground surface is increased, the in situ stresses increased and may reach a level at
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which the failure of the rock mass is induced. In that case the failure can include spalling, slabing
and rock burst.

An ideal condition could be excavation of an underground opening in unweathered massive rock
mass paired together with low in situ stress, where the deformation is relatively low and the
necessity of support is limited. Unfortunately this condition is not very common, especially in
Greece due to the complexity of the geological environment, leading to a complex in situ stress
field. On the other hand many tunnels have been constructed successfully in Greece the last two
decades and their design for the temporary lining was based to finite element analysis.

Due to the size of tunnel openings in most infrastructures, the rock around the tunnel behaves
more like a discontinuum. Behavior of a tunnel in a continuous material depends on the intrinsic
strength and deformation properties of that material, leading to analytical modeling whereas
behavior of a tunnel in a discontinuous material depends on the character and spacing of the
discontinuities, leading to consider possible wedge movement or failure. Thus the behavior of the
tunnel is a combination of a blocky medium and a continuum and only to soft rock or to a small
tunnel in a massive rock, where the distance between joints is greater than tunnel's diameter the
assumption of a continuous material can be used.

As the depth of a tunnel becomes greater or the ground conditions become unfavorable, the stress
within the surrounding mass increases and failure occurs when the stress exceeds the strength of
the rock mass. The failure type can be spalling, or slabbing or even a rock burst leading to
significant rock volume's failure.

The analyses present herein through RocSupport computer program of RocScience, assume that
the rock mass exhibits elastic-perfectly plastic failure, presents isotropic behavior and the in situ
stress field constitutes from equal principle stresses. In case of non hydrostatic stress field, more
complex rock masses, or other than circular tunnel, RocSupport can not predict the convergence
and more sophisticated computer programs should be used, for example finite element analysis,
since these simplifying assumptions mean that important bending moments and shear forces can
be induced in the lining and these may result in premature failure of the support systems (Hoek,
2012).

2. Deformation Around an Advancing Tunnel, Definition of Failure
Criterion and Tunnel Behaviour

The state of stress due to tunnel excavation can be calculated from analytical elastic closed form
solutions. Kirsch's elastic closed form solution is one of the most commonly used analytical
solutions, but can be applied to simple geometry tunnel and to limited stress field; thus its practical
use is limited. However it is considered as a very practical tool to check results from numerical
analysis. Figure 1 presents deformations ahead, on and behind tunnel face (Hoek, 1998a). Elastic
deformation of the rock mass starts about two tunnel diameters ahead of the advancing face and
reaches its maximum value at about two diameters behind the face, while at the tunnel's face
position about one third of the total radial inward deformation of the tunnel has already occurred.
The assumption that these deformations affect the stability of the tunnel depends on the ratio
between the rock mass strength and the in situ applied stress.

Hoek (1998b) presented a very simple analytical model based on Mohr-Coulomb failure criterion,
where a circular tunnel is subjected to a hydrostatic stress filed and is driven in a homogeneous
rock mass which behaves as an elastic — perfectly plastic material, in which failure involving slip
along intersecting discontinuities is assumed to occur with zero plastic volume change (Dancan-
Fama, 1993).

According to this the plastic failure is defined by Mohr-Coulomb criterion and is expressed as:
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Figure 1 - Radial and longitudinal deformations ahead, on and behind tunnel's face (after
Hoek, 1998a).

Equation 1 - Plastic failure defined by Mohr-Coulomb criterion

o, =0, +Ko,
where the uniaxial compressive strength of the rock mass oy, is calculated as:

Equation 2 - Uniaxial compressive strength of the rock mass

2C *Cos ¢

Gcm = .,
1-sing

and k is expressed as

Equation 3 - Calculation formulae of parameter k
k:1+ﬁn¢
1-sing
where gy' is the axial stress where failure occurs
o3’ is the confining stress

c' is the cohesion
@' is the friction angle of rock mass

According to Hoek (1998b) the surrounding rock mass of a circular tunnel of radius r, which is
subjected to hydrostatic pressure po, and to uniform support pressure p; will fail when the internal
pressure p; is less than the critical support p, defined by:

