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 The deformation modulus of rock mass is necessary for stability analysis of rock 
structures, which is generally estimated by empirical models with one to five input 
parameters/indexes. However, appropriate input parameter participation to establish 
a sound basis for a reliable prediction has been a challenging task. In this study, the 
concept of the principal input parameters was developed based on an analytical 
method with an emphasis on in-situ stress. Based on analytical methods, Young’s 
modulus of intact rock, the joint’s shear and normal stiffness, joint set spacing, and 
in-situ stress are introduced as the main principal input parameters. A review of 
seventy empirical models revealed that most of them suffered from a lack of 
analytical parameters. Due to considering practical issues, the geological strength 
index (GSI) is replaced with joint set spacing; moreover, the in-situ stress effect is 
perceived by combining Young’s modulus and joint stiffness with specific confining 
pressure and normal stress, respectively. The integration of the analytical base input 
parameters and practical issues enhanced the reliability of empirical models due to 
the reasonable prediction of the deformation modulus to numerical or analytical 
deformability analysis. 
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1. Introduction 

The rock mass deformation modulus (Df) is a 
vital and indispensable input parameter to the 
design and stability analysis of rock structures 
such as shafts, tunnels, underground caverns, well 
bores, and dams. Df is a mechanical parameter 
that represents the deformation behaviour derived 
from the applied stress and measured strain and 
includes the elastic and inelastic values of an in-
situ rock mass [1]. Generally, the best methods to 
determine rock mass deformation behaviour are 
in-situ tests such as the plate load test and flat jack 
test [2], dilatometer test, and pressure–meter test 
[3, 4], and borehole jack test [5]. Ordinarily, the 
tests above are time–consuming, capital–
intensive, and often difficult to perform [6, 7]. 
The project limitations in terms of cost and time 
are the underlying causes of persuasion to develop 
empirical models that are categorised as an 
indirect approach to estimating ܦ௙ . The main 
steps in developing an empirical model consist of 

the input parameter selection, analyzing approach, 
and control and validation. However, there is a 
lack of consensus among rock engineers due to 
the diverse range of estimated Df by different 
empirical models [8]. It seems the appropriate 
selection of input parameters has a main role in 
creating a strong consensus on the prevailing view 
on empirical models. Over the past decades, 
numerous empirical models with one to five input 
parameters/indices have been presented [9, 10, 11, 
12, 8, 13, 14, 15, 16]; however, the permutation of 
parameters involved in empirical models is 
prominent. It sounds like the simplicity and 
accessibility of factors are the main bases for 
inferring the majority of earlier empirical models. 
In chronological order, Rock Quality Designation 
index (RQD), Rock Mass Rating (RMR), Rock 
Tunnelling Quality Index (Q), Rock Mass Index 
(RMI), and Geological strength index (GSI) are 
the main rock mass classification systems with a 
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contribution of geological characteristics included 
in empirical models, and collectively known as 
rock characteristics statistically influenced Df. 
Although the input parameters have a statistical 
influence, the empirical models are susceptible to 
unacceptability due to a relative lack of 
conceptual parameters. However, the reliability of 
empirical models parallel involving principal 
parameters has an analytical background that is 
rich in data sets.  

The analytical method is an indirect approach 
to estimating Df that is established based on the 
equivalent continuum concept for jointed rock 
masses. The main principle followed by the 
mentioned approach is the similarity of 
deformation; in other words, the sum of the intact 
rock and discontinuity deformations is equal to 
the deformation of the rock mass equivalent 
continuum. Duncan and Goodman [17] perceived 
the rock mass with zero-thickness discontinuities 
whose deformability is described in terms of shear 
(ks) and normal (kn) stiffness. The load-
deformation behaviour of composite materials is 
the base of their derivation. The methodology of 
Duncan and Goodman [17] was utilized later in 
other studies; Kulhawy [18] and Chen [19] 
considered three orthogonal discontinuity sets, 
and Amadei [20], Amadei and Savage [21], and 
Huang et al. [22] perceived non-orthogonal 
discontinuity sets within rock masses. Fossum 
[23] derived the expressions for estimating the 
deformability of rock masses containing randomly 
distributed discontinuities by using the averaging 
procedure for fiber composites. Gerrard [24] used 
the orthorhombic layer theory, which derived 
elastic models of rock masses containing one, 
two, or three joint sets with a given thickness. 
Furthermore, a method was developed for 
considering non-persistent discontinuities for 
estimating the deformability of rock masses by 
Oda [25] and Kulatilake et al. [26]. Based on the 
mentioned analytical models, Young’s modulus of 
intact rock, the joint’s shear and normal stiffness, 
the joint geometry parameters, joint density 

(spacing), orientation (dip and dip directions), size 
and number of joint sets, Poisson's ratio of intact 
rock, and the joint dilatancy factor are the 
participated parameters in predicting the Df. 
Furthermore, the in-situ stress status has an 
indisputable role in Df [27, 28, 29 11, 2, 30, 31] 
because rock mass mainly constitutes intact rock 
and joint sets. In addition, Shahverdiloo and Zare 
[34, 14] mentioned Young’s modulus of intact 
rock depends on confining stress, and the joint’s 
shear and normal stiffness rely on normal stress 
on a joint plan. Therefore, in-situ stress should be 
considered in an empirical model to predict 
deformation modulus [32, 33].  

