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Abstract. The rock mass deformation modulus (Erm) is a significant input parameter in any analysis 
of rock mass behavior. To find Erm, both in situ tests as well as indirect methods can be utilized. The 
in situ tests are not only time consuming and expensive, but also the reliability of these tests’ results 
is sometimes questionable. Therefore, several researchers have proposed empirical equations for 
estimating Erm on the basis of rock mass classification systems or geomechanical properties of rock 
mass. In this paper, these equations are reviewed based upon data obtained from a large number of in 
situ tests performed in Bakhtiari and Khersan II dam sites- in southwest parts of Iran. Among the 
equations related to rock mass rating (RMR), the ones provided by Hoek-2002 and Shen-2012 have 
presented the best predictions. It appears that Hoek-2002 equations have provided more acceptable 
results than other equations correlated to geological strength index (GSI). 

Keywords: Rock mass deformation modulus, in situ test, indirect methods, Bakhtiari dam, Khersan 
II dam. 

1   Introduction 

Measuring the rock mass deformation modulus (Erm) is not often an easy task to do. It has been 
considered as the most typical parameter illustrating the pre-failure mechanical behaviour of rock mass. 
Intact rock elastic modulus is measured by uniaxial compression strength test in laboratories. The 
existence of discontinuities however, makes a great difference between the mechanical properties of rock 
mass and intact rock. Erm is a basic input data for most rock engineering projects including tunnelling, 
support designing, foundation designing, etc. For these purposes, it is necessary to obtain this parameter 
before starting numerical modelling. Erm can be evaluated by in situ tests. These tests can be applied in 
different methods such as plate loading, plate jacking, radial jacking, flat jacking, and cable jacking. 
However, related costs are high and performing procedures are difficult. At the preliminary design stage, 
there are several empirical equations for obtaining Erm, since at that point it is not reasonable to do in 
situ tests, due to the difficulties encountered when performing these tests. Several authors have proposed 
these relationships for estimating the value of an isotropic rock mass deformation modulus on the basis 
of rock mass classification schemes such as Rock Mass Rating (RMR) [1-7], Tunnelling Quality Index (Q) 
[8, 9], Geological Strength Index (GSI) [6, 10-12], and Rock Mass Index (RMi) [13]. Furthermore, other 
authors have proposed equations relating Erm to Rock Quality Designation (RQD) and elastic modulus of 
intact rock [14](Table 1). 

In this paper, Erm of Bakhtiari and Khersan II dam sites are measured by plate jacking tests. These 
data are compared with the empirical equations represented in Table 1. As shown in figure 1 below, 
Bakhtiari dam site is located in the southwest of Iran, almost 70 km northeast of Andimeshk city 
(Khuzestan province) and 65 km southwest of Dorud city (Lorestan province). Khersan II dam site is 
located in southwest of Iran, 60 km southwest of Lordegan city in Chaharmahal and Bakhtiari province. 
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Table 1.  Empirical equations used for estimation of Erm in this study. 
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Figure 1. Location of study areas in Iran. 

2   Geology of Study Areas 

Rock masses in Bakhtiari dam site consist of limestone and marl limestone that contain dolomite and 
nodules of siliceous limestone, which is named as Sarvak formation. At the study area, Sarvak formation 
has been divided into 7 units: Sv1 to Sv7. Units Sv2 to Sv6 have outcrops in the dam site. Sv2 unit 
consists of marl limestone with thin inter-bedding of marl and shale. Sv3 unit consists of an 
intercalation of marl and siliceous limestone. Some parts of marl and siliceous limestone in Sv3 unit are 
folded. These heterogeneous parts are named as kink band zone (KB). Sv4 includes medium to thick 
bedded limestone with siliceous nodules. Sv5 consists of thick to very thick bedded nodular limestone. 
Sv6 is made of thick bedded and marl limestone with thin marl intercalations. 

The outcropped rock masses at Khersan II dam site consist of limestone, marl limestone, and a type 
of marl named Asmari formation (As). Asmari formation at the study area has been divided into 3 units 
as upper, middle, and lower Asmari formation. The upper Asmari rocks retrieved from the dam site also 
include limestone. Several core samples were chosen from drilled boreholes in different rock units at each 
dam site for laboratory 

3   Intact Rock Properties 

Several core samples have been taken from drilled boreholes in different rock units at each dam site for 
laboratory testing. Subsequently, uniaxial compression tests were performed to obtain UCS and E of the 
intact rock (UCS and Ei). The results are summarized in Table 2.  

