
1. INTRODUCTION 

Geothermal energy is considered as a sustainable source 

of energy and has the capacity of producing up to 100 GW 

of electricity in the United States by 2050 (Tester et al., 

2006). A geothermal system involves injecting cold fluid 

and extracting the heated fluid from the deep reservoirs, 

often time crystalline rock formations such as 

granodiorite (e.g. Tester et al., 2006; Guo et al., 2011). 

One of the most well-known barriers to the development 

of geothermal systems is production decline, which is 

often due to permeability deficiency and poor fracture 

network connectivity (e.g. Ghassemi, 2012; Kamali-Asl 

et al., 2018a; White et al., 2018). To overcome this 

problem, often times hydro-shearing (e.g. Riahi and 

Damjanac, 2013; Cladouhos et al., 2016), hydraulic 

fracturing (e.g. Oldenburg et al., 2016; Watanabe et al., 

2017), or mixed stimulation (e.g. McClure and Horne, 

2014) is implemented to enhance the permeability by 

increasing the fracture network connectivity, and hence, 

increase the productivity of an Enhanced Geothermal 

System (EGS). 

Granodiorites, classified as intrusive igneous rock, are 

often found in white-to-light grey color (e.g. Sarjoughian 

and Kananian, 2017; Pour et al., 2018). The mineral 

composition of granodiorite is similar to both granite and 

diorite. However, it contains higher amount of mafic 

minerals compared to granite and more quartz content 

compared to diorite (Glazner et al., 2018). The most 

abundant minerals of the granodiorite rocks are K-

feldspars, plagioclase feldspars, and quartz (Kumar et al., 

2017). The granodiorite rocks are widely encountered in 

geothermal formations (e.g. Zhang et al., 2018). Studies 

suggest that the mechanical properties of the granodiorite 

rocks are affected by the presence of micro-cracks, 

foliation, and anisotropy (e.g. Nejati, 2018) and 

fluctuation of stress and temperature condition in field 

(e.g. Kwon et al., 2018; Zhang et al., 2018). 

The Patua geothermal field operated by Gradient 

Resource Inc. includes 13 hot springs ranging in 

temperature from 82 to 394 oF. The site is located at the 

southern end of the Hot Springs Mountains in Lyon and 

Churchill counties near Hazen, Nevada (Garc et al., 

2015).  The reservoir lies at Walker Lane-Great Basin 
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ABSTRACT: Geo-mechanical properties of geothermal reservoir rocks are important in different stages of geothermal resources 

development, including drilling optimization, reservoir stimulation (or re-stimulation) and development of fluid-flow and multi-

physical (thermo-hydro-chemo-mechanical) constitutive models. Laboratory experiments were performed on a cylindrical 

granodiorite rock specimen retrieved from a well at a depth of 5561.5 ft in Patua geothermal field in Northern Nevada. In this study, 

Autolab 1500 (a high-pressure/temperature fully servo-controlled triaxial instrument) was used to perform a cyclic and triaxial multi-

stage elastic tests on the granodiorite specimen in order to characterize the hysteresis, elastic-plastic, and strength properties of the 

specimen under different loading conditions. Laboratory results revealed linear elastic with very small (or no) plastic deformation 

and pressure dependent mechanical responses of the specimen under stresses up to 50 MPa of confining and 60 MPa of differential 

stress. Young’s modulus and Poisson’s ratio of the specimen under different stress conditions are reported in the paper. Within the 

elastic region, the Young’s modulus increased, while the Poisson’s ratio decreased with the increment of the differential stress during 

loading stage. Moreover, the effect of the closure of the micro-cracks present in the specimen was observed in specimen’s response 

at lower stress levels.  

 

 

 

 

 

 



tectonic settings, where the NW striking intersects with 

NE striking basin (Combs et al., 2012). The geological 

structure of the reservoir involves multiple layers of 

volcanic rocks underlain primarily by fractured granitic 

rocks (Peterson et al., 2011). Moreover, results from the 

exploration program composed of geological, 

geochemical, and geo-mechanical investigations coupled 

with 30 days of injection test proved the poor fracture 

connectivity among the granitic layers of the reservoir 

(Combs et al., 2012).  

