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Abstract Estimation of rock load is very important
parameter to design the support system because it is a
function of many parameters such as stress magnitude,
rock mass behavior, excavation method and etc.
Several methods are used to estimate this parameter
such as experimental, empirical and numerical meth-
ods. In this study based on the actual collected data
from five tunnels in non squeezing ground condition, a
new empirical method is proposed to estimate the rock
load with considering the post failure behavior of rock
mass and it is estimated using the drop to deformation
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modulus ratio (was named #). Finally the relation
between the rock load and the drop to deformation
modulus ratio, #, in non squeezing ground condition is
estimated. Based on the statistical analysis, the
maximum correlation between both parameters is
achieved using of Egs. 9-11 to estimate the drop
modulus. It is cleared that the amplitude of #, is high
and to increase the correlation between mentioned
parameters, the classification of data is performed in
two methods, in the first method, all data is classified
in two classes such as # <0.1 and # > 0.1 and in the
second method, all data is classified in five classes
[according to the proposed classification by Hoek and
Brown (1997) and Osgoui and Unal (2009)] as very
weak (GSI < 30, ICR < 25, without filling and
n < 0.01) to very good classes (10 < < 10,000
and 65 < GSI < 90). Also a statistical analysis is
performed to estimate the rock load using the
mentioned parameter (1) in any class. The result
shows that there is an inverse relation between both
parameters and the best correlation is achieved using
of logarithmic equations to estimate the rock load.
Also the correlation of first equations obtained from
the first method (including two classes such as < 0.1
and 1 > 0.1) is higher than other equations (including
five classes) so it is proposed that the mentioned
equations are used to estimate the rock load.

Keywords Rock load - Drop modulus - Deformation

modulus - Non-squeezing ground condition -
Collapse - Drop to deformation modulus ratio
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1 Introduction

The possible collapses of a tunnel is a complex
problem because it is strongly affected by the several
parameters such as rock mass behavior, properties of
intact rock and discontinuities, number of joint sets
and etc. (Langfor and Diederichs 2013). Geotechnical
analysis performed by Szwedzicki (2008) shows that
collapses do not happen at random and can be
predicted by warning signs such as indicators and
precursors. Terzaghi (1946) was one of the first
practitioners to propose a rock mass classification
system that could be used directly as a basis for
identifying rock support requirements. Terzaghi’s
rock load concept was shown in Fig. 1. The limitations
of Terzaghi’s theory are that it may not be applicable
for tunnels wider than 6 m (Singh et al. 1992, 1995,
2007) and provided no quantitative information
regarding the rock mass properties (Cecil 1970).
Deere et al. (1970) modified Terzaghi’s classification
system by introducing the ROD as the lone measure of
rock quality (Rose 1982). They have proposed guide-
lines for selection of rock supports for 6-12 m
diameter tunnels in rock mass and distinguished
between blasted and machine excavated tunnels.
Barton et al. (1974, 1975) and Verman (1993) believed

Surface
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Fig. 1 Terzaghi’s rock-load concept in tunnels (Terzaghi 1946)
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that the support pressure is independent of opening
width in rock. Goel et al. (1996) also studied this
aspect of effect of tunnel size on support pressure and
found that there is a negligible effect of tunnel size on
support pressure in non-squeezing ground condition,
but the tunnel size could have considerable influence
on the support pressure in squeezing ground condition.
For a deep tunnel, Unal (1983), proposed correlation
to estimate the support pressure using RMR for
openings with a flat roof. Goel and Jethwa (1991)
have evaluated unal’s equation for application to rock
tunnels with arched roof by comparing the measured
support pressures with estimates from unal’s equation.
The comparison shows that it is not applicable to rock
tunnels with arched roof. Bieniawski (1984) proposed
guidelines for selection of tunnel supports. This is
applicable to tunnels excavated with conventional
drilling and blasting method.

