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A B S T R A C T   

The thermal conductivity of fractured rock masses is an important parameter for the analysis of energy geosystems, yet, its measurement is challenged by specimen 
size requirements. Fluids within fractures have lower thermal conductivities than rock minerals and heat flow lines constrict through contacting asperities. Together, 
heat flow constriction and phonon boundary scattering cause an apparent temperature discontinuity across the fracture, typically represented as a thermal contact 
resistance. We investigate the thermal contact resistance in fractured limestone and its evolution during loading and unloading (σ’=10 kPa to σ’=3000 kPa) for clean 
and gouge-filled fractures, under both air-dry and water-saturated conditions. The fracture thermal contact resistance decreases during loading because of the in-
crease in the true contact area, gouge and asperity crushing, and fracture filling by produced fines that contribute new conduction pathways. These processes convey 
high stress sensitivity and loading hysteresis to the fracture thermal contact resistance. Water fills the fracture interstices and forms menisci at mineral contacts that 
significantly improve heat conduction even in partially saturated rock masses. The rock mass effective thermal conductivity can be estimated by combining the intact 
rock thermal conductivity with measurements of the thermal contact resistance of a single fracture under field boundary conditions.   

1. Introduction 

The thermal conductivity of fractured rock masses is an important 
parameter for the analysis of hydrothermal aquifers (Pasvanoğlu 2020), 
hot dry rock geothermal systems (Brown et al. 2012), deep borehole heat 
exchangers (Laloui et al. 2006, Bär et al. 2015, Welsch et al. 2016), 
nuclear waste disposal sites (Tsang 2012, Madsen 1998), and some oil 
and gas operations (Stephens and Voight 1982, Wang and Dusseault 
2003). 

The thermal conductivity of intact rocks increases with effective 
stress due to microcrack closure (Bridgman 1924; Hurtig and Brugger 
1970, Walsh and Decker 1966, Clauser and Huenges 1995, Abdulagatov 
et al. 2006, Abdulagatova et al. 2009, Abdulagatova et al. 2010, Alish-
aev et al. 2012). Conversely, differential thermal expansion amongst 
adjacent crystals in the rock matrix can lead to thermally induced 
cracking and a decrease of thermal conductivity with temperature 
(Clauser and Huenges 1995, Abdulagatov et al. 2006, Abdulagatova 
et al. 2009, Abdulagatova et al. 2010, Alishaev et al. 2012). 

Fluids have lower thermal conductivities than rock minerals (kw=0.6 
W.m− 1.K− 1 for water and ka=0.024 W.m− 1.K− 1 for air, while km=1 to 10 
W.m− 1.K− 1 for minerals – Lide, 2003). Therefore, when thermal energy 
flows across a fracture, heat flow lines constrict through contacting as-
perities. In addition, narrow asperities resist heat flow due to the 
boundary scattering of phonons (Prasher et al., 2007; Prasher and 

Phelan, 2006). Together, heat flow constriction and phonon boundary 
scattering cause an apparent temperature discontinuity ΔTc across the 
fracture (Figure 1). We define the thermal contact resistance Rc [m2.K. 
W− 1] as the ratio between the temperature drop ΔTc [K] and the heat 
flux qc [W.m− 2] across a fracture. 

Rc =
ΔTc

qc
(1) 

Current thermal contact resistance models consider the effects of 
stress, the contact geometry, and mechanical properties, and the thermal 
properties of the interstitial fluids at contacting surfaces (Cooper et al. 
1969, Mikić 1974, Yovanovich 2005). However, models fail to recognize 
the effect of evolving contacts and the presence of gouge in rock 
fractures. 

In fact, data gathered using high spatial resolution techniques (laser 
heat source and infrared radiometer – Popov et al. 1999, Surma and 
Geraud 2003) show that mechanical damage reduces rock thermal 
conductivity (Li et al. 2020), and the presence of fractures hinders the 
upscaling of local measurements to determine the effective thermal 
conductivity of the rock mass (Jorand et al. 2013). 

