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Summary 

Carbonate rocks are distressed by temperature fluctuations, most 

commonly observed in marble monuments and cladding exposed to 

varying outdoor temperatures. Similarly, reservoir rocks are cooled on 

periodic basises during oil production by injecting cold fluid, locally 

cooling the surrounding reservoir rock. The rock will then reheat to its 

original temperature when the injection stops. These temperature 

fluctuations can potentially cause deformation to the reservoir and 

change its mechanical properties, which must be taken into consideration 

during the recovery. 

This body of work focuses on chalk reservoirs, where the proposed effect 

could be of importance because the main building agent of chalk is 

calcite, which has a highly anisotropic thermal expansion coefficient. 

Thus, temperature fluctuations could strain the grain contacts between 

neighbouring particles. To gain a better understanding of stress 

accumulation at the contact level, two chalks with differing degrees of 

contact cement are compared; higher indurated chalk from a quarry in 

Kansas (USA) and a low indurated chalk originating from Mons 

(Belgium). The interpretation of temperature dependence is based upon 

the analysis of three different series of experiments, each providing 

different mechanical parameter estimates relating to: tensile strength, 

elasto-plastic partitioning during hydrostatic stress cycles, and elastic 

moduli (Bulk modulus, Young’s modulus and shear modulus). 
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The influence of temperature cycling on tensile strength was tested using 

samples from the two chalk types in dry and water saturated states, and 

then exposed to 0, 15, and 30 temperature cycles. The dry samples were 

not influenced by temperature cycling for either of the chalk types. 

However, in the water saturated state, tensile strength is increasingly 

reduced with a progressive number of temperature cycles for both chalks. 

The effect of temperature cycling was further examined by hydrostatic 

stress cycling in order to compare their mechanical responses. The two 

types of chalk were saturated by two different fluids to additionally 

determine the importance of water weakening. During a hydrostatic 

stress cycle, the total volumetric strain is partitioned into a reversible 

(elastic) and irreversible (plastic) component. Here, the fraction of 

irreversible strain during each stress cycle is reported and compared for 

the two chalks and two saturating fluids. All tests exposed to temperature 

cycling between each stress cycle accumulated more irreversible strain, 

the biggest difference was observed for the water saturated, highly 

indurated, Kansas chalk. 

Using the samples from the two types of chalks, the dependence of 

elastic moduli on temperature cycling was investigated. The bulk 

modulus tested under hydrostatic conditions did not show significant 

dependence on increasing numbers of temperature cycles for Kansas 

chalk, but the modulus for Mons chalk demonstrated a decreasing trend 

with increasing numbers of temperature cycles. Young’s modulus and 

compression modulus measured under confined constant overburden 
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stress showed no effect with increasing numbers of temperature cycles. 

Thermal linear expansion coefficient had a decreasing trend with 

increasing number of temperature cycles. 

In response to temperature variation, the anisotropic thermal expansion 

of calcite crystals induces thermal stress that resulted in the accumulation 

of irreversible strain and decrease of tensile strength. This was especially 

pronounced in water saturated samples. Water is a polar fluid and has an 

electrical charge, so an electrical exchange with the calcite surface 

occurs. This creates a so called electrical double layer, whose thickness 

is assumed to be directly proportional to the Debye length. The thickness 

of Debye length is seen to depend on temperature, increasing with 

increasing temperature. When the temperature is increased, due to the 

increase of the double layer, the area of repulsion between two 

neighbouring particles is also increased. It is proposed that fluctuating 

the length of charged double layer has a permanent damage on chalk 

through increasing the number of micro fractures.  

Another contributing factor as to why temperature cycling enhances 

weakening in water saturated chalk samples rather than dry or Isopar H 

saturated samples, is that the surface energy 𝛾! of the main calcite 

cleavage plane "1014& depends on the presence of water. The surface 

energy of dry and fully hydrated calcite surfaces are 0.32 J/m2 and 0.15 

J/m2 respectively. Hence, the energy necessary to form a dry surface 

(fracture) is double the energy required for a formation of wet surface.   
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1 Introduction 

Recurring cold-water injection into a hot reservoir during oil production 
periodically cools the reservoir rock and could potentially thermally 
degrade the formation surrounding an injection well. Thermal strain may 
destabilise a rock and cause permanent damage, especially if a rock is 
composed of an anisotropic mineral phase. This project focuses on chalk 
reservoirs, where the proposed effect could be high because chalk is 
composed of calcite which has a highly anisotropic thermal expansion 
coefficient. 

1.1 Physical properties of chalk 

1.1.1 Calcite anisotropic thermal expansion 
Freshly deposited calcareous ooze has a porosity of approximately 70%, 
but it is mechanically compacted by the overburden stress, resulting in a 
reduction of pore volume. As the ooze is buried deeper, stress at particle 
contacts builds up, resulting in pressure dissolution and contact cement, 
forming chalk (Fabricius, 2014).  

Calcite crystals and carbonate rocks have large anisotropic thermal 
expansion coefficients, which could induce stresses at cemented particle 
contacts caused by temperature variations (Table 1). Marble is a 
metamorphosed rock also composed of calcite, and experiments have 
shown that its strength is greatly influenced by temperature fluctuations. 
For example, marble monuments experience degradation and some 
marble façades tend to experience concave bowing when exposed to 
outdoor temperature variation (Figure 1) (Luque et al., 2011; Weiss, 
Siegesmund, & Fuller, 2003). Hansen, Leksø, and Grelk (2003)  found 
that naturally exposed marble weakens relative to the number of years 
exposed, and that the marble laboratory tested at 100% relative humidity 
weakens respectively with number of cooling and heating cycles. 
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Table 1 - Limestone and calcite anisotropic thermal expansion coefficient reported in literature 

Reference – limestone Limestone region α (10"#	K-1) 
Harvey (1967) Illinois  5.2 - 5.7 
Johnson and Parsons (1944) Mille Roche, Canada 3.8 - 4.1 
 St Louis Cp., MO 3.8 - 4.4 
 Bethany Falls, MO 3.0 - 4.3 
 Jordanville, NY 4.0 - 4.4 
 North le Roy, NY 5.6 - 5.8 
 Paso Pobles, CA 8.6 - 9.4 
Goncalves and Brito (2017) Anca, Portugal 4.6 
Reference – calcite α ǁ c (10"#	K-1) α ꓕ c (10"#	K-1) 
Rosenholtz and Smith 
(1949) 

23.8 -5.2 

Markgraf and Reeder (1985) 32.3 -2.8 
Wu, Shen, Weathers, 
Bassett, and Chou (1995) 

28.798 -5.371 

Rao, Naidu, and Murthy 
(1968) 

25.10 -3.68 

 

 
Figure 1- Marble displaying flakes and granular disintegration in Granada, Spain (Luque et al., 
2011) 

Other minerals with different mineralogical components also show 
weakening due to temperature cycling. Tensile strength of sandstone 
specimens is dependent upon cyclical saturation of water and drying at 



Introduction 

3 

105°C cycles, with 50% of strength lost just after seven repeated cycles 
(Hua, Dong, Li, Xu, & Wang, 2015). Quartz, the main component of 
sandstone, has  an anisotropic thermal expansion coefficient with 14.4 × 
10-6  K"$ perpendicular and 7.8 × 10-6  K"$ parallel to the principle axis 
(Jay, 1934). The thermal anisotropy of quartz is not as pronounced as of 
calcite, but still believed significant for stress to be accumulated at 
particle contacts. 

1.1.2 Chalk water weakening 
Water presence has been shown to play an important role on rock 
mechanics. In the experiment by Hansen et al. (2003) mentioned 
previously, marble did not show any weakening effects due to 
temperature cycling when tested at 0% humidity. Saturation with a polar 
pore fluid generally reduces the strength of porous rocks – as seen in 
sandstone (Baud, Zhu, & Wong, 2000; Wasantha & Ranjith, 2014), 
limestone (Lebedev, Wilson, & Mikhaltsevitch, 2014), and chalk 
(Risnes, Madland, Hole, & Kwabiah, 2005). Wasantha and Ranjith 
(2014) found that water saturation led to a 13-38% reduction of the initial 
dry strength of Hawkesbury sandstone, which is further enhanced at 
higher confining pressures.  Baud, et al. (2000) studied effects of water 
saturation on four different sandstones, and found brittle strength 
reduction of 5-17%, where sandstone with the lowest porosity had the 
highest reduction. In the same study, samples with higher contents of 
altered feldspar and clay had greater weakening by water saturation.  

Water weakening of chalks has gained a lot of attention since the 
development of the Ekofisk oil field on the Norwegian continental shelf. 
Madland, Korsnes, and Risnes (2002) found a reduction in chalk tensile 
strength and hydrostatic yield stress due to water saturation. By altering 
water activity as a pore fluid,  Risnes et al. (2005) concluded that chalk 
strength is more reduced with higher water activity. Similarly, 
Megawati, Hiorth, and Madland (2013) found that the weakening is 
enhanced with an increasingly negative surface charge of chalk in the 
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presence of different pore fluids. Greater negative charge on pore walls 
would lead to the greater overlap of the electrical double layers between 
the neighbouring particles and hence results in a rise in disjoining 
pressure. 

Subcritical fracturing is considered the main mechanism responsible for 
propagation of pre-existing fractures, and would be the dominant mode 
for rock failure (Atkinson, 1984). The fracture velocity was found to be 
much higher in water than air, and also influenced by the chemical 
composition of the saturating fluid (Atkinson & Meredith, 1981). 
Lisabeth and Zhu (2015) demonstrated that limestone saturated with 
equilibrated water was stronger than the samples saturated with distilled 
water, and that the microcracking was a dominant deformation 
mechanism at lower pressures. 

1.1.3 Calcite surface charge and the adsorption 
of surface-active ions 

Calcite crystal surfaces have charged sites, with the principal cleavage 
plane {101*4} populated with partially charged Ca2+ and CO32-, (Stipp, 
Brady, Ragnarsdottir, & Charlet, 1999). With an introduction of a polar 
pore fluid, its charge is absorbed onto the calcite surface, creating a 
repulsive double layer. The thickness of the double layer is described by 
Debye-Hückel theory (Andreassen & Fabricius, 2010), and is 
characterized by the Debye length 𝜅"$ (Lyklema, 2000): 

 
𝜅!" = '

𝜀#𝜀$𝑘%𝑇
2𝑁&𝑒'𝐼

/
"
'
=	1

(8.85	 × 10!"')𝜀$	(1.38 × 10!'()𝑇
2(6.02 × 10'()(1.60 × 10!"))'𝐼 <

"
'
 (1) 

   
Where 𝜀% is the permittivity of a vacuum, 𝜀& is relative permittivity of 
water (the saturating fluid), 𝑘' is Boltzmann’s constant, 𝑇 is temperature, 
𝑁( is Avogadro’s number, 𝑒 is elementary charge, and 𝐼 is ionic strength 
of the pore water. Relative permittivity of water also depends on 
temperature, where 𝜀& is 88.44 at 20°C and 55.43 at 100°C and  34.5 at 
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200°C (Yakaboylu, Harinck, Smit, & de Jong, 2013). Hence, the Debye 
length depends on temperature, and initially increases with increasing 
temperature (Figure 2).  

 

Figure 2 - Debye length increases with increasing temperature based on 𝜅!" equation (Eq (1)). 

A thicker Debye length leads to an increase in the repulsive area between 
the particles at higher temperatures, which causes further weakening of 
the water saturated samples (Figure 3). The increased repulsion could 
facilitate the propagation of fractures that would not develop in the dry 
state, thereby creating greater repulsion and fracturing of the contact 
cement, thus weakening the samples as the number of temperature cycles 
are increased. Additionally, the increase of the repulsive area may be 
sufficient to pull particles farther apart, so water can then invade the 
fracture, reducing the attractive area between the two particles. 
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Figure 3 -  Attractive and repulsive forces present between two calcite particles in (a) dry 
conditions, (b) water saturated conditions at 30°C, and (c) saturated conditions at elevated 
temperature, an extra area of repulsive forces occur at higher temperature associated with the 
increasing Debye length. 

 

Once the fracture propagates, a new surface is generated. The energy 
required to create a surface 𝑈!)&*+,- between two particles is a function 
of the cross-sectional area 𝐴 of the contact cement between two particles: 

 𝑈!)&*+,- = 𝛾!𝐴 (2) 
   

For calcite, the surface energy 𝛾! of the cleavage plane {101*4} depends 
on the presence of water, where the surface energy of a dry calcite 
surface is 0.32 J/m2 and the surface energy of a fully hydrated calcite 
surface is 0.15 J/m2 (Røyne, Bisschop, & Dysthe, 2011). Since two 
surfaces are created with each fracture, calculated energies of the dry and 
saturated surface are: 

 
𝑈!)&*,/&0 = 2	 ∙ 0.32

J
m1 ∙ (10	µm)

1 ∙ >10"$1 ∙
m1

µm1?

= 6.4 ∙ 10"$$J 

(3) 

 
𝑈!)&*,!+2 = 2 ∙ 0.15

J
m1 ∙ (10	µm)

1 ∙ >10"$1 ∙
m1

µm1?

= 3.0 ∙ 10"$$J 

(4) 
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It is observed that the energy necessary to generate a dry surface 
(fracture) is double the energy required for a wet one. 

1.2 Mechanical properties and how they are 
measured 

1.2.1 Brazilian testing and tensile strength 
The Brazilian tests subject a cylindrical shaped sample to load applied 
by two loading plates until the sample fails and splits in half (Figure 4).  

 

Figure 4 – (a) Brazilian test set up with a cylindrical chalk sample fractured under the load of 
the two parallel plate. (b) and (c) Cylindrical fractured samples for Kansas and Mons chalk. 

From the peak force (F) at which the sample fails, tensile strength (𝑇%) 
was calculated from the equation below, where 𝐷 and 𝑡 are diameter 
and thickness of the disk respectively: 

 𝑇% =	
2𝐹
𝜋𝐷𝑡 (5) 
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1.2.2 Stress, strain and elastic and plastic 
moduli determination 

The principles of this section were used for hydrostatic (bulk modulus 
and elasto-plastic partitioning) and uniaxial (Young’s and uniaxial 
compressibility moduli) stress tests interpretation. 