Osgoui and Unal (2009) suggested a new equation
to predict of support pressure by using of GSI. Based
on this method the support pressure function depends
on the following parameters:

p 100 — [(1 - 2)\/FGST]

100

where GSI, is the Geological Strength Index; D, is the
disturbance factor; 7, is the unit weight of rock mass;
Cs, is the correction factor for the horizontal to vertical
field stress ratio (k), and Sg, is the correction factor for
the squeezing ground condition. It should be noted that
in the aforementioned equations, De is the equivalent
diameter of the excavation and it is used for any tunnel
shape. It can easily be obtained from:

D, = \/g (2)

where A is the cross-section area of the excavation.

o.r 18 the residual compressive strength of rock
mass in the broken zone around the tunnel where
O = Sy - 0¢i, S, = post-peak strength reduction fac-
tor as explained follow.

The parameter S, characterizes the brittleness of the
rock material: ductile, softening, or brittle. By defini-
tion, S, will fall within the range 0 < S, < 1, where
S, =1 implies no loss of strength and the rock
material is ductile, or perfectly plastic. In contrast, if S,
tends to 0, the rock is brittle (elastic—brittle plastic)
with the minimum possible value for the residual
strength as highlighted in Fig. 2.

CSSqVDe ( 1 )
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Fig. 2 Different post-peak strength models of rocks (Osgoui
and Unal 2009)

Limitations and defects of proposed methods to
estimate the rock load was described in Table 1.

Numerical methods are employed to predict the rock
load but the empirical methods are still widely used due
to their simplicity (Fraldi and Guarracino 2010).

The main aim of this work is to propose a new
empirical equation to estimate the rock load based on
the drop to deformation modulus ratio using the
collected actual data from five tunnels in non-squeez-
ing ground condition.

2 Projects Description and Geology

All data used in this paper is collected from five
tunnels including Emamzade Hashem, Roodbar, Kaka

Reza, Bakhtiary and Karaj in Iran. General specifica-
tions of tunnels and geological properties of rock mass
are mentioned In Table 2. The collected data includ-
ing all types conditions of rock mass such as weak
(GSI < 25), fair (25 < GSI <75) and good rock
masses (GSI > 75) (according to Fig. 3, Alejano
et al. 2009, 2010), that Rock mass of Emamzade
Hashem and Roodbar tunnels (except headrace tunnel)
is classified as weak to fair classes but Bakhtiary and
Kaka Reza rock mass of tunnels is classified as fair
condition, also rock masses of headrace tunnel of
Roodbar dam and Karaj water conveyance tunnel are
classified as fair to good rock mass. The location of
tunnels was shown in Fig. 4 and geomechanical
properties of rock masses were shown in Table 3.

3 Concept of Drop Modulus

Hoek and Brown (1997) suggested guidelines to
estimate the post failure behavior types of rock mass
according to rock mass quality. These guidelines are
based on rock types: for very good quality hard rock
masses, with a high GSI value (70 < GSI < 90), the
rock mass behavior is elastic brittle; for averagely
jointed rock (50 < GSI < 65), moderate stress levels
resultin a failure of joint systems and the rock becoming
gravely; for heavily jointed rock (40 < GSI < 50),
strain softening is assumed; and for very weak rock
(GSI < 30), the rock mass behaves in an elastic
perfectly plastic manner and no dilation are assumed.

Table 1 Limitations and defects of proposed methods to estimate the rock load

Limitations and defects Paper name Year Researcher
It may not be applicable for tunnels wider than 6 m (Singh Rock defects and loads on tunnel support. 1946 Terzaghi
et al. 2007) and provided no quantitative information
regarding the rock mass properties (Cecil 1970)
The dependency of RQD with orientation is the principal Design of tunnel support systems 1970 Deer

defect of this method

The proposed method wasn’t applied in squeezing ground Engineering classification of rock masses for the 1974 Barton

condition

It is not applicable to estimate the rock load in arched
tunnels (Goel and Jethwa 1991)

The limitation of this method is applicability only for
tunnels excavated with conventional drilling and blasting
method

The effect of drop modulus wasn’t considered in this

design of tunnel support

Development of design guidelines and roof 1983 Unal
control standards for coal mine roofs

