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Deformation modulus of rock mass has a significant role in the support design of an underground excavation. It is determined by expensive 
in-situ tests or by empirical models. Existing models for estimation of deformation modulus do not consider its stress dependence. Herein, 
data from several sources is used to develop a stress- (depth-) dependent relation for estimation of deformation modulus. The derived 
exponential expression incorporates the GSI, Youngs modulus and depth as input parameters for deformation modulus estimate. It is 
explained that at certain depth, the shear strength of rock joints will become close to the shear strength of a monolithic rock, and below this 
depth, the rock mass behavior is close to that of a monolithic rock, as well as the deformation modulus. 
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l. Introduction || ž. y 
LCN 61 

Designing a support system for underground openings is one of the 6 B, =FE, [0.0028·RMR* +0.9e 22921 ] 

main tasks in underground mining and construction. The strength of a 
rock mass is estimated using laboratory tests and geological data with 7 E =E,-1050R0P 191 71 

relations provided by rock mass classifications. On the other hand, the D 81 
rock mass deformability is estimated using empirical relations based on 1- 2 
rock mass classification systems or those obtained from in-situ 8 FB,= B, 002+— as-ar 

measured data. Measuring the deformation modulus of a rock mass is l+e 
exp-ensiv-e and time Fonfumi{ug that are -the main reasons ·why the E =-7.192+0.06469.c. +0.20418/Q2+ 91 
engineering community is trying to establish reliable expressions that 9 ii : 

; ; ; : +0.30974/5 +0.38384/C +0.17160W/ 
will provide the results based on much simpler tests and geological q a q 
investigations. In-situ measuring assumes that an underground opening, E -E | 7[cos„ RJ H01 

exists and it is possible to conducts an experiment at the location of W 100 
10 

interest. However, measuring tbe deformation IqodL»\lus is not possible l E =05-MR-c Hl 
for deep rock masses where direct access and in-situ testing are not ii ii 
viable. In these cases, the deformation modulus has to be estimated 12 B, =10.Q% 1 

using the existing methodologies. 5 E= .oRMR-100)/36 131 

Many of existing models for estimation of the deformation modulus “ 8, =10-{AM# —20)/38 141 
are obtained by curve fitting to the data obtained from civil tunnels. 
'Those are based on different rock mass classification systems with or 15 | :5.6-(RMR)“" 51 
without consideration of Young's modulus of the monolith rock. 

i i 16 & =0.0736.e0ssaMR 161 Table 1 summarizes some of commonly used equations for d 
deformation modulus estimation. In general, equations presented in Table 1 can be roughly divided into 

"Table 1. Common equations used for deformation modulus estimation. two groups, those that are based on rock mass description only (RMR, 
No. Equation Reference Q, GSI) and those that reduce the value of Young's modulus of the 

1 E,„=2RMR -100 for RMR>50 [1] monolith rock. Beside these, several significant works have been 

RMR_10 published by Fattahi and Moradi (2018), Kayabasi et al. (2003), Sonmez 

2 E_=10 ? /r RMR<50 [1 et al. (2004), Ajalloeian and Mohammadi (2014), Rezaei et al. (2016) and 
3 E =25log Q for Q>1 BI Beiki et al. (2010) [17-22]. 

Each of existing: models has its own limitations, advantages and 
& F :0_1(RMR ) [41 disadvantages and care has to be taken when used. The expression given 

10 by Hoek et al. (1997) [5], for instance, sometimes overestimates the 

* Corresponding author. f-mai/ address: veljko.lapcevicorgf.bgaac.rs (V. Lapčević). 

Journal Homepage: ijmge.ut.ac.ir



64 . Torbica & V. Lapčević / Int. J. Min. & Geo-Eng. (UMGE), 53-1 (2019) 63-67 

deformation modulus of a rock mass in such manner that the obtained 
value is larger than Young's modulus of the monolith rock. This was 
later improved by the work that is based on Young's modulus reduction 
that provides much realistic values [8 ]. 

In addition, there are several models based on the RQD value. This 

parameter describes the wholeness of the rock core obtained by drilling 
and not the jointing of the rock mass. On the reliability of RQD, the 
reader is referenced to the papers by Laubscher and Jakubec (2001) and 
Jakubec (2007) [23, 24]. Having this considered, expressions based on 

RQD provide least reliable results. 