Deformation of a rock sample is caused when it is exposed to stress. This 
deformation, strain 𝜀, of a rock sample is calculated form the differences 
between the newly obtained length 𝐿 and diameter 𝐷 and their original 
dimensions, 𝐿% and  𝐷%, according to, 

 𝜀3 = − 4"4*
4

 and 𝜀& = − (6"6*)
6

 (6) 

1.2.2.1 Bulk Modulus 

The elastic bulk modulus 𝐾	is tested on samples under hydrostatic stress 
conditions according to, 

 
𝐾 =

Δ𝜎′80/
Δ𝜀9:;

 
(7) 

   
Where it is assumed that the sample is isotropic, and the volumetric strain 
is estimated as	𝜀9:; ≃ 2𝜀& + 𝜀3. The effective stress,	𝜎80/< , is dependent 
on pore pressure and pore connectivity in porous material, and was 
determined by 𝜎80/< =	𝜎80/ − 𝛽𝑃=:&-, where 𝛽 is the Biot coefficient. 

1.2.2.2 Young’s Modulus and uniaxial compressibility modulus 

The axial and radial stresses applied to a sample are not the same in a 
uniaxial test, 𝜎3 ≠ 𝜎&. If a sample is assumed linearly elastic, 
homogeneous and isotropic, in this experimental set-up Young’s 
modulus 𝐸 and Poisson’s ratio 𝜈 can be measured. The effective stress 
𝜎>< in radial and axial direction is determined as 𝜎>< =	𝜎> − 𝛽𝑃=:&-, where 
𝑖 = 𝑟, 𝑧. For cylindrical samples, Hook’s law relates stress and strain as:  
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 𝐸𝜀& = (1 − 𝜈)𝜎&< − 𝜈𝜎3< (8) 
 𝐸𝜀3 =	𝜎3< − 2𝜈𝜎&< (9) 

 

The elastic coefficients can be estimated from incremental changes, Δ, 
in the effective stresses and measured changes of the strains. Assuming 
that 𝐸 and 𝜈  are constant: 

 𝐸Δ𝜀& = (1 − 𝜈)Δ𝜎&< − 𝜈Δ𝜎3< (10) 
 𝐸Δ𝜀3 = Δ𝜎3< − 2𝜈Δ𝜎&< (11) 

 

A large difference between vertical stress and lateral stress may result in 
very low strain in one direction, and hence a very low Poisson’s ratio 𝜈. 
In this case, the uniaxial compressibility modulus 𝐻 is calculated, 

 𝐻 =
Δ𝜎&
Δ𝜀&

 

 
(12) 

1.2.2.3 Elasto-plastic partitioning 

When exposed to a stress cycle within its elastic region, a perfectly 
elastic rock should not accumulate any strain. If a rock is not perfectly 
elastic, after a stress cycle completion, the strain that is reversed is the 
elastic element of the material, and the irreversible strain represents the 
plastic behaviour of the material (Figure 5). The total strain reached at 
the highest stress point is expressed as: 

 𝜀2:2 =	𝜀&-9 +	𝜀>&& (13) 
 

The percentage of the irreversible strain during a stress cycle is 
calculated as: 

 𝜀>&&(%) = 	
	𝜀>&&
𝜀2:2

× 100% (14) 
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Figure 5 – Stress-strain relation during a stress cycle. (a) Strain response to stress 
changes. (b) After a complete stress cycle, strain is partitioned into elastic/reversible 
stain and plastic/irreversible strain. 

1.2.3 Coefficient of thermal expansion 
The coefficient of thermal expansion 𝛼 is determined from the sample’s 
strain during temperature change, 𝛥𝑇, 

 𝜀 = −𝛼Δ𝑇 (15) 
   

1.2.4 𝑝′ − 𝑞 diagram 

The 𝑝𝑞	diagrams are very useful in visualizing the elastic stress 
boundaries of a rock. The 𝑝𝑞 diagram in a cylindrical geometry is 
expressed as: 

𝑞 = 𝜎3 − 𝜎& (16) 
𝑝′ = 1

3	] (2𝜎&< + 𝜎3<) (17) 

Different modes of failure are used to plot the 𝑝𝑞 diagram (Figure 6). 
Tensile failure is obtained from the Brazilian tests, shear failure from the 
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uniaxial deviatoric loading, and the pore collapse line is estimated from 
the hydrostatic yield stress. 

 

Figure 6 – 𝑝′ − 𝑞 diagram indicating different modes of failure. The arrows represent the 
direction of deviatoric loading at different confining pressures until shear failure line is reached 
and the sample fails.  
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2 Material and Methods 

2.1 Description of chalk materials studied   

2.1.1 Kansas chalk 
Kansas chalk is from the Niobrara Formation, Fort Hays Member (Late 
Cretaceous) in Niobrara, Kansas, USA. The Niobrara formation has 
undergone a high degree of diagenesis, with a burial depth of up to 
7000m in some locations (Finn & Johnson, 2016). However, the 
induration of H3 and porosity of approximately 33% indicates burial of 
less than 1000m for the chalk tested. Kansas chalk has a carbonate 
content of 96.9% and a Biot coefficient of 0.91 (Figure 7). 

 

Figure 7 - Backscatter electronic micrographs of Kansas chalk with two magnifications 

2.1.2  Mons chalk 
Mons chalk is from the Trivières Formation (Late Cretaceous) in 
Harmignies, Belgium. Mons chalk has low amounts of diagenesis as it 
has been buried to shallow depths, less that 500m (Pirson et al., 2008). 
The Mons chalk has a carbonate content of 99.8% and Biot coefficient 
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of 0.95. A higher Biot coefficient indicates a smaller area of contact 
cement between neighboring grains, and this is reflected in Mons chalk´s 
lower induration of H2. 

 

Figure 8 - Backscatter electronic micrographs of Mons chalk with two magnifications 

2.1.3 Saturating fluids 
The chalk samples were tested dry (i.e. saturated by air), saturated with 
equilibrated calcite water (polar fluid), or saturated with Isopar H (non-
polar fluid). The equilibrium water was made by dissolving chalk pieces 
in distilled water, and after settling filtered using a 0.65 μm filter. The 
activity of the water was measured to be 0.652 mmol/L.  

The two fluids were selected in order to minimise the impact of chemical 
reactions, and to focus on studying the rock-fluid interactions related to 
ion adsorption on mineral surfaces.   



Material and Methods 

14 

2.2 Sample preparation 

2.2.1 Tensile stress tests using Brazilian setup 
Each chalk block had cylindrical shaped cores drilled of approximately 
200 mm long and 40 mm in diameter. The cores were radially adjusted 
to 38.1 mm, and then cut into disk-shaped samples of length from 20 to 
25 mm. 
 
For each chalk type, the disk-shaped samples were randomly divided into 
two groups, where half of the samples remained dry, and the other half 
saturated with calcite equilibrated water. They were further randomly 
divided in the experimental subcategories for testing after 0, 15, and 30 
temperature cycles. 

2.2.2 Strain, elastic moduli, thermal expansion 
coefficient and shear failure tests using the 
triaxial setup 

Similarly to the Brazilian test sample preparation, drilled cores were 
adjusted to 38.1 mm, but were cut into cylindrical samples of 
approximately 70 mm. For shear failure, thermal expansion coefficient 
and elastic moduli experiments, the samples were saturated with calcite 
equilibrated water. For elasto-plastic partitioning, half of the samples 
were saturated with calcite equilibrated water, and the other half with 
Isopar-H. 

2.3 Mechanical testing 

2.3.1 Tensile strength using Brazilian setup 
The force of the parallel plates was applied by injecting hydraulic oil 
with a Gilson 307 pump at flow rate of 0.5 ml/min. The applied force 
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was measured with an NTT Transducer 1 ton (type C2S) and logged in 
a LabView routine. The maximum force a sample could sustain before 
fracturing was used to calculate the tensile strength of a sample using Eq. 
(5). Once the sample was fractured, the applied force experienced a rapid 
drop (Figure 9). 

 
Figure 9 - A typical loading curve obtained during a Brazilian test (dry Kansas chalk sample). 
The peak force (red dot) was used to calculate the tensile strength of a sample. 

  
A single temperature cycle lasted 24h and consisted of heating the 
samples to 130°C and cooling them back to room temperature. It is 
important to note that even though the cooling took a long time, the 
desired starting temperature was always reached (Figure 10). 
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Figure 10 - A single temperature cycle for dry and saturated samples. 

2.3.2 Description of the triaxial cell  
The experiments for strain partitioning, elastic properties, shear failure, 
and thermal expansion coefficient, were performed using a triaxial cell 
(Figure 11). Radial and axial stresses were independently controlled by 
two different pumps connected to the cell. A Hydraulic Quizix pump, 
model QX-20000 HC is equipped with two cylinders, both cylinder were 
used for controlling radial confining pressure, and the Teledyne ISCO 
model 260D pump controlled the movement of the piston that acted as 
the axial stress. The radial deformation was measured using an 
extensometer, where the circumference changes were detected by LVDT 
MHR 100 from Measurements SpecialtiesTM. The axial deformation was 
measured internally by LVDT MHR 250 from Measurements 
SpecialtiesTM. Both LVDTs have a precision of 0.15% of the 
measurement. The constant pore pressure of 0.7 MPa was controlled by 
the Gilson Pump (model 307 HPLC), that injected a desired saturating 
fluid, and the back pressure regulator connected to the outlet side of the 
sample. All pumps were individually operated through a LabVIEW 
routine. The cell was wrapped with a 1000 W heating jacket, which was 
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controlled by an Omron E5CN PID for temperature control (±0.1℃ 
precision). 

 

 

Figure 11 - Triaxial cell and its set up 

2.3.2.1 Description of hydrostatic stress tests 

The hydrostatic test method was used in two studies, for elasto-plastic 
partitioning and temperature cycling influence on the elastic bulk 
modulus 𝐾.  

Elasto-plastic partitioning experiments compared the strain 
accumulation during stress cycles between the samples that have been 
tested at the constant temperature to those exposed to a temperature cycle 
between each stress cycle (30°C – 130°C – 30°C). Two chalk types, 
Kansas and Mons chalk, and two saturating fluids were used, 
equilibrated water (polar) and non-polar Isopar-H oil. Each sample was 
exposed to 10 hydrostatic stress cycles from 1.2 MPa to 5.2 MPa. The 
stress cycles were always performed at 30°C, regardless of temperature 
cycling. Even for the samples exposed to temperature cycling, 24h 
between stress cycles was enough for temperature to stabilize at 30°C 
(Figure 12). For the samples exposed to temperature cycling, an 
additional 11th hydrostatic stress cycle was performed without a 
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temperature cycle in order confirm consistency of the chalk behaviour 
between the experiments. The total accumulated strain during a stress 
cycle and its irreversible fraction are reported. At the end of each 
experiment, the samples were hydrostatically loaded to hydrostatic yield 
stress. 

 
Figure 12 - Test history for samples tested with temperature cycling and samples tested at the 
constant temperature of 30°C. 

In the other set of experiments, the bulk modulus, 𝐾 was measured at 
30˚C during reduction of the hydrostatic stress from 4 MPa to 0.8 MPa. 
44Two Kansas chalk samples and two Mons chalk samples saturated 
with calcite equilibrated water were tested. Each sample was exposed to 
three temperature cycles of 30˚C to 90˚C and back to 30˚C, where 𝐾 was 
measured following each temperature cycle once the sample stabilized. 
The thermal expansion coefficient was measured during cooling from 
90°C to 30°C. 

2.3.2.2 Uniaxial stress tests 

Uniaxial stress tests were used to determine two properties for the chalks 
tested, the shear failure limits and temperature cycling influence on the 
elastic Young’s modulus 𝐸.  

Kansas and Mons chalk samples saturated with calcite equilibrated water 
had their axial stress increased until failure at four different radial 
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stresses (0.8, 1.2, 2, and 3 MPa). The shear failure line is estimated for 
the two chalks at 30°C. 

In the experiments where Young’s modulus 𝐸 was calculated, it was 
aimed to mimic reservoir conditions, and the vertical overburden stress 
was kept constant, while the radial stress was varied. One Mons chalk 
sample and one Kansas chalk sample saturated with equilibrated water 
were tested. The deviatoric unloading, during which the elastic modulus 
and Poisson’s ratio were estimated, was repeated three times for each 
sample following a temperature cycle 30˚C to 90˚C and back to 30˚C. 
The axial stress was kept constant at 70% of the stress required to induce 
shear failure at 2 MPa, 11.8 MPa for Kansas chalk, and 5.3 MPa for 
Mons chalk. With	∆𝜎3< = 0, and the radial stress Δ𝜎&< ≠ 0 , and the Eq. 
10 and Eq. 11 simplify to: 

 ∆𝜎&< =
𝐸∆𝜀&
(1 − 𝜈) , and (18) 

 ∆𝜎&< =	−	
𝐸∆𝜀3
2𝜈 . (19) 

 

The equations are further rearranged to express Poisson’s ratio in terms 
of measured strains: 

𝐸 =
Δ𝜎&(1 − 𝜈)

Δ𝜀&
 

(20) 

𝐸 = 	−	
2∆𝜎&𝜈
2Δ𝜀3

 (21) 
 

Δ𝜎&(1 − 𝜈)
Δ𝜀&

=	−	
2∆𝜎&𝜈
2Δ𝜀3

 
(22) 

 𝜈 =
−𝛥𝜀3

2𝛥𝜀& − 𝛥𝜀3
 (23) 

 

In order to express Young’s modulus 𝐸 in only stress and strain terms, 
Eq. 23 is substituted into either Eq. 20 or 21,  
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 	𝐸 = 	
2Δ𝜎&

2Δ𝜀& − Δ𝜀3
 (24) 

However, as the testing was performed near failure conditions (70% to 
failure), permanent deformation of the samples may have occured. A 
large difference between high vertical (overburden) stress and low lateral 
stress may result in very low lateral strain, resulting in apparent very low 
Poisson’s ratio. A cut off value of apparent Poisson’s ratio of 0.1 was 
selected. In this case, the uniaxial compressibility modulus 𝐻 is 
calculated (Eq. 12).  
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3 Results and discussion 

Temperature cycling effects have been analysed on different mechanical 
properties of chalk, tensile strength, elastic bulk and Young’s modulus, 
elasto-plastic partitioning, and thermal expansion. The results of all tests 
have been combined in a p-q diagram. In addition, the tests have been 
performed on two different chalks of different burial history and 
induration in order to analyse if the area of contact cement plays a role. 
In addition, one polar and one non-polar (or dry) saturating fluid have 
been used in order to quantify the water weakening of chalk. 

3.1 Tensile strength  
The tensile strength was calculated as an average of 10-15 samples for 
each chalk type (Kansas and Mons chalk), saturating state (dry and water 
saturated), and the number of temperature cycles (0, 15, and 30 cycles) 
(Table 2).  

Table 2 - Average values and standard deviations for the tensile strength measurements. 