In this study, based on the analytical method, 
five principal input parameters (PIPs) are 
introduced for empirical models while considering 
practical issues. Moreover, to consider the 
geometry, density, orientation, size, and number 
of joint set parameters, Ván and Vásárhelyi [35] 
proposed that GSI be used instead of joint 
spacing. In addition, the participation of PIPs was 
comprehensively reviewed in seventy earlier 
empirical models. Furthermore, based on the 
authors' studies, Shahverdiloo and Zare [34, 14], 
proposed that the in-situ stress effect on 
deformation modulus is considered indirectly by 
involving confined Young’s modulus and scaled 
joint stiffness in future empirical models.  

2. Methodology 

The deformation properties of intact rock and 
discontinuity obtained by the laboratory or in-situ 
test need to be used in all indirect methods [16]. 
Duncan and Goodman [17] and Goodman [36] 
introduced the concept of “equivalent” continuous 
material, which is the basis of analytical methods 
to introduce the principal influential parameters in 
Df, having the same deformation characteristics 
(u) as the jointed rock mass. However, the joint 
set pattern and the derivation method are the main 
differences between the diverse models (Table 1).  
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Table 1. Analytical models to predict deformation, shear, or bulk modulus. 
 Reference Deformation modulus Shear / Bulk modulus Discontinuity set 

1 Duncan and 
Goodman  [17] 

1
En

=
1
E +

1
knS 

1
Gnt

=
1
G +

1
ksS

 A horizontal 
discontinuity sets 

 Kulhawy  [18] Emi=
1

1
Er

+ 1
kniSi

 Gmij=
1

1
Gr

+ 1
ksiSi

+ 1
ksjSj

 Three orthogonal 
 

3 Fossum [23] 
 Em=

௠ܩ௠ܭ9

௠ܭ3 + ௠ܩ
 

௠ܭ =
௥ܧ

9 [ 
3(1 + ௥ܧ௥)ܵ݇௡2ߴ

(1 + ௥)(1ߴ − 2 ௥)ܵ݇௡ߴ + (1 − ௥ܧ(௥ߴ
] 

 
Randomly oriented 

discontinuities 
௠ܩ

=
௥ܧ

30(1 +  ](௥ߴ
9(1 + ௥)(1ߴ − ௥)ܵ݇௡ߴ2 + (7 − ௥ܧ(௥ߴ5

(1 + ௥)(1ߴ − ௥)ܵ݇௡ߴ2 + (1 − ௥ܧ(௥ߴ
]

+
2
5 [

௥ܵ݇௦ܧ

2(1 + ௥)ܵ݇௦ߴ + ௥ܧ
] 

4 Huang et al. 
[22] 

1
Ex

=
1
Er

+
1

kn3 S3
 1

Gxy
=

1
Gr

+
1

ks3S +
2sinθ cos2( θ

2ൗ )
ksS

 In three intersections, 
the angle between the 
first two sets of joints 

is ߠ with the same joint 
stiffness; index 3 

denoted the third joint 
set. 

1
Ey

=
1
Er

+2sin2(θ
2ൗ ) ቎

cos2ቀθ
2ൗ ቁkn+sin2ቀθ

2ൗ ቁks

knksS
቏

1
Gyz

=
1
Gr

+
ଶθ (݇௡+݇௦)݊݅ݏ2

ks݇௡S
 

1
Ez

=
1
Er

+2sin2( θ
2ൗ ) ቎

cos2ቀθ
2ൗ ቁkn+sin2ቀθ

2ൗ ቁks

knksS
቏ 1

Gzx
=

1
Gr

+
1

݇௦ଷܵ +
2sinθ ݊݅ݏଶ( ߠ

2ൗ )
ksS

 

5 Zhang  [16] Em=
1

1
Er

+ 1
3 [ 21

32knS+ 11
32ksS

]
=௠ܩ 

1
1
௥ܩ

+ 1
3 [ 11

32݇௡ܵ + 21
32݇௦ܵ]

 Several discontinuity 
sets 

Em: Deformation modulus; Ex, y, z: Deformation modulus in x, y, z direction; En and Gnt is the elasticity and shear modulus of deformation 
of equivalent continuous material, respectively; Gm: Shear modulus; E, Er: The intact rock elasticity modulus; G, Gr: The intact rock shear 
modulus; Km: Bulk modulus; kni and ksiare the normal stiffness and shear stiffness of the joints for the joint set i, respectively; i (x, y, z), j 
(y, z, x), and k (z, x, y); the axes n and t are normal and parallel to the joints and therefore in the principal symmetry directions of the rock 
mass; s or S: The average discontinuity spacing, for all the discontinuity sets; si is the average joint spacing for the joint set i; ϑr or : 
Poisson's ratio of intact rock. 
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The rock mass equivalent elastic continuum is 
a representative that regularly crosses with a 
single set of joints (Figure 1), therefore, 
ujointed rock mass=uequivalent elastic continuum. 
Deformability concepts for a unique compressive 
(σ) or shear (߬) stress are shown in Figures 1-a 
and 1-b, respectively. In general, where the 
applied stress is a combination of compressive 
and shear stresses, the deformability of a jointed 
rock mass can be considered as Equation (1) 
based on the principle of superposition; in other 
words, Df can be considered as a combination of 
elasticity and shear modulus of an equivalent 
continuous material, which is defined by: 

Df =ܩߙ௡௧+β ܧ௡ (1) 

where ߙ and ߚ are constant; α+β=1 
and 0≤α & β≤1. Therefore, the mathematical 
relationship to estimating Df should be a function 
of the influential factors on En and Gnt. Therefore, 
the deformation modulus of a jointed rock mass 
should be a combination of parameters that 
participated in Duncan and Goodman’s model, 
which can be expressed as follows: 

Df =f (ܩ௡௧  ௡)= f(E, G, ks, kn, S) (2-a)ܧ ,

 
Figure 1 Represent an ‘equivalent’ transversely isotropic material with a regularly jointed rock (Goodman 

[36]). 