"The stress field in Earth's crust is variable and it is well known that 
the stress and deformation moduli are mutually dependent |[ 25-27]. The 

exiting: models disregard the stress influence on the deformation 
modulus and provide the results that are identical for each depth of 
excavation. Some of those models are based on the data provided by 
numerous sources where the measuring process was carried out on 
different depths, but the depth has not been considered in them yet. 
Herein, the stress-dependent behavior of the deformation modulus is 

incorporated in the expression that encompasses Young's modulus of a 
monolith rock, the geological description of a rock mass given by the 
GSI classification. The expression is derived from curve fitting: with 
measured data given by several sources. 

2. Variability of rock mass deformation modulus 

Elastic or Young's modulus of rocks is not constant for the whole 
loading range in unconfined conditions (ex. UCS test). In confined 

conditions (triaxial test) it is evident that Young's modulus value is 

changed by different lateral loads. This change is small for very hard 
rocks and significant for low strength rocks (Fig. 1). When the strength 
of a rock mass, in the scale of an underground opening, is close to the 
strength of a small sample of a clastic rock, the deformation curves of 
the small clastic rock sample (Fig. 1) can be considered as a 

representative for the rock mass. 
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Fig, 1. Young's modulus changes for weak rocks (mudstone) with change in 
lateral [26]. 

Kulhawy (1975) proposed the expression about the influence of the 
lateral stress on the elastic modulus based on a series of investigations 
[27]: 

E,=E„-o () 

Where: 

E, - elastic modulus of rock, 

E - Youngs modulus determined by Unconfined compression, 

os - lateral stress, 

a - factor that has significant value for weak and minimal value for 
very hard rocks. 

Factor a has an average value of 0.14, and only some sedimentary 
rocks have a value greater than 0.36. 

Verman (1997) [28] confirmed the relation by Kulhawy using the 

reverse analysis based on the measured data from several tunnels. 
Hereon, the equation where the lateral stress is expressed as depth (H) 

is obtained: 

E„=03H"-E, () 

Where: 

Eu - rock mass deformation modulus, 

H - depth, 

0. - has value in range between 0.16 0.3 for depths below 50m. 

In this case, Verman used expression by Bienawski (1973) [29] to 

determine the rock mass deformation modulus: 
RMR-20 

E,=10 * 

This expression does not consider rocks elastic moduli. In cases the 
assessed RMR was in range 31-68, which is logical, it is indicated that the 

factor a can be lower and higher for hard and weak rocks. Furthermore, 

Verman did not propose how to estimate the a values for other RMR 
values, but only for RMR=31 and RMR=68. 

3. Suggestion of the model for rock mass deformation 
modulus estimation 

The suggested model comes from the assumption that the rock mass 
deformation modulus depends on the deformation of the monolith rock 
and the deformation of discontinuities. Continuum equivalent of rock 
mass deformation modulus by Kulhawy (1978) is [30]: 

(3) 
Where: 

n - rock mass deformation modulus 

E. - elastic modulus of monolith rock 

X - average joint spacing 

Ka - normal stiffness, afttr Goodman (1989) [31]: 

_de, 
dM, 

Where 

o - effective normal stress, 

n – normal displacement of joint walls 

To develop the model, the measured data of rock mass deformation 

modulus and GSI values are used as presented by Verman (1997) and 

Cai (2004) [28, 32]. The measured data corresponding the depth of 

measurement location is presented in Fig. 2. 

In these works, Young's modulus of monolith rock is not reported 
and herein it is estimated using the reversed method suggested by Hoek 
and Diederichs (2006) [8]. 

The measured value of rock mass deformation modulus is then 

separated in part that originates from the monolith rock and the part 
that originates from discontinuities. The part that originates from the 

monolith rock is expressed as E, % According to the findings of 

Kulhawy (1975) the elastic modulus of monolith rock changes with 

lateral stress, or with the gravitational stress component, and therefore 

the part that originates from the monolith is: 

-EOL Og ye 600 () 
Where: 

E - part of def. modulus that originates from the elastic modulus 
(GPa) 

Ei - Young's modulus of monolith rock (GPa) 

GSI - Geological strength Index 

z - depth (km) 

a - coefficient given by Kulhawy (1975) (0.1 used for curve fitting) 

The remaining part of the measured value originates from the 
discontinuities and this is described with the modified GSI value. This 

modification is carried out in a way that the gravitational stress 
component is added to the GSI value, or: 

GSI„=GSI+27z 6
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Fig. 2. Rock mass deformation modulus as a function of GSI with corresponding depths [28, 321. 
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Fig, 3 Exponential curve fit of the model data. 