Rock mechanics design in mining and tunneling 1984 Bieniawski

An empirical method for design of grouted bolts 2009 Osgoui

method in rock tunnels based on the Geological Strength and Unal

Index (GSI)
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Table 2 General specifications and geological properties of tunnels (Soleiman Dehkordi et al. 2011, 2013, 2014)

Tunnel Application ~ Excavation  Length  Section Over Formation Lithology Specific
name method (m) type burden condition
(m)
North Power water Heading and 998  Horseshoe 17-39  Hormoz, Mila Marly limestone, -
Penstock way bench and dalan dolomite
(Roodbar) limestone,
limestone and
weathered marl
South Power water Heading and 959  Horseshoe 20-46  Hormoz, Mila Marly limestone, -
Penstock way bench and dalan dolomite
(Roodbar) limestone,
limestone and
weathered marl
Headrace Power water  Full face 1329  Horseshoe 85-395 Hormoz, Mila Gray limestone, -
(Roodbar) way and dalan marl limestone,
limestone
Emamzade Transport Slide drift 3189  Horseshoe 10-370 Shemshak, Sandstone, Squeezing,
Hashem heading Elika limestone, shale mudflow
and bench Mobarak, and marl
Jirud, Mila
and Lakon
Kaka Reza  Water Heading and 3107  Modified 90-790 Sarvak and Limestone -
conveyance short horseshoe Amiran (mainly), shale
bench and marl
Karaj Water Mechanized 28,000  Circle 100-700 Karaj Brescia tuff, green —
conveyance (TBM) tuff, shale,
sandston and
siltstones
Bakhtiary Power water Heading and 1166  Horseshoe 65—490 Sarvak Gray marly -
way bench limestone and
shale

Brittle ek g

Strain-softening

B 5<csi<75

Principal or shear stress [%]

v

Axial or shear strain [%]
Fig. 3 Different of post-failure behavior modes for rock

masses with different geological strength indices (GSI) Alejano
et al. (2009, 2010)

@ Springer

The original GSI charts are not capable of characterizing
poor and very poor rock mass as denoted by N/A in the
relevant parts. By adding measurable quantitative input
in N/A parts of existing GSI charts, they will be
enhanced in characterizing poor rock mass while
maintaining its overall simplicity. Further, the new
Modified-GSI chart is considered as a supplementary
means for its counterparts (Fig. 5). The modified-GSI
chart is valid for poor and very poor rock mass with GSI
ranging between 6 and 27. In the case of GSI greater than
27, the existing GSI charts mentioned earlier should be
used (Osgoui and Unal 2009). The strain softening
behavior can accommodate purely brittle behavior and
elastic perfectly plastic behavior, so brittle and elastic
perfectly plastic behaviors are special cases of the strain
softening behavior (Alejano et al. 2009, 2010).
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Table 3 Geomechanical properties of rock masses (Soleiman Dehkordi et al. 2011, 2013, 2014)

Tunnel name GSIpeak Mi  Ei dci dcm ® (deg) vy (KN/  H (m) C (MPa) D K (ow/
(GPa) (MPa) (MPa) m>) ov)

North Penstock 17-39 5-11 1.8-3 50-90 0.95-9.9 22.6-51.1 24-27 17-39 0.05-0.392 0.2-0.8 1-14
(Roodbar)

South Penstock 20-46 5-11 1.8-10 50-90 0.98-12.2  23.65-53.5 24-27 20-46  0.016-0.767 0.2-0.8 1-14
(Roodbar)

Headrace 65-80 6-11 7-10  50-85 6.33-14.95 33.19-49.47 25-27 85-395 0.98-2.18 0-0.2 0.8
(Roodbar)

Emamzade 20-59 5-12 1.5-3 21-70 0.8-8.7 13.7-58.81 24-27 10-370  0.099-1.17 0.2-0.8 1-1.5
Hashem

Kaka Reza 40-50 5-11 4-7 50-90 2.3-12.5 16.9-48.9 25-27 90-790  0.26-2.24  0.2-0.8 0.85