Since the mechanical behavior of the rocks are influenced 

by alteration in reservoir conditions (i.e. pressures and 

temperature), estimation of the geo-mechanical properties 

of geothermal rocks (e.g. elastic moduli, strength and 

failure properties) is of crucial importance. These 

parameters serve as critical input parameters for 

numerical models that aim to predict the rock response 

under different pressure and temperature conditions (e.g. 

Motra and Stutz, 2018). Furthermore, the crystalline rock 

formations (e.g. granite and granodiorite) usually exhibit 

very low (i) matrix permeability, and (ii) pore 

connectivity to extract the injected fluid. Therefore, 

hydraulic stimulation techniques are usually considered to 

re-open the existing sealed fractures or creating a new 

fracture network inside the reservoir (e.g. McClure and 

Horne, 2014; Cladouhos et al., 2016; Oldenburg et al., 

2016). Hydraulic stimulation programs usually involve 

alteration of the stress regime and activation of pre-

existing faults and discontinuities in the reservoir. Hence, 

knowing the strength properties and failure behavior of 

the geothermal rock is crucial in order to perform a safe 

and optimized reservoir stimulation plan (e.g. Lutz et al., 

2010; Weiner et al., 2019). 

The main purpose of this study is to evaluate the variation 

of elastic properties (e.g. Young’s, shear, and bulk 

moduli, and Poisson’s ratio) of the granodiorite rock 

specimen under various stress conditions. In order to 

investigate the pressure dependency of the elastic 

properties, gradual degradation of elasticity, and 

hysteresis behavior, multi-stage elastic and cyclic tests 

were performed on the specimen. 

2. MATERIALS 

The granodiorite specimen used in the study was retrieved 

from well 35-16 at a depth of 5561.5 ft located in Patua 

geothermal field. The original core as obtained from the 

well had a diameter of 1.9 and a length of 6 inches, dry 

density of 2.68 g/cm3, and porosity of approximately 

0.7%. Two inclined natural fractures were present in the 

original core. X-Ray Diffraction (XRD) analysis revealed 

that the rock was composed of 68% albite, 31.8% quartz, 

0.2% biotite and traces of chlorite. 

 

3. EXPERIMENTAL METHODOLOGY 

3.1. Sample Preparation 
Rock specimen was prepared following ASTM D4543 

Standard. The original core (see Fig. 1(a)) was saw cut 

and the two ends were lapped to 0.001 inches to obtain an 

intact specimen with a diameter of 48 mm and a length of 

41 mm (Fig. 1(b)). Although it was desired to prepare a 

specimen with aspect ratio greater than 2, the existing 

fractures in the received core (see Fig. 1(a)) constrained 

preparing a specimen with such aspect ratio. Higher 

compressive strength of the rock specimen was observed 

for smaller aspect ratio (e.g. Pellegrino et al., 1997; Yan 

et al., 2017; Wang et al., 2018). However, Young’s 

modulus of the specimen (granite) remained relatively 

unaffected by the aspect ratio (e.g. Li et al., 2005). A 

copper jacket was wrapped around the specimen to 

facilitate attachment of the strain gauges and prevent 

leakage of confining fluid into the specimen. Since the 

copper jacket wrapped around the specimen was very thin 

(38 gauge i.e. ~ 0.15 mm thickness) and was sitting 

perfectly on the rock surface, the deformations measured 

by the strain gauges are true deformations of the 

specimen. Two core-holders were wire-tightened to the 

two ends of the specimen using Viton jacket (Fig. 1(c)). 

The interface between the Viton and copper jackets was 

sealed using high temperature/pressure resistant epoxy as 

an extra precaution to avoid leakage of the confining fluid 

(Fig. 1(c)). Then, a set of axial and radial strain gauge was 

attached on the copper jacket, and the specimen was 

placed inside the test vessel (Fig. 1(d)). X-Ray CT image 

of the specimen (Fig. 1(e) and (f)) revealed the presence 

of the micro-cracks in the specimen. 

3.2. Experimental Procedure 
Mechanical tests on the specimen were performed using 

Autolab 1500, which is a high pressure/temperature fully 

servo-controlled triaxial equipment. Deformation of the 

rock specimen, measured by the axial and radial self-

temperature-compensated strain gauges, was used to 

estimate the elastic moduli of the specimen.  