Shahverdiloo,and Zare Journal of Mining & Environment, Vol. 16, No. 1, 2025 

 

295 

Based on elasticity theory, the shear modulus 
can be calculated using Poisson's ratio and the 
modulus of elasticity (G=E/(2(1+ϑ)). Considering 
the limited changes in Poisson's ratio of medium-
strength rock (0.2 -0.25), the effect of Poisson's 
ratio is neglected due to simplification and the G 
parameter removed from Equation (2-a). It is 
noticed that this assumption may not be true in 
some cases; however, Equation (2-a) is defined 
by: 

Df = f(E, ks, kn, S) (2–b) 

In rock engineering projects in or on jointed 
rock mass, geometrical characteristics of 
discontinuities are generally not satisfied by the S 
factor. Rock engineers faced the inherent nature of 
rock mass heterogeneity as the greatest challenge 
to obtain Df, and the empirical model considered 
to deal with it. However, a realistic prediction of 
Df needs geometrical factor-related discontinuity 
considering the geometry, density, orientation, 
size, and number of joint set parameters. The 
authors suggested using the GSI index, which 
concentrates on describing rock structures and 
block surface conditions, instead of the S factor. 
GSI is widely utilized for estimating the rock 
mass strength and the rock mass deformation 
parameters; however, it practically has the most 
suitable adaptation to cover joint geometry; 
therefore, Equation (2-b) can be restated as 
follows: 

Df = f(E, ks, kn, GSI) (3) 

Furthermore, the deformation modulus is a 
‘‘linking’’ parameter for the rock mass 
deformability behaviour derived by the applied 
stress and measured strain that includes the elastic 
and inelastic values of an in-situ rock mass [1]. 
On the one hand, Young’s modulus of intact rock, 
the normal and shear stiffness of the joint, and its 
spacing are the influential parameters affecting the 
modulus of deformation based on the analytical 
method; on the other hand, the intact rock and 
discontinuity, as the main components of rock 
mass are under the influence of in-situ stress, due 
to the Earth's crust, which has a predictable effect 
on E, ks, and kn. Logically, a reliable empirical 
model was not only dependable on deformability 
characteristics of intact rock and joint (set) but 
also relies on in-situ stress with geological 
processes during the rock mass formation. Other 
types of stress such as the thermal and 
physicochemical present in nuclear waste storage 
and hydrocarbon reservoirs, are outside the scope 

of this study. What is referred to as in-situ stress 
in civil projects is typically gravitational, tectonic, 
and induced stress [22].  

As mentioned (Sec. 1), the corresponding 
deformation of the rock mass is measured by 
applying a specific load to a limited area of the 
rock mass in a borehole or gallery and then the Df 
value align loading direction was calculated. 
Logically, not only the elastic modulus of intact 
rock but also the shear and normal stiffness of 
discontinuities are affected by the in-situ stress [8, 
34, 14]. Consequently, a reliable predictive model 
to estimate Df requires mechanical parameters of 
intact rock and joint, i.e. Ei, ks, and kn, 
respectively, the joint’s geometrical 
characteristics, i.e. GSI, and in-situ stress. So 
Equation (3) can be defined as follows: 

Df = f(E, ks, kn, GSI, σrm) (4) 

where ߪ௥௠ represents the in-situ stress 
corresponding to the desired deformation modulus 
direction. However, in-situ stress should 
theoretically be included in the empirical model, 
something that has not been considered so far. 

3. Review of empirical models’ PIPs 
participation 

In the last decades, many empirical models 
have been published with single or multiple input 
parameters or indices. In chronological order, the 
researchers used a simple index such as RQD, and 
then by introducing various rock mass 
classification indices such as RMR, Q, RMI, and 
GSI, the empirical models were developed by 
their participation. Then, other parameters, such 
as Young’s modulus and uniaxial compressive 
strength of intact rock, depth, and longitudinal 
ultrasonic wave velocity participated in the earlier 
models. Based on PIPs (Equation 4), the 
participation of the above parameters in the 
seventy empirical models was comprehensively 
evaluated (Table 2). The input parameters are 
categorized into three groups as follows: 

 Where the input parameter is similar to the 
PIPs, it is indicated by the symbol (). 

 If the input parameter has been equivalent to a 
principal parameter, it is shown by the symbol 
(). The equivalent parameters are derived from 
experimental equations such as RMR89=GSI+5 
and Q=݁(ீௌூିସସ)/ଽ. Besides, in-situ stress (σrm =
௏ߪ)݂ , ுߪ ,  ௛)) is a function of the gravitationalߪ
(σV=ρgH) and tectonic (ߪு ,  ௛) stresses; whereߪ
 is rock density; H is the depth considering as 
an equivalent factor with in-situ stress. In 
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addition, there are experimental equations that 
correlate the Ei with UCS (Ei=MR×UCS), 
where “MR” was proposed by Hoek and 
Diederichs [12], as well as Ei with Vp (Ei=ρ ௣ܸ

ଶ) 
(Goodman [36]). 