Chalk 
locality State No. of 

cycles 
No. of 

samples 
𝑇%		 

(MPa) 
Stand. Dev. 
(MPa) 

Kansas 
 

Dry 
0 10 3.0 0.4 

15 13 3.3 0.6 
30 10 3.3 0.6 

Saturated 
0 14 1.4 0.2 

15 12 1.1 0.2 
30 12 0.8 0.2 

Mons 

Dry 
0 13 1.6 0.3 

15 15 1.3 0.4 
30 15 1.4 0.4 

Saturated 
0 13 0.9 0.2 

15 14 0.6 0.2 
30 15 0.4 0.1 
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For the visual representation of the data, each line represents the results 
of the tensile strength from 10-15 samples in each series, arranged in 
ascending order, starting from the weakest samples on the left, and 
ending with the strongest on the right (Figure 13 a and b). The average 
and standard deviation of the data measurements were used to estimate 
the Gaussian distribution (Figure 13 c and d). 

 

Figure 13 - Tensile strength for the Kansas (green) and Mons chalk (blue) samples in dry (solid 
line), and water saturated (dashed line). (a) and (b) represent individual samples for each group 
in increasing order from low (left) to high tensile strength. (c) and (d) display the Gaussian 
distributions of each data set. 

The more indurated Kansas chalk has an initial tensile strength higher 
than Mons chalk. Comparing the dry and saturated tensile strength at 0 
cycles, Kansas chalk had a bigger absolute drop of 1.6 MPa than Mons 
chalk of 0.7 MPa. However, proportional strength reduction by 
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saturation was similar for the two chalks, 47% for Kansas chalk and 56% 
Mons chalk, indicating that the initially stronger Kansas chalk was 
similarly susceptible to water weakening as Mons chalk at 0 cycles 
(Figure 14 a). Reduction of tensile strength by water saturation observed 
here agrees with previous research (Madland et al., 2002; Risnes et al., 
2005). 
The tensile strength of Kansas and Mons chalk showed no dependence 
on the number of temperature cycles tested in dry state. The seeming 
increasing trend in strength due to temperature cycling for dry Kansas 
chalk is not significant when the standard deviation is taken into  
account.  
However, the measurements of the tensile strength for the water 
saturated chalk indicate weakening with increasing number of 
temperature cycles. Even when standard deviation is taken into an 
account, there is a descending trend for the average measurements. The 
two chalks weaken by the same absolute value (0.3 MPa) from 0 to 15 
cycles, and the tensile strength reduction rate from 15 to 30 temperature 
cycles remained 0.3 MPa following an additional 15 cycles for Kansas 
chalk, but was lowered for Mons chalk (0.2 MPa/15 cycles). After 30 
cycles the proportion of strength reduction in saturated samples was 
similar for the two chalk types (Figure 14 b). 
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Figure 14 - (a) Average tensile strength and standard deviation as a function of number of 
temperature cycles in absolute measurements. (b) Tensile strength difference (in percent) as 
function of temperature cycling, reference is the dry and 0 cycles for each chalk type. 

The difference in behaviour between the dry and saturated samples 
suggest that the contact cement bonds break in water saturated state but 
not in dry. Furthermore, the fact that the samples continued to weaken 
after the first 15 cycles implies that not all the bonds are broken initially, 
but continuously. This implies that the bond breakage is a relatively rare 
event compared to the number of bonds found in a sample. Since Kansas 
samples had a constant weakening rate up to 30 cycles, whereas Mons 
sample the rate was reduced for 15-30 cycles, it could indicate that the 
overall number of bonds holding the sample together is smaller for Mons 
chalk than Kansas chalk. 

When theoretically calculated, the tensile elastic energy between two 
neighboring particles with c-axis parallel to each other, caused by 100°C 
heating would be 2.3·10-11J, and insufficient to create either a dry or a 
saturated calcite surface (Eq. 3 and Eq. 4). Alternatively, if two particles 
had a perpendicular orientation to each other, the shear energy caused by 
100°C heating is 2.2 ·10-9J, and is more than sufficient to generate 
surfaces in both dry and saturated states. However, the parallel or 
perpendicular orientation of c-axis of the two neighboring particles is 
extremely rare, and since no weakening in dry samples is observed it 



Results and discussion 
 

25 

would indicate that the tensile and shear energies due to anisotropic 
thermal expansion are not sufficient to generate dry surfaces, but are 
sufficient to generate water saturated surfaces. 
 

3.2 Hydrostatic stress tests 

3.2.1 Bulk modulus  
The effects of temperature cycling on bulk modulus have been measured 
in two separate experiments, both measured at 30°C.  

During three stress cycles with a temperature cycle in-between, the 
elastic bulk modulus 𝐾 was not significantly impacted for Kansas chalk, 
while there is a decrease of the bulk modulus with additional temperature 
cycles for Mons chalk. Kansas chalk has higher bulk modulus than Mons 
chalk (Figure 15). 

 

Figure 15 - Elastic bulk modulus 𝐾 estimated from hydrostatic stress reduction from 4 MPa to 
0.8 MPa. 

Bulk modulus was also measured during 10 stress cycles in the 
experiments for elasto-plastic partitioning. Here, the bulk modulus 𝐾 
displayed no dependence on additional stress cycles for either samples 
tested at constant temperature or with temperature cycling, regardless of 
the chalk type or saturating fluid (Figure 16). Kansas chalk again had a 
higher estimated bulk modulus than Mons chalk. 
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Figure 16 - Elastic bulk modulus 𝐾 through a number of hydrostatic stress cycles. Red lines 
represent samples exposed to temperature variation between each stress cycle, and black lines 
correspond to samples held at a constant temperature.  

3.2.2 Elasto-plastic partitioning 
A significant difference was found between samples tested at a constant 
temperature and those exposed to a temperature cycle between each 
stress cycle. More strain was accumulated in the samples that were 
exposed to temperature variations, even though all stress cycles were 
performed at 30°C.  (Figure 17 and Figure 18). For each individual stress 
cycle, approximately double the irreversible strain was accumulated if 
temperature cycling was performed, as opposed to experiments at a 
constant temperature of 30°C. The greatest accumulation of irreversible 
strain was found in the water saturated Kansas chalk, where the strain 
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accumulated during only a single cycle is approximately equal to the 
strain accumulated after all ten cycles in a sample tested at constant 
temperature. The duplicated experiments had a consistent irreversible 
strain accumulation (Figure 19). 

For the samples tested at the temperature cycling, an additional 11th stress 
cycle performed without a prior temperature cycle, the irreversible strain 
dropped to the value observed in samples tested at the constant 
temperature (Figure 19). This indicates that a temperature cycle of 30-
130-30°C causes the material to behave less elastically. This behaviour 
was seen in all samples tested, regardless of chalk type or saturating 
fluid. 

Different behaviour was observed between the two chalk types when 
saturated with water, but no significant difference was observed in Isopar 
H saturated samples. When saturated with water, the more indurated 
Kansas chalk accumulated more irreversible strain within each stress 
cycle than Mons chalk. The greater amount of contact cementation seems 
more susceptible to the anisotropic thermal expansion and contraction of 
calcite particles when saturated with a polar fluid (water in this case). 

This further confirms the theory that polar saturating fluid has electrical 
charge exchange with the calcite surface, creating an electrical double 
layer. Increasing this area of repulsion between particles by increasing 
temperature, would stress the areas of contact cementation and thus more 
indurated samples would be more influenced during temperature cycling. 
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Figure 17 - Stress-strain curves for 10 or 11 cycles for Kansas chalk tested at constant temperature 
(top two rows) and with a temperature cycle in between stress cycles (bottom two rows). 
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Figure 18 - Stress-strain curves for 10 or 11 cycles for Mons chalk tested at constant temperature 
(top two rows) and with a temperature cycle in between stress cycles (bottom two rows).

 

Figure 19- Irreversible strain for individual stress cycles. The red lines illustrate the test results 
for samples that have been exposed to temperature cycling, and black lines the samples tested at 
a constant temperature. The dashed line represents the result for the 11th cycle, which was only 
performed on samples exposed to temperature cycling. This cycle did not include a temperature 
cycle. 

3.2.3 Yield stress during hydrostatic loading 
The samples tested for elasto-plastic partitioning were hydrostatically 
loaded to failure following the last stress cycle. Similar to tensile strength 
tests, the more indurated Kansas chalk was stronger than Mons chalk 
(Table 3). Pore fluid also played a role, where samples saturated with the 
polar fluid were much weaker than samples saturated with non-polar 
fluid. The effect of water weakening was significant, as the hydrostatic 
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yield stress reduced from between 13.2-16.3 MPa for Isopar H to 7.9-
10.3 MPa for the water saturated Mons chalk, and from 32.2-36.8 MPa 
to 12.9-18.7 MPa for Kansas chalk.  

Table 3 - Yield failure of samples. The maximum stress during stress cycling of 5.2 is well below 
the yield failure in all cases. 

Sample Saturating fluid and 
constant/cycled 
temperature 

Yield 
failure 
(MPa) 

Percentage of stress 
cycle maximum (5.2 
MPa) to yield stress (%) 

K19a Water/cycle 12.9 ± 2.8 40 
K40 Water/cycle  15.9 ± 3.2 33 
K17a Water/const.  18.7 ± 4.4 28 
K18b Water/const. 16.7 ± 4.5 31 
K44a Isopar H/cycle  35.2 ± 6.8 15 
K22 Isopar H/cycle 34.4 ± 4.6 14 
K25 Isopar H/const. 36.8 ± 6.4 16 
K44b Isopar H/const 32.2 ± 4.7 15 
M36b Water/cycle 8.5 ± 1.9 62 
M31b Water/cycle 7.9 ± 2.2 66 
M13 Water/const. 10.3 ± 2.6 51 
M24 Water/const. 9.7 ± 2.0 53 
M30 Isopar H/cycle 15.2 ± 5.7 34 
M36a Isopar H/cycle 16.3 ± 5.4 32 
M18 Isopar H/const. 13.2 ± 4.0 39 
M32b Isopar H/const. 15.5 ± 5.3 33 

 

For both chalk types and saturating fluids, the temperature cycles had no 
significant influence on the yield strength, as no weakening could be 
observed between the samples that had been exposed to temperature 
cycling and those that had not. Increasing the length of the electrical 
double layer had no influence on yield stress, and hence it is concluded 
that the electrical double layer enhances the number of micro fractures. 
This would not affect the overall strength, which depends on the strength 
of the weakest bond rather than the number of weak bonds. 
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3.3 Uniaxial stress tests 

3.3.1 Shear failure stress  
Eight samples for Kansas chalk and eight samples for Mons chalk, 
saturated with equilibrated water, were axially loaded at four different 
confining pressures in order to obtain shear failure limits for the two 
chalks. The results are presented in Table 4, with p and q values 
representative of the peak stress points before samples failed. 

Table 4 - Test results for shear failure for Mons and Kansas chalk. 

𝝈𝒓 Kansas chalk Mons chalk 
Sample p q Sample p q 

0.8 K20a 4.4 12.5 M10a 1.8 5.1 
0.8 K21b 4.1 11.6 M8 1.9 5.1 
1.2 K30a 4.7 12.3 M4b 2.7 6.2 
1.2 K29b 5.7 15.2 M9b 2.6 5.9 
2.0 K19b 6.8 16.2 M5a 3.5 6.3 
2.0 K25a 6.3 14.6 M5b 3.2 5.2 
3.0 K25b 8.2 17.4 M3 4.7 6.8 
3.0 K29a 8.2 17.4 M7 4.6 6.7 
   Stan. dev   Stan. dev 
 Slope 1.375 0.128 Slope 0.534 0.144 
 Cohesion 6.344 0.796 Cohesion 4.236 0.471 

 

3.3.2 Young’s and uniaxial compressibility 
modulus 

The strain dependence on applied stress is shown in Figure 21, along 
with the highlighted intervals from which Poisson’s ratio 𝜈 was 
calculated. During unloading of radial stress from 4 to 0.8 MPa, 𝑞 is 
increased and the stress path almost reaches the shear failure limit 
(Figure 20). This could explain why in almost all cases, the apparent 
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Poisson’s ratio significantly drops after the first unloading. Small axial 
strain during subsequent loading indicates that the sample lost strength 
to push back against the overburden and has been permanently damaged. 
If the strain is only observed in lateral direction, and not in axial, then 
the uniaxial compression modulus is used as elastic modulus rather than 
Young’s modulus.  

This situation could be applicable to reservoir conditions during water 
injection and cooling of the reservoir, causing the surrounding rock to 
contract. The weight of the overburden is constant, but the reservoir is 
able to be deformed axially, but is constrained laterally. In order to 
maintain horizontal strain constant, horizontal stress must be reduced and 
as a result the deviatoric stress is increased. The increased deviatoric 
stress could lead to permanent damage of a rock. 

There is no clear trend of the moduli dependence with additional 
temperature cycles (Figure 22). 

 

Figure 20 - Elastic path of the two chalks during unloading, indicates that the deviatoric stress 
gets almost high enough to induce shear failure of the sample and potentially permanently 
damages it. 
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Figure 21 - Stress- strain relationship during the three stress cycles for Kansas chalk (left) and 
Mons chalk (right), highlighting the intervals at which ν was measured. 

 

Figure 22 - Young´s modulus E (lighter colour) and uniaxial compression modulus H (darker 
colour) measured during unloading (U) and loading (L) under constant overburden experiments. 
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3.4 Thermal expansion 
The coefficient of linear thermal expansion α was calculated using radial 
strain during cooling from 90 to 30°C (page 25). The values measured 
are similar between two chalk types and in line with an average thermal 
expansion of the c-axis and two perpendicular axes for calcite (Table 1). 
Temperature cycling had an impact on the thermal expansion coefficient, 
where both chalks demonstrated a decrease by approximately 10% by 
the third cycle (Figure 23). 

 

Figure 23 - Thermal expansion coefficient α evolution through temperature cycles for Kansas 
chalk samples (green) and Mons chalk samples (blue). 

Thermal expansion was also measured with the constant overburden 
conditions (Figure 24). This meant that the samples were not allowed to 
expand freely in all directions. In this case, the thermal expansion of 
Kansas and Mons chalk differ, where thermal expansion of Mons chalk 
is almost double that of Kansas chalk, or in other words, Kansas chalk 
only contracted half as much as Mons chalk during cooling from 90°C 
to 30°C. This could correlate to the fact that the axial load applied on 
Kansas chalk samples is almost twice of that applied on the Mons 
samples, 𝜎3′=11.8 MPa for Kansas chalk and 𝜎3′=5.3 MPa for Mons 
chalk (70% of the shear failure strength). 
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Figure 24 - Thermal expansion through temperature cycles under constant overburden stress for 
Kansas chalk samples (green) and Mons chalk samples (blue), where 𝜎#$=11.8 MPa for Kansas 
chalk and 𝜎#$=5.3 MPa for Mons chalk. 