Despite the importance of fractures to thermal conductivity, the 
thermal contact resistance of rock fractures remains poorly studied; in 
addition, the measurement of the effective thermal conductivity of rock 
masses is challenged by specimen size requirements. This paper presents 
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an experimental study of the thermal contact resistance in fractured 
limestone and its evolution for various fracture conditions. Then, we 
upscale thermal contact resistance trends to predict the rock mass 
effective thermal conductivity and compare predictions with experi-
mental results. 

2. Experimental design: materials, devices and procedure 

2.1. Materials 

The tested specimens consist of stacked Jordanian limestone slabs 
(15 cm × 15 cm × 4 cm – Figure 2) to render a fracture density of 25 
fractures per meter. This is a predominantly calcite rock (confirmed by 
XRD analysis), and it has a thermal conductivity that ranges from 2.83 
W.m− 1.K− 1 to 3.05 W.m− 1.K− 1, which is consistent with low porosity 
limestones (Yaşar et al. 2008). 

The selected gouge is a carbonate sand #40-60 with similar me-
chanical and thermal properties as the limestone slabs. We use thresh-
olded microscopic images of the gouge material to measure minimum 
Feret diameters and the volume of each grain to compute the grain size 
distribution. Prior to loading, the sand exhibits a Gaussian distribution 
with a mean grainsize of μ = 0.39 mm and a standard deviation of sd =
0.05 mm (Figure 3-a). 

Both clean and gouge-filled fractures are tested under air-dry and 
water-saturated conditions (Figure 2-a). We polish each limestone slab 
with 120 grit sandpaper to ensure a planar surface of consistent 
roughness. Gouge-filled fractures receive a monolayer of the carbonate 
sand. The preparation of the water-saturated specimens involves the 
same polishing and gouge placement procedure but within a thin plastic 
liner that we later fill with water and seal to prevent evaporation. 

2.2. Instrumentation 

Thermocouples are inserted in drilled holes (3 mm diameter, 7.5 cm 
deep, and 5 mm away from the fracture surfaces) to reach the vertical 
central axis of the specimen for precise measurements of internal tem-
peratures through time (Figure 2-b). We extrapolate the linear thermal 
gradient between the two thermocouples in each limestone slab to the 
slab surfaces in order to determine the temperature discontinuity across 
the fractures. 

Temperature data time averaging (about 400 measurements) reduces 
random fluctuations to a precision better than εT = 0.01◦C. Albeit low, 
this uncertainty hinders the accurate determination of the thermal 
contact resistance Rc. We therefore conducted two sets of tests. Effective 
thermal conductivity measurements are based on a stack of five lime-
stone slabs. Whereas, thermal contact resistance measurements only use 

two slabs to increase the thermal gradient and obtain higher precision in 
Rc-measurements; in the two-slab configuration, the error εT divided by 
the temperature drop across the fracture ΔT is εT/ΔT ≈ 0.04. 

2.3. Thermal boundaries and heat flux 

We place heat exchange steel plates on both ends of the stacked slabs 
and feed them with two separate temperature-controlled circulators 
(VersaCool – Figure 2-a). We set the top plate at 90◦C and the lower plate 
at 10◦C. The top-to-bottom thermal gradient mitigates peripheral ther-
mal convection effects. Additionally, a 5 cm thick Styrofoam insulation 
surrounds the specimen to minimize heat loss. Two- and five-slab con-
figurations have the same setup and boundary conditions. In both cases, 
we measure the thermal heat flux with a calibrated acrylic plate (k =
0.21 W.m− 1.K− 1) placed in series between the top heat plate and the 
rock specimen (Figure 2-b). All temperature measurements are made 
under steady-state conditions. 

2.4. Mechanical load 

The limestone stack held between the two heat exchange plates sits 
within a rigid reaction frame that imposes preselected effective stress 
levels between σ’ = 10 kPa and σ’ = 3000 kPa following a stress 
increment ratio of 3. A side-mounted LVDT monitors the specimen 
global deformation. 