 The lack of the participial PIPs or their 
equivalents is denoted by the symbol (–). 

Accordingly, in terms of statistical 
categorization, the principal parameters 
participation in seventy of the cited empirical 
models (Table 2) fall into three main classes, 
which are denoted by the directly exist, indirectly 
exist, and nonexistent, respectively (Figure 2). 

 
Figure 2 The PIPs participation in seventy empirical models. 

 
The participial PIPs in empirical equations (Table 

2) are summarised as follows:  

 The direct and indirect existence of Ei are 30% 
and 21%, respectively; in other words, only half 
of the models are participated in the Ei or its 
equivalent. 

 The joint’s shear and normal stiffness do not 
exist in any models; in other words, the joint's 
mechanical parameters haven’t participated in 
models.

  

Ei ks kn GSI σrm
Directly exist 21 0 0 15 0
 Indirectly exist (Equivalent) 15 0 0 50 4
Nonexistent 34 70 70 5 66

21

0 0

15

0

15

0 0

50

4
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70 70
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66
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Table 2. The participation of Ei, Ks, Kn, GSI, and σrm in empirical models.  
Descriptions  σrm GSI  Kn Ks Ei Empirical model(s) References  No.  

Dworshak dam site, Granite gneiss; Forks dam, gneiss; Yelloe tail 
dam, limestone; Glen Canyon dam, sandstone 

–  – –  
Ed

Eൗ =0.0231RQD-1.32 ; 
RQD(%) > 50 Coon and 

Merritt [37] 
1 

–  – –  Ed
Eൗ =0.15; RQD(%) < 50 2 

for RQD(%) < 50 –  – – – Ed=10(RMR-20)/38; 
R2 = 0.91 

Bieniawski [9] 3 

With a prediction error of 18.2%; Based on 22 project data in the 
world; Rock mass types: siltstone, sandstone, mudstone, shale, 

dolerite, greywacke, and phyllite; The RMR system should not be 
applied to massive rock masses (Palmström, Singh, 2001). 

–  – – – Ed=2RMR-100; 
 90 > RMR > 55 Bieniawski [38] 4 

Rock mass types: siltstone, sandstone, mudstone, shale, dolerite, 
granite, and gneiss. The RMR system should not be applied for 

massive rock masses (Palmström and Singh, 2001). 
–  – – – Ed=10(RMR-10)/40;  

for 55 > RMR > 30. 
Serafim and, 
Pereira [39] 5 

  –  – –  Em
Eൗ =0.0231×RQD-1.32 (≥0.15) Gardner [40] 6 

Argillaceous and arenaceous rock; No. of data: 36 –  – –  Em= ቂEl
100ൗ ቃ ቂ0.0028RMR2+0.9e൫RMR

22.82ൗ ൯Nicholson and 
Bieniawski [41] 7 

The Q system should only be applied for very strong, massive 
rocks UCS > 150 MPa. –  – – – Em=25 log Q)  Grimstad and 

Barton [42] 8 

  –  – –  Ed=Ei[0.5(1- cos൫π RMR
100ൗ ൯ ] Mitri et al. [43] 9 

For jointed rock mass, RMi > 0.1  –  – – – Em=5.6 RMi0.375  Palmström [44] 10 

In-situ uniaxial compressive test in the poor and dry rock mass    – – – Em=0.3Hα10(RMR-20
38ൗ ); 

0.16 < α < 0.3; H > 50 m 
Verman et al. 

[45] 11 

Rock type: slate, schist, phyllite, and weak rock –  – –  Em=ට
σci

100
10(ீௌூିଵ଴

ସ଴ൗ ) ; σci<100MPa Hoek and Brown 
[2] 12 

1 < RMi < 30; Limited accuracy for σc<100MPa  –  – – – Em=7RMi0.4  Palmström and 
Singh [46] 13 

σci < 100 MPa –  – –  Em=൫1- D
2ൗ ൯ට

σci

100
10

GSI-10
40ൗ  

Hoek et al. [11] 
14 

 0 < D < 1 –  – –  Em=൫1- D
2ൗ ൯ට

σci

100
10

RMR-10
40  15 

Rock type: schist, quartz, phyllite, dolomite, marble –  – –  Em=10×(ܳ
௖ߪ

100
)ଵ/ଷ  

Barton [47] 
16 

 – – – –  Em=10×10
(Vp-3.5)

3
൘  17 

One hundred fifteen data sets obtained from in-situ plate loading 
and dilatometer tests belong to 2 dams in Turkey; rock types 

consist of  quartz–diorite, limestone, shale. 

–  – – – EM=0.1451e0.0654 GSI ; r=0.675 
Gokceoglu et al. 

[10] 

18 
–  – – – EM=0.0736e0.0755RMR; r=0.672 19 

–  – -  
Em=0.001[

( Ei
UCS )(1+ RQD

100 )
WD

൘ ]

1.5528 

; r=0.80120 

 –  – –  EM=4.32-3.42WD+ ൤0.19Ei(1+(
RQD
100

))൨ 
Kayabasi et al. 