3.2.1. Estimation of Static Moduli  

A material is considered to obey the rules of Vertical 

Transverse Isotropic (VTI) medium, if its characteristics 

are symmetric about an axis normal to the plane of 

isotropy (e.g. Puzrin, 2012, Villamor Lora et al., 2016; 

Kamali-Asl et al., 2019a). Like many other rock 

specimens, granodiorite can be modelled as a VTI 

medium with vertical symmetry axis. In a triaxial setup 

with a vertical axis as an axis of symmetry, the 

compliance matrix can be written as (e.g. Villamor Lora 

et al. 2016; Kamali-Asl et al, 2019a): 

{
𝛿𝜀𝑎

𝛿𝜀𝑟
} =  [

1

𝐸𝑣
−

2𝜈𝑣ℎ

𝐸𝑣

−
2𝜈𝑣ℎ

𝐸𝑣
−

(1−𝜈ℎℎ)

𝐸ℎ

] × {
𝛿𝜎𝑎

𝛿𝜎𝑟
}        (1) 



where 𝐸ℎ and 𝐸𝑣 represent Young’s moduli in horizontal 

and vertical directions, respectively. 𝜈ℎℎ and 𝜈𝑣ℎ are the 

Poisson’s ratios in the horizontal direction caused by 

horizontal and vertical compressions, respectively. 𝜀𝑎 and 

𝜀𝑟 are strain on axial (i.e. vertical) and radial (i.e. 

horizontal) directions, respectively. 𝜎𝑎 and 𝜎𝑟 are stresses 

on vertical and horizontal directions, respectively.  

Eq. (1) can be modified using the definitions of the triaxial 

strain increment and stress quantities as shown in Eq. (2) 

(e.g. Puzrin, 2012; Villamor Lora et al., 2016; Kamali-Asl 

et al., 2019a): 

{
𝛿𝜀𝑣

𝛿𝜀𝑠
} =  [

1

𝐾
−

1

𝐽

−
1

𝐽
−

1

3𝐺

] × {
𝛿𝑝
𝛿𝑞

}          (2) 

where K is the bulk modulus during isotropic compression 

(i.e. 𝛿𝑞 = 0), J is the coupling modulus, G is the shear 

modulus for pure shear (i.e. 𝛿𝑝 = 0). Mean stress (p), 

differential stress (q), volumetric strain (𝜀𝑣), and 

distortional strain (𝜀𝑠) can be calculated using following 

equations: 

𝜀𝑣 =  𝜀𝑎 + 2𝜀𝑟            (3) 

𝜀𝑠 =  
2

3
(𝜀𝑎 + 2𝜀𝑟)           (4) 

𝑝 =  
1

3
(𝜎a + 2𝜎𝑟)           (5) 

   𝑞 =  (𝜎𝑎 −  𝜎r)            (6) 

Stress-strain data from the isotropic compression stage of 

the triaxial experiment was used to determine the bulk 

modulus (K) and coupling modulus (J) as shown in Fig. 

2(a) and (b), respectively. Shear modulus (G), Young’s 

modulus (E), and Poisson’s ratio (ν) were estimated using 

stress-strain response from triaxial stage, as illustrated in 

Fig. 2(c), (d), and (e), respectively. Estimation of K and J 

in the last stage of isotropic compression is illustrated in 

Fig. 2(a) and (b), and estimation of E, ν and G using the 

average slope of linear portion of the stress-strain 

response is shown in Fig. 2(c) , (d) and (e).  

3.3. Experimental Program 
In this study, Multi-Stage Elastic (MSE) and cyclic tests 

were performed on the dry specimen to characterize the 

hysteresis and elasto-plastic behavior of the specimen 

under various loading cycles. During these tests, the 

stress-strain data were collected to estimate the static 

moduli at different stress levels. In both MSE and cyclic 

tests, the rate of load application was maintained at 0.333 

MPa/sec for confining pressure (CP) and differential 

stress (DS) (ASTM D7012). The details of the tests are 

discussed in following sections. 