Bakhtiari 

Khersan II 
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Table 2.  Summary of study areas intact rock properties.  

Study 
Area 

Rock 
Unit 

Parameters Dry Condition Saturated Condition 

Count Min. Max. Ave. Stdev. Count Min. Max. Ave. 

B
ak

ht
ia

ri 

SV2 UCS(MPa) 10 82.0 164.0 128.6 26.0 10 72.0 141.0 105.8 
E (GPa) 12 59.0 78.0 70.6 6.2 15 36.0 82.0 64.0 

SV3 UCS(MPa) 20 70.0 248.0 131.9 66.8 21 80.0 176.0 121.0 
E (GPa) 18 43.0 80.0 66.5 10.6 24 43.0 85.0 68.3 

SV3- 
KB 

UCS(MPa) 1   85  1   65 
E (GPa) 1   40      

SV4 UCS(MPa) 4 70.0 118.0 86.0 22.0 5 70.0 109.0 81.4 
E (GPa) 6 61.0 76.0 66.5 5.5 6 53.0 79.0 67.7 

SV5 UCS(MPa) 8 74.0 195.0 125.1 44.0 6 70.0 131.0 98.8 
E (GPa) 9 42.0 75.0 62.9 11.5 9 38.0 83.0 65.8 

SV6 UCS(MPa) 12 75.0 188.0 125.5 35.4 9 91.0 167.0 124.2 
E (GPa) 14 50.0 82.0 63.9 11.6 14 48.0 80.0 68.2 

Khersan 
II 

As UCS(MPa) 28 15.0 90.0 48.0 18.3     
E (GPa) 28 5.0 41.0 16.4 7.7     

 
As shown in Table 2, both UCSi and Ei at Bakhtiari dam site are significantly greater than Khersan II 

dam site. However, due to the presence of several signs of damage in the specimens, the reliability of 
measured values of Ei is questionable. The specimen damage has greater effect on Ei than UCSi. Of 
course the intact rock strength, if available, is considered a more reliable measure. Moreover, the relative 
effect of damage is greater for jointed rock masses with GSI<80 [10]. This is consistent with the results 
of Palmstrom and Singh who found that the measured modulus for TBM driven tunnels was 2-3 times 
greater than blasted tunnels excavated in same rock masses for GSI 50-70 [20]. 

4   Plate Jacking Test 

Plate jacking tests were carried out using rigid loading plates with diameters of 650 and 915 mm at 
Bakhtiari dam site, and a diameter of 1000 mm at Khersan II dam site. During plate jacking tests, two 
opposite areas in the test galleries were loaded together using rigid loading plates by means of hydraulic 
pump system (see figure 2). The rock displacements were measured using multiple position borehole 
extensometers which were fixed inside the boreholes that were drilled in the center of each loading area. 
In each borehole, the deeper extensometer (positioned at the end of borehole at depth more than 6m) 
was used as a fixed point. The stress-displacement curves for 5 other extensometers are illustrated in 
figure 3 for one of the tests.  
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Figure 2. Plate jacking test operation. 

 

Figure 3. Stress-displacement curves which are recorded in multi position extensometers inside the drilled borehole 
in the test area. 

Plate jacking tests are usually carried out in 5 loading and unloading cycles [21]. A typical stress-
displacement curve along with graphical definitions of peak to peak modulus of deformation (Dpp) [22], 
and modulus of elasticity (E) is represented in figure 4. 
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Figure 4.Typical loading and unloading cycles in PLT and definitions of E and Dpp. 

According to ASTM [22] in rigid plate tests, basic formula for calculating Erm is the following: 
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where Em is deformation modulus of rock mass (GPa), P is total load on the loading plate (KN), R is 
the radius of loading plate (mm), Z is the depth of measurement point (mm), Wz is the displacement in 
each depth (mm), and ν is the Poisson ratio of the rock mass. Due to the insignificant effect of Poisson’s 
ratio within the interval of 0.1-0.35 on Erm [20], a Poisson’s ratio equal to 0.3 was used for the entire 
rock mass in concordance with the petite seismic tests. 