Equation 4 - Calculation of the critical support p¢,
_ 2% Po = Oem
1+k

If the internal support pressure p; is greater than the critical support pressure pe, no failure occurs,
the behavior of the rock mass surrounding the tunnel is elastic and the inward radial elastic

pCl’
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displacement u; of the tunnel wall is given by:

Equation 5 - Calculation of the inward radial elastic displacement u; of the tunnel wall

U, = L *@+Vv)*(p, — ;)
! E

m

where Em is the deformation modulus and

v is the Poisson's ratio.
In case where the internal support pressure p; is less than the critical support pressure p.,, then
failure occurs and the radius r, of the plastic zone around the tunnel is given by:

Equation 6 - Calculation of the radius r, of the plastic zone around the tunnel

1
2*(p0*(k_1)+acm) =
r,=r

P (1+ k)*(k _1)* Pi + O

and the inward radial plastic displacement u; of the tunnel wall is given by:

Equation 7 - Calculation of the inward radial plastic displacement ui of the tunnel wall

0 =2 oo {2 | -2 )

3. Tunnel Deformation Analysis

3.1. Introduction

One of the major problems in rock is that of estimating the strength of the rock mass which usually
comprises of an interlocking matrix of discrete but uneven blocks with various degrees of
weathering, while the contact surfaces between the blocks may vary from clean and fresh to clay
covered and slickensided. Determination of the strength of an in situ rock mass by laboratory
testing is generally not practical; therefore this strength must be estimated from geological
observations and from test results on individual rock pieces or rock surfaces which have been
removed from the rock mass. The answer to this problem was given through the empirical failure
criterion of Hoek and Brown (1980).

The most important component of the Hoek- Brown criterion is the process of reducing the
material constants o, m; and modulus of elasticity E, determined as “laboratory” values to
appropriate in situ values. This is accomplished through the Geological Strength Index (GSI),
which is a chart combined structural and surface conditions in order to detail the geological
conditions existing in nature. Note that although Hoek and Brown criterion assume that the rock
mass behaves isotropically, the behavior of the rock mass is usually controlled by movement and
rotation of rock blocks separated by intersecting structural features such as discontinuities and
joints. Hoek (1998a) used the - presented in the previous paragraph analytical model where a
circular tunnel is subjected to a hydrostatic stress filed and is driven in a homogeneous rock mass
which behaves as an elastic and perfectly plastic material - criterion and examined through a
Monte Carlo analysis 2000 iterations for uniform distributions of a rock mass properties, tunnel
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radius and in situ stress level in order to explore the concepts of rock support interaction. In his
analyses the rock mass properties were varied from fair (GSI = 35) to extremely poor (GSI = 5),
corresponding to the properties of weak sandstones and mudstones down to material that can
almost be classified as soil, while Hoek and Kazurlovic (2000) in their analyses denote that the
value of GSI equal to 25 refers to rock masses of good to reasonable quality. The in situ stresses
(poy were varied from 2 to 20 MPa, corresponding to depths below surface from 75 to 750 m, and
the tunnel diameters were varied from 4 to 16 meters. The results of this analysis are presented
through equations 8 and 9 which estimate the diameter of the zone of plastic failure (dy) and the
closure of the tunnel (8;) as ratios of in situ uniaxial rock mass strength to in situ stress and support
pressures. Note that in these equations the in situ uniaxial rock mass strength is calculated by using
equation 10.