3.3.1. Multi-Stage Elastic (MSE) Triaxial Test 

Due to sample scarcity and variability, multi-stage triaxial 

tests are usually helpful as a substitute to multiple single-

stage triaxial tests (e.g. Villamor Lora et al., 2016; 

Kamali-Asl et al., 2018b, 2019a). Pressure-dependent 

elastic, and non-linear properties of a rock specimen can 

be investigated through MSE tests (e.g. Islam and Skalle, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Photo of (a) original core retrieved from the well, (b) intact granodiorite specimen, (c) specimen wire-tightened to the core-

holders, (d) Autolab 1500 instrument, (e) X-Ray CT image of a cross-section of the specimen, and (f) Zoomed section of 

the CT image showing the micro-cracks present in the specimen 
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2013; Villamor Lora et al., 2016; Kamali-Asl et al., 

2019a). The stress path followed during an MSE test is 

shown in Fig. 3(a)-(e). Each level of CP was applied in an 

increment of 5 MPa and kept constant for 2 hours to 

ensure the full compaction (Fig. 3(a)). The MSE test was 

conducted under the CP of 0, 5, 10, 20, 30, 40, and 50 

MPa, which are labeled as stages 1 through 7, respectively 

(Fig. (3a)). At the end of these CP stages, 1 to 4 cycles of 

DS were applied depending upon the CP level, as 

illustrated in Fig. 3(b)-(e). To stay within the elastic 

region, DS should not exceed 50% of UCS and 3 times of 

CP. 

3.3.2. Cyclic Test 

Reservoir rocks are subjected to cyclic loading due to 

various processes such as injection and extraction of 

fluids during operation and re-stimulation of fractures 

during permeability enhancement programs (e.g. Cha et 

al., 2017; Kamali-Asl et al., 2018b, 2019a). Therefore, 

cyclic tests are useful to characterize the gradual 

degradation of elasticity, non-linear and hysteresis 

behavior of rocks (e.g. Yang 2012; Kamali-Asl et al., 

2018c, 2019a). As illustrated in Fig. 3(f), CP was 

gradually increased to 40 MPa, then 12 cycles of DS 

ranging from 5 to 60 MPa were applied to the specimen.  

4. RESULTS AND DISCUSSION 

4.1. Isotropic Compression 
The isotropic compression test on the granodiorite 

specimen was performed by increasing the confining 

stress in a step-wise fashion from 0 to 50 MPa. For every 

increment of 5 MPa, CP was held constant for 15 minutes 

and then increased to the next level until it reached to a 

CP of 50 MPa. The bulk modulus is a good index for 

compressibility of the specimen under isotropic 

condition. As seen in Fig. 4(a), the bulk modulus of the 

specimen increased by increasing CP. This suggests the 

closure of the micro-cracks caused by stress relief during 

sampling process at all confining levels. However, the 

rate of increment in the bulk modulus is higher at lower 

confinement levels compared to that in higher 

confinement levels. This could be explained by the 

number of micro-cracks that remain open at different CP 

levels. For instance, most of the micro-cracks remain still 

open under lower CP, whereas only few micro-cracks 

remain open as CP is increased. Hence, lower potential 

increase in the compressibility (i.e. bulk modulus) at 

higher CP levels. The estimated coupling and shear 

moduli of the specimen are illustrated in Fig. 4(b) and (c). 

All of these moduli showed similar trend, i.e. higher rate 

of increment at lower confinement compare to higher 

confinement level. The pressure dependency of bulk, 

coupling, and shear moduli was observed in other studies 

(e.g. Sone and Zoback, 2013; Villamor Lora et al., 2016; 

Kamali-Asl et al., 2018b, 2019a). 