Figure 4 shows a complete set of temperature signatures gathered 
during loading and unloading of the air-dry, gouge-filled limestone 
specimen. The test lasts 190 hours so that steady-state thermal condi-
tions are reached after each load step. The first ten hours show the 
temperature evolution after starting the circulators, so that the higher 
slabs heat up while the lower slabs become cooler. The heat flux through 
the acrylic plate is equal to the heat transported through the rock stack 
qrock = qacry, therefore: 

ΔTrock/Lrock

ΔTacry
/

Lacry
=

kacry

krock
(2) 

The relatively low thermal conductivity in the acrylic plate allows for 
accurate flux determinations and limits the thermal gradient in the rock 
ΔTrock/Lrock. Equation 2 helps explain notable features in the data shown 
in Figure 4, such as: (1) the effective thermal range across the rock stack 
is 13◦C to 35◦C, compared to the applied 10◦C to 90◦C range; (2) there is 
an initial overcooling of the lower slabs because the initial heat con-
duction is faster towards the cooler lower heat exchanger as there is no 
acrylic plate at the bottom; and (3) as the thermal conductivity in the 
rock mass krock increases with normal stress, the temperature range 
across the rock mass decreases, ΔTrock/Lrock. 

Figure 1. Thermal contact resistance. (a) Heat flow constriction through contacting asperities. (b) Macroscopically apparent temperature discontinuity at 
the contact. 

A.V. Garcia and J.C. Santamarina                                                                                                                                                                                                          



Geothermics 95 (2021) 102113

3

3. Experimental Results 

3.1. Five-slab Stacks 

Figure 5 presents the flux-normalized temperature gradient (i.e., 
thermal resistance) through clean and gouge-filled fractured limestone 
specimens for both air-dry and water-saturated conditions; for clarity, 
data corresponds to the extreme effective stresses, σ’ = 10 kPa and σ’ =
3000 kPa. The overall slope is the effective conductivity keff of the rock 
mass, whereas the local slope for each slab represents the thermal 
conductivity km of the intact limestone. The temperature discontinuities 
define the thermal contact resistance Rc = ΔTc/q at each fracture. 

Data show that the presence of carbonate gouge increases the contact 

resistance in both dry and water-saturated specimens, and makes the 
contact resistance more sensitive to stress than in clean fractures. Water 
saturation reduces the thermal contact resistance and increases the 
effective thermal conductivity, particularly in gouge-filled fractures at 
low stress. 

Figure 6 depicts the vertical load-deformation divided by the number 
of fractures during loading and unloading for both clean and carbonate 
gouge-filled fractures under air-dry and water saturated conditions. 
Clean, air-dry fractures (Figure 6-a) exhibit the smallest shortening, and 
there is a relatively minor permanent deformation upon unloading. The 
presence of gouge within fractures increases the specimen shortening 
during loading and the permanent deformation after unloading for both 
dry and wet conditions (Figures 6-b-and-d). Water-saturation enhances 

Figure 2. Experimental device and fracture interstitial conditions. (a) Clean and gouge-filled fractures – tested under dry and water saturated conditions. (b) Stress- 
controlled thermal measurement system for fractured rock. 

Figure 3. Fracture gouge: carbonate sand. (a) Grainsize distributions of air-dry gouge specimens subjected to various stress levels. (b) Scanning electron microscopic 
image of gouge after 3 MPa loading under water-saturated conditions. 
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shortening and hysteresis; in fact the wet, gouge-filled fractured spec-
imen shortened the most. 

Global deformation measurements are consistent with gouge crush-
ing. Figure 3-a plots the normalized cumulative mass of the air-dry 
carbonate gouge against the minimum particle Feret diameters for 
various specimens subjected to different effective stress levels from σ’ =
0 kPa to σ’ = 3000 kPa. The grainsize distribution of the gouge material 
changes significantly when the normal stress exceeds σ’= 1000 kPa. 
Figure 3-b shows an SEM image of gouge after loading to σ’ = 3000 kPa 
under water-saturated conditions. The particles range from sub-micron 
to half a millimeter in size and are highly angular indicating extensive 
crushing. Small grains cling to large grains and cluster at contacts 

because of capillary forces experienced during oven drying. The pres-
ence of water exacerbates particle crushing and fines generation 
(Figure 3-b – see similar observations and underlying fracture me-
chanical analysis in Oldecop and Alonso 2001). 