Equation 8 - Tunnel deformation versus support pressure

242 _3)
9 _ [o.ooz - o.oozsﬂjﬁ P
do Py ) Po

Equation 9 - Size of plastic zone versus support pressure

d _ Pios7
b [1.25 - o.ezsﬂJ& P
do Po ) Po

8i = Tunnel sidewall deformation

do = Original tunnel radius in meters

pi = Internal support pressure

po = In situ stress = depth - unit weight of rock mass
ocm= Rock mass strength = 2¢ cos¢ /(1-sind)

dp = Plastic zone radius

Equation 10 - Calculation of the insitu uniaxial rock mass strength
O =0y *0.019*e00%)

In a later version of Hoek Brown failure criterion (Hoek et al, 2002) the in situ uniaxial rock mass
strength is calculated by the following equation:

Equation 11 - Calculation of the in situ uniaxial rock mass strength

— * @
O, =047S

where:

Equation 12 - Calculation of the parameter s

GSI-100
=g 93D

)

Equation 13 - Calculation of the parameter a
1 1 GSI -20

a==+>(e 5 —e?
> 6( )
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while D is a factor which depends upon the degree of disturbance to which the rock mass has been
subjected by blast damage and stress relaxation.

3.2. Evaluation of the Parameters Used in the Analyses

Table 1 presents the values of parameters that were used in the presented hereinafter analyses.
Wherever necessary the later version of Hoek Brown failure criterion was applied.

Table 1 - Parameters and their values that have been used in the analyses.
Parameter Value
Geological Strength Index (GSI) 5-45
Strength of intact rock o.;(MPa) 5-20

Material constant m; 9-25
Thickness of overburden (m) — In situ stress (MPa) 15-135 0.405 - 3.605
Tunnel radius 3-10

3.2.1 GSI

Marinos and Hoek (2000) denote that the petrographic characteristics of each rock do not allow all
the possible combinations derived from the following chart to exist in a geological environment.
For instance a limestone mass can not present less than “fair” conditions in its discontinuities and
the same time a thin bedded rock can not present better structural conditions than “seamy”. Having
this remark in mind, Figure 2 presents the variation of GSI values used in our analyses (hatched
area).

GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)
From the lithology, structure and surface
condilions of the discontinuities, estimate
the average value of GSL. Do not try to
be too precise. Quoling a range from 33
to 37 is more realistic than stating that
GS| = 35. Note that the table does not
apply to structurally controlled failures.
Where weak planar structural planes are
present in an unfavourable orientation
with respect to the excavation face, these
will dominate the rock mass behaviour.
The shear strength of surfaces in rocks
that are prone to deterioration as a result
of changss in moisture content will be
reduced is water is present. When
warking with rocks in the fair to very poor
calegories, a shifl to the right may be
made for wet condifions. Water pressure
is dealt with by effeclive stress analysis.
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INTACT OR MASSIVE - intact
rack specimens or massive in
situ rock with few widely spaced
discontinuities.
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BLOCKY - well interlocked un-
disturbed rock mass consisting
of cubical blocks formed by three
intersecting discontinuity sets

| VERY BLOCKY- interlocked,
partially disturbed mass with
multi-faceted angular blocks
formed by 4 or more joint sets.

BLOCKY/DISTURBED/SEAMY
- folded with angular blocks
formed by many intersecting
discontinuity sets. Persistence
of bedding planes or schistosity
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] DISINTEGRATED - poorly inter-

locked, heavily broken rock mass
with mixture of angular and
rounded rack pieces

-2 7| LAMINATED/SHEARED - Lack
7| of blackiness due to close spacing NIA
7 of weak schistosity or shear planes

Figure 2 - Variation of GSI values’ according to rock mass structure's and surface conditions
of joints.

<Z—= DECREASING INTERLOCKING OF ROCK PIECES
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3.2.2 Strength of Intact Rock

Brown (1981) titled “very weak” and “weak” rock masses where their uniaxial compression
strength varied from 5 to 25 MPa, while Hoek (2002) denoted that a rock mass is considered to be
weak when its in situ uniaxial compressive strength is less than about one third of the in situ stress
acting upon the rock mass through which the tunnel is being excavated. In the analyses presented
hereinafter values between 5 and 20 MPa were used for the uniaxial compressive strength.

