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Abstract

The drop modulus is defined as the slope for the softening stage of the stress—strain curve of rock mass. Estimation of the
mentioned parameter is very difficult because it is related to many parameters such as intact rock properties, quality of rock
mass, confinement stress and etc. In this study, based on the actual collected data from Nosoud and Zagros tunnels in Iran,
new empirical equations to predict the drop modulus of rock mass using the brittleness indexes is proposed. The results show
that there is a direct relation between both parameters and the best correlation between them is achieved using the Altindag’s
brittleness index, BI3, to estimate the drop modulus. Finally, the relation between the drop modulus with the brittleness index
of intact rock and geological strength Index of rock mass is estimated and a new equation to estimate the drop modulus using

both mentioned parameters is proposed.

Keywords Drop modulus - Brittleness index - GSI - Strain softening behavior

Introduction

The area under stress—strain curve is called strain energy.
In predicting the in situ performance of an excavation, it
would be expected that excavating underground spaces
induced local response in surrounding rock mass of exca-
vations that it would depend on both the volume of rock
subject to induced stress and the magnitude and distribu-
tion of the stress components in the affected volume. They
are incorporated in the static strain energy increase (AW,).
For the elastic analysis, the increase in static strain energy
was equivalent to the energy released by excavation (W,).
However, local rock fracture which occurs around excavation
consumes some of the released energy. If a fracture does not
occur, AW,=W,. If fracture occurs, the rock fracture energy,
Wi, reduces the stored energy, such that W= AW, + W,. Ulti-
mately, in the case of extensive rock fracture, all the released
energy may be consumed in rock disintegration (Brady and
Brown 2005). The energy balance conditions of the rock
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mass in post-failure regions was considered by Tarasov and
Potvin (2013). The energy in the post-peak stage can be clas-
sified into three types according to Fig. 1: the elastic energy
(colored green) is the stored and released elastic energy in
the material during loading and failure, the rupture energy
represented by the orange areas is the shear rupture energy
under confinement, and the additional energy (in yellow)
represents the absorbed or released energy during failure
(Tarasov and Potvin 2013 and Decheng; Zhang et al. 2016).

The failure process can be classified into two types
according to the value of drop modulus (Wawersik and
Fairhurst 1970). In Class I failure mode, the material con-
tinuously deforms, absorbing extra energy (yellow areas)
during the load application to progress the failure process,
while in Class II failure mode, the failure is characterized by
strain recovery and release of energy, which can be seen as
self-sustaining (Decheng Zhang et al. 2016). It was shown
in Fig. 2.

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
(Hoek and Brown 1997):
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Fig. 1 Post-peak energy balance for Class I and Class II failure on
stress—strain curve, Tarasov and Potvin (2013) and Decheng Zhang
et al. (2016)

a) For very good quality hard rock masses, with a high
GSI value (GSI> 75), the rock mass behavior is elastic
brittle.

b) For averagely jointed rock (25 < GSI<75), the strain
softening.

c¢) For very weak rock (GSI <25), the rock mass behaves in
an elastic perfectly plastic manner (according to Fig. 3).

The brittle and perfectly plastic behaviors are special
cases of the strain softening behavior because the strain sof-
tening behavior can accommodate brittle and perfectly plas-
tic behaviors (Alejano et al. 2009). The slope for the soften-
ing stage or drop modulus is denoted by M. If this parameter
tends to infinity, perfectly brittle behavior appears, whereas
perfectly plastic behavior is obtained if this modulus tends
to zero (Alejano et al. 2009)..

Cai et al. (2007), proposed estimating the residual
strength of rock masses by adjusting peak GSI to the residual
GSI value by using of two major controlling factors in the

ClassII failure
|

Table 1 Initial approach to GSI

roughly estimating GSIres peak O
starting only from the GSIpeak 75 35-45
(Alejano et al. 2010) 70 30-40
60 28-37
50 25-33
40 23-30
30 21-27
25 20-25

GSI system including residual block volume Vrb and resid-
ual joint condition factor Jrc. To obtain Peak failure criterion
can be used of GSIpeak in Hoek and Brown equations and
the residual failure criterion is similarly obtained by chang-
ing the value of the peak geotechnical quality GSIpeak to
that of the residual geotechnical quality GSIres. The guide-
lines given by Cai et al. (2007) used to estimate GSlres is
mentioned in Table 1.