3.5 𝒑′ − 𝒒 diagram 
Combining the shear failure information with data from tensile failure 
and hydrostatic yield, a 𝑝 − 𝑞 failure envelop for Kansas and Mons 
chalks saturated with calcite equilibrated water at 30°C is produced 
(Figure 25), indicating the higher strength of the more indurated Kansas 
chalk.   

 

Figure 25 - p − q failure limits for Kansas and Mons chalks saturated with calcite equilibrated 
water at 30°C. 
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4 Conclusion and future work 

4.1 Conclusion and summery 
The presented study provides a comprehensive analysis investigating the 
effects of temperature cycling on mechanical properties of chalks. The 
mechanical properties include tensile strength, elasto-plastic partition 
and irreversible strain accumulation, elastic moduli tested under 
hydrostatic and uniaxial stress conditions, and thermal expansion. To 
assess the importance of induration, two chalks of different diagenesis 
and contact cement amount were tested. In addition, the samples have 
been saturated with polar and non-polar fluid in order to gain better 
understanding of how of surface-ative ions absorb on mineral surfaces, 
and thus be related to water weakening mechanisms for chalk.  For the 
oil and gas-industry, the implication of the experiments is to better 
understand how mechanical stability of chalk reservoirs are affected 
during sea-water injection. 

Tensile strengths for dry chalk samples were not weakened by 
temperature cycles. However, for both chalks, the initial tensile strength 
was halved when saturated by water, and then a further reduction in 
tensile strength were observed with increasing number of temperature 
cycles. After 30 temperature cycles, water saturated samples had their 
strength reduced to only 25% of the dry samples not exposed to any 
temperature cycling. 

Temperature cycles led to greater accumulation of irreversible strain 
during hydrostatic stress cycles than samples tested at constant 
temperature. Remark that the hydrostatic stress cycles were all 
performed at 30C, and the comparison of plastic component were 
compared the experiments kept at 30C throughout the test program, and 
those exposed to a temperature variation between each stress cycle. The 
irreversible strain accumulation was especially pronounced for the water 
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saturated and more indurated Kansas chalk than the Mons chalk. It was 
concluded that the anisotropic thermal expansion of calcite crystals 
resulted in more thermal stress accumulation when greater amount of 
contact cement is present. Thus, the polarity of the saturating fluid played 
a greater role on more indurated chalk when exposed to temperature 
cycling. However, temperature cycling did not have a weakening effect 
on the hydrostatic yield stress of the sample; leading to conclusion that 
even the temperature cycling resulted in an increase in the number of 
micro fractures, this did not influence the overall compression strength 
of the samples. 

The elastic bulk moduli dependence on temperature cycling was less 
pronounced. The bulk modulus tested under  hydrostatic condition was 
decreased for Mons but not Kansas chalk. The Young´s modulus and 
compression modulus tested under uniaxial stress conditions were not 
impacted by temperature cycling. 

The coefficient of thermal expansion measured in the experiments is 
similar for the two chalk types and agrees with an average thermal 
expansion of calcite. Increasing the number of temperature cycles caused 
a decreasing trend in thermal expansion coefficients. 

The results of this project are presented in academic papers as following: 

Paper I -  Characterization of the two types of chalk tested is 
presented in this paper, including carbonate and other 
minerals content from XRD analysis, and P-wave modulus 
from p-wave velocity. Porosity, permeability, specific 
surface area and pore size estimation were tested for dry 
samples at 0 and 15 temperature cycles. 

 This paper further analyses tensile strength measurements, 
and its dependence on temperature cycles and water 
weakening. 
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Paper II -  This paper compares the total accumulated strain during 
hydrostatic stress cycles and its irreversible fraction for the 
two types of chalk tested at a constant temperature to those 
tested with temperature cycling. The samples were 
saturated with equilibrated calcite water (polar) and non-
polar Isopar-H oil in order to quantify the importance of 
water weakening 

Paper III - Bulk moduli tested under hydrostatic condition, and 
Young´s moduli and compression moduli tested under 
uniaxial stress conditions are analysed for their dependence 
on temperature cycling. The effect of increasing 
temperature cycles is also analysed for thermal expansion. 

Paper IV - Keeping the overburden stress constant, this study 
measures the amount of radial stress reduction needed to 
re-establish zero radial strain caused by 60°C cooling, and 
weather the increase in deviatoric stress would be sufficient 
to trigger shear failure. 

Paper V -  Preliminary report of tensile strength and irreversible 
fraction for more indurated chalk.  

 

4.2 Future work 
Much research is based on increasing recovery of oil from reservoirs, but 
few look into the effect they may have. It is important to understand how 
oilfield production practices in the form of EOR affect reservoir rocks 
and ultimate recovery from oilfields.  

The results of the experiments presented in this work prove that 
temperature cycling has an effect on chalk mechanical behaviour. To 
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gain a deeper perception, some of the experiments could be enhanced, or 
altered. 

For the tensile strength experiments, additional temperature cycles 
would show if the weakening rate drops or if it remains the same. It 
would also be beneficial to perform velocity measurements, 𝑣=and 𝑣!, 
after temperature cycling to see if the Biot coefficient changes with an 
increasing number of temperature cycles.  

For the strain partitioning, experiments could be repeated at the constant 
temperature of 130°C to investigate if the strain would have accumulated 
with the enhanced double layer only, or if the accumulated strain was 
due to the temperature cycling.  

In the experiments measuring the elastic moduli, the starting confining 
pressure could be set higher, and then one could measure the amount of 
side stress that needs to be reduced in order to maintain the sample’s 
dimensions prior cooling, and if the stress reduction would be sufficient 
to induce shear failure. 

In addition, it would be interesting to repeat these experiments on 
samples representing other types or reservoir and rocks within the 
reservoir units, such as sandstone or claystone. This would give us a 
better understanding to which extent anisotropic thermal expansion plays 
a role in rock weakening due to temperature cycling. 
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a b s t r a c t

Calcite has a highly anisotropic thermal expansion coefficient, and repeated heating and cooling cycles
can potentially destabilize chalks by breaking cement bonds between neighboring particles. Based on
tensile strength measurements, we investigated how temperature cycles induce weakening of chalk.
Tensile strength tests were performed on chalk specimens sampled from Kansas (USA) and Mons
(Belgium), each with differing amounts of contact cement. Samples of the two chalk types were tested in
dry and water-saturated states, and then exposed to 0, 15, and 30 temperature cycles in order to find out
under what circumstances thermally induced tensile strength reduction occurs. The testing results show
that the dry samples were not influenced by temperature cycling in either of the chalk types. However, in
the water-saturated state, tensile strength is increasingly reduced with progressive numbers of tem-
perature cycles for both chalk samples, especially for the more cemented Kansas chalk. The Kansas chalk
demonstrated higher initial tensile strength compared to the less cemented Mons chalk, but the strength
of both chalks was reduced by the same relative proportion when undergoing thermal cycles in the
water-saturated state.
� 2019 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Carbonates are important reservoir rocks, which account for
50%e60% of the world’s petroleum reserves (Burchette, 2012).
Mechanical integrity of chalk has triggered a significant interest in
engineering and academic circles since it was noticed that the sea
bed over the Ekofisk oil field on the Norwegian Continental shelf
subsided due to reservoir depletion (Sulak and Danielsen, 1988).
Besides the reduction of pore pressure and then the increase in
effective stress, compaction was later found to be enhanced by
flooding with water (Hermansen et al., 1997). This so-called water
weakening has been widely studied, but the potential effect of
repeated temperature cycling of an initially warm reservoir cooling
down due to the injection of cold water and then re-warming to
equilibrate when this injection stops during the production life of
an oil field has attracted less attention.

Chalk is a sedimentary rock with the main component of
diagenetically altered calcareous nannofossils, which have calcite
as a main component. Marble is a metamorphosed rock also
composed of calcite, and experiments have shown that its strength
is significantly influenced by temperature fluctuations. For
example, marble monuments experience degradation and some
marble façades tend to experience concave bowing when exposed
to outdoor temperature variation (Weiss et al., 2003). Hansen et al.
(2003) explored this phenomenon by comparing flexural strengths
of naturally exposed marble to that of laboratory tested marble at
0% and 100% relative humidity. They found that naturally exposed
marble weakens with respect to the number of years exposed, and
the marble tested at 100% relative humidity weakens with the
number of cooling and heating cycles, whereas no such trend was
observed on dry samples tested.

Freshly deposited calcareous ooze has porosity of approximately
70%, and as it gets buried in depth, the ooze is mechanically com-
pacted by overburden stress, resulting in pore volume loss. As the
ooze is buried deeper, the stress at particle contacts builds up,
resulting in pressure dissolution and contact cement, forming chalk
(Fabricius, 2014). However, the strength development of chalk is
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not fully understood, and two strength components are suggested:
attractive van der Waals forces at the contact cement and repulsive
electrostatic forces between particles separated bywater (Nermoen
et al., 2018). Calcite is a uniaxial crystal with large anisotropic
thermal expansion coefficients, which could induce stresses at
cemented particle contacts when temperatures vary (Table 1). Two
scenarios are considered here where the crystallographic c-axis of
two neighboring particles parallel and perpendicular to each other
(Fig. 1). Crystallographic axis perpendicular to c-axis is referred to
as a-axis. Upon heating, in scenario 1, the particles contract in the
plane perpendicular to the c-axis, resulting in the two particles
being pulled apart and creating tensile forces at their contact
cement (Fig. 1a); in scenario 2, the contact cement experiences
shear forces as the contact area on one particle is contracting and
the area on the other particle is expanding (Fig. 1b). These are two
endmember scenarios that most contact in a porous rockwould fall
in between. Once the contact cement bond is broken, it cannot be
readily re-established; hence the premise of this paper is to
investigate to what extent temperature variation induces loss in
tensile strength of two chalk types.

Subcritical fracturing is considered as the main mechanism for
stress corrosion, and propagation of pre-existing fractures during
rock failure (Atkinson, 1984). The fracture depends on rock fabric,
surrounding environments, and levels of applied stress. During
subcritical fracturing of quartz, the fracture velocity was found to be
much higher when water instead of air is present nearby the frac-
ture tip. Additionally, the chemical species dissolved in the water,
making it more polar, also play a role (Atkinson andMeredith,1981).
For limestone in which the primary mineral constituent is calcite,
Lisabeth and Zhu (2015) demonstrated that the samples tested with
equilibrated water were stronger than those tested with distilled
water, and microcracking was the dominant deformation mecha-
nism at lower pressures, while chemical weakening and twinning
were more important for elevated pressures.

To understand how the pore fluid alters sample strength, a
closer look at the surface properties of the mineral and its inter-
action with the ions dissolved in the water phase is required. The
calcite surface has charged sites (Stipp, 1999). The cleavage plane
f1014g is populated with partially charged Ca2þ and CO2�

3 ; thus,
when a polar fluid is introduced to pore space, such as water, it is
absorbed on the calcite surface, and a repulsive double-layer is
created, making the chalk weaker (Megawati et al., 2013; Nermoen
et al., 2018). The thickness of the double-layer, as described by the
DebyeeHückel theory, increases with temperature (Andreassen
and Fabricius, 2010), and is characterized by the Debye length k�1

(Lyklema, 2000):

k�1 ¼
�
ε0εrkbT
2NAe2I

�1=2

¼
" �

8:85� 10�12�
εr
�
1:38� 10�23�T

2� �
6:02� 1023

�� �
1:6� 10�19

�2I
#1=2

(1)

where ε0 is the permittivity of a vacuum, εr is the relative permit-
tivity of water (the saturating fluid), kb is the Boltzmann’s constant,

T is the temperature, NA is the Avogadro’s number, e is the
elementary charge, and I is the ionic strength of the pore water. The
relative permittivity of water also depends on the temperature,
which must be taken into account. εr is 88.44 at 20 �C and 51.17 at
130 �C (Yakaboylu et al., 2013). Repulsion increases with the
thickness of the double-layer, because the volume in which the
double layers overlap between two neighboring particles increases.

The surface energy gs of the cleavage plane f1014g depends on
the presence of water, and the surface energies of dry and fully
hydrated calcite surfaces are 0.32 J/m2 and 0.15 J/m2, respectively
(Royne et al., 2011). Hence, the energy necessary to form a dry
surface (fracture) is double the energy required for the formation of
a wet surface. The energy USurface required to create a surface be-
tween two calcite particles is a function of the cross-sectional area
A of the contact cement between two particles:

USurface ¼ gsA (2)

This can be compared to the elastic energy Utensile of the contact
cement caused by thermal expansion/contraction. In scenario 1
(Fig. 1a) where neighboring particles pull apart during heating, a
tensile fracture occurs when the elastic energy overcomes the
surface energy. In one-dimension (1D) condition, the tensile energy
is calculated as

Utensile ¼ 1
2
EðaDTÞ2Vp (3)

where E is the calcite Young’s modulus, and Vp is the volume of a
particle. Hooke’s law for general anisotropic materials linearly re-
lates stress to strain by elastic constant c:

sij ¼ cijklεkl (4)

Using an abbreviated Voigt notation, four elastic subscripts for
the elastic constant are reduced to two, so that each pair of ij(kl) is
replaced by IJ (Mavko et al., 2009). In a transversely isotropic case,
which corresponds to a calcite crystal, the Young’s modulus along
c-axis, E33, becomes

E33 ¼ c33 �
2c213

c11 þ c12
¼ 57:8 GPa (5)

where c11 ¼ 149.9 GPa, c33 ¼ 85.2 GPa, c12 ¼ 57.9 GPa, and
c13¼ 53.5 GPa (Chen et al., 2001). The Young’s modulus along the a-
axis, E11, is expressed as

E11 ¼ c11 �
c213ð � c11 þ c12Þ þ c12

�� c33c12 þ c213
�

c33c11 � c213
¼ 110:9 GPa (6)

When heated in scenario 2, one particle expands along the
contact cement and the other contracts, resulting in the creation of
a shear stress s (Fig. 1b). The strain energy UShear created by strain
depends upon the shear stress s, shear angle b, and contact volume
Vc:

UShear ¼ 1
2
sbVc (7)

s ¼ G=b (8)

where G is the shear modulus, which also depends on the crystal
orientation. For calcite, G33 corresponds to the shear modulus
parallel to c-axis with q ¼ 0�, and G11 perpendicular to c-axis with
q ¼ 90�:

Table 1
Calcite anisotropic thermal expansion coefficient in the literature.