After plotting. the points obtained by expressing the part of the 
measured rock mass deformation modulus value that originates from 
the discontinuities as a function of modified GSI value, the best fit curve 

(Fig. 3) through these points is: 
Y = 0.059e 0%076% (6) 

The determination coefficient R? =0.9441 for the fitted curve. 

And therefore, part of the deformation modulus that originates from 
the discontinuities is: 

'E? — 0.0g Bonatorazne) 
() 

And finally, the expression of estimating the rock mass deformation 
modulus is: 

E _E +E' 
m „ +E, (8) 

Or: 

E, :0_05920«»71(.4051*17:»+E, :GSI -(27z )1 

60 () 
The measured and calculated values are presented in Table 1. 

Rock mass deformation modulus increases with the depth and at 
certain point, due to the increase of normal force that acts on joint walls, 

shear strength of discontinuities becomes close to the shear strength of 
the monolith rock. After this point, the rock mass behaves as the 

monolith rock and its deformation modulus is equal to Young's modulus 

of monolith. The depth at which this occurs is herein called depč? /imit 
Below this depth, the deformation modulus is increased by an 
expression given by Kulhawy (1975): 

E„=E,(27,)" 
(10) 

Where: 

zg - depth growth (difference between actual depth and depth at 
which En = E.) 

Fig. 4 illustrates the change of the rock mass deformation modulus 
with the depth. 

4. Conclusions 

The rock mass deformation modulus is a crucial parameter for 
designing the support system of underground excavations. The amount 
of required support and its reliability are directly related to this 
parameter. In order to avoid expensive in-situ tests, it is necessary to 

estimate it using some of existing expressions. As it was previously 

discussed, the exiting models do not consider the stress influence on the 

deformation modulus and the results provided are independent of the 
excavation depth. However, the dependence of deformation modulus on 
the stress is well known and herein this is incorporated into the model 
that is based on geological description of the rock mass (GSI), Young's 
modulus of monolith rock, and depth.
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Fig. 4. Rock mass deformation modulus model explanation for GSI = 50 and Ei = 45GPa. 

Table 2. Measured and calculated data for the model. 

GSI (šg_) (G"ša) z(km) EM E -E “267;3) GSI, _ Source 

35 195 1739 · 0.225 12 0.75 6.08 41.08 28 

35 2.05 18.08 0.225 1.26 0.79 6.08 41.08 28 

68 23 3313 0.295 4.62 18.38 797 75.97 28 

59 84 1689 · 0.197 1.96 6.4& 5.32 64.32 28 

33 3.2 3229 0.225 2.13 1.07 6.08 39.08 28 

46 3.2 13.4 0.225 1.23 1.97 6.08 52.08 28 

58 8.24 1736 0.225 2.01 6.23 6.08 64.08 28 

56 13 30.23  0.467 3.63 937 12.61 68.61 28 

56 14 3255 0.467 3.91 10.09 12.61 68.61 28 

58 16 33.71  0.467 42 118 12.61 70.61 28 

40 3.85 · 2411 0.1 1.78 2.07 27 42.7 28 

40 435 27.25 0.1 2.01 234 27 42.7 28 

53 45 12.29. 0.2 1.29 3.21 54 584 28 

53 6 16.39 0.2 171 4.29 54 584 28 

37 2.8 21.54 0.05 137 143 135 38.35 28 

74 453 5654 0.5 9.05 36.25 135 87.5 32 

65 33 52.24 0.5 734 25.66 135 785 32 

65 244  38.62 05 543 18.97 135 785 32 

% 1LB 30.5 05 356 8.24 135 675 32 

60 129 2481 05 3.22 9.68 135 73.5 32 

46 79 33.08 0.5 3.29 461 135 59.5 32 

The deformation modulus depends on the rock type (Young's 
modulus) and the properties (shear strength) of joints. The stress 
increases with depth and is a normal force that acts on the joints. At a 
certain depth, the shear strength of joints becomes close to the shear 

strength of the monolith rock, and in this case, the rock mass behavior 

is close to the behavior of the monolith rock. This means that after a 
certain depth, the deformation modulus of the rock mass is 

independently changed the rock joints and depends only on the stress 
intensity. 