Karaj 35-83 8-27 5.6-15 30-120 2.1-57.31 25.1-57.7 25-27 100-700  0.45-7.1 0 0.5-1

Bakhtiary 40-76.5 5-9 10-15 57-90 3.5-144 25.4-44.1 25-27 65-490 0.223-2.932 0.2-0.8 0.5-0.8

Strain-softening behavior is characterized by a
gradual transition from a peak to a residual failure
criterion that is governed by the softening parameter .
In this model when the softening parameter is null, an
elastic regime exists, whenever 0 <y <n* the
softening regime occurs and the residual state takes
place when n > n*, with n*, defined as the value of the
softening parameter controlling the transition between
the softening and residual stages. This model is
illustrated in Fig. 6. It is obvious that perfectly brittle

or elastic-brittle—plastic and perfectly plastic models
are special cases of the strain-softening model. The
following information is needed to characterize a
strain-softening rock mass: (1) Peak and residual
failure criteria, (2) elastic parameters (Young’s
modulus and Poisson’s ratio), and (3) post-failure
deformability parameters. Joints, micro-cracks, and
groundwater reduce strength of rock mass. The GSI, as
a scaling parameter is used to provide an estimate of
the decreased rock mass strength based on the Hoek—

@ Springer
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We=Ri/Rw where R, is the rebound number obtained from fresh rock
surface and Rw is the rebound number gained from the
weathered rock surface in Schmidt hammer test

If We is known, Rating = 10,7-2,7 W (Gokceoglu & Aksoy 2000)

Fig. 5 Modified-GSI chart suggested to be used in proposed approach (GSI < 27: poor to very poor rock mass), (Osgoui and Unal

2009)

f(c,0)=0

i flo.n)=0
Drop nfodulus=M

O<np<n

fo,n)=0

Elastic | , 4
' Softening
< » Residual

Fig. 6 Stress-strain curve for an unconfined test performed on a
sample of strain-softening material (Alejano et al. 2009, 2010)

Brown criterion. The GSI is an empirically dimen-
sionless number that varies over a range between 10
and 100. By definition, GSI values close to 10
correspond to very-poor-quality rock mass while GSI
values close to 100 correspond to excellent-quality
rock masses (Hoek and Brown 1997; Marinos and
Hoek 2000; Hoek et al. 2002; Cai et al. 2004). When
the GSI scale factor is introduced, the Hoek—Brown
failure criterion for the rock mass is given as
follows (RocScience, RocLab 2002):

@ Springer

i a
oy —a3+aci<mb-—3+s) (3)

ci

The parameter m;, in Eq. 3 depends on the
following: the intact rock parameter, m;, the value of
GSI, and disturbance factor D, as defined by the
equation:

GSI — 100) )

= € (m

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. According to
Table 4, it varies from O for undisturbed in situ rock
masses to 1 for very disturbed rock masses in tunnels
(Hoek and Brown 1997; Hoek et al. 2002, 2008). The
parameter, s, depends empirically on the value of GSI
and D as follows,

GSI — 100

The parameter, a, also depends empirically on the
value of GSI, as follows:

a:l—i—l(e%ﬂ—e%o) (6)
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Table 4 Modified guideline for estimating disturbance factor (D), which initially suggested by Hoek et al. (2002)

Description of rock mass suggested Value for D

Excellent quality controlled blasting or excavation by tunnel boring machine results in minimal D=0
disturbance to the confined rock mass surrounding a tunnel

Mechanical or hand excavation in poor quality rock masses (no blasting) results in minimal disturbance D=0
to the surrounding rock mass

Usual blasting that causes local damages D =05

In mechanical excavation where squeezing problems result in significant floor heave unless a proper D =05
invert is placed

Very poor quality blasting in tunnel results in severe damages, extending 2 or 3 m, in the surrounding D =10.8
rock mass

Very poor quality blasting along with a intensive squeezing ground condition in tunnel—unexpectedly D=1

heavy blasting in caverns leading to significant cracks propagation on roof and walls

Determining the appropriate value of g3 for use in
Eq. 3 is very important. It is estimated based on Eq. 7:

o3 o —0.94
— =047( = 7
Oem (y.H) ( )

where ., is the rock mass strength, defined by Eq. 8,
7, is the unit weight of the rock mass and H, is the
depth of the tunnel below surface. In case the
horizontal stress is higher than the vertical stress, the
horizontal stress value should be used in place of y - H
(Hoek et al. 2002).