[48] 

21 

The statistical studies, multiple regression analysis; 57 plate 
loading test data; rock type: quartz–diorite, limestone, and shale; a 

coefficient 
of correlation of 0.74 

–  – –  EM=0.1423[Ei(1+(RQD/100)/WD]1.1747 22 

Rock types: siltstone, mudstone, sandstone, shale, dolerite, 
granite, greywacke, limestone, gneiss, and granite gneiss –  – –  Ed=Ei(100.0186RQD-1.91) Zhang and 

Einstein [49] 23 

  –  – –  EJ=Ei exp⁡[ (RMR-100)
17.4ൗ ] Ramamurthy [50] 

24 
  –  – –  Ej=Eiexp⁡(0.8625logQ-2.875) 25 

s= exp ൬
GSI-100

9-3D ൰ ; 

a=0.5 for GSI≥30; a=0.65-
GSI
200

 for GSI<30; 
–  – –  Em=Ei(sa)0.4 Sonmez et al. 

[51] 26 

Rock types: Igneous  ،metamorphic, carbonate & detritic 
sedimentary. –  – – – Ed=147.28 

e(RMR-100)/24-0.202.RMR; r2=0.765 Galera et al. [52] 
27 

  –  – – – Ed=e(RMR-10)/18; r2=0.742 28 
  –  – – – Ed=0.0876.RMR ; r2= 0.8; RMR ≥ 50 29 
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  –  – – – Ed=0.0876.RMR+1.056(RMR-50)2; r2=0.8;30 
 –  – –  Ed=Ei.e(RMR-100)/36 ; r2=0.8 31 

Igneous rock types; R2=0.36 –  – – – Ed=0.3228.e(0.0485RMR)  Chun et al. [53]  32 
No. of data: 36; Diverse rocks include greywacke and 

agglomerate –  – –  Ed=Ei10((RMR-100)(100-RMR)/4000×exp⁡(-RMR
100 )) 

Sonmeza et al. 
[54] 33 

No. of data: 496; The rock types are igneous, sedimentary, and 
metamorphic, belonging to China and Taiwan, and in-situ tests 
comprise flat jack and plate tests; some data were obtained by 

back analysis. 

–  – – – Em=100(
(1- D

2)ൗ

(1+e(75+25D-GSI
11 ))

൙  
Hoek and 

Diederichs [12] 

34 

Where information on the uniaxial compressive strength of the 
intact rock is available. –  – –  Em=Ei(0.02+

(1 − ܦ
2ൗ )

1+eቀ60+15D-GSI
11 ቁ

൘ ) 35 

The rock type is limestone, with mountain building morphology 
which has shale interbeds (Iran’s Asmary formation); 700 

dilatometer tests. 

–  – – – Ed=0.398(1.055)GSI Givshad et al. 
[55] 

36 

–  – –  Ed=0.151 Ei
0.582(1.039)GSI 37 

A total of 61 data sets belong to road and railway construction 
sites in Korea. The Em values were measured using pressure meter 

tests in most cases. 
  – –  

Em=

(5.992Depth2+1.883UCS4+
4.851RQD3+0.031JS5+2399.530JC)

10000
 

Chun et al. [1] 
 38 

No. of data: 150; Rock types: shale, sandstone–quartzite, 
limestone, and marl–limestone with silica veins, sandstone, 

siltstone, and mudstone which belong to the 4 dam sites in Iran. 

–  – –  Em= tan (ට1.56+൫Ln(GSI)൯
2  )√UCS3  Beiki et al. [56] 

39 

–  – –  Em= tan൫ln(GSI)൯ log⁡(UCS)ඥRQD3  40 

No. of data: 42; Mixed rock types  –  – –  Em=0.0003RMR3-0.0193RMR2+ 
0.3157 RMR+3.4064; R2=0.84 

Mohammadi and 
Rahmannejad [57] 41 

  – – – –  Df=0.02386Vp
4.326 Song et al. [33] 42 

Field data from Bieniawski (1978), Serafim and Pereira (1983), 
and Stephens and Banks (1989). These data are from high–quality 

tests and are commonly acknowledged as reliable data sources 
(Hoek and Diederichs, 2006). 

–  – – – Em=110e-((RMR-110)
37ൗ )

2

 
Shen et al. [58] 

43 

–  – –  Em=1.14Eie- ((RMR-116)
41ൗ )

2

 44 

The data belonged to Khersan II double–arch concrete dam and its 
hydroelectric powerhouse; the rock type is limestone; a set of 28 

data from plate load tests; RMR, Q, and GSI were evaluated in the 
same area as that in which the plate load tests were performed; 60 

< RQD < 100; 30 < GSI < 65; RMR < 70; 0 < Q < 50. 

–  – – – Em=9×10-7GSI4.303 
 R2=0.78; RMSE=8.2 

Ajalloeian. and 
Mohammadi [59] 

45 

–  – – – Em=3×10-6RQD3.587 
RMSE=9.0; R2=0.75 

46 

–  – – – Em=0.043RMR2-3.662RMR+83.37 
R2=0.82; RMSE=6.1 

47 

–  – – – Em=-0.016Q2+1.581Q+0.961  
R2=0.84; RMSE=4.8 

48 

Sedimentary rock types; No. of data = 52 –  – – – Em=0.1627 RMR-5.0165; R2=0.67 

Nejati et al. [60] 

49 
Rock types are conglomerate, cherty limestone, and interbedded 
mudstones and sandstone belonging to the Gotvand dam site in 

Iran; 8 plate jacking and 44 dilatometer tests. 
–  – –  

Erm=-7.192+0.06469σc+0.20481RQD 
+0.030974JS+0.38384JC+0.1716GW 
; R2=0.84 

50 

Thirty-seven samples consist of 24 igneous, 8 metamorphic, and 5 
sedimentary samples from Turkey. –  – – – Em=Is(50)10(0.01RQD-0.25) Karaman et al. 