One of the most important parameters affecting the post-
peak behavior of rock mass is the confinement stress which
affects the rock mass behavior. With the increased confine-
ment stress the rock mass behavior becomes more and more
ductile and finally it behaves as ideally plastic (Rummel and
Fairhurst 1970) and the drop modulus tends to zero. With

Class I failure

E<M< 4+
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Fig.2 Two type stress — strain curve of rock mass based on the drop modulus (Class I and Class II failure), Tarasov and Potvin (2013) and Dech-

eng Zhang et al. (2016)
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decreased confinement pressure, the rock mass behavior
tends to brittle and the drop modulus increases to infinite.
The conclusion of Seeber (1999) showed that ideally plas-
tic behavior, without strain softening post failure, may be
expected when the confinement pressure o5, is equal to or
greater than one-fifth of the axial stress at failure (Egger
2000). It is shown in Fig. 4).

Assuming the Hoek and Brown failure criterion, based
on Seeber’s condition, the relation between the confinement
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Poisson’s ratio, v, does not usually affect the rock behav-
ior to a significant degree, so standard values in the range
0.25-0.35 are likely to be valid for any approach (Alejano
et al. 2009). As mentioned by Alejano et al. (2009), the value
of the drop modulus depends on the deformation’s modulus
E, ., according to:

M=-o-F,. )

The value of the ratio @ depends on the GSI peak and
confinement-stress level and can be estimated according to:

> 0.1, 3)

03

“

pressure and the uniaxial compressive strength o, of the
intact rock can be obtained (Egger 2000). This relation can
be approximated by:
!
T (1)
where m,, 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 post-failure deformability behavior of rock masses
is highly dependent on the rock mass quality, deformation
modulus and confinement stress. Based on these observa-
tions, the following values proposed by Alejano et al. (2009)
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 byy/ sPeik - o

Fig.4 Dependence of the
post-failure behavior of granite
samples on the confinement
pressure. a Results of a numeri-
cal simulation of the 3-axial
tests. b Schematic behavior
(Egger 2000)

Oy O,
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If the confinement stress is not considered in calculation,
the drop modulus can be estimated according to Eq. 5 (Ale-
jano et al. 2009):

E
M = ————— TFor25 < GSI < 75.

0.08.GSI -7 )

A more complex approach to estimate the drop modulus,
including the effect of 6 is (Alejano et al. 2009):

E
= m For20 < GSI < 75.
0.0812(GSI+

O¢i(MPa) ) _ 766

10

M

(6)

The following equation is used as a first approach to esti-

mate the drop modulus, if one uses more complex strain

softening models with confinement stress dependent drop
modulus (Alejano et al. 2009):

1000 - E
M= For25 < GSI < 75.
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The most complex equation to estimate the drop modulus
is defined as (Alejano et al. 2009):

E

m

M

brittleness. Determination of rock brittleness is not simple
because its concept is not standardized. The determination of

8-0.08 -GSI 1000

= 1— [[8.66—0.08124(GSI+ gci(wﬂ))] ‘ [(225—(;51) ot (55_0.6(}51)]] . (8)

The Eq. 8 is used for GSI ranges from 20 to 75 and more
effective factors such as GSI, confinement stress, 65, uni-
axial strength of intact rock 6 are applied in this equation
(Alejano et al. 2009).

In this paper, the deformation modulus, Erm, can be
obtained from Hoek and Diederichs approach due to using
more effective factors on deformability such as the elas-
tic modulus of intact rock, E;, disturbance factor, D, and
GSI in this equation (Hoek and Diederichs 2006; Soleiman
Dehkordi et al. 2011, 2013, 2015a, 2015b).

1-2

2

Erm = Ei ’ 75+25D—GSI > (€))
1+e( 1 )

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

The aim of this work is to estimate the drop modulus
using the brittleness index of intact rock and Geological
Strength Index of rock mass based on the actual collected
data from Nosoud and Zagros Tunnels in Iran.

Brittleness indexes

Brittleness is a comprehensive mechanical properties of
rocks. Several definitions of brittleness index were proposed
by many authors but there is no agreement between different
authors about the definition and measurement methods of

Fracture
f Ductile

Fracture

Stress

Strain

Fig.5 Graph comparing stress—strain curves for brittle and ductile
materials, (Perez and Marfurt 2014)
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brittleness index is largely empirical. Brittleness index was
defined by Morley and Hetényi as the lack of ductility. The
brittle and ductile behavior of rocks is determined based on
the stress—strain curve of rocks as shown Fig. 5, (Perez and
Marfurt 2014).