Reference Thermal expansion coefficient, a (10�6 K�1)

Parallel to c-axis Perpendicular to c-axis

Rosenholtz and Smith (1949) 23.8 �5.2
Markgraf and Reeder (1985) 32.3 �2.8
Wu et al. (1995) 28.798 �5.371
Rao et al. (1968) 25.1 �3.68
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G ¼ c66 sin2 qþ c44 cos2 q (9)

G33 ¼ c66 sin20� þ c44 cos20� ¼ 34:1 GPa (10)

G11 ¼ c66 sin290� þ c44 cos290� ¼ 45:8 GPa (11)

where c44 ¼ 34.1 GPa (Chen et al., 2001), and c66 ¼ (c11ec12)/
2 ¼ 45.8 GPa.

As the tensile and shear energies depend on the particle volume,
and the surface energy depends on the contact area between two
particles, the elastic energy increases at a greater rate than the
surface energy with increasing particle size. This would lead to
larger particles breaking apart first, while smaller particles hold
together.

Madland et al. (2002) experimentally studied how the tensile
strength of highly porous chalk reduces when saturated with water
or glycol at 130 �C compared with that tested at temperature 30 �C,
while dry chalk showed no significant dependence of strength on
temperature. Therefore, the temperature itself in the range of 30e
130 �C is not likely to play a decisive role in determining the me-
chanical strength of chalks alone e for chalks it is the combination
of pore fluid and temperature that together dictates sample
strength within these temperature intervals. However, in the dry
state, the dependence of strength on temperature has been
observed in other materials including granite, gneiss, polymer
mortars, as well as sandstone. They all demonstrated a strength
reduction with increasing temperature (Jay, 1934; Lee et al., 1996;
dos Reis, 2012; Huang and Xia, 2015).

Few studies have focused on how the material strength is
affected by temperature cycles while performing strength tests at
the same temperature. Hua et al. (2015) investigated how the
tensile strength of sandstone samples depends on cyclical satura-
tion with water for 48 h and drying at 105 �C for 24 h, and implied
that 50% of strength was lost just after seven repeated cycles.
Quartz, as the main component of sandstone, has an anisotropic
thermal expansion coefficient of 14.4�10�6 K�1 and 7.8� 10�6 K�1

in the direction perpendicular and parallel to the principal axis,
respectively (Jay, 1934). Hence, the thermal anisotropy of quartz is
not as pronounced as that of calcite.

In this paper, the effect of temperature cycling on chalks sam-
ples from two regions was studied by measuring tensile strength

affected by 0, 15 and 30 temperature heating and cooling cycles.
Furthermore, the tensile strengths of dry (air-saturated) and water-
saturated samples are compared. The two chalks were selected due
to their different degrees of induration and hence different degrees
of contact cementation. Finally, the combined effects of pore fluid
and temperature cycling on the two chalks are evaluated.

2. Materials and method

2.1. Materials

Chalks from two different quarries were used in this study:
Kansas chalk from the Fort Hays Member of the Niobrara Formation
(Late Cretaceous) located near Niobrara, Kansas, USA, and Mons
chalk from the Trivières Formation (Late Cretaceous) located in
Harmignies, Belgium. Kansas chalk has gone through a higher de-
gree of diagenesis (Finn and Johnson, 2005) than the Mons chalk
(Pirson et al., 2008). Ravnås (2017) found that the Mons chalk has a
carbonate content of 99.8% and a Biot coefficient of 0.95; while the
Kansas chalk has a carbonate content of 96.9% and a Biot coefficient
of 0.91, which are lower than those of Mons chalk, indicating a
higher degree of contact cement. Both chalks are homogeneous on
the plug scale (Fig. 2).

Cylinders of about 40 mm in diameter and 300 mm in length
were drilled perpendicular to the bedding from larger-size rock

Fig. 1. Two scenarios in which the c-axis is (a) parallel and (b) perpendicular to each other dictate how the contact zone between neighboring calcite particles develop when the
system is heated.

Fig. 2. Optical photography of Kansas and Mons chalks. The Kansas chalk has a higher
content of microfossils seen as darker dots.
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blocks (about 30 cm � 30 cm � 30 cm) from the two quarries. The
long cylinders were then radially adjusted to 38.1 mm using a lathe,
and cut into 156 disk-shaped samples with the length of 20e25mm.

2.2. Petrographic and petrophysical characterizations

Characterizationwas performed on selected tested and untested
samples. The untested samples were drilled from the same block as
those for Brazilian test purposes.

For a visual assessment of the micro-structures of the chalk,
polished samples were prepared, and backscatter electron micro-
graphs were recorded using an FEI Inspect� scanning electron
microscope (SEM). The carbonate content was measured by
dissolution of crushed samples using hydrochloric acid (HCl) and
subsequent titration with NaOH. Based on the carbonate content
measured by titration, a chalk sample large enough to yield 0.03 g
of insoluble residuewas dissolved in acetic acid. The non-carbonate
minerals of the insoluble residue were identified by X-ray diffrac-
tion (XRD) using Cu K-a radiation and a PANalytical X’pert Pro X-ray
Diffractometer.

P-wave velocity, vp, of ultrasonic (200 kHz) elastic waves was
recorded on dry cylindrical samples under uniaxial stress of 2 MPa
(error:�100 m/s). Based on the P-wave velocity and dry density rd,
the elastic P-wave modulus M was calculated as

M ¼ rdv
2
p (12)

The dry density rd was measured using dry weight (error:
�0.01 g) and volume (error: �0.044 cm3) of a sample.

The grain density (rg), nitrogen (N2) porosity (f), and perme-
ability (k) were measured by using a PoroPerm Production 2 gas
porosimeter from Vinci Technologies.

The specific surface area of crushed chalk samples (SBET) was
measured by a multipoint procedure using an Autosorb iQ gas
sorption system from Quantachrome Instruments. This measured
value was further used to derive the specific surface with respect to
bulk volume (Sb) and that with respect to the porosity (Sf):

Sb ¼ SBETrgð1� fÞ (13)

Sf ¼ Sb=f (14)

The equivalent cylindrical pore radius r then becomes

r ¼ 2
.
Sf (15)

By assuming an irreducible water film thickness h, the irreduc-
ible water saturation Swir can be estimated by

Swir ¼ hSf (16)

The actual pore size distribution was measured by low-field
nuclear magnetic resonance (NMR) spectrometry using a GeoSpec
2/53 DRX-HF digital spectrometer from Oxford Instruments. The
recycle delay was set to 3750 ms, the number of echoes was 22,727,
and echo spacing was 0.11 ms. Measurements were recorded at
signal to noise ratio (SNR) greater than 500. Using Lithometrix,
acquired data were converted into a relaxation time (T2)
distribution:

1=T2 ¼ rSf (17)

where r is a relaxation constant.
The NMR method sends polarizing pulses that excite hydrogen

protons in the pore fluid, and thenmeasures the signal decay rate of
each pulse, which is also called the relaxation time. Pore walls

cause rapid dephasing, so in smaller pores, an excited proton has a
shorter distance to the pore wall, thus decaying in less time, and
inversely the relaxation time is longer for larger pores.

2.3. Brazilian tensile strength test

The disk-shaped samples from each location were randomly
divided into two groups where half of the samples remained dry,
and the others were saturated with calcite-equilibrated water of
the ionic strength of 0.652 mmol/L (measured using ion chroma-
tography). For each group, one third of samples were kept at room
temperature (25 �C), while the remaining samples were repeatedly
heated to 130 �C (8 h) and then cooled to room temperature (16 h).
However, it took some time to reach the desired temperatures
(Fig. 3). The target temperature was always reached within each
cycle, and the samples were kept at the stable temperature for at
least 1e2 h. During heating and cooling, the water-saturated
samples were submerged in calcite-equilibrated water in a large
steel container, which was kept at 3e5 bar (1 bar ¼ 0.1 MPa)
pressure to avoid evaporation and boiling.

The test matrix consists of chalks from two locations (Kansas
and Mons), two saturation states (dry and water-saturated) and
three kinds of cycles (0, 15 and 30). From each group, at 0, 15 and 30
temperature cycles, samples were randomly selected and their
tensile strengths weremeasured by a Brazilian setup (Fig. 4). A total
of 156 tensile tests were performed to obtain statistical confidence
for the estimation of tensile strength.

Brazilian tests can measure the splitting tensile strength of
brittle material. They were performed by subjecting each

Fig. 3. A single temperature cycle for dry and saturated samples.

Fig. 4. (a) Brazilian test setup with a cylindrical chalk samples placed on the side
between two parallelly loaded plates. Tensile fracture at failure is observed. (b) Optical
photography of fractured Kansas chalk samples (15 cycles, dry). (c) Optical photog-
raphy of fractured Mons chalk samples (15 cycles, dry).
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cylindrical sample to load applied by two curved loading plates
until the sample was split in half. Movement of the plates was
controlled by injecting hydraulic oil with a Gilson 307 pump at a
flow rate of 0.5 mL/min. Consequently, depending on the stiffness
of the sample, the resulting loading rate will vary.

The normal force applied was measured by a transducer of type
C2S and logged in a LabView routine. From the peak force (F) at
which the sample fails, tensile strength (T0) was calculated from the
following equation:

T0 ¼ 2F
pDt

(18)

where D and t are the diameter and thickness of the disk,
respectively.

3. Results

3.1. Petrographic and petrophysical characterizations

Using backscatter electron micrographs, we can observe the
texture of the two chalk types (Figs. 5 and 6). The Kansas chalk has
larger and more angular particles, as well as a larger contact area
between the particles (Fig. 5). This is reflected in its higher indura-
tion of H3 (Henriksen et al., 1999). The Mons chalk has smaller
particles and smaller contact areas between particles, as well as
lower induration of H2 (Fig. 6). From Figs. 5 and 6, one can see that
the frame of the rock is largely composed of calcite, whereas silicates
and clays are rare, and do not contribute significantly to the frame.
Hence, the analysis of the experimental results focuses on the
temperature dependence on the contact between calcite particles.

Fig. 5. Backscatter electron micrographs of Kansas chalk subjected to different numbers of temperature cycles in dry and saturated conditions.
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XRD analysis of the insoluble residue revealed that Kansas chalk
also contains quartz, kaolinite and illite, as well as traces of feldspar,
whereas Mons chalk contains smectiteeillite and traces of apatite.
It is evident that dry Kansas chalk has a higher P-wave modulus (M)
than dry Mons chalk, indicating higher stiffness (Table 2).

In addition to the difference in mineralogy, Mons chalk has
higher porosity and permeability than Kansas chalk. However,
neither of these properties was significantly influenced by the
temperature cycles (Table 3). Furthermore, as derived from SBET,
Mons chalk has a larger equivalent pore radius in comparison to
Kansas chalk and therefore lower irreducible water saturation
estimated. Only for Mons chalk did we find a significant increase in
pore size due to temperature cycling (Table 3).

The increased pore size due to temperature cycling was further
confirmed by the NMR data. Samples exposed to temperature
cycling in the dry state indicated no change in the relaxation time
(T2) for Kansas chalk, whereas a shift to longer relaxation time was
noticeable in all Mons chalk samples tested (Fig. 7). NMR mea-
surements were performed on 4 samples from each location, all
displaying the same trend, as shown in Fig. 7.

Fig. 6. Backscatter electron micrographs of Mons chalk subjected to different numbers of temperature cycles in dry and saturated conditions.

Table 2
Carbonate content, mineral content and P-wave modulus (M) of dry Kansas and
Mons chalk samples.

Chalk type CaCO3 content
(%)

Error
(%)

Other minerals M (GPa)

Kansas 93.9e99.9 �0.1 Quartz, illite, kaolinite,
and feldspar

14.4

Mons 99.6e99.9 �0.1 Smectiteeillite, clinoptilolite,
and apatite

9.5
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3.2. Brazilian tensile strength tests

A typical loading curve obtained in the LabView routine is
shown in Fig. 8, inwhich the normal force acting on the two parallel
planes is plotted as a function of time. The slope of the curve (red
line) indicates the loading rate of that particular sample. The red
dot indicates themaximum force that a sample could sustain before
a fracture was formed (Fig. 4), leading to an abrupt drop in the
measured normal force.

The tensile strengths of samples in each test series, which
consisted of 10e15 samples for each given chalk type (Kansas and
Mons), saturation state (dry and wet) and number of temperature
cycles (0, 15 and 30 cycles), are shown in Table 4. In Fig. 9a and b,
the tensile strength is arranged in ascending order, starting from
the weakest samples on the left to the strongest ones on the right.
Each line represents the results from the 10e15 samples in each
series. Based on the distribution of strengths for each test series, the
average value and standard deviation were determined and the
Gaussian distribution was calculated (Fig. 9c and d). The tensile
strengths of dry Kansas and Mons chalks showed no significant
dependence on the number of temperature cycles. The increase in
strength of dry Kansas chalk due to temperature cycling was
considered insignificant when compared to the standard deviation.
By contrast, the tensile strength of water-saturated samples for
both chalks was reducedwith an increasing number of temperature
cycles (Fig. 9 and Table 4). Even though the standard deviation
makes data overlap, there was a clear descending trend for the
average values of saturated samples with increasing number of
temperatures cycles, while this cannot be observed for the average
values of dry samples. In addition, a distinct difference exists be-
tween 0 and 30 cycles for both chalks even when the standard
deviation is taken into account for saturated samples; while again,
there was no clear trend for dry samples. A positive correlation

between the tensile strength and its standard deviation (s) was
observed, but all the standard deviations are found to be within
15%e30% of the average tensile strength T0.

When comparing the impact of water saturation, before any
temperature cycling was performed, the water weakening can be
estimated for both chalk types. It was found that the initially
stronger Kansas chalk was similarly susceptible to water weak-
ening as Mons chalk (at zero cycle). The tensile strength of water-
saturated Kansas and Mons chalks were 53% and 44% of the
strength of dry samples, respectively. Since the Kansas chalk was
initially stronger than Mons chalk, this implies that weakening by
water saturation (in absolute terms) was 1.6 MPa for Kansas and
0.7MPa for Mons chalk. Thewater-saturated Kansas chalk even had
a lower tensile strength than the dry Mons chalk (Fig. 10a).

When increasing the number of temperature cycles in water-
saturated conditions, the two chalks were weakened by the same
absolute value (0.3 MPa) from 0 to 15 cycles (0.02 MPa/cycle). The
strength reduction rate from 15 to 30 temperature cycles remained
constant for Kansas chalk (0.3 MPa/15 cycles, or 0.02 MPa/cycle),
but it was lower for Mons chalk (0.2 MPa/15 cycles, or 0.013 MPa/
cycle). By the end of the 30th cycle, the proportion of strength
reduction for saturated samples was almost equal for the two chalk
types (Fig. 10b). However, if the temperature cycling effect is
combined with the presence of pore fluid, comparing the dry and
saturated samples subjected to 15/30 cycles, it is found that the
Kansas chalk was more affected in terms of the absolute tensile
strength loss (Fig. 11).