[61] 51 

No. of data: 50; Well–bedded siltstones; pressure–meter tests at 
12 boreholes with a total length of 50 m and maximum test depth 

was 5 meters; the RQD values vary between 11% and 98%, with a 
mean value of 61.1%; with a genetic programming approach. 

–  – – – 
Em=0.00067RQD2+0.00067RQDσ+ 

(0.00067RQDσ+0.00067σ2)/(RQD+99.5)
; ܴଶ = 0.735 

Alemdag et al. 
[62] 52 

Twenty-eight plate jacking tests belong to the Khersan II project 
in Iran. 

–  – – – Em=3.322e0.023RQD; R2=0.38 

Rezaei et al. [63] 

53 
–  – – – Em=1.639Q0.78; R2=0.69 54 
–  – – – Em=1.2716e0.044RMR; R2=0.68 55 
–  – – – Em=1.059e0.043GSI; R2=0.65 56 
–  – – – Em=8.407RMi0.543; R2=0.67 57 

Eighty-nine plate jacking tests belong to the Bakhtiari project in 
Iran. 

–  – – – Em=1.23e0.026RQD; R2=0.35 58 
–  – – – Em=1.797Q0.905; R2=0.57 59 
–  – – – Em=0.326e0.063RMR; R2=0.62 60 
–  – – – Em=0.237e0.059GSI; R2=0.58 61 
–  – – – Em=3.942RMi0.703; R2=0.66 62 
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 –  – –  Ej
Ei

൘ =exp(-0.0115Jf) 
Ramamurthy [64]  

63 

 –  – –  Mrj
Mri=exp(-0.0035 Jf)൘  64 

Rock type: basalt; Loaded plate; Acoustic tests should be carried 
out before the deformation test. – – – –  Em=0.295Vp

2.387; Em=0.299e0.812Vp 
Shen et al. [15]  

65 

Rock type: sandstone; Loaded plate; Acoustic tests should be 
carried out before the deformation test – – – –  Em=0.1Vp

3.267; Em=0.269e0.852Vp 66 

  – – –  Em = −40.194 + 0.7p ln(Vp)–
5.168ln(Vp)− 0.030p2 − 5.765p 

Radovanovic et 
al. [65]  67 

Data gathered from Verman et al.(1997) [45] and Cai et al. (2004) 
[67]   – –  

Em=0.059e0.0736(GSI+27z)+ 
ܫܵܩ௜ܧ)

600ൗ )(27z)0.1 
Slavko et al. [66] 68 

17 dilatometer tests belong to three hydropower projects in Iran –  – –  Dfn=5.26×10-6(El)
0.9979×Bn

1.9979×RQD 
; R2=0.8 

Shahverdiloo & 
Zare [13] 69 

84 plate bearing tests and geotechnical data sets belong to a 
hydropower station in the metamorphic rock (marble and slate 

with a small amount of lamprophyre dike), and the crustal stress is 
high in the rock mass. 

–  – –  Em=(0.011+0.15Q)Vp
2.5; R2=0.7

 
Hua et al. [8]  70 

Description: 
Bn: Stress factor in dilatometer test; D: Disturbance factor; Di: Dilatometer test; Dfn: Deformation modulus of dilatometer test cycles (generally n= 1, 2, or 3); Er, E, El or Ei: 
Elastic / Young’s modulus of intact rock (GPa); Emass, Erm, EM, Ej, Df, or Ed: Rock mass Deformation modulus (GPa); g: Gravity acceleration; GW: ground water index; Is(50): 
Point load index; Jointed rock mass (index); Jn: Rating for the number of joint sets; Jf: Joint factor (Jf =Jn ⁄(n.r)); JC: Joint condition; H or Z: Depth (meter); JS: Joint spacing; 
JRC: Joint roughness coefficient; Mri: Modulus ratio of intact rock; Mrj: Modulus ratio of rock mass; MR, M: The modulus ratio (E/σci ); n: joint inclination coefficient; n: 
Corresponding parameter of slip plane angle with major principal stress direction; p: Pressure in MPa; p: the pressure in the rock mass obtained from in-situ test; PJT: Plate 
jacking test; Qሖ : Modified tunnelling quality index: (RQD⁄Jn ×Jr⁄Ja ); qci;  σci; UCS: Uniaxial compressive strength of intact rock (MPa); r: coefficient of regression; r: a 
parameter for the strength of the joint and is related to the joint fill; Qc: Rock mass quality rating (Q normalized by σci /100); RMR76: Rock mass rating 1976 version; RMR89: 
Rock mass rating 1989 version; s: Hoek and Brown criteria’s constant; R2or r2: Determination coefficient; Vp, Vps: seismic wave velocity in km/s; WD: Weathering degree; 
σ : Pressure meter test value; ρ: Rock density. 
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 The direct and indirect existence of GSI is about 
21.5% and 71.5%, respectively. There are 
equivalent indices such as RMR and Q, or 
discontinuity's distance factor which indirectly 
represent GSI. However, the GSI's nonexistent 
part is less than 7%. Accordingly, joint 
geometrical factors have actively participated in 
pre-existing empirical models. 

  The in-situ stress doesn’t have any direct 
participation however indirect existence is about 
6%. The depth factor has been directly related to 
gravitational stress, but the main horizontal in-
situ stresses haven’t participated in the pre-
existing models.  