Several plate jacking tests (Table 3) in vertical and horizontal directions were carried out at Khersan 
II and Bakhtiari dam sites. Tests were examined, and invalid data were excluded from the study. 
Summary of these test results is presented in Table 3. 

Table 3.  Summary of in situ test results. 

Study area Khersan II Bakhtiari Total Data 
Rock unit As Sv2 Sv3 Sv3-Kb Sv4 Sv5 Sv6 
Count 28 6 55 6 10 4 8 117 
Dpp (GPa) Ave. 24.2 12.3 8.7 4.2 4.6 22.4 23.7 13.5 

Min. 5.6 5.5 1.3 1.6 0.9 20.7 15.9 0.9 
Max. 45.0 20.2 29.8 7.4 9.1 23.8 33.1 45.0 
Stdev. 13.0 5.2 6.6 2.3 2.7 1.6 5.8 11.1 

5   Geometry and Properties of Discontinuities 

The rock mass of both study areas were intersected by two main discontinuity systems including 
bedding planes and joints which affect the rock masses properties. The bedding plane and the joint 
characteristics such as dip, dip direction, aperture, persistency, spacing, infilling, and roughness were 
recorded for galleries and boreholes to evaluate rock masses classification indices.  

6   Rock Mass Classification 

There are several rock mass classification systems such as RQD[23] RMR[24], Q[25], RMi[13], and 
GSI[26-31] that are used for various engineering design and analysis. All of the classification systems are 
designed based on empirical equations between rock mass characteristics and engineering applications, 
such as tunnels, slopes, foundations, etc. In this study, the rock mass of each in situ test location were 
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classified using the above mentioned systems. The results are summarized in Table 4. Subsequently, a 
simple regression analysis was performed between rock mass classification systems and in situ tests data. 

Table 4.  Summary of rock masses classification in the study areas 

  RQD Q RMR-89 GSI-2013 RMi 

Khersan II 

Ave. 78.5 30.4 62.4 68.3 7.9 
Min. 38.0 5.8 34.0 40.0 0.5 
Max. 100.0 66.7 84.0 83.0 24.0 
Stdev. 17.8 17.3 13.1 12.5 6.5 

Bakhtiari 

Ave. 66.1 5.9 45.5 57.0 3.7 
Min. 17.0 0.6 22.0 28.0 0.2 
Max. 99.0 17.8 65.0 78.0 19.5 
Stdev. 19.4 4.0 10.7 11.1 4.0 

All data 

Ave. 69.1 11.8 49.5 59.7 4.7 
Min. 17.0 0.6 22.0 28.0 0.2 
Max. 100.0 66.7 84.0 83.0 24.0 
Stdev. 19.7 13.9 13.4 12.4 5.0 

 
As demonstrated in Table 5 and figure 5 below, the R-squared value of correlation between RQD and 

in situ data is lower than other classification systems which have approximately similar R-squared 
values. Considering both sites, the RMR system shows the best results for the entire data compared to 
the rest. 

Table 5.  Summary of simple regression between measured Erm and rock mass classification. 

classification system Bakhtiari Khersan II All Data 
Relationship R2 Relationship R2 Relationship R2 

RQD Em=1.234e0.026RQD 0.35 Em=3.322e0.023RQD 0.380 Em=1.157e0.030RQD 0.40 
Q Em=1.797Q 0.905 0.57 Em=1.639Q 0.780 0.693 Em=2.180Q 0.744 0.66 
RMR- 89 Em=0.326e 0.063RMR 0.62 Em=1.271e 0.044RMR 0.684 Em=0.368e 0.062RMR 0.69 
GSI- 2013 Em=0.237e 0.059GSI 0.58 Em=1.059e 0.043GSI 0.658 Em=0.247e 0.060GSI 0.64 
RMi Em=3.942RMi 0.703 0.66 Em=8.407RMi 0.543 0.672 Em=4.316RMi 0.731 0.68 

 

 

Figure 5. Proposed relationship (best fit) between measured Erm and rock mass classification of projects data. 
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7   Prediction of Erm Using Empirical Equations 

In this stage of study, Erm at in situ tests locations were estimated by empirical equations which were 
proposed by several authors mentioned in Table 1. The results of predictions are presented in figures 6 
and 7. Given the limitations of the mentioned equations, it is not possible to use all these equations for 
all in situ test locations. However, most of the equations were usable for our test locations.  