4.2. MSE Test 
Fig. 5(a)-(g) show the evolution of axial, radial, and 

volumetric strains against DS under different stages of the 

MSE test. Closure of the micro-cracks was observed at 

low initial DS levels (i.e. around 5 MPa), followed by a 

linear behavior for all stages of the test. In the case of zero 

   

  
Fig. 2. Estimation of (a) bulk modulus (K), (b) coupling modulus (J), (c) shear modulus (G), (d) Young’s modulus (E), and (e) 

Poisson’s ratio (ν) using stress-strain data during the test (adapted and modified from Kamali-Asl et al., 2019). 
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confinement (i.e. Stage 1; Fig 4(b)), applied DS was ~5 

MPa. The stress-strain response of the specimen under 

such low (~5 MPa) DS level falls in the micro-crack 

closure region (see Fig 5(b) – (h)). The moduli measured 

under such DS level is not true elastic moduli of the 

specimen. Hence, elastic moduli during stage 1 of the 

MSE test (Fig 4(a) & (b)) are not reported in Table 1. The 

increase in the Young’s modulus with the CP level under 

same axial loading is insignificant (Table 1), which 

indicates the pressure (confining) independency and 

linear behavior of the specimen under different CP levels 

tested in the study (e.g. Yang et al., 2015). However, 

higher Young’s modulus was estimated under relatively 

higher DS levels at the same confinement. For instance, 

under all CPs during MSE test, Young’s modulus 

increased with an increase in the DS level with more 

pronounced increment between DS of 30 and 45 MPa. 

This could be due to the presence of micro-cracks, which 

 

   

 

 

Fig. 3. (a) stress path followed during the MSE tests; differential stress during (b) Stage 1, (c) Stage 2, (d) Stage 3, and (e) Stages 

4 to 7 of the test; and (f) stress path followed during the cyclic test. 
 

 

   

Fig. 4. Estimated static (a) bulk, (b) coupling, and (c) shear moduli at different confining levels 
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did not completely close under all CPs and lower DS 

levels (i.e. up to 30 MPa). The higher Young’s modulus 

during unloading stages, as observed in Table 1, is due to 

the fact that loading induces both elastic and plastic 

deformations in the specimen, which are not recovered 

during the unloading that is dominated by elastic 

deformations (e.g. Zoback, 2010; Sone and Zoback, 2013; 

Villamor Lora et al., 2016; Kamali-Asl et al., 2019a).  

4.3. Cyclic Test 
The evolution of axial, radial, and volumetric strains 

against DS in the cyclic test is shown in Fig. 5(h). Similar 

to MSE test results, Young’s modulus and Poisson’s ratio 

remained fairly similar under all the applied levels of DS 

(Table 2), which is also reflected in the linear behavior of 

the specimen illustrated in Fig. 5(h). The closure of the 

micro-cracks under lower DS levels was observed in the 

cyclic test as well. The insignificant difference between 

Young’s modulus and Poisson’s ratio during loading and 

unloading suggested very small plastic deformation, 

which is also reflected by negligible hysteresis behavior 

of the rock specimen (Fig 5(h)).  

The elastic parameters of the granodiorite obtained in the 

study (Tables 1 and 2) are comparable with the previously 

published values for Aue granite i.e. 48 GPa at CP of 40 

MPa (Hofmann et al. 2015), marble i.e. 58 GPa at CP of 

35 MPa (Yang et al., 2015), Kuru granite i.e. 40 GPa at 

CP of 37.5 MPa (Hokka et al., 2016), and phyllite i.e. 55 

GPa at CP of 40 MPa (Kamali-Asl et al., 2019a). 

Geomechanical and hydro-thermal responses of a deep 

geothermal reservoir are necessary in order to design the 

stimulation program for permeability enhancement (e.g. 

Majer et al., 2007), reduce the production decline over 

time, and build more accurate predictive models at 

reservoir scale (e.g. Ghassemi, 2012). Elastic moduli (i.e. 

Young’s and shear moduli, and Poison’s ratio) of the 

granodiorite specimen tested in the study indicated that 

the rock specimen has a high elasticity as compared to 

other typical geothermal reservoir rocks such as granite 

and sandstone (e.g. Ghassemi, 2012). High elasticity 

indicates the higher strength of the rock, which might 

affect the outcome of the hydraulic fracturing during 

reservoir stimulation of an EGS (e.g. Schön, 2015).  

Thermal stresses induce thermal cracks in the reservoir 

rocks, which increase the reservoir permeability, but on 

the other hand, compromise the elastic and strength 

characteristics of the reservoir (e.g. Ghassemi, 2012). 