4. Discussion 

The analytical background of PIPs and the 
appropriate quantity and quality of input data lead 
to a more reliable predictive model. The 
deformation modulus directional nature is the 
most challenging aspect depending on the in-situ 
stress, geometrical characteristic of discontinuity, 
and mechanical characteristic of intact rock and 
discontinuity. Regardless of the limiting factors in 
terms of the analyzing method, which is mainly 
the conventional regression method, and the 
number of data, the main undeniable challenge 
facing empirical models is a lack of PIPs. The 
participation in seventy pre-existing empirical 
models (Table 2) is summarised as follows: 

 Only one principal / equivalent parameter or 
index has participated in thirty-nine empirical 
models. Besides, two PIPs in twenty-nine 
models and three PIPs in only two models have 
participated, but there are no models with all 
PIPs (Figure 3). 

 GSI is the only principal input parameter in 
Gokceoglu et al. [10], Hoek and Diederichs 
[12], Givshad et al. [55], and Rezaei et al. [63] 
empirical models.  

 The GSI and Ei have directly participated in 
Givshad et al. [55], Hoek and Diederichs [12], 
and Sonmez et al. [51] empirical models. 
Moreover, the empirical models of Coon and 
Merritt [37], Galera et al. [52], Gardner [40], 
Gokceoglua et al. [10], Kayabasi et al. [48], 
Mitri et al. [43], Nicholson and Bieniawski [41], 
Ramamurthy [50], Shahverdiloo and Zare [13], 
Shen et al. [58], Sonmez et al. [35], and Verman 
et al. [45] involved an equivalent such as RMR, 
Q, RQD, or Jf instead of GSI along with Ei. In 
addition, Beiki et al. [56] and Hoek et al. [11] 
mentioned empirical models that substituted 
UCS for Ei, along with GSI. 

 Not only in-situ stress indirectly with the depth 
factor but also GSI and Ei parameters directly 
participated in the models of Slavko et al. [66]. 
Besides, the model of Chun et al. [1] indirectly 
involved Ei, GSI, and σrm.  

 The properties of intact rock and discontinuity 
were influential in the velocity of ultrasonic 
waves through the rock mass. The effect of each 
parameter on the wave velocity is followed to 
quantify the qualitative factors of discontinuity. 
Although the velocity of ultrasonic waves in a 
rock mass has a conceptual relationship with the 
characteristics of discontinuities, there is not a 
mathematical/analytical relationship to support 
the effect of longitudinal wave velocity ( ௣ܸ) 
with PIPs, except Young's modulus of intact 
rock. Based on existing equations [36], the ௣ܸ is 
considered as an equivalent factor with Ei for 
empirical models of Barton [47], Song et al. 
[33], Shen et al. [15], Radovanovic et al. [65], 
and Hua et al. [8] (Table 2)  
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Figure 3 The categorized models in ascending order of participated input parameters based on PIPs. 

Due to the in-situ stress tensorial form, 
combining the in-situ stress effect with the 
mechanical parameters of PIPs leads to the 
empirical models with the desired simplification. 
Accordingly, Young's modulus of intact rock is 
replaced with the confined Young’s modulus. In 
addition, the joint shear and normal stiffness are 
replaced by scaled stiffness due to 
certain normal stress. The mentioned confining 
pressure and normal stress are determined by the 
in-situ stress based on mathematical or numerical 
approaches. Shahverdiloo and Zare [34, 14] 
mentioned Young's modulus and joint stiffness 
were dependent on peripheral stresses. Moreover, 
the in-situ stress can be estimated or determined at 
a depth and alignment corresponding to the 
desired deformation modulus direction. However, 
the confined pressure around the intact rock and 
the normal stress on the discontinuity are 
determined by mathematical or numerical 
modelling. Confined Young's modulus (Eic), 
scaled normal (knn) and shear (ksn) stiffness can be 
determined with the laboratory triaxial and direct 
shear tests, respectively, or by applying the 
experimental equations. Authors such as 
Shahverdiloo and Zare [34, 14] mentioned the 
models which determined the aforementioned 
parameters as follows: 

Eic=Ei×2.42 exp ൬-0.16× ቀ
σ3

UCS
ቁ

-1
൰ +1 (5) 

ksn=a.σn
b (6-a) 

knn=c.ed.σn  (6-b) 

where σ3 is peripheral pressure in a triaxial test; 
 ;௡ is constant normal stress in a direct shear testߪ
“a” is a coefficient in the range of 0.4482 to 
1.6788, and “b” is a coefficient in the range of 
0.4533 to 1.1622; the coefficients c & d are in the 
range of 2.55 to 2.59 and 0.261 to 0.321, 
respectively.  