2.c-cosP
cm - - . £ 8
¢ 1 — sin® ®)

where C is the cohesion of rock mass and @ is the
friction angle of rock mass.

The slope for the softening stage or drop modulus is
denoted by M. if the drop modulus approach to
infinity, perfectly brittle behavior appears, whereas
perfectly plastic behavior is obtained if this modulus
approaches to zero (Alejano et al. 2010).

One of the most important parameters effect on
drop modulus is confinement stress as with increasing
this parameter, the rock mass behaviors become more
and more ductile and finally behave ideally plastic
(Rummel and Fairhurst 1970) and drop modulus tend
to zero and with decreasing the confinement pressure,
the rock mass behavior tend to brittle and the drop
modulus increases to infinite. The conclusion of
Seeber Carranza-Torres and Fairhurst (2000) showed
that ideally plastic behavior, without strain softening

post failure, may be expected when the confinement
pressure a3, is equal to or greater than one-fifth of the
axial stress at failure (Fig. 7).

Assuming the failure criterion of Hoek and Brown,
based on Seeber’s condition, the relation between the
confinement pressure and the uniaxial compressive
strength o, of the intact rock can be obtained (Egger
2000). This relation can be approximated by:

0. M
03 crit 2 16 b (9)

where, my, is the product of a parameter m depending
on the lithology, with a reduction factor depending on
the degree of fracturing of the rock.

As mentioned above it has been observed in the field
that the deformability post-failure behavior of rock
masses is highly dependent on rock mass quality and
confinement stress. Based on these observations, the
following values proposed by Alejano et al. (2009,
2010) to estimate the drop modulus of the rock mass
according to the peak rock mass quality given by GSI
peak and to the level of confinement stress expressed in
terms of the rock mass compressive strength given by

v/ sPeak . g ... The values obtained thus take into account
the assumption of a continuous trend, from brittle
behavior in high-quality rock masses subjected to
unconfined conditions, to pure ductile behavior in
poor-quality rock masses for extremely high confine-
ment stresses. The value of the drop modulus depends
on the deformation’s modulus E,,,, according to:

M=w-E,, (10)
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Fig. 7 Dependence of the post-failure behavior of granite samples on the confinement pressure. a Results of a numerical simulation of

the 3-axial tests. b Schematic behavior (Egger 2000)

The value of the ratio @, depends on the GSI” ik and
confinement-stress level and can be estimated accord-
ing to:

-1
pea g3
» — [0.004660.0768.651 k} ( )
Visrek - g (11)

o
for ———— >0.1
\/ speak . Oci

-1
— 0.0768.Gspeek | (93
o = [0.0046¢ } (2 ot 0.05)

% <01

Vspeak . g T

for
(12)

The deformation modulus E,, can be obtained
by following Hoek and Diederichs approach (2006)
because more effective factors on deformability

M =508 GsI =7

If confinement stresses is not considered in calcu-
lation, the drop modulus can be estimated according to
Eq. 13:

Erm
for 25 <GSI <75 (14)

A more complex approach to estimate of drop
modulus, including the effect of g;, is:
E}’I’ﬂ
M= T
0.0812(GSI + “4j5™) — 7.66 (15)
for20<GSI <75

The following equation is used as a first
approach to estimate the drop modulus, if one uses
more complex strain softening models with con-
finement stress dependent drop modulus (Alejano

et al. 2009, 2010):

such as the elastic modulus of intact rock Ei, 1000 - E
disturbance factor D and GSI were used in this M = GSI - 03 + 75 - GSI — 22505 — 5875 (16)
equation. for 25 <GSI <75
1 —% The most complex equation to estimate the drop