3.2.3 Strength of Intact Rock

Rocks such as shales, mudstones, siltstones, phyllites and tuffs are typical weak rocks in which
even moderate in situ stresses are likely to induce failure in the rock surrounding underground
excavations. Usually the uniaxial compressive strength and the material constant m; are
determined by laboratory testing or are estimated from published tables; the extraction of their
values by statistical analysis of the results of a set of triaxial tests on carefully prepared core
samples is highly preferred. Additionally, the m; parameter depends upon the frictional
characteristics of the component minerals in the intact rock sample and it has a significant
influence on the strength characteristics of rock. The values for mi parameter were varied from 9
to 25, trying to refer to as many rock materials as possible.

3.3. Results - Conclusions

Taking into account the abovementioned remarks, the following figures present the results of the
analyses. Table 2 present the calculated equation for convergence of an unsupported tunnel and
radius of plastic zone for specific values of m;, while Figures 3 and 4 show a remarkable change in
the radius of the plastic zone and the closure of the tunnel when the ratio of in situ uniaxial rock
mass strength to in situ stress falls below a critical level, while. As it can be seen from the
diagrams for tunnels at great depths, the displacements and the plastic zone are significantly large.
The demands on the support system may be such that it may be very difficult to support a large
tunnel in poor ground at considerable depth below surface (Hoek, 1998a).

Table 2 - Convergence of an unsupported tunnel and radius of plastic zone for specific values

of m;.
m; Equation R’ Equation R’

9-25 e 0.94 | r % | 0.75
9 0. 0o7* % # _0.76% %
D Py D Po

-1.474 -0.53

S 9 _0,007%%en 095 1 1 _g70%%en 086
D pO D pO

13 E70.96 w5 10.86
S _00o7% Zem 5 _g.75% %
D Po D Po

17 1288 0.96 r 034 0.85
S _ 0,007 % ® _g7g*Tem
D pO D pU

25 w095 | r o7 | 0.85
9 _ 0 007%%en » _qgoxZen
D Po D Po

Figures 5 to 7 present the closure of an unsupported tunnel related to uniaxial compressive
strength o, tunnel's depth, GSI and m; of the surrounded rock mass. The diagrams clearly depict
that for tunnel's depth greater than 40m, GSI values less than 30 and low value of uniaxial
compressive strength (oci = 5MPa), the convergence of the tunnel is significantly large, while the
deformations present low values for all examined depths and especially for GSI values greater than
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15 and values of uniaxial compressive strength greater than 10MPa.

Finally Figure 8 presents the radius of plastic zone of an unsupported tunnel related to tunnel's
depth, GSI and m; of the surrounded rock mass while uniaxial compressive strength o, is equal to
5 MPa. From the diagram is clearly depicted that for GSI values less than 15 and depths greater
than 40m the radius of plastic zone is more than ten times tunnel’s radius.
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Figure 3 - Convergence of a tunnel versus ratio of in situ uniaxial rock mass strength to in
situ stress.
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Figure 4 - Tunnel’s radius versus ratio of in situ uniaxial rock mass strength to in situ stress.

XLVII, No3-1681




40,00

o, = 5MPa
—ll— ) = 9
35,00

—8 -mi=9 __|
-® =mi=9
=t =mi=13

0,00 ——mi=13 |

n \\ \ -+ =mi=13

25,00 - = =mi=17""|

\ \\\ \ —_——mi=17
20,00 — i = 17 —
. \\ \ \ ——rmiz2s
15,00 'y \\ \
.
.

convergence (%)/D

—A =mi=25__|
- A "mi=25

45 50

Figure 5 - Convergence of a tunnel versus GSI for various depths and m; Uniaxial
compressive strength equal to 5MPa.
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Figure 6 - Convergence of a tunnel versus GSI for various depths and m; Uniaxial
compressive strength equal to 10MPa.
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Figure 7 - Convergence of a tunnel versus GSI for various depths and m; Uniaxial
compressive strength equal to 20MPa.
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Figure 8 - Radius of plastic zone of an unsupported tunnel versus GSI for various depths and
m; Uniaxial compressive strength equal to 5MPa.
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