3.2. Two-slab Stacks 

Figures 7-a-and-b show the fracture thermal contact resistance 
computed from the thermal discontinuities measured for clean and 
gouge-filled fractures under dry and water-saturated conditions during 
loading and unloading. These tests involve two-slab stacks with a single 
fracture to obtain high resolution measurements of contact resistance. 

Figure 4. Typical thermocouple temperature-time signatures. Data for an air-dry gouge-filled limestone specimen during loading and unloading. Color-pairs 
correspond to the two thermocouples in each of the 5 slabs (refer to Figure 2). 

Figure 5. Specimen height vs. resistance across a five-slabs stack (a) Dry and (b) water-saturated specimens. Data shown for clean and gouge-filled fractures under 
the low and high effective stresses (σ’ = 10 kPa and σ’ = 3000 kPa). 
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The thermal contact resistance of gouge-filled factures is very sensitive 
to stress during virgin loading and displays a prominent hysteresis upon 
unloading. Hysteresis is less conspicuous in clean fractures. Water 
saturation significantly reduces thermal contact resistance all cases. 

4. Discussion and Analysis 

4.1. Fracture Thermal Contact Resistance 

Experimental results show that the thermal contact resistance de-
pends strongly upon the applied normal stress and interstitial conditions 
such as the presence of gouge and water saturation. For dry fractures, 
the true mineral-to-mineral contact area relates to the effective stress in 
accordance with contact mechanics (Greenwood and Williamson 1966). 
In the limit of rigid-plastic media, the true contact area ɑc relates to the 
apparent area ɑɑ as the ratio between the applied stress σ’ to the yield 
stress σy, ɑc/ɑɑ = σ’/σy. Furthermore, asperities and gouge experience 
crushing at high loads; gradually, fines fill the voids in fractures, provide 
additional conduction pathways, and enhance the heat flow across the 
fracture (Yun and Santamarina 2008). Therefore, hysteresis in thermal 
contact resistance is more prominent in gouge-filled fractures than in 
clean fractures, as observed in experimental results (Figure 7). 

A contact mechanics-inspired power function adequately fits the 

inverse relationship between the measured thermal contact resistance Rc 
and the normal effective stress σ’ (Figure 7): 

Rc = RcL

(
σ′

+ σ′

0

σ′

0

)− β

(3)  

where RcL is the asymptotic thermal contact resistance when the applied 
stress σ’ is much smaller than the characteristic effective stress σ’<<σ’0. 
Table 1 lists the RcL, σ0, and β values used to fit the thermal contact 
resistance data in Figure 7. 

The presence of water can reduce thermal contact resistance by 
nearly 70% for clean or gouge-filled fractures. While water has lower 
thermal conductivity than the rock mineral, its thermal conductivity is 
25-times that of air. Therefore, even a small amount of water in the 
contact interstices and in menisci at mineral contacts can profoundly 
reduce the fracture thermal contact resistance. 

4.2. Rock Mass Effective Thermal Conductivity – Upscaling 

The fracture thermal response strongly affects the rock mass thermal 
conductivity. Figure 8-a depicts the measured effective thermal con-
ductivity for five-slab limestone specimens with four clean and gouge- 
filled fractures under dry and water-saturated conditions, during 
loading and unloading. 