Evm = Enm - (Z2p=ast) (13) modulus is defined as:

I +e\" 1 :

Erm

M = (17)

8—0.08-GSI 1000

8.66—0.0812-(GSI+0i(apa _ _
1 — H ( ( >)} ) [(225 GSI) o3 + (55 ()éGGSI)]
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Fig. 8 The relation between the drop to deformation modulus
ratio and rock load in non squeezing ground condition

The Eq. 17 is used for GSI ranges from 20 to 75 and
more effective factors such as GSI, confinement stress,
03, unixial strength of intact rock o, are applied in
this equation (Alejano et al. 2009, 2010).

All mentioned equations were used to estimate the
drop modulus in this paper.

4 Estimating of Rock Load in Non-squeezing
Ground Condition

In this section based on actual collected data from five
tunnels (140 data, Soleiman Dehkordi et al. 2011,
2013, 2014) the absolute value of the drop to
deformation modulus ratio () was estimated accord-
ing to the next equation:

M
E rm

n= (18)

The drop modulus was estimated using the men-
tioned equations in previous section.

the maximum and minimum of #, varied between
0.004711-9995.03 and it depend on quality of rock
mass and confinement stress so that an increase the
confinement stress and a decrease quality of rock mass
can cause to decrease of 1, and it can be true inversely.

Finally the relation between the rock load and the
drop to deformation modulus ratio, #, in non squeezing
ground condition is estimated according to the next
equation (Fig. 8).

Hp = —0.6311n(ny) + 3.1964 (19)

Based on the statistical analysis, the maximum
correlation between both parameters is achieved using

1123
14
12 2 y=-3. 1|n(X)»3./o‘8L
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Fig. 9 The relation between the drop to deformation modulus
ratio (n) and rock load which is n < 0.1
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Fig. 10 The relation between the drop to deformation modulus
ratio (n) and rock load which is 1 > 0.1

of Egs. 9-11 to estimate the drop modulus. It is
cleared that the amplitude of #, is high and to increase
the correlation between mentioned parameters, the
classification of data based on mentioned parameter is
adopted in two classes including # <0.1 and n > 0.1.
It is shown in Figs. 9 and 10. Based on the regression
analysis, there is an inversely relation between both
parameters and the best correlation is achieved by
logarithmic equations. The Egs. (20) and (21) are
proposed to estimate the rock load:

Hp = —3.2011n(y) — 5.7689 1 <0.1 (20)

Hp = —0.1291n(n) + 1.4729 5> 0.1 (21)

In the next section, the classification of rock mass
with considering the geological strength index [pro-
posed Hoek and Brown (1997) and Osgoui and Unal
(2009)] is performed based on the drop to deformation
modulus ratio () and all data is classified in five
classes as very weak (GSI < 30, ICR < 25, without
filling and 75 <0.01) to very good classes
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Fig. 11 Data frequency of the drop to deformation modulus
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Fig. 12 The relation between the drop to deformation modulus
ratio and rock load in very weak rock mass condition

(65 < GSI <90 and 10 < 5 < 10,000) and the sta-
tistical analysis to estimate the rock load is performed
in any class and at the end, estimation of the rock load
by using of proposed equations of two methods
including without considering the classification based
on the geological strength index (GSI) and with
considering the classification based on the mentioned
parameter is performed and the result of two methods
is compared. The data frequency of the drop to
deformation modulus ratio is shown in Fig. 11.