"The measured data provided by Verman and Cai was used herein for 

the model constitution. This database contains the structural 
information of the rock mass (GSI), the measured deformation modulus 

and the location depth. The measured value of deformation modulus is 
separated in two parts, one that originates from Young's modulus and 
one that originates from the rock joints. The part that originates from 
the rock mass structure is fitted as a function of the modified GSI value. 
In this manner, an increase in the shear strength of the rock joints is 
described. At the end, the expression that incorporates GSI, Young's 
modulus, and depth is obtained for the estimation of rock mass 

deformation modulus. 

The provided expression is limited to a certain depth. The depth at 
which the deformation modulus becomes close to the Young modulus 
due to the increased normal force at the rock joints. Below this depth, 
the deformation modulus changes with depth with the relationship 
provided by Kulhawy (1975) [27]. 

REFERENCES 

1] Bieniawski, Z. T. (1978). Determining  rock mass 

deformability: experience from case histories. /nfernačiona/ 
Jourma! of Rock Mechanics and Mining Sciences & 
Geomechanics Abstracts, 15, pp. 237-247. 

21 Laghina Serafim, J., & Pereira, J. P. (1983). Considerations on 

the geomechanical classification of Beniawski. /nfermatona/ 
symposium on engineering geology and underground 
construction, (pp. 1l--33). 

31 Grimstad, E., & Barton, N. (1993). Updating the Q-system for 

NMT. Proceedings of the Intemationa! Symposium on 
Sprayed Concrete-Moder use of wet mix sprayed concrete 
for underground support, Fagemes, Oslo, Norwegian 
Concrete Association, 1993. 

41 Read,S. A., Perrin, N. D., Richards, L. R., & others. (1999). 

Applicability of the Hoek-Brown failure criterion to New 
Zealand greywacke rocks. 9th /S5A/M Congress. 

51 Hoek,E., & Brown, E. T. (1997). Practical estimates of rock 

mass strength. /nfernafiona!l Journal of Rock Mechanics and 
Mining Sciences, 34, 1165-1186. 

6] Nicholson, G. A., & Bieniawski, Z. T. (1990). A nonlinear 

deformation modulus based on rock mass classification. 

Geotechnical and Geological Engineering, 6,181-202. 

7] Zhang,L. & Einstein, H. H. (2004). Using RQD to estimate 

the deformation modulus of rock masses. /mfermafonal



GE|| 

81 

91 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Journal of Rock Mechanics and Mining Sciences, 41, 337-341. 

Hoek, E., & Diederichs, M. S. (2006). Empirical estimation of 

rock mass modulus. /nfernafona/ Journa] of rock mechanics 
and mining sciences, 43, 203-215. 

Nejati, H. R., Ghazvinian, A., Moosavi, S. A., & Sarfarazi, V. 

(2014). On the use of the RMR system for estimation of rock 

mass deformation modulus. Bu//efin of engrmeering geology 
and the environment, 7X%2), 531-540. 

Mitri, H.S., Edrissi, R., & Henning, J.G. (1995). Finite-element 

modeling of cable-bolted stopes in hard-rock underground 
mines. 7ransactions-Society  For Mining Metalurgy Andđ 
'Exploration Incorporated, 298, 1897-1902. 

Palmstrom, A., & Singh, R. (2001). The deformation modulus 

of rock masses—comparisons between in situ tests and 
indirect estimates. 7umme/ing and Underground Space 
Technology, 16, 115-131. 

Barton, N. (2002). Some new Q-value correlations to assist in 

site characterisation and tunnel design. /nfernafiona/ Journa! 
of rock mechanics and mining sciences, 3%2), 185-216. 

Galera, J. M., Alvarez, M., & Bieniawski, Z. T. (2007). 

Evaluation of the deformation modulus of rock masses using 
RMR: comparison with dilatometer tests. OUnderground 
works under special conditions. Taylor and Francis, London, 

71-77. 

Mehrotra, V. K. (1992). Estimation of engineering parameters 

of rock mass. Thesis (PhD). 

Palmstrom, A. (2000). Recent developments in rock support 

estimates by the RMi. Jouma! of Rock Mechanics and 
Tunnelling Technology, 6(1), 1-19. 