Figure 6. Deformation versus effective stress during loading and unloading - Five-slabs stacks. Clean fractures (a & b) and carbonate gouge-filled fractures (c & d) 
under dry and water saturated conditions. 
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Analogous to results for single fractures, the effective thermal con-
ductivity of the rock mass improves (1) when fractures are clean rather 
than separated by gouge, i.e., fewer constrictions for heat flow, (2) under 
higher normal effective stress, i.e., higher true contact area, and (3) 
under wet conditions, i.e., enhanced heat transport at contacts. 
Furthermore, the presence of gouge increases stress sensitivity of the 
rock mass effective thermal conductivity and its hysteresis upon 
unloading. 

The effective rock mass thermal conductivity can be estimated as a 
combination of the intact rock thermal conductivity km [W.m− 1.K− 1] in 
series with the fracture thermal contact resistance Rc [m2.K.W− 1] for a 
given fracture separation s [m]: 

keff =
1

1
km
+ Rc

s

(4) 

Let’s use this equation in combination with the contact resistance 
model (Equation 3 – Figure 7 – Parameters in Table 1) to calculate the 
effective thermal conductivity for all fractured rock masses tested in this 
study using a constant value for the intact limestone conductivity km =

2.83 W.m− 1.K− 1. (Note: water can significantly improve thermal con-
duction in porous intact rocks as well – Zimmerman 1989, Alishaev 
et al. 2012, Li et al. 2020). The computed trends shown in Figure 8-b 
match closely with the experimental effective thermal conductivity 
trends. 

Therefore, this methodology can be used to predict the effective 

conductivity of rock masses from simple laboratory measurements of the 
matrix thermal conductivity km and fracture thermal contact resistance 
Rc under various stress and water saturation conditions. 

5. Conclusions 

Discontinuities in rocks – from microcracks to fractures and faults – 
couple effective thermal conductivity to stress, and fluid conditions. 

The apparent thermal discontinuity across fractures arises from heat 
flow constriction at contacts, phonon scattering, and the low thermal 
conductivity of interstitial fluids. An increase in the effective stress re-
duces the fracture thermal contact resistance through the increase in 
true contact area, gouge and asperity crushing, and produced fines that 
fill the fracture space and contribute conduction pathways. These pro-
cesses convey the high stress sensitivity and loading hysteresis to the 
fracture thermal contact resistance. A contact mechanics-inspired in-
verse power function adequately models the change in thermal contact 
resistance with stress. 

Water reduces the thermal contact resistance by nearly 70% for clean 
and gouge-filled fractures. In particular, water fills the fracture in-
terstices and forms menisci at mineral contacts that significantly 
improve heat conduction even in partially saturated rock masses. 

Phenomena at the fracture scale strongly affect the tock mass ther-
mal conductivity. In general, we anticipate that the thermal conductivity 
in more compressible rock masses will exhibit higher stress sensitivity. 

The effective thermal conductivity computed by combining the 
contact resistance of a single fracture and the thermal conductivity of 
the intact block shows a close match to the effective thermal conduc-
tivity measured across the entire rock mass. Therefore, the rock mass 
effective thermal conductivity can be estimated from intact rock thermal 
conductivity measurements and the assessment of the thermal contact 
resistance of a single fracture in the lab. This approach overcomes 
inherent experimental difficulties associated with specimen size re-
quirements when studying rock masses. 

Data: All data are available in the manuscript and in the KAUST 
repository (with an assigned permanent DOI) 

Figure 7. Thermal contact resistance under dry and water-saturated conditions during loading and unloading – Two-slab stack, i.e., single fracture. (a) Clean 
fractures. (b) Gouge-filled fractures. Lines show the fitted power function. 

Table 1 
Thermal contact resistance – Values of the parameters in the power equation 
(Equation 3- Data in Figure 7).     

RcL [m2.K.W− 1] σ0 [kPa] β [] 

Gouge-Filled Air-Dry Loading 0.0066 390 0.75 
Unloading 0.0024 50 0.15 

Water-Sat. Loading 0.0019 350 0.52 
Unloading 0.0008 50 0.07 

Clean Air-Dry Loading 0.0010 1000 0.39 
Unloading 0.0009 500 0.24 

Water-Sat. Loading 0.00083 1200 0.90 
Unloading 0.00065 1200 0.73  
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