The significant change in tensile strength associated with water
saturation was not caused by variations in porosity (Fig. 12), where
no correlation was observed between the porosity and the tensile
strength. However, due to the way inwhich the setup was designed
and the flow rate of the hydraulic oil was controlled to supply the
piston, the loading rate was affected by the stiffness of the sample,

Table 3
Physical properties of Kansas and Mons chalks after 0 and 15 temperature cycles (dry samples).

Chalk type Number of cycle Porosity (%) Permeability (mD) SBET (m2/g) Equivalent pore radius (nm) Equivalent irreducible water saturation (%)

Kansas 0 34.2 � 1.3 1.5 � 0.3 2.8 � 0.1 135 � 7 7.3 � 0.4
15 34.5 � 1.2 1.6 � 0.3 2.6 � 0.1 147 � 6 6.7 � 0.4

Mons 0 43.0 � 1.0 2.7 � 0.6 2.1 � 0.1 260 � 5 3.8 � 0.3
15 43.3 � 0.9 2.7 � 0.4 1.9 � 0.1 299 � 5 3.3 � 0.3

Note: SBET was measured for this study. The errors are estimated at a 95% confidence interval (Kaiser and Watters, 2012).
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and a strong correlation between the loading rate and tensile
strength can be observed (Fig. 13). The stronger samples tend to
have a higher loading rate, and the higher the loading rate, the
stiffer the sample. From this relationship, it could be possible to
predict the tensile strength from the loading rate without breaking
the sample.

4. Discussion

In the dry state, we found no significant reduction in tensile
strength with increasing number of temperature cycles for either
Kansas or Mons chalk. Therefore, it seems that the contact cement
is not influenced by the anisotropic thermal expansion of calcite
particles in dry state. One significant change in the dry state was an
increase in pore size of dry Mons chalk samples, although this
difference was not observed for the dry Kansas chalk (Fig. 7). The
change in pore size distribution agrees with the observed pore size
increase calculated from SBET data (Table 3), probably due to the
clay alternation (smectite illitization) when heated at dry condi-
tions. However, the process of dehydration of smectite does not
seem to influence the tensile strength of the samples.

Our data show how water saturation immediately reduces the
tensile strength of chalk before any temperature variation takes
place (0 cycle). This is in line with other works (Madland et al.,
2002; Risnes et al., 2005).

The 0.3 MPa reduction in tensile strength from 0 to 15 cycles
implies that the saturated Mons chalk, by percentage, is more
susceptible to weakening by the temperature cycling than Kansas
chalk (33% and 21%, respectively), as it initially had lower tensile

strength (Fig. 10b). Additionally, the tensile strength difference of
the two samples was noticed when considering both the temper-
ature cycling in combinationwith the saturation state, and a greater
total difference in tensile strength was observed for the same
number of temperature cycles, due to a constant dry tensile
strength and a decrease in saturated tensile strength (Table 4).

It is observed that thewater-saturated Kansas samples lost more
initial tensile strength than Mons chalks, and even more so for 15
and 30 cycles (Fig. 11). Nevertheless, no significant difference was
found in the relative behavior of Kansas and Mons chalks.

The tensile strength was constant for dry samples, but it
decreased systematically for the water-saturated ones, suggesting
that the contact cement bonds do not break in dry state but do in
the water-saturated state. If we assume that weakening is caused
by the breakage of bonds between neighboring particles, then the
fact that the samples continued to weaken after the first 15 cycles
implies that bond breakages are rare events compared to the
number of bonds found in a sample. If this was not the case, all the
bonds would break within the first initial temperature cycles and
weakening of tensile strength would only be observed between
0 and 15 cycles, with no further reduction in tensile strength after
30 cycles. Since the Kansas samples had a constant weakening rate
up to 30 cycles, whereas for Mons sample, the rate was reduced in
15e30 cycles, it could indicate that the overall number of bonds
holding the sample together is less for Mons chalk than that for the
Kansas chalk.

If it is assumed that the two scenarios shown in Fig. 1 hold, we
can calculate the elastic strain energy of the bonds holding two
neighboring chalk particles together, and then compare it to the
energy needed to create a dry and water wet calcite surface be-
tween the particles as generated by breaking contact cement. By
breaking the contact cement, two surfaces are created, one on each
particle. If heating at 100 �C and a particle dimension of 10 mm are
assumed, then the energies required to create either two dry or two
wet surfaces are (using Eq. (2)):

It can be seen that the energy necessary to form a dry fracture is
twice the energy required for the water-saturated fracture. Thus,
the fracture growth in dry state is half of that in a saturated state.

In scenario 1 (Fig. 1), properties of contracting a-axis (perpen-
dicular to c-axis) apply (E11), and using Eq. (3), we can calculate the
tensile elastic energy between two neighboring particles:

Fig. 8. Loading curve of a typical Brazilian test (dry Kansas sample). The curve was
used to estimate the loading rate (red line) which correlates the stiffness of sample.
The peak force is marked with the red dot and was used to estimate the tensile
strength.

Table 4
Average values and standard deviations of the tensile strength measurements for
each group of chalk samples. Even though the precision of the normal force mea-
surement is high, the tensile strength for equally treated samples from the same
block varies. As such, the tensile strength is presented onlywith one significant digit.

Chalk State Number of
cycles

Number of
samples

T0 (MPa) s (MPa) T0dryeT0sat
(MPa)

Kansas Dry 0 10 3 0.4 e

15 13 3.3 0.6 e

30 10 3.3 0.6 e

Saturated 0 14 1.4 0.2 1.6
15 12 1.1 0.2 2.2
30 12 0.8 0.2 2.5

Mons Dry 0 13 1.6 0.3 e

15 15 1.3 0.4 e

30 15 1.4 0.4 e

Saturated 0 13 0.9 0.2 0.7
15 14 0.6 0.2 0.7
30 15 0.4 0.1 1

Usur;dry ¼ 2� 0:32 J
.
m2 � ð10 mmÞ2 � 10�12 m2

.
ðmmÞ2 ¼ 6:4� 10�11 J

Usur;sat ¼ 2� 0:15 J
.
m2 � ð10 mmÞ2 � 10�12 m2

.
ðmmÞ2 ¼ 3� 10�11 J
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Uel ¼2� 1
2
� 110:9� 109 Pa� 5:2� 10�6 � 100 K� ð10 mmÞ2

� 10�18 m3
.
ðmmÞ3 ¼ 2:3� 10�11 J

This value is lower than the results of the energy required to
create either two dry or two wet surfaces (6.4 � 10�11 J and
3 � 10�11 J, respectively), thus the tensile energy caused by the
thermal contraction of a-axis between two particles is not enough
to generate a fracture.

In scenario 2, where one side of a particle contracts and the
other expands, the strain energy created by shearing is calculated
by Eq. (7). If we again assume a particle of 10 mm in dimension, and

that the shear zone thickness corresponds to a unit cell (c-
axis¼ 17 Å) (Fig. 14), we can calculate the shear angle b from a ratio
between the elongation and cemented area thickness:

b ¼ arctan
Dx

caxis
¼ arctan

0:014 mm
0:0017 mm

¼ 1:45�

The relative displacement between particles is calculated by
assuming a heating of 100 �C in which one side of the contact ex-
pands along c-axis while the other side contracts along the a-axis.
We calculate the shear stress as the sum of shear stress along the
top contacting contact (s11) and that along the bottom elongating
contact (s33):

Fig. 9. Tensile strength from Brazilian tests on Kansas and Mons chalk samples in dry and saturated states subjected to varying number of temperature cycles. (a) and (b) represent
individual samples for each group in increasing order from low (left) to high (right) tensile strength. (c) and (d) display the Gaussian distributions of each data set.

Fig. 10. (a) Average tensile strength and standard deviation as a function of number of temperature cycles. Dry and water-saturated samples are shown as solid and dashed lines,
respectively. (b) Tensile strength difference (in %) as a function of temperature cycling, with the dry and 0 cycle for each chalk type as reference.
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s11 ¼ G11

Dxtop
�
caxis

¼ 45:8 GPa
2:94

¼ 15:6 GPa

s33 ¼ G33
Dxbottom=caxis

¼ 34:1 GPa
13:53

¼ 2:5 GPa

s ¼ s11 þ s33 ¼ 18:1 GPa

The elastic shear energy can thereby be calculated using Eq. (7):

Ushear ¼1
2
� 1:45� 1:81� 1010 � ð10� 10� 0:0017Þ

� 10�18 m3
.
ðmmÞ3 ¼ 2:2� 10�9 J

As seen from the above results, the shear energy is greater than
the energy needed to generate either dry or saturated calcite sur-
faces (6.4 � 10�11 J and 3 � 10�11 J, respectively). This is, however,
an absolute upper limit. The two particles with orientations of c-
axis perpendicular to each other are probably rare, and no weak-
ening is found in dry samples. Scenarios 1 and 2 represent two
extreme cases, and most neighboring particles are oriented with c-
axis relative to each other in between those cases. The fact that we
do not observe any weakening in dry samples indicates that the
tensile and shear energies due to anisotropic thermal expansion are
not sufficient to generate dry surfaces. However, the weakening by
temperature cycling observed in water-saturated samples means
that the energies are sufficient to generate water-saturated
surfaces.

When the temperature is changed, fractures between particles
may open gradually, and then water enters the fracture, inhibiting
its closure when the temperature is reduced. This effect may be
promoted by subcritical fracture processes which previously have
shown to be driven by water. Even though the thermal cycling in-
duces anisotropic thermal expansion of the calcite particles, irre-
spective of the pore fluid content, the tensile strength remains
unchanged for the dry samples. However, for the water-saturated
samples, the tensile strength is systematically reduced with
increasing number of cycles for both chalks. This is in line with the
behavior obtained in marble (Hansen et al., 2003). In our cases, the
strength reduction induced by temperature cycling was more pro-
nounced for the saturated Kansas chalk, which is more indurated
than Mons chalk (Fig. 11). This indicates that water weakening
phenomena play a role in the accumulated damage induced by the
thermal cycles and can be linked to the understanding of how
neighboring particles are held together. Royne et al. (2015) dis-
cussed how changes in nano-scale surface forces between two
calcite particles developed using an atomic force microscope. They
found that the forces between two calcite particles depend on the
distance between the particles, which further depends on the water
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Fig. 14. Shear strain of contact between two 10 mm particles, caused by 100 �C heating.
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content. When there is no water present, only attractive forces
pulling the particles together are observed. On the contrary, when
water is present, a repulsive force is detected at intermediate
practical distances, leading to a reduced cohesion between particles.
The increased repulsion could facilitate the propagation of fractures
that would not develop in the dry state, thereby creating greater
repulsion and fracturing the contact cement. This thus weakens the
samples as the number of temperature cycles is increased (Fig. 15). If
we assume that the thickness of the charged layer is directly pro-
portional to the Debye length, then the thickness of the layer de-
pends on the temperature and increases with increasing
temperature (Fig. 16). A thicker Debye length leads to an increase of
repulsive area between the particles at higher temperatures, which
causes further weakening of the water-saturated samples. As illus-
trated in Fig. 15c, not only the repulsive area increases, but also this
increase may be sufficient to pull particles further apart, and water
can then invade the fracture, reducing the attractive area.

To prevent dissolution/precipitation,weused calcite-equilibrated
water as a saturating fluid. The equilibrated water was prepared at
ambient temperature. Since the solubility is inversely correlated to
temperature, the solution is over-saturated at higher temperatures.
The solubility of calcite is 0.013 g/L, within one pore volume of each
sample (approximately 10 mL). This amount reaches 0.00013 g of
calcite that could precipitate, which would be less than 0.001% in
weight compared to each sample (30 g). In addition, the solubility
effect should only be observed by comparing the tensile strength in
0e15 cycles, and as such, increasing the number of cycles from 15 to
30 should not play a decisive role in tensile strength. This is because
the maximum saturation has been achieved after the initial heating
cycles. Therefore, it is conclusive that the effect observed in saturated

samples is induced by temperature cycling, but not by dissolution/
precipitation.

5. Conclusions

Brazilian tests were performed to evaluate the influence of
temperature cycling on the tensile strength of chalk in dry and
water-saturated conditions. In dry conditions, neither Kansas chalk
nor Mons chalk samples demonstrate weakening effects caused by
temperature cycles. However, for both chalks, the initial tensile
strength was halved by water saturation, and then further reduced
with an increasing number of temperature cycles. For both chalks,
the tensile strength of water-saturated samples after 30 tempera-
ture cycles was reduced to only 25% of the initial strength of dry
samples that were not exposed to temperature cycling. The esti-
mates showed that the energy needed to create new surfaces be-
tween neighboring particles held together by contact cement is
higher than the thermoelastic energy induced by the heating of two
adjacent particles with c-axes parallel to each other, but lower than
the shear energy with c-axes perpendicular to each other. However,
the probability of thermally induced cement bond fracture is higher
in the water-saturated state because the surface energy is lower
than that of dry calcite crystals. Presences of water and anisotropic
thermal expansion of calcite are the driving weakening mecha-
nisms when chalk is exposed to thermal cycling, while tensile
strength experiments on dry samples detect no weakening by
anisotropic thermal expansion alone.
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a b s t r a c t

Temperature history can have a significant effect on the strength of water-saturated chalk. In this study,
hydrostatic stress cycles are applied to understand the mechanical response of chalk samples exposed to
temperature cycling between each stress cycle, compared to the samples tested at a constant temper-
ature. The total accumulated strain during a stress cycle and the irreversible strain are reported. Chalk
samples from Kansas (USA) and Mons (Belgium), with different degrees of induration (i.e. amount of
contact cementation), were used. The samples were saturated with equilibrated water (polar) and non-
polar Isopar H oil to quantify water weakening. All samples tested during 10 stress cycles with varying
temperature (i.e. temperature cycled in between each stress cycle) accumulated more strain than those
tested at constant temperatures. All the stress cycles were performed at 30 �C. The two chalk types
behaved similarly when saturated with Isopar H oil, but differently when saturated with water. When
saturated with water, the stronger Kansas chalk accumulated more total strain and more irreversible
strain within each stress cycle than the weaker Mons chalk.
� 2019 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Intermittent cold-water injection into a warm reservoir during
oil production, or injection of supercritical CO2 for carbon storage,
would lead to cooling that could thermally degrade the formation
surrounding an injectionwell. Thermal strainmay potentially cause
permanent damage, especially to a rock composed of anisotropic
minerals, and eventually lead to well instability. This paper focuses
on chalk reservoirs, where the proposed effect could be of high
relevance, because chalk is primarily composed of calcite with a
highly anisotropic thermal expansion coefficient. The calcite crystal
has a trigonal axis of symmetry, with thermal expansion co-
efficients of 23.8 � 10�6 K�1 and e5.2 � 10�6 K�1 in the directions
parallel and perpendicular to the trigonal axis, respectively
(Rosenholtz and Smith, 1949), thereby leading to thermal expan-
sion and contraction when heated. For two calcite crystals in close

contact with each other, with unaligned trigonal axis, a tempera-
ture increase leads to strain differences in the two crystals, which
localises stress at the cemented particle contact. The premise of this
paper is to investigate to what extent thermal variation leads to
measurable mechanical degradation for centimetre scale cylindri-
cal core samples.