4.1 Estimating of Rock Load in Very Weak Rock
Mass Condition (GSI < 30, ICR < 25,
Without Filling and n < 0.01)

As mentioned above with decreasing the quality
of rock mass and increasing the confinement
stress, the drop to deformation modulus ratio
intended to zero and the behavior of rock mass
changed to elastic—plastic. In this class (GSI < 30,
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Fig. 13 The relation between the drop to deformation modulus
ratio and rock load in weak rock mass condition
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Fig. 14 The relation between the drop to deformation modulus
ratio and rock load in favorable rock mass condition

ICR < 25, without filling and n < 0.01), the quality
of rock mass was very weak and the rock mass
behavior was elastic—perfectly plastic and the rock
load was very high. Based on the regression analysis,
there was an inversely relation between both pa-
rameters and the best correlation was achieved by
logarithmic equation. It was shown in Fig. 12. The
following equation was achieved to estimate the rock
load:

Hp = —4.7161n(y) — 13.099 (22)

4.2 Estimating of Rock Load in Weak Rock Mass
Condition (GSI < 30, ICR < 25, with Filling
and 0.01 < 5 < 0.05)

In this class (GSI < 30, ICR < 25, with filling and
0.01 < 15 < 0.05), the quality of rock mass was weak
and the rock load was high and the rock mass behavior
tend to elastic—strain softening slowly. Based on the
regression analysis, there was an inversely relation
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between both parameters and the best correlation was 14 FRrYNTEETE)
achieved by logarithmic equation. It was shown in 12 * R?=0.7081
Fig. 13. The Eq. (23) was proposed to estimate the ! B 3
rock load: E 08 s *
£ o6 =

Hp = —2.901 In(n) — 4.7481 (23) Z; R \‘{\i\

0 3
4.3 Estimating of Rock Load in Favorable Rock 10 100 1000 10000

Mass (0.05 <5 <0.1 and 30 < GSI < 50) | m/E |

In this class (0.05 <y <0.1 and 30 <GSI <50), the
condition of rock mass was favor and the rock mass
behavior was elastic—strain softening and the rock load
decreased. Based on the regression analysis, there was
an inversely relation between both parameters and the
logarithmic equation was proposed to estimate the
rock load (according to Fig. 14). The next equation
was achieved to estimate the rock load:

Hp = —2.9431n(n) — 5.0557 (24)

4.4 Estimating of Rock Load in Good Rock Mass
(0.1 <1 <10 and 50 < GSI <65)

The rock mass condition of this class was good and the
rock mass behavior tends to elastic—brittle and the rock
load was low. According to Fig. 15, there was an
inversely relation between the drop to deformation
modulus ratio and rock load and the logarithmic
equation was proposed to estimate the rock load. The
Eq. 25 was achieved to estimate the rock load:

Hp = —0.091In(n) + 1.5052 (25)
2 v=-0.091In(x) + 1.5052
19qe R =0.6466
18 4
L7 o
T 16183
= 15466
21—t —s— * o *
13 S +
12 S .
11
1
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Fig. 15 The relation between the drop to deformation modulus
ratio and rock load in good rock mass condition

Fig. 16 The relation between the drop to deformation modulus
ratio and rock load in very good rock mass condition
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Fig. 17 Location map of Guledar dam site (Basarir 2006)

4.5 Estimating of Rock Load in Very Good Rock
Mass Condition
(10 <1< 10,000 and 65 < GSI <90)

It is cleared that increasing the quality of rock mass
and decreasing the confinement stress, caused to the
drop to deformation modulus ratio tend to infinity and
the behavior of rock mass changes to elastic—brittle. In

@ Springer
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this class (10 <5 <10,000 and 65 < GSI <90), the
quality of rock mass was very good and the rock mass
behavior was elastic—perfectly brittle and the rock load
intended to zero. Based on the regression analysis,
there was an inversely relation between both pa-
rameters and the best correlation was achieved by
logarithmic equation. It was shown in Fig. 16. The
following equation was proposed to estimate the rock
load:

Hp = —0.1181n(n) + 1.3692 (26)

4.6 Validation of Proposed Method to Estimate
the Rock Load

Validation of proposed method is adopted using of the
diversion tunnel information of the Sulakyurt dam of
Turkey. The Sulakyurt dam site constructed on the
Taret0zii stream, in the central part of Turkey (Fig. 17,
Basarir 2006). The length of the diversion tunnel is
260 m and the tunnel diameter is 3 m (Basarir 20006).
It is located within Sulakyurt magmatic, consisting of
the granite and diorite rock masses of Palaeocene and
Quaternary deposits. Granites and diorites are moder-
ately to highly weathered (Basarir 2006). Geology
longitudinal profile of Sulakyurt tunnel is given in
Fig. 18 (Basarir 2006). The properties of rock mass
surrounding the tunnel is shown in Table 5.