Materials and many rocks usually terminating by fracture
at or only slightly beyond the yield stress defined as brittle
(Obert and Duvall 1967). Different definitions of brittleness
are summarized by Hucka and Das (1974). They also defined
a brittleness obtained from load—deformation curves. Ram-
say (1967) defines brittleness as follows: ‘‘when the internal
cohesion of rocks is broken, the rocks are said to be brittle.”’
It is cleared that increasing the brittleness index can cause
to make the following phenomena:

Low values of elongation of grains;

fracture failure;

formation of fines;

higher ratio of compressive to tensile strength;
higher resilience;

higher angle of internal friction;

formation of cracks in indentation.

The brittleness index is evaluated based on measurements
or tests, such as tensile strength and compressional strength
test, and hardness measurements. It is applicable to obtain
the stress—strain curve which can be used to determine the
brittleness.

As Fig. 5 shows, a material is brittle if, when subjected
to stress, it breaks without significant deformation. Brittle
materials absorb relatively little energy prior to fracture,
even those of high strength. Meanwhile, ductility is a solid
material’s ability to deform under stress. In elastic region,
the relation between the applied stress which is directly pro-
portional and the resulting strain (up to a certain limit) can
be explained by a graph in which those two quantities are
presented as a straight line (red line). The slope of this line is
known as Young’s modulus (E). It can be used to determine
the stress—strain relationship in the linear elastic portion of
the stress—strain curve. In plastic region, plastic deforma-
tion is retained after the release of the applied stress. Most
materials in the linear-elastic category are usually capable of
plastic deformation. Brittle materials, like ceramics, do not
experience any plastic deformation and will fracture under
relatively low stress. In literatures of material science, the
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Fig.6 Brittle and ductile fracturing, Broek (1986) and Nejati and
Moosavi (2017)

brittleness calculating methods mainly use tests results/data
of rock strengths (compressional strength & tensile strength)
or hardness.

Figure 6 schematically depicts the difference between the
brittle and ductile fracturing. state of stress and loading rate
have substantial influences on the material brittleness, to a
large extent, ductility and brittleness depend on the intrinsic
characteristics such as mechanical composition and micro-
structure, Broek (1986) and Nejati and Moosavi (2017).
It should be mentioned that ductile fracturing hardly ever
occurs in rocks. The ductile fracturing phenomenon is usu-
ally observed in metals, whereas most rocks behave as brittle
under the normal conditions. However, not all rocks have the
same brittleness value, and rocks can be categorized into
different brittleness classes, Nejati and Ghazvinian (2014).

In previous years, some researchers have attempted to
correlate brittleness index with other mechanical properties
of rocks. For example, brittleness was presented as a func-
tion of rock strain by George (1995). Another strain-based

approach is to define brittleness as reversible strain to total
strain ratio (Hucka and Das 1974). Hucka and Das (1974)
stated that brittleness can be determined from Mohr’s enve-
lope at zero normal stress. Protodyakonov (1963) believed
that brittleness values can also be determined from Proto-
dyakonov impact test (Singh 1986).

Yagiz (2009) developed an empirical method as a func-
tion of strengths (UCS and BTS) and density of rock to esti-
mate the brittleness index of rocks using the punch penetra-
tion test. Further, Yagiz (2009) modified punch penetration
test to directly measure rock brittleness. Brittleness index is
often determined based on Brazilian tensile strength (BTS)
and uniaxial compressive strength (UCS) of rock in engi-
neering practice (Hucka and Das 1974; Singh 1986; Altin-
dag 2002; Kahraman 2002; Gong and Zhao 2007; Heidari
et al. 2014). Although a large number of rock brittleness
measurement methods have been suggested in the literature,
still it has not yet been standardized. What follow, are the
three common strength-based approaches to measure the
brittleness index of rocks (BI;,—BI):

Oc
BI, = -<,
1 o, (10)
BL=2¢_ 1)
o.+ o0,
0.0
Bl,=——L.
== (12)