Gokceoglu, C., Sonmez, H., & Kayabasi, A. (2003). Predicting 

the deformation moduli of rock masses. /nfernatona/ Journal 

of Rock Mechanics and Mining Sciences, 4X(5), 701-710. 

Fattahi, H, & Moradi, A. (2018). A new approach for 

estimation of the rock mass deformation modulus: a rock 

engineering systems-based model. Bu//efin of emgineering 
„geology and the environment, 7/(1), 363-374. 

Kayabasi, A., Gokceoglu, C., & Ercanoglu, M. (2003). 

Estimating the deformation modulus of rock masses: a 
comparative study. /nfernafiona/ Journal of Rock Mechanics 
and Mining Sciences, 40(1), 55-63. 

Sonmez, H., Gokceoglu, C., & Ulusay, R. (2004). Indirect 

determination of the modulus of deformation of rock masses 

based on the GSI system./mtemationa! jourma! of rock 
mechanics and mining sciences, 4/(5), 849-857. 

Ajalloeian, R, & Mohammadi, M. (2014). Estimation of 

limestone rock mass deformation modulus using empirical 
equations. Bu/letin  of Fngineering Geology and the 

[21 

22 

23 

24 

25! 

26 

27 

28 

29 

30 

31 

32 

. Torbica & V. Lapčević / Int. }. Min. & Geo-Eng. (IJMGE), 53-1 (2019) 63-67 67 

'Knvironment, 7X2), 5&41-550. 

Rezaei, M., Ghafoori, M., & Ajalloeian, R. (2016). Comparison 

between the In Situ Tests' Data and Empirical Equations for 
Estimation of Deformation Modulus of Rock Mass. 

Beiki, M. Bashari, A., & Majdi, A. (2010). Genetic 

programming. approach for estimating the deformation 
modulus of rock mass using sensitivity analysis by neural 
network. /nfernational journa!l of rock mechanics and mining 
sciences, 4/(7), 1091-1103. 

Laubscher, D. H., & Jakubec, J. (2001). The MRMR rock mass 

classification for jointed rock masses. Underground Mining 
Methods: Engineering Fundamentals and Internationa! Case 
Studies, WA Hustrulid and RL Bullock (eds) Society of 

Mining Metallurgy and Exploration, SMME, 475-481. 

Jakubec, J., & Esterhuizen, G. S. (2007). Use of the mining 

rock mass rating (MRMR) classification: industry experience. 
Proceedings Jntermationa!  Workshop on Rock Mass 
Classification in Underground Mining, C. Mark, R. Pakalnis, 

J Tuchman (eds), Vancouver, BC, Canada, National 

Jnstitute for Occupationa! Safety and Health Information 
Circular (IC), 9498, pp. 413-421. 

Torbica, S., & Lapčević, V. (2016). Model for estimation of 

stress field in the Earth's crust. Podzemm; radovi, 9-17. 

Zhao, Z.-h., Wang, W.-m., & Gao, X. (2014). Evolution laws of 

strength parameters of soft rock at the post-peak considering 
stiffness. degradation. Jourmal of Zhejiang University 
SCIENCE A, 15, 282-290. 

'Kulhawy, F. H. (1975). Stress deformation properties of rock 

and rock discontinuities. Kngineerrng Geology, 9, 327-350. 

'Verman, M., Singh, B., Viladkar, M. N., & Jethwa, J. L. (1997). 

Effect of tunnel depth on modulus of deformation of rock 
mass. Rock mechanics and rock engineering, 30,121-127. 

Bieniawski, Z. T. (1973). Engineering classification of jointed 

rock masses. Crvi/ Engineer in South Africa, 15. 

Kulhawy, F. H. (1978). Geomechanical model for rock 

foundation settlement. Jouma! of Geotechnical and 

Geoenvironmenta! Engineering, 104. 

Goodman, R. E. (1989). /ntroduction to rock mechanics (Vol. 

2). Wiley New York. 

Cai, M., Kaiser, P. K., Uno, H., Tasaka, Y., & Minami, M. 

(2004). Estimation of rock mass deformation modulus and 

strength of jointed hard rock masses using the GSI system. 
Jntemationa! Jourma! of Rock Mechanics and Mining 
Sciences, 41, 3-19.