Although not investigated in this study, coupled thermal-

hydrological-mechanical-chemical processes such as 

stress-corrosion, mechanical creep, pressure solution, 

free-face dissolution/precipitation of minerals (e.g. 

Ghassemi, 2012; Yasuhara et al., 2006; Kamali-Asl et al., 

2019b) affects the productivity of the geothermal 

reservoir in a long run, which cannot be ruled out of the 

investigation. 

Table 1. E and ν values during MSE test  

CP 

(MPa) 

DS 

(MPa) 

E (GPa) ν 

L* U* L* U* 

0 0-5 NA NA NA NA 

5 0-15 71.92 71.00 0.24 0.25 

10 
0-15 69.94 72.17 0.24 0.25 

0-30 70.28 70.3 0.24 0.25 

20 

0-15 68.25 70.47 0.24 0.24 

0-30 69.32 71.13 0.24 0.25 

0-45 71.65 71.42 0.24 0.25 

0-60 71.07 70.57 0.24 0.24 

30 

0-15 68.64 71.22 0.24 0.24 

0-30 69.48 72.59 0.23 0.25 

0-45 71.09 72.36 0.24 0.24 

0-60 71.44 72.39 0.24 0.24 

40 

0-15 69.99 71.47 0.24 0.24 

0-30 69.79 72.48 0.23 0.24 

0-45 72.34 73.62 0.24 0.25 

0-60 73.03 73.17 0.24 0.24 

50 

0-15 71.73 72.50 0.24 0.25 

0-30 71.62 73.23 0.24 0.24 

0-45 73.67 73.62 0.24 0.25 

0-60 73.94 73.66 0.24 0.24 

     * L: Loading, U: Unloading, and NA: Not Applicable 

Table 2. E and ν during cyclic test 

DS (MPa) 
E (GPa) ν  

L* U* L* U* 

C
P

 =
 4

0
 M

P
a 

0-5 93.20 94.11 0.25 0.25 

0-10 76.42 71.65 0.24 0.24 

0-15 73.08 71.05 0.25 0.25 

0-20 73.22 71.73 0.24 0.24 

0-25 72.75 71.82 0.24 0.24 

0-30 72.68 72.16 0.24 0.24 

0-35 73.11 72.54 0.24 0.24 

0-40 73.41 73.18 0.24 0.24 

0-45 73.63 73.33 0.24 0.24 

0-50 73.72 73.34 0.24 0.24 

0-55 73.79 73.54 0.24 0.24 

0-60 73.71 73.50 0.24 0.24 

          * L: Loading and U: Unloading 

5. CONCLUSION 

MSE and cyclic tests were conducted on an intact 

granodiorite specimen retrieved from Patua geothermal 

field. MSE test was performed at seven different 

confining levels ranging from 0 to 50 MPa, while the 

cyclic test was performed under the confining level of 40 

MPa (i.e. in-situ overburden stress) and differential stress 

ranging from 5 to 60 MPa. Static moduli of the specimen 

were estimated from the stress-strain response of the 

specimen during the tests. During isotropic compression, 

static bulk modulus increased at higher rate under lower 

CP compared to that at higher CP. Most of the micro-

cracks present in the rock closes at the lower CP values, 

and hence, the higher rate of increment of bulk modulus 

at lower CP values. The Young’s modulus of the 



specimen showed a pronounced increment between 30 

and 45 MPa, which could be due to the presence of micro-

cracks that close at higher DS levels. Moreover, Young’s 

modulus during the unloading path was higher compared 

to that of loading path because of the fact that both elastic 

and plastic deformations occur during loading whereas 

only elastic deformations are recovered during unloading. 

The plastic deformations during the tests were 

insignificant, which explain the linear response with 

negligible hysteresis behavior of the specimen. The 

results obtained in the study agree with the previously-

published results. The laboratory mechanical 

characterization of a rock specimen is a short term test and 

does not account for a long term chemical changes in the 

rock specimens in the in situ conditions. Therefore, it 

should be acknowledged that the material properties of 

the reservoir rocks might change over the time. Other tests 

such as creep, multi-stage failure tests, and flow-through 

tests to characterize the viscoelastic response, strength 

properties, and flow properties of the specimen are in 

progress.  
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