Equations (10) and (11) have been proposed by Hucka
and Das (1974) and Altindag (2002) has presented Eq. (12).
where BI1, BI, and Bl; is the brittleness Indexes determined
from compressive and tensile strength, o, is the uniaxial
compressive strength and o, is the tensile strength. As it
may be seen in Fig. 7, in general, brittleness indices, BI;
and BI, are not able to describe a scale of brittleness with
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Fig. 7 Relations between compressive-to-tensile brittleness indices a BI1, b BI2 and ¢ BI3 with unconfined compressive strength. Data from

Literature (Howarth 1987; Paone et al. 1969; Munoz et al. 2016)
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Table 2 Summary of current brittleness index definitions, generated by Decheng Zhang et al. (2016)

Formulae Variable Test method
BI, =g, /e, g, and g, are elastic and total strain at failure Stress Strain test
BL =W /W, W, and W, are elastic and total energy at failure
BI; =¢,;#100% g;; is absolute irreversible longitudinal strain at failure
BI, = s 7, and 7, refer to the peak and residual shear strengths
T
Bl = el g;” and g ? refer to the Plastic strains at wich the friction strength if
e’ fully mobilized end the cohesive strength reduces to the residual
value
Bl = Eyvy E, and v, are normalized youngs modulus and poissions ratio
2
BIL, = £ E is young’s modulus
Y v is poisson’s ratio
Bl = E p is density
v
Bl, = M-E E is the unloading elastic modulus
M
Bl,, = £ M is the post-peak elastic modulus
M
BI,; = o6 /o, 6., 6 and 6, are unconfined compressive strength and tensile
strength respectively
— %% 18 51
BI,, = e p is density
Bl;;=0.6,/2 UCS and Brazilian tensile

BI,, =0.198 6.— 2.1745,+ 0.913p- 3.807

Bl,s = Fr;ax F . Maximum applied force Punch Penetration test
P: corresponding penetration at F,,
Bl,, =qo, o.: unxialcopressive strength Proto-dyakonov impact test
q percentage of fines(< 0.6mmm in diameter)
BL. = ufl H ,andH are the micro and macro indentation hardness Hardness test
7= "k #
K is the bulk modulus
Bl = % Q Quartz Mineralogical logging or XRD
o+CH C carbonate
Bl,g = —_ O+Dol Cl clay
Q+Dol+Lm+CI+TOC

Waorn+Wean . Worm+Weatcite +Waolomite
IS

BL, =
20 Wit Wi

BL,; = — 1.8748*¢p+ 0.9679
BI,, =sinf

’ b
b _ ( o, max
OCR? = (T, )

Dol dolomite

Lm limestone

Toc total organic content

Worm ¢ weightofquartz.feldesparandmica

W ap: Weight of carbonate minerals including dolomite, calcite and
other carbonate mineral

W, : weigth of totalminerals
¢ is the internal friction angle Lab test or well log data
0 is the internal friction angle

OCR: over-consolidation ratio

o, max and ¢/ are maximum effective vertical stress it has experi-
enced and the current effective vertical stress

Bl,; = b: empirical constant
BL, = 4 A Is lame’s first parameter
247 Jv2u .
u is shear modulus
Bly=£ E is Young’s modulus

A

rock compressive strength increasing, i.e. a soft rock may
have the same brittleness BI1 and BI2 as a hard rock but
BI3 shows a better correlation with the behavior of rock
mass (Altindag 2009; Altindag and Guney 2010; Munoz
et al. 2016).
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Several equations was proposed to estimate the brittleness
index and it was briefly shown in Table 2 (Decheng Zhang
et al. 2016).

The aim of this work is to propose the drop modulus
using the brittleness indexes (Eqs. 10-12) and geological
strength index of rock mass, GSI, based on the actual col-
lected data from Nosoud and Zagros tunnels in Iran.
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Fig.8 Location of study area in Iran (red line is the tunnel route)
(Sahel Consulting Eng., SCE 2011; Fatemi Aghda et al. 2016)

Project description and geology

In this section, engineering geology and characteristics of
Nosoud and Zagros tunnels of Iran is described respectively.

Nosoud tunnel

Nosoud tunnel with a length of 14 km and 4.5 m diameter is
located in Kermanshah Province of Iran (Fig. 8).