The radius of plastic zone in granite and diorite
sections of Sulakyurt tunnel obtained from the

Fig. 18 Geology

longitudinal profile of m SE
Sulakyurt tunnel (Basarir 790
2006) 770 BH-14
BH-13 POt
750 Inlet

convergence—confinement and finite element methods
(calculated by Basarir) is shown in Table 6. The drop
to deformation modulus ratio in granite and diorite
sections of tunnel is respectively 0.0495 and 0.0266
and the rock load estimated based on the Eqs. 19 and
22 are respectively 3.85, 5.84 and 3.9, 5.7 m. The
results show that there is good accordance between the
obtained results of the proposed methods with the
convergence—confinement and finite element methods
(calculated by Basarir 2006). Also the correlation of
Egs. 19 and 20 is higher than other equations
(estimated based on proposed method with consider-
ing the classification based on GSI) so it is proposed
that the mentioned equations are used to estimate the
rock load.

5 Conclusion

Strain-softening behavior was used to model of rock
mass in this paper because perfectly brittle or elastic—
brittle—plastic and perfectly plastic models are special
cases of this behavior. By reason it is strongly capable
to represent the macroscopic results commonly ob-
served in practice. The results of model showed that
increasing the quality of rock mass and decreasing the
minimum principal stress can cause to increase the
drop to deformation modulus ratio () and decrease the
rock load, H,, inversely, because the rock mass
behavior changes from elastic plastic to elastic brittle

NW

Outlet

Alluvium

E] Granite

-~ Fault

Diorite

Table 5 Geomechanical properties of Sulakyurt diversion tunnel (Basarir 2006)

Lithology GSlpeak o.; (MPa) m S Y (KN/m%) oy (MPa) Erm (GPa) D oy (MPa)
Granite 16-24 (19) 74 0.56 0.0016 2.7 1.12 3.9 0 1.12
Diorite 12-18 (16) 60 0.36 0.0010 2.68 1.12 3.10 0 1.12

@ Springer



Geotech Geol Eng (2015) 33:1115-1128

1127

Table 6 The radius of plastic zone in granite and diorite
sections of Sulakyurt diversion tunnel (Basarir 2006)

Lithology Type methods Radius of
plastic zone
(m)
Granite Convergence—confinement 3.02
Numerical methods (finite 2.54
element)
Diorite Convergence—confinement 4.88
Numerical methods (finite 3.96
element)

and drop modulus intended to infinite and it can be
true inversely. Based on the statistical analysis, the
maximum correlation between both parameters was
achieved using of Egs. 9-11 to estimate the drop
modulus. Finally the relation between the rock load
and the drop to deformation modulus ratio, #, in non
squeezing ground condition is estimated. It is cleared
that the amplitude of #, is high and to increase the
correlation between mentioned parameters, the clas-
sification of data is performed in two methods, in the
first method, all data is classified in two classes such as
7 <0.1 and # > 0.1 and in the second method, all data
is classified in five classes [according to the proposed
classification by Hoek and Brown (1997) and Osgoui
and Unal (2009)] as very weak (GSI < 30, ICR < 25,
without filling and 10 <# <0.01) to very good classes
(1<10,000 and 65 < GSI<90). Also a statistical
analysis is performed to estimate the rock load using
the mentioned parameter (1) in any class. The result
shows that there is an inverse relation between both
parameters and the best correlation is achieved using
of logarithmic equations to estimate the rock load.
Also the correlation of first equations obtained from
the first method (including two classes such as # < 0.1
and n > 0.1) is higher than other equations (including
five classes) so it is proposed that the mentioned
equations are used to estimate the rock load. Finally, it
is emphasized that the empirical relation should not be
used alone for design purpose.
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