The gap of knowledge in existing empirical 
models has led to ignoring the effect of in-situ 
stress, which can be considered by replacing 
confined Young’s modulus and scaled normal and 
shear joint stiffness with Young’s modulus and 
normal and shear stiffness, respectively. Thus, the 
in-situ stress effect combined with mechanical 
principal input parameters and Equation (4) can 
be expressed as follows: 

Df = f(Eic, ksn, knn, GSI) (7) 

As mentioned (Sec. 1), deformation modulus 
is a directional parameter combining elastic and 
inelastic deformability components. The effect of 
peripheral stress on Young’s modulus and joint 
stiffness has been confirmed by lab studies 
however the deformation modulus is affected by 
in-situ stress. Moreover, ultrasonic waves in the 
laboratory or field are a non-destructive method 
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used for measuring the velocity of longitudinal 
and transverse waves to calculate the dynamic 
modulus of elasticity, which is related to the static 
elastic modulus in the rock core sample or the in-
situ rock mass. Besides, the near-surface of the 
earth has been the subject of studies, which 
resulted in several empirical models for 
estimating the modulus of deformation. Generally, 
ultrasonic tests deal with oil wells and reservoirs, 
deep mines, and infrequently in near-earth surface 
civil projects. The deformation modulus 
prediction with ultrasonic approaches 
comparatively is limited, i.e. the models of Barton 
[47]; Song et al. [33]; Shen et al. [15]; 
Radovanovic et al. [65]; Hua et al. [8] (Table 2). It 
seems down-hole test (Daraei et al. [68]) studies 
along with the development of mathematical and 
numerical modelling are necessary to obtain an 
empirical model for estimating reliable ܦ௙.  

5. Conclusions  

The deformation modulus is a crucial input 
parameter in numerical and analytical 
deformability analysis. The weak participation of 
principal parameters is an inevitable consequence 
of poor reliability in diverse empirical models for 
predicting rock mass deformation modulus. This 
study develops the theoretical dimension of the 
deformation modulus empirical model. The 
presented conceptual framework is supported by 
analytical methods with an emphasis on in-situ 
stress. The main achievements are defined as 
follows: 

 Young’s modulus of intact rock, the joint’s 
shear and normal stiffness, the joint set spacing, 
and in-situ stress are analytical base parameters 
that are directly related to a rock mass 
deformation modulus. The GSI practically can 
be replaced with the joint set spacing factor due 
to considering the geometry, density, 
orientation, size, and number of joint set 
parameters. 

 Among seventy empirical models (Table 2), the 
total number of models with the direct or 
indirect participation of Ei, ks, kn, GSI, and σrm 
are 36, 0, 0, 65, and 4, respectively. In other 
words, joint stiffness has any, but GSI has a 
major (92.8%) participation in earlier models. 
Besides, in-situ stress has a minor (5.7%), but 
Young’s modulus has a moderate participation 
(51.4%). 

 Due to the tensorial form of in-situ stress and its 
impact on Df, practically, it was considered the 
replacement parameters as Eic, kns, and knn [34, 
14] instead of Ei, kn, ks and in-situ stress. The 

specified confining pressures and normal stress 
on laboratory specimens are achieved by 
mathematical or numerical approach. 

 The Eic, kns, and knn [34, 14] are replaced with 
Ei, kn, and ks, respectively, to consider the 
tensorial form of in-situ stress impact on Df 
while maintaining the simplicity of the 
empirical model. The specified confining 
pressures in the triaxial test and normal stress on 
the shear test are achieved by mathematical or 
numerical approach. 

This study develops a conceptual framework as 
the first step in making the process of an empirical 
model. There is a need for further research in 
terms of the analysis approach and validation of 
the PIPs. Besides, it is possible to draw the 
attention of researchers to modelling not only civil 
but also oil and deep mine engineering projects 
with numerical approaches to evaluate the 
sensitivity of the deformation behaviour of rock 
mass based on a mechanical parameter that is 
affected by the in-situ stress regime. 
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  چکیده:

هاي تجربی با مشارکت یــک تــا پــنج  پــارامتر/ شــاخص هاي سنگی یک ضرورت است که عموما توسط مدلسنگ براي آنالیز سازهپذیري تودهمدول تغییر شکل
پذیري محل چالش بوده است. پارامترهاي ورودي براي تشکیل شالوده قابل اطمینان براي تخمین مدول تغییر شکلشود. بهرحال مشارکت مناسب  بینی میپیش

هاي ریاضی، مدول یانگ ســنگ در این مطالعه، مفهوم پارامترهاي اصلی ورودي برپایه روش تحلیلی (ریاضی) با تاکید بر تنش برجا توسعه داده شد. براساس مدل
اند. مروري بر هفتاد مدل تجربی قبلی نشان گذار معرفی شدهداري درزه و تنش برجا به عنوان پارامترهاي اصلی تاثیرهاي نرمال و برشی درزه،  فاصلهبکر، سختی

جــایگزین فــاکتور اصــلی  )GSIشناســی (داد که بیشتر آنها با  نقصان پارامترهاي تحلیلی دست به گریبانند. با ملاحظه موضوعات اجرایی، شاخص مقاومت زمین
ســنگ یعنــی ســنگ بکــر و درزه بــا داري درزه شد. علاوه بر این، اثر تنش برجا بر مدول تغییر شکل پذیري با لحاظ تاثیر آن بر اجزاي تشکیل دهنده تودهفاصله

ی و استخراج مدول یانگ و سختی درزه به ترتیب تحت فشار محصورکننده و تنش نرمال مشخص در نظر گرفته شــد. مشــارکت همــه پارامترهــاي اصــلی تحلیل ــ
هاي عددي و تحلیلی پذیري مناسب، نتایج آنالیزهاي تغییرشکلهاي تجربی را بهبود بخشیده تا با تخمین مدولپذیري به مدلتواند اطمینانملاحظات اجرایی می

  پذیري، از اطمینان  بالاتري برخوردار شوند.شکلتغییر

 شناسیپذیري، پارامترهاي تحلیلی، تنش برجا، سختی درزه، شاخص مقاومت زمینمدول تغییرشکل کلمات کلیدي:

  

 

 

 

 