According to the Nogole-Sadat and Almasian’s (1988)
division, the study area is a part of two geological zones:
Zagros Folded Belt and Northern Zagros thrust. Major fault
zones along the tunnels are located in Zagros Folded Belt
zone (more than 95%) and a small section at the end of the
tunnel route is located in the Northern Zagros zone. Rock
formation in the study area includes a collection of sedimen-
tary rocks consisting of limestone, argillaceous, and shale
deposited during a long time period (Jurassic-Cretaceous).
The profile of geology and geological map of Nosoud tunnel
is presented in Fig. 9 (Fatemi Aghda et al. 2016).

Ten sections of engineering geology can be seen along
the route of tunnel. Some intact rock and rock mass proper-
ties characterization as well as rock mass classifications such
as rock mass rating, RMR (Bieniawski 1989), quality sys-
tem, Q, (Barton et al. 1974) and geological strength index,
GSI, (Hoek 1994) systems were performed on the engineer-
ing geological units of Nosoud tunnel (Table 3).

Five types of rock masses were identified along the tun-
nel alignment: (a) Type 1: layered and jointed alternation
of thin-bedded limestone and shale with massive limestone
which constitutes 59% of the tunnel length. (b) Type 2:

massive to blocky dark gray limestone which constitutes
8.5% of the tunnel length. (c) Type 3: layered and jointed
alternation of thin-bedded limestone with shale which con-
stitutes 18% of the tunnel length. (d) Type 4: layered and
jointed dark gray thin-bedded limestone which constitutes
11% of the tunnel length. (e) Type 4-1: faulted thin-bedded
limestone which constitutes 3.5% of the tunnel length. For-
mations including J1Kh, J4Kh, J5Kh, and Kgr were identi-
fied with a high quantity of shale and argillaceous limestone.
In addition, J2Kh, J3Kh, J6Kh, K? bg, and Kbg formations
consist of a high percentage of lime and their strength is
higher than shale and argillaceous limestone (Fatemi Aghda
et al. 2016).

Zagros tunnel

Zagros long tunnel (lot 2) with a length of 26 km and about
6.73 m diameter is located in Kermanshah Province in the
west of Iran (Fig. 10).

This tunnel has been designed to transfer water (maxi-
mum discharge of 64.4 m%/s) from the Sirwan River to
the tropical plains such as the Zohab plain. According to
1:100,000 Geological Map of Kermanshah (KarimiBavan-
dpur and HajiHoseini 1990) (Fig. 10), geological formations
in the tunnel route are Jurassic units (Ilam Formation), Cre-
taceous limestone units, Gurpi Formation, Garu Formation,
Khami Group, and Pabdeh Formation (Fig. 11).

These formations mainly consist of dark gray shale, shaly
limestone, and limestone rocks. The study area is located in
the Zagros Fold Thrust Belt (Berberian 1995). Arabian plate
compressional tectonic forces have created several faults and
thrust faults with NW-SE trend in the study area. The tunnel
strike is NESW, so that cuts vertically the trend of region
structures. Based on some characteristics such as lithology
of layers, differences of structural features and geotechni-
cal characteristics, 16 engineering geology units have been
distinguished in the study area (Table 4).

To study of strength properties of rock masses, a num-
ber of boreholes were drilled. Also, several core and block
samples were selected for laboratory studies. Some of the
geotechnical characteristics of intact rock to evaluate brit-
tleness are presented in Table 5.

Data analysis

Rock mass classifications such as RQD, Q and GSI sys-
tems have been performed in Nosoud and Zagros tunnels
(according to Tables 3, 4). Also, some of the geotechnical
characteristics of intact rock to evaluate the brittleness index
in Nosoud and Zagros tunnels are respectively presented in
Tables 3 and 5. The data obtained from Sahel and Imensazan
Consulting Engineers Companies 2008. As mentioned above
the drop modulus is a function of several parameters such as
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Fig.9 Geology of the tunnel area and a longitudinal geological section along the tunnel (Sahel Consulting Eng. 2010, Fatemi Aghda et al. 2016)

intact rock properties, quality of rock mass and confinement
stress. The calculation of brittleness values and generation
of the plots were done by the authors.