Chalk is a carbonate rock whose particles originate from skele-
tons of phytoplanktonic coccolithophores (algae), forming calcar-
eous ooze composed of calcite. As the calcareous ooze is buried
deeper, the stress at particle contacts builds up, resulting in pres-
sure dissolution and thus the formation of contact cement. More
cemented deeper chalks possess a lower Biot coefficient and higher
initial strength and stiffness than less cemented chalks with higher
Biot coefficients (Fabricius, 2014).

In materials composed of anisotropic particles held together by
inter-granular contact cement, the contact zones can localise sig-
nificant stresses because of local differences in the thermal strain,
even though the temperature in the sample is uniform. For
example, marble which is mineralogically similar to chalk with
calcite as its main constituent is known to degrade when exposed
to outdoor temperature variation, and some marble facades
consequently tend to experience concave bowing (Weiss et al.,
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2003). Hansen et al. (2003) found that marble cladding weakens
with the number of years it has been exposed to seasonal climate,
and that marble tested in the laboratory at 100% relative humidity
accordingly weakens with increasing number of cooling and
heating cycles; by contrast, dry samples tested did not demonstrate
weakening upon temperature cycling. Similarly, no damage to a dry
limestone was observed when it was heated up to 300 �C (Chen
et al., 2009). Conversely, when tested for potential high-
temperature thermal energy storage (�573 �C), mafic and felsic
rocks performed much better than limestone and sandstone, as
thermal cycling leads to increases in porosity and mineral dehy-
dration (Becattini et al., 2017). Tests on well casing cement indi-
cated that thermal cycling caused cracking failure mechanism due
to a decrease in tensile strength (De Andrade et al., 2015). Weath-
ering induced thermal cycling also had an effect on a granitic dome
in California, USA, where accumulation of thermal stress between
layers induced subcritical cracking and triggered exfoliation
(Collins et al., 2018).

Further, the impact of water moisture has been shown to play an
important role in rock mechanics. Studies performed on fibreglass
that underwent 500 thermal cycles from �40 �C to 25 �C indicated
that the damage development was minimal for samples tested in a
dry state, but much more pronounced in water-saturated samples
(Okeson et al., 2006). Also, the tensile strength of sandstone has
been demonstrated to be weakened by cyclically submerging
samples inwater for 48 h and drying them at 105 �C for 24 h. Half of
the strength was lost after just seven repeated wetting and drying
cycles (Hua et al., 2015). These studies show that temperature
cycling has a more pronounced weakening effect in the presence of
moisture.

Saturation with a polar pore fluid generally reduces the
strength of porous rocks, as observed in sandstone (Baud et al.,
2000; Wasantha and Ranjith, 2014), limestone (Lebedev et al.,
2014), and chalk (Risnes et al., 2005). Wasantha and Ranjith
(2014) analysed water-weakening of Hawkesbury sandstone
(Australia) in the brittle regime and found that water saturation
led to a 13%e38% reduction of initial dry strength, with higher
decreases at higher confining pressures. Baud et al. (2000) used
four different sandstones (Gosford, Berea, Boise, and Darley Dale)
in their study. Their testing results showed brittle strength
reduction of 5%e17%, where Gosford sandstone with the lowest
porosity had the highest reduction and Berea sandstone with
higher porosity was the least influenced by water saturation. They
also reported that samples with higher fractions of altered feld-
spar and clay had more pronounced weakening by water satura-
tion. Water weakening effects were also observed in argillaceous
siltstone by a reduction in compressive and shear strengths (Yang
et al., 2016).

Water weakening of chalks has gained much attention and
many studies have been conducted focusing on chalk weakening
mechanisms (e.g. Hermansen et al., 1997). Madland et al. (2002)
found reductions in tensile strength and hydrostatic yield stress
due to water saturation. Risnes et al. (2005) experimentally re-
ported chalk strength as a function of water activity by mixing
water and glycol as pore fluid, and a positive correlation was pro-
posed. It has also been observed that the weakening effect is sen-
sitive to fluid composition (Katika et al., 2015). Lisabeth and Zhu
(2015) concluded that greater weakening in carbonate rocks is
observedwhen pore fluid is far from equilibriumwith the host rock,
and also at higher temperatures. Similarly, Megawati et al. (2013)
suggested that the weakening is enhanced with increasing nega-
tive surface charge of chalk due to pore fluid composition, where
pore walls with greater negative charge would lead to greater
overlap of electrical double layers and hence a rise in disjoining
pressure.

In this paper, we explored how the mechanical hydrostatic
stress cycles combined with temperature cycles affected the accu-
mulation of strain in chalk. The effect of pore fluid was tested using
two saturating solvents of different reactivities: water equilibrated
with calcite and Isopar H oil. Also two chalk types from two
different localities were selected, due to their differences in indu-
ration, Biot coefficient and associated amount of contact cemen-
tation between particles.

2. Materials and method

2.1. Materials

Chalks sampled from two quarries were used in this study, i.e.
Kansas chalk from the Niobrara Formation, Fort Hays Member, USA
(Late Cretaceous), and Mons chalk from the Trivières Formation,
Harmignies, Belgium (Late Cretaceous). The two chalk blocks were
selected because of their different degrees of induration, and hence
different degrees of contact cementation. Induration is used for
classification of carbonate rocks, with a four-point scale, H1 being
loose and soft, and H4 being very strong and weakly meta-
morphosed. Kansas chalk has a larger contact area between the
grains, which is reflected in its higher induration of H3 (Henriksen
et al., 1999). The Mons chalk has a smaller contact area between the
grains, which gives a lower induration of H2 (see Fig. 1). The Mons
chalk has a carbonate content of 99.8% and a Biot coefficient, a, of
0.95, while the Kansas chalk has a carbonate content of 96.9% and a
Biot coefficient of 0.91 (Ravnås, 2017).

From each chalk block, cylindrical cores of approximately
40 mm in diameter and 200 mm in length were drilled. The core
diameter was adjusted to 38.1mm, and each corewas cut into plugs
of about 70mm in length. Eight plug samples from each block were
prepared for testing (Table 1). The porosity was measured by using
two methods. In the first method, porosity from saturation was
calculated using the difference between dry and wet weights ob-
tained by saturating the samples with distilled water in a vacuum

Fig. 1. Backscatter electron micrographs of Kansas and Mons chalks with two mag-
nifications (30 mm and 300 mm images).
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chamber. In the second method, porosity from grain density was
derived fromdryweight and volume of the samples, using the grain
density of calcite (2.71 g/cm3). P-wave velocity, Vp, wasmeasured in
dry state prior to saturating the samples with the pore fluid, using
CNS Farnell PUNDIT 7 (precision �0.1 ms). Based on these data and
dry density, rd, elastic P-wave modulus, Mp, was calculated as

Mp ¼ rdVp
2 (1)

Sixteen cylindrical core samples were tested, eight from each
chalk type, of which four were saturated with calcite-equilibrated
water of 0.652 mmol/L (polar fluid), and four with Isopar H oil
(non-polar fluid). The equilibrated water was made by dissolving
chalk powder in distilled water. Once the equilibriumwas reached,
the solution was filtered using a 0.65 mm filter. Both fluids were
selected to minimise the impact of chemical reactions, thereby
focussing this study on the rockefluid interactions that are related
to ion adsorption on mineral surfaces rather than dissolution and
precipitation. Two of the four cores (with a given fluid and chalk
type) weremechanically testedwith constant temperature of 30 �C,
and two were tested with a temperature cycle from 30 �C to 130 �C
to 30 �C between each stress cycle. All stress cycles were performed
at 30 �C. Each chalk type, fluid saturation, and temperature history

were tested twice to investigate the repeatability of the results (see
Table 1).

2.2. Mechanical tests

Mechanical tests on the samples were performed in a triaxial
cell (see Fig. 2). Two different pumps were connected to the cell.
The flow of the pore fluid was delivered by a Gilson pump (model
307 HPLC) while the confining pressure was controlled by a hy-
draulic Quizix pump, model QX-20000 HC. The confining pressure
pumpwas equippedwith two cylinders, assuring constant pressure
applied. The pumps were individually operated through a LabVIEW
routine. A back-pressure regulator was connected on the outlet side
of the sample to ensure constant pore pressure of 0.7 MPa. The cell
was also equipped with a 1000 W heating jacket controlled by an
Omron E5CN PID temperature controller. The precision of the
temperature controller is �0.1 �C. The vertical displacement of the
sample was measured by linear variable displacement transducer
(LVDT, MHR 250 from Measurement Specialties�). The radial
deformation was measured using an extensometer, where the
circumference changes were detected by LVDT MHR 100 from
Measurement Specialties�.

Volumetric strain was measured from the relative changes in
length and diameter compared to the original dimensions of the

Table 1
Physical properties of samples used in this study. All samples had a diameter of 38.1 mm. Water is equilibrated with calcite.

Sample Locality Pore fluid Temperature type Length (mm) fsat (%) frgr
(%) Vp (m/s)

K19a Kansas Water Cycled 72.1 35.4 35.5
K40 Kansas Water Cycled 69.8 34.9 34.8 2860
K17a Kansas Water Constant 73.5 35.1 35.3
K18b Kansas Water Constant 70.5 32.1 32
K44a Kansas Isopar H oil Cycled 70 34.6 34.8 2943
K22 Kansas Isopar H oil Cycled 73 33.9 34 3033
K25 Kansas Isopar H oil Constant 71.4 33 33.3 3043
K44b Kansas Isopar H oil Constant 70 32.3 32.5 2942
M36b Mons Water Cycled 70.4 43.8 44 2304
M31b Mons Water Cycled 70 43.7 43.8 2288
M13 Mons Water Constant 68.8 44.4 42.9 2263
M24 Mons Water Constant 72.6 44.3 44.2 2298
M30 Mons Isopar H oil Cycled 70.2 42.6 42.6 2228
M36a Mons Isopar H oil Cycled 67.8 41.5 41.7 2379
M18 Mons Isopar H oil Constant 71.8 43.1 43.4 2310
M32b Mons Isopar H oil Constant 67 41.8 42.2 2335

Note: fsat and frgr
are the porosity from saturation and porosity from grain density, respectively.

oil
Pump for confining 
pressure (oil)

Pump for confining 
pressure (oil)

Pump for pore fluid 
(water)

Pore 
fluid

water

Pore pressure regulator,
0.7 MPa Confining pressure 

(inlet)

Thermometer

Heating Jacket

Pore fluid (inlet)Pore fluid (outlet)

Confining pressure (outlet)

Extensometer Internal Axial LVDT

Confining pressure 
outlet

(a) (b)

Fig. 2. (a) Experimental setup, and (b) triaxial cell with pressure regulating system.
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cylindrical samples. Here, the volumetric strain of the cylindrical
sample was estimated (omitting higher order terms) by

εvol ¼ εz þ 2εr (2)

where εz is the axial strain from the change in length of the core,
and εr is the radial strain measured by the change in the sample’s
diameter.

Hydrostatic stress cycles, i.e. the loading/unloading cycles, were
performed by controlling the pressure in the hydraulic oil in the
triaxial chamber, thus the applied pressure was equal at all sides,
i.e. shyd. The effective stress, seff, experienced by the porous ma-
terial was determined by

seff ¼ shyd � aPpore (3)

where Ppore is the pore pressure. The effective hydrostatic stress
changed from 0.5 MPa to 4.5 MPa over 30 min, and decreased back
to 0.5 MPa over 30 min when the volumetric strain was measured
(Fig. 3a).

2.3. Material response to hydrostatic stress cycling

The peak volumetric strain (Fig. 3a) at the maximal stress was
divided into reversible εrev (elastic) and irreversible εirr (plastic)
components obtained at the end of the stress cycle (Fig. 3b). An
additive division in the elastic and plastic behaviours was used:

εtot ¼ εrev þ εirr (4)

It has been found that the bulk modulus K calculated from the
unloading slope between the hydrostatic effective stress and
volumetric strain provides a better match to the static modulus
obtained from ultrasonic velocity measurements (Olsen et al.,
2008). The lower K obtained from the loading curve is interpreted
to be caused by the closure of unloading cracks formed when the
sample was acquired from field, which causes additional artificial
strain, especially during the first loading. This strain also causes
unnecessary variability in the reported data and furthermore, it can
be minimised by analysing the upper part of the unloading curve in
which the nonlinear effects are less significant (Olsen et al., 2008).
Therefore, we estimated the bulk modulus K from the stressestrain
curves as follows when the effective stress varied from 4.5 MPa to
3.8 MPa:

K ¼ vseff
vεvol

(5)

For completeness purpose, the average slopes of the complete
loading and unloading curves (between 0.5 MPa and 4.5 MPa) are
also reported. Since the experiment was performed in drained
conditions, the Biot coefficient using K can be estimated as

az1� K=Kmin (6)

where Kmin ¼ 70.8 GPa is the average bulk modulus of calcite
(Mavko et al., 1998).

The experiments were performed according to the following
procedures:

(1) Once a sample was mounted on the triaxial cell, the
confining stress was increased to 0.5 MPa.

(2) Simultaneous increases in confining stress and pore pressure
were performed up to 1.2 MPa and 0.7 MPa, respectively.

(3) Temperature was set to 30 �C and the setup was left to rest
until stable diameter readings were obtained.

(4) The hydrostatic stress was increased from 1.2 MPa to 5.2 MPa
over 30 min, immediately followed by unloading to
1.2 MPa at the same stress rate (0.133 MPa/min). At the same
time, the volumetric strain was measured continuously so
that the loading/unloading slope was estimated as an
average value during both phases, along with the elastic
modulus which was measured during the initial unloading
phase. During the stress cycle, the reversible and irreversible
strain components were measured.