 

Figure 6. Predicted results of Erm based on different empirical equations. 

 

Figure 7. Predicted results of Erm based on different empirical equations. 
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8   Comparison Between In Situ Tests Results and Indirect Estimation of 
Erm 

Finally the measured values of Erm by in situ tests and the estimated values by different equations at 
Bakhtiari and Khersan II dam sites were compared. The results are shown in figures 8, 9, and 10 and 
Table 6. 

 

 

Figure 8. Comparison between measured and predicted Erm at Bakhtiari dam site using several empirical equations. 

 

 

Figure 9. Comparison between measured and predicted Erm at Khersan II dam site using several empirical 
equations. 
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Figure 10. Comparison between measured and predicted Erm using several empirical equations(all data). 

Table 6.  R-squared value of simple regressions between measured and estimated Erm. 

Author Used 
Parameters 

R2 - 
Bakhtiari 

R2 - 
Khersan 

All 
Data 

Zhang[14] RQD, Ei 0.40 0.45 0.09 
Hoek et al.[6] RMR, UCS 0.70 0.65 0.66 
Sonmez et al. [7] RMR, Ei 0.66 0.58 0.28 
Nejati et al. [1] RMR Parameters 0.61 0.72 0.72 
Barton [9] Q, UCS 0.57 0.66 0.66 
Palmstrom[13] RMi 0.62 0.70 0.65 
Hoek et al. [6] GSI, UCS, D 0.66 0.71 0.64 
Hoek and 
Diederichs[10] 

GSI, Ei, D 0.63 0.54 0.10 

Sonmez et al.[11] GSI, Ei 0.62 0.48 0.00002 
Carvalho [12] GSI, Ei 0.63 0.50 0.01 
Shen et al. [17] 1 RMR 0.69 0.69 0.77 

2 RMR, Ei 0.66 0.58 0.28 
Beiki et al. [18] 1 GSI, UCS 0.66 0.72 0.67 

2 GSI, UCS, RQD 0.61 0.7 0.62 
Kayabasi et al.[15] RQD, Ei, WD 0.53 0.52 0.007 
Gokceoglu et al.[16] RQD, Ei,UCS, 

WD 
0.24 0.69 0.05 

Lowson & Bieniawski 
[19] 

RMR, Ei 0.52 0.68 0.49 

 
As seen in figures 8, 9, and 10 and Table 6, some equations were proven not to be acceptable because 

of the major differences in their estimation and our test results. The predicted values of these equations 
were either overestimations or underestimations of the actual value. Further some of comparisons had a 
very low overall R-squared. Due to lower Ei value at Khersan II dam site, the calculated Erm values from 
the equations using Ei were rather underestimations when compared to Bakhtiari dam site, despite both 
of the sites having an overall high R-squared (see figures 11, 12, and 13). 
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Figure 11. Estimated Erm values by Shen(2) [17] equation in comparison with in situ data. 

 

Figure 12. Erm value estimated from Shen(1) [17] equation compared with in situ data. 

 

Figure 13. Best fit of selected equations between predicted and in situ data. 
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9   Conclusions 

The correlation between in situ tests data with the predicted value by the classification systems 
indicates that all of the mentioned classification systems have an approximately similar precision, except 
RQD system that had presented a lower R-squared value. Also, based on the comparison of the overall 
R-squared value for both sites, the RMR system presents the best estimation. Moreover, the empirical 
equations which use Ei as an input parameter do not provide acceptable results. This imperfection is due 
to the fact that in high quality rock mass with low Ei, the Erm is underestimated. Therefore, the results 
will be scattered when Erm of two rock masses groups with different value of Ei get estimated together.  

Based on these results, the estimations of Erm using RMR and GSI classification systems have 
presented better results than RQD, Q, and RMi systems. Among all the equations related to RMR, 
Hoek (2002) and Shen (2012) equations have performed the best. It is apparent that Hoek (2002) 
equation has predicted more acceptable results than other equations with regard to GSI. Further similar 
experiments at a variety of sites and different compositions are required to further validate our results.  
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