Estimation of the drop modulus in Nosoud
and Zagros Tunnels using the brittleness indexes

The main purpose of this section is to predict the drop modu-
lus using the brittleness indexes in Nosoud and Zagros tun-
nels. For this reason, 69 and 27 sections in different zones
of Nosoud and Zagros tunnels were respectively considered
and estimation of the drop modulus, M, was conducted using
actual information of mentioned tunnels. The regression

@ Springer

analysis is used to investigate the kind of relations between
M and BI, BI, and BI; without considering the post-failure
behavior of rock mass. As illustrated in Figs. 12, 13 and 14,
there are no clear relations between M and BI, and BI, in any
tunnel and a direct relation between M and Bl; is achieved in
Nosoud and Zagros tunnels. It is cleared that the maximum
correlation between the drop modulus and the brittleness
indexes is obtained using BI3 index to estimate the drop
modulus (as shown in Table 6). As mentioned above the
drop modulus is related to the rock mass conditions such as
quality of rock mass, confinement stress and etc. By reason,
in the next section, the relation between the drop modulus
with the brittleness index of intact rock and GSI, as index
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Table 3 Intact rock, rock mass properties and rock mass classifications (Sahel Consulting Eng., SCE 2011; Fatemi Aghda et al. 2016)

Engineering  Dry den-  Saturated Elastic Poisson ratio Cohesion Internal Dilata- Porosity (%) Perme- Q GSI
geological sity (kN/  density (KN/ modulus (kN/m?)  friction tion ability
units m’) m’) (kN/m?) angle angle (m/s)
jf” 25 26 1.35 %107 0.25 0 30 0 10 1x107 35 45
JkH 26 26.5 2x10’ 0.25 0 30 0 10 Ix107 2 37
Jf” 26 26.5 1.45x10’ 0.210 0 30 0 3 1x107 24 50
JfH 25 25.5 1.15x10 0.13 0 30 0 7.5 1x107 2.25 37
Jé(H 27 27.5 4x10° 0.270 0 30 0 3 1x107 2 40
J(’)(H 27 27.5 1x107 0.240 0 30 0 1.25 1x107 2775 47
Kgr 25 25.5 2.60x10’ 0.1 5 35 0 4 1x107 255 42
Kbg 26 26.5 3%107 0.1 0 30 0 4.5 1x107 1.8 45
Kzg 25 26 2x107 0.1 0 35 0 1.25 1x107 45 50
Mz 26 26.5 3.50x10° 0.25 0 30 0 1.5 1x107 0.75 35
M.F.Z 27 27.5 1x107 0.24 0 30 0 8 1x107 0.5 325
B.B.F 26 26.5 2x107 0.25 0 30 0 7.5 1x107 05 30
45°30 46° 46°30 relation between both parameters. It was cleared that increas-
N \‘-\ ‘ ing the quality of rock mass can cause to increase the brit-
' ‘ Y Iran tleness index because the post-peak behav%or is brittle and it
,‘) et is true inversely. In the previous section, it was shown that

\ | |

i < /
/2.0 < . A
o — h«n\ il _ Kuzaran

{ asr-e § Sarpol-e Zahab

————— Sidetrack

34° 30

Mainroad @ Village 8 City

=== lat2 Tatl

Fig. 10 Location map of the study area (Sahel and Imensazan Con-
sulting Engineers Companies 2008)

parameter to estimate the quality of rock mass, is simultane-
ously investigated in any tunnel.

Estimation of the drop modulus in Nosoud
and Zagros Tunnels using the brittleness indexes
of intact rock and quality of rock mass

As mentioned above, the drop modulus parameter is highly
related to the quality of rock mass and there is a direct

BI; is the best parameter to estimate the drop modulus so it
is used in this section. Also, the classification of rock mass
is done by using of GSI and all rock masses of both tunnels
was classified in the average class and the post-peak behav-
ior of rock mass is assumed strain—softening. As shown in
Fig. 15, there is a direct relation between the drop modulus

with ( BI;-GSI

100
achieved using the power and exponential equations in
Nosoud and Zagros tunnels to estimate the mentioned
parameter. Based on the regression analysis, it is cleared that
the correlation coefficient of new proposed equations in any
tunnel is better than the previous mentioned equations
(according to Table 7).

) and the maximum correlation was respectively

Estimation of the drop modulus using
the brittleness indexes of intact rock
and the geological strength index of rock mass

In this section, in the first step, estimation of the drop modu-
lus is accrued using the brittleness indexes of intact rock
of mentioned tunnels. The regression analysis was applied
to find the best relation between mentioned parameters. As
shown in Fig. 16, the relation between both parameters is
direct and the best correlation between them was achieved
using the polynomial equation to estimate the drop modulus
(according to Table 8).

@ Springer
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Fig. 11 Longitudinal geological profile of Zagros long tunnel, (Sahel and Imensazan Consulting Engineers Companies 2008)

Table 4 The estimated rock
mass classification systems

Engineering geol-
ogy unit

Lithology Rock mass classification systems

(Sahel and Imensazan RQD (%) RMR GSI ]

Consulting Engineers

Companies, SCE 2008 and ICE SH-ML1 Shale, marly limestone 70 48 40 3.25

2008) SH-ML3 Shale, marly limestone 60 44 43 2.2
ML-SH2 Marly limestone 65 48 47 2.7
ML-SH3 Dark marly limestone and shale 60 46 40 2.5
ML-SH4 Shale, marly limestone 70 50 43 39
ML-SH5 Shale, marly limestone 80 65 50 5.8
SH-LS1 Shale, limly shale 60 40 37 2.75
SH-LS2 Shale, limly shale 60 50 44 2.7
SH-LS4 Shale, shaly, limestone, sandstone 75 48 43 1.94
L12 Limestone, shaly limestone 85 57 57 4.68
L13 Limestone 87 57 58 5.63
L14 Limestone 72 50 44 2.34
L15 Limestone 84 54 50 5.31
LI-MA Limestone, marl 68 41 38 1.46
LI-SH Limestone, shale, gypsum 65 42 48 2.71
L16 Limestone 95 66 60 11.88

Finally, based on the actual collected data from both men-

tioned tunnels, the relation between the drop modulus with
BI,-GSI
100

) is reviewed and the next polynomial equation is

@ Springer

achieved between them (according to Fig. 17). As shown in
Table 8, The most useful equation to estimate the drop mod-
ulus was achieved using the BI; and GSI because it is a
function of both parameters.
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Table 5 Average values of physico-mechanical properties of the tun-
nel route rocks (Sahel and Imensazan Consulting Engineers Compa-

nies, SCE 2008 and ICE 2008)

Engineering N (%) P (KN/m? BTS (MPa) UCS (MPa) E (GPa)

geology unit

SH-ML1 12.10 24.03 2.25 22.5 5.00
SH-ML3 12.50 23.54 1.50 15.0 5.05
ML-SH2 7.50  23.05 2.30 22.5 5.75
ML-SH3 7.80 22.07 3.00 37.5 5.70
ML-SH4 8.00 22.56 3.00 22.5 4.95
ML-SH5 4.00 23.54 5.00 75.0 6.25
SH-LS1 7.50 24.03 2.00 22.5 5.10
SH-LS2 8.50 23.54 3.00 40.0 5.50
SH-LS4 7.50 24.03 3.50 37.5 5.00
L12 350 24.72 4.25 120.0 22.5
L13 230 25.02 7.50 125.0 14.0
L14 230 2521 4.25 75.0 7.50
L15 10.00 24.03 4.25 62.5 7.30
LI-MA 250 21.58 2.00 42.5 3.50
LI-SH 2.55 2453 2.00 37.5 3.60
L16 3.00 24.03 7.50 11.5 22.1
5
45 y =-0.0252x2 + 1.6355x - 25.473
i R? =0.204
35 e
g 25
= 2 o 0
3 ,,7—£7J§
: n o Q ° B Q
25 27 29 31 33 35 37 39 41 43

Fi

45 R*=0.2241
4
35
—~ 3
§ 25 Q
Z 2 " 0
15 Q el
! = 77““57”’“"
0 o Q g o
0925 093 0.935 094 0.945 095

BI2

Fi

y =]-11024x? +20722x - 9736.7
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M (GPa)
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Conclusion

In this research, the following results were obtained

120

100

80

60

40

The best correlation between parameters was achieved
when Egs. 2—4 were used to estimate the drop modulus.
Based on the statistical analysis, it becomes apparent
that there are no clear relations between M with BI; and
BI, in any tunnel. Also there is a direct relation between
the drop modulus and BI;.

The classification of rock mass is done by using of GSI
classification and all rock masses of both tunnels was
classified in the average class and the post-peak behavior
of rock mass is assumed strain-softening.

The result shows that there is a direct relation between

the drop modulus with (Bli(')((;’SI

relation was respectively achieved using the power and
exponential equations in Nosoud and Zagros tunnels to
estimate the mentioned parameter.

The most useful equation to estimate the drop modu-
lus was achieved using the BI; and GSI Simultaneously
because it is a function of both parameters.

) and the maximum cor-

y =-0.5237x% + 22.142x

R*=0.3284

-182.82

C

0 20 30

BI1

15 25

g.12 The relations between the drop modulus and BI; in Nosoud and Zagros tunnels of Iran

™~
o
D

y =-9577x% + 17227x - 7709.2

R*=0.2737

0.9 0.92 0.54

g.13 The relations between the drop modulus and BI, in Nosoud and Zagros tunnels of Iran

@ Springer



490 Modeling Earth Systems and Environment (2019) 5:479-492
Nowsoud T Zagros Tunne
5 y =0.0042x1775% 120 -
43 o R?=0.8837 Y= L.7346e ™
4 100 R = G.795§
[} )
35 °
80
z 3 == e
a o F
© 25 e S 60 o A
2 fo) —a = ,/}
0 = 40 -
15 Q » = 8 2 = =
= -
! 0 20 S
05 Gﬁ 8 , Lt 55
09 € 0 Eg——
0 20 40 60 80 100 120 140 0 100 200 300 400 500
BI3 B3

Fig. 14 The relations between the drop modulus and BI; in Nosoud and Zagros tunnels of Iran

Table 6 The proposed relations between the drop modulus and Brittleness indexes in Nosoud and Zagros tunnels of Iran

Tunnel name Proposed equations to estimate M using BI,;

Proposed equations to estimate M using BI,

Proposed equations to
estimate M using Bl

R R R
Nowsoud M = — 0.0252BI,* + 1.6355BI, — 25473 M = — 11024B1,* + 20722BL, — 9736.7 M = 0.0042BL, 5%
0.204 0.2241 0.8837
Zagros M = - 0.5237BI,* + 22.142BI, — 182.82 M = — 9577BL,* + 17227BI, — 7709.2 M = 1.7946¢00088%;
0.3284 0.2737 0.7959
Nowsoud Tu Zagros Tunne
5 120 e
is . y= z:.osszy
. - R® =0.8029
e [*]
35 y=0.0247x1051 30
=3 R?=0.9258 =
825 S 60 o
29 o =
15 Q 09 40 5 E
4 ¢} 20 SIS
05 ) — T
2 = . [<e]
0 o | GE—F
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(BI3.GS1)/100 (BI3*GS1/100)
Fig. 15 The relation between the drop modulus with BI; and GSI in Nosoud and Zagros tunnels of Iran
Both Tunnels
120
Table 7 The proposed equations to estimate the drop modulus using 55
the Brittleness indexes of intact rock and the geological strength 2
index of rock mass in Nosoud and Zagros tunnels of Iran 80 -
—_ y :0,000S\l':OO}:tlx—O,SS'I Q
Tunnel name ( BI,-GSI ) 5 - R2=0.8321 =
Proposed equations with \ 100 =
40
R? Q Q
N d 1.0511 20 0
owsou _ BL,-GSI \ Q P i o)
= 00247255 ) o wolo— 8
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0.8029 Fig. 16 The relation between the drop modulus with BI; in Both tun-
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nels of Iran
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Table 8 the proposed equations
to estimate the drop modulus
using the Brittleness indexes of

Relation types

Proposed equations
R?

. . BI,-GSI
intact rock and using ( 3

Relation between the drop modulus and( 100

100 Relation between the drop modulus and BI;

M= 0.0003B132 + 0.0141BI; - 0.3871
0.8321

_ BLGSI \ 5 BL-GSI\ _
M_o.ooos(—;00 ) +o‘0611(—;00 ) 0.5985

BI;-GSI )

0.8417

120

100

Q
Q
80 : i
. y=0.0008x*+0.0611x-0.5985 o
& R*=08417
S 60 o Q
=
40
Q Q
20 = =
Q " @
o
0 ool
0 50 100 150 200 250 300

BI3*GSI/1100

Fig. 17 The relation between the drop modulus with BI; and GSI in
both tunnels of Iran

6. Finally, based on collected information from both tun-
nels, the relation between the drop modulus and two
indexes such as BI3 and (BI3'GSI

results show a strong)er correlation between the drop

) is investigated. The

BI,-GSI

modulus and ( , because the correlation coeffi-

cients of the mentioned equation is higher than other
equation (proposed equation using Bl;).
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