(5) For the samples exposed to temperature cycling, the tem-
perature was increased to 130 �C over approximately 90 min
after the hydrostatic loading/unloading cycle was completed.
Then the setup was left to stabilise at 130 �C for approxi-
mately 360 min, before the Omron E5CN PID temperature
controller was set to 30 �C and the triaxial cell cooled during
approximately 450 min and then stabilised overnight, until
another cycle was performed. For the samples tested at a
constant temperature, the temperature cycle was omitted
(Fig. 4). The same time interval between each stress cyclewas
used in all tests, and all stress cycles were performed at 30 �C.

(6) Steps 4 and 5 were repeated 10 times continuously over 10 d.
(7) For the samples exposed to temperature cycling, an addi-

tional 11th hydrostatic stress cycle was performed, without a

Fig. 3. Stressestrain relation during a stress cycle. (a) Strain response to stress changes. (b) After a complete stress cycle, strain is divided into elastic/reversible strain and plastic/
irreversible strain. The elastic modulus K is measured as the slope of the steepest initial unloading phase.
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temperature cycle. This was to assess whether the observed
stressestrain behaviour during loading was affected by the
heat pulse applied to the core.

(8) To complete the experiments, the samples were hydrostati-
cally loaded to pore collapse failure. This was to determine
the stress for onset of yield and check to what degree the
stress cycles were performed within the elastic region. The
loading rate was the same as that for the stress cycles, i.e.
0.133 MPa/min. The yield stress was defined as the one at
which the stressestrain curve deviated from the linear-
elastic path for a stress increase greater than 0.25 MPa
(Fig. 5). The error was estimatedwhen the deviation from the
elastic path reached 1 MPa.

The experimental procedure allows us to compare the strain
accumulated during the stress cycles when samples are tested at
constant temperature to those subjected to temperature cycle (30 �Ce
130 �Ce30 �C) in between each stress cycle. Byusing the twodifferent
indurated chalks, the mechanical effect of the contact cement is
explored, as well as the role of the pore fluid (polar vs. non-polar).
Because all the stress cycles were performed at 30 �C, and each cycle
started after the previous cycle ended, the effects of temperature on
the testingequipmentcouldbeexcluded,andthus itwasassumedthat
no strainwas accumulated between stress cycles. The Biot coefficient
was estimated as an average value from cycles 5 to 10 using Eq. (6).

3. Results

A marked difference was found between samples tested at a
constant temperature and those exposed to a temperature cycle
between each stress cycle (see Fig. 6), and more strain was accu-
mulated in the samples exposed to temperature variations. The
greatest accumulation of irreversible strainwas found in the water-
saturated Kansas chalk, where the strain accumulated during only a
single cycle is approximately equal to the strain accumulated after
all ten cycles in a sample tested at constant temperature.

For both chalks and both pore fluids, the samples exposed to
temperature cycling have a larger proportion of irreversible strain
for each cycle than the samples tested at a constant temperature
(Fig. 7). The effect of temperature was pronounced for the water-
saturated Kansas chalk samples that had approximately twice the
irreversible strain (for each cycle) when the samples were sub-
jected to constant temperature tests. It should be noted that when
an additional 11th stress cycle was performed without a prior
temperature cycle, the irreversible strain dropped to the value
observed in samples tested at constant temperature. This indicates
that a temperature pulse of 30 �Ce130 �Ce30 �C causes the ma-
terial to behave less elastically.

From the 2nd to the 10th and 11th cycles, the bulk modulus for
individual samples did not change significantly, irrespective of
constant or cycled temperature tests whereas the samples accu-
mulated plastic strain (Fig. 8 and Table 2). The same behaviour
could also be observed for the average loading and unloading
slopes (Table 2), in which the stiffness did not change. On average,
Kansas chalk had a higher K than Mons chalk, and Kansas chalks
saturated with Isopar H oil had a higher stiffness than that satu-
rated by water. For the experiments conducted on Mons chalk, this
difference was not observed.

With respect to hydrostatic loading to failure, the Kansas chalk,
with a higher degree of contact cementation, is stronger than the
Mons chalk (Fig. 9 and Table 3). For hydrostatic failure, pore fluid
also plays a role. The samples saturated with water, which is a polar
fluid, areweaker than the samples saturatedwith Isopar H oil (non-
polar fluid). We did not observe a significant influence of the
temperature cycling on the failure stress.

4. Discussion

All samples tested with temperature cycling accumulated more
strain than samples tested at constant temperature during 10 stress
cycles (Figs. 6 and 7), even though all stress cycles were performed
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Fig. 5. Yield stress was determined when the stress difference between the measured
stressestrain curve and the linear-elastic line exceeded 0.25 MPa.

Fig. 4. (a) Test history between two stress cycles for samples tested with temperature
cycling (in which a heat pulse is included between each stress cycle); and (b) Test
history at constant temperature. The time interval between stress cycles were 24 h.
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Fig. 6. Stressestrain curves for Kansas (two upper row) and Mons (two lower rows) chalks tested at a constant temperature (10 cycles, the two columns on the left) and with a temperature cycle in between stress cycles (11 cycles, the
right two columns).
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at 30 �C. The irreversible plastic strain component of the additional
11th stress cycle, which was performed without the temperature
cycle in between each stress cycle, dropped to the same value as
that of the samples tested at a constant temperature during the
whole experiment. This pattern was observed for all tests on both
Mons and Kansas chalks saturated with both Isopar H oil and water
(Fig. 7). The elastic bulk modulus K, however, did not vary signifi-
cantly from the 2nd to the 10th cycle for either the temperature
cycle or the constant temperature tests (Fig. 8), indicating that the
elastic behaviour remains the same even though plastic permanent
damage accumulates. In Fig. 6, the temperature cycle between each
hydrostatic stress cycle leads to greater accumulated strain over the
10th and 11th cycles, and this behaviour is attributed to plasticity
effects rather than the changes in elastic behaviour. Furthermore,
temperature cycles did not significantly influence the yield
strength, and no significant difference after testing could be

observed between the samples that had been or not exposed to
temperature cycling (Fig. 9). The effect of water weakening, how-
ever, was significant, as the hydrostatic yield stress reduced from
13.2e16.3MPa for Isopar H oil-saturated to 7.9e10.3MPa for water-
saturated Mons chalk, and from 32.2e36.8 MPa to 12.9e18.7 MPa
for Kansas chalk (Table 3).

As shown in Fig. 7, the irreversible strain was consistent for the
duplicated experiments. However, the total strain accumulated
varied for some of the duplicates (Fig. 6). A significant difference
between duplicates was found for the Kansas chalk samples satu-
ratedwith Isopar H oil that had been exposed to temperature cycles
between stress cycles. One sample accumulated 0.2% and the other
accumulated 0.5% volumetric strain during the tests (Fig. 6). This
could be due to the difference in elastic modulus of the two sam-
ples. Even though the Kansas chalk samples were cycled at a
smaller proportion of yield stress (33% and 40% for water-saturated

Table 2
Average loading and unloading slopes, as well as the elastic bulk modulus through hydrostatic stress cycles.

Sample Fluid Temperature cycle Loading slope (GPa) Unloading slope (GPa) Elastic bulk modulus (GPa)

1 cycle 3 cycles 7 cycles 10 cycles 1 cycle 3 cycles 7 cycles 10 cycles 1 cycle 3 cycles 7 cycles 10 cycles

K19a Water Yes 1.6 2.5 2.7 2.8 2.9 3.5 3.4 3.3 12 8.4 9.2 8.6
K40 3.6 4.7 4.5 4.6 11 6.7 5.7 5.6 13 10.2 9.3 8.9
K17a No 1.6 2.5 2.5 2.5 3.1 2.6 2.7 2.6 9.2 7.2 7.1 6.8
K18b 2.2 3.5 3.7 3.7 4.7 4. 4.2 4.2 9.2 8.8 9 8.4
K44a Isopar H oil Yes 1.4 2.7 2.8 2.7 3.7 3.2 3.1 3.2 7.9 5.3 5.1 5
K22 3 6.3 6.7 7 7.4 7.7 7.4 7.7 14 11 8.9 10.7
K25 No 3.7 6.8 7.1 7.1 6.7 6.9 7 7.1 11.7 13 12.4 13.8
K44b 2.1 3.9 4.1 4.9 3.9 4.1 4.2 5.1 14.8 13.7 13.8 12.3
M36b Water Yes 2.6 3.6 3.9 3.9 4.5 4.4 4.5 4.4 9.7 7.5 7.3 7.3
M31b 1.9 2.7 2.9 2.9 6.1 3.1 3.1 3.1 8.8 4.5 4.4 4.4
M13 No 2.5 3.5 3.7 3.6 3.6 3.6 3.7 3.7 6.2 7 7.6 7.3
M24 1.8 1.8 1.8 1.9 3.1 3.5 3.8 3.7 4.8 4.1 4.4 4.1
M30 Isopar H oil Yes 2.2 3.8 4.1 4.1 8.7 4.5 4.3 4.4 12 6.8 6.1 7.3
M36a 2.4 3.6 4.1 4 7.7 4.5 4.6 4.6 12 6.2 6 5.8
M18 No 2.8 4 4 4 4.6 4.1 4 4 6.3 5.9 6.2 5.7
M32b 3.1 4.6 4.7 4.7 4.9 4.9 4.8 4.9 7.1 7.3 7.1 7.6
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chalks, and 14% and 16% for oil-saturated chalks, see Table 3 and
Fig. 6), it showed that the temperature cycling led to more or equal
amounts of volumetric strain after 11 cycles than the cycling per-
formed onMons chalk where the peak cycle stresswas 62% and 66%
of yield stress for the water-saturated samples and 32% and 34% for
oil-saturated samples. It would be expected that when approaching
the failure envelope, more plastic damage would accumulate, but
this was not observed.

In order to find how the accumulated strain is linked to other
measurable parameters, the total accumulated strain from the 2nd
to the 10th cycle (εtot) was plotted against the initial porosity (f)
and the Biot coefficient (a) (Fig.10). The first cyclewas omitted from
these correlations to avoid inherent large variability observed in
the first load cycle (Fig. 6) as seen for all the tests. Even though the
statistical significance is limited, it may be seen that the Kansas-
Isopar H experiments accumulate more strain (open green cir-
cles) when both the porosity and Biot coefficient increase (Fig. 10a
and c). Furthermore, the experiments on water-saturated Kansas
chalk displayed a positive correlation between εtot and f (closed
green circles), while εtot was not correlated to the Biot coefficient
(Fig. 10a and c). For Mons chalk samples, the same correlations
were not observed, neither between εtot and f, nor between εtot and
a. As such, a univocal statistical pattern relating the porosity and
Biot coefficient to the total accumulated strain for both Kansas and
Mons chalks cannot be observed. It is interesting to note that,
however, the highly indurated chalk displays such a correlation,
whilst the less indurated Mons chalk does not.

Fig. 10b and d displays the correlations of εtot vs. f and εtot vs. a,
respectively, discriminated by testing methods. Here the samples
are split into four groups in combinationwith Kansas chalk (circles)
and Mons chalk (triangles), and constant temperature (black) and
temperature cycles (red). For all four groups, positive correlations
between volumetric strain and porosity (Fig. 10b), and between εtot

and a can be seen. This observation is interesting because more.
For each individual stress cycle, approximately double irre-

versible strain was accumulated if the temperature cycling was
performed, as opposed to the experiments at a constant tempera-
ture. This plastic component was most pronounced for the water-

Table 3
Yield failure of all samples and comparison to the maximum stress during a hy-
drostatic cycle. The maximum stress of 5.2 MPa during a hydrostatic cycle is well
below the yield failure in all cases.

Sample Saturating fluid and
constant/cycled
temperature

Yield failure (MPa) Percentage of
maximum stress
(5.2 MPa) to
yield stress (%)

K19a Water/cycle 12.9 � 2.8 40
K40 Water/cycle 15.9 � 3.2 33
K17a Water/constant 18.7 � 4.4 28
K18b Water/constant 16.7 � 4.5 31
K44a Isopar H oil/cycle 35.2 � 6.8 15
K22 Isopar H oil/cycle 34.4 � 4.6 14
K25 Isopar H oil/constant 36.8 � 6.4 16
K44b Isopar H oil/constant 32.2 � 4.7 15
M36b Water/cycle 8.5 � 1.9 62
M31b Water/cycle 7.9 � 2.2 66
M13 Water/constant 10.3 � 2.6 51
M24 Water/constant 9.7 � 2 53
M30 Isopar H oil/cycle 15.2 � 5.7 34
M36a Isopar H oil/cycle 16.3 � 5.4 32
M18 Isopar H oil/constant 13.2 � 4 39
M32b Isopar H oil/constant 15.5 � 5.3 33
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Fig. 10. Correlation between the total strain accumulated between cycles 2e10 and saturation porosity (top) and Biot coefficient (bottom). On the left, the correlation is made for
different chalk types and their saturating fluids. No uniform trend was found. On the right, the correlation is made according to the testing method, whether the chalk samples were
exposed to a constant temperature or to temperature cycling. These correlations all display a similar trend, indicating that the total strain accumulated increases with the increasing
porosity and Biot coefficient.
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saturated and highly indurated Kansas chalk samples (Fig. 7). The
two chalk types behaved differently when saturated with water,
but no significant behavioural difference was observed in Isopar H
oil-saturated samples. The highly indurated Kansas chalk accu-
mulated both more total strain and more irreversible strain within
each stress cycle than Mons chalk when saturated with water. This
indicates that the greater amount of contact cementation (lower
Biot coefficient) is more susceptible to anisotropic thermal expan-
sion and contraction of calcite particles when saturated with water,
a polar fluid.

The saturating fluid thus plays an important role in mechanical
testing. Our data show that water saturation reduces hydrostatic
yield strength (Fig. 9). This is in line with the conclusions of other
works (Madland et al., 2002; Risnes et al., 2005). Water is a polar
fluid and it can be adsorbed to the calcite surfaces in chalk. Isopar H
oil is no-polar fluid and cannot be adsorbed to the calcite surface.

Calcite crystals have surfaces populated by positively charged
Ca2þ and negatively charged CO2�

3 surface sites (Stipp et al., 1999).
At the basic equilibrium-pH of water and calcite, adsorption of
divalent positive ions (Ca2þ) and monovalent negative ions ðHCO�

3 Þ
causes an overall positive surface charge. Røyne et al. (2011) used
glycol-water mixtures to measure surface energy of calcite
depending onwater concentration, and they found that the surface
energy decreased with increasing water concentration. The decline
in hydrostatic yield strength by saturation could be related to the
observations of fracture generation in dry calcite. The energy
needed to create a calcite surface depends on the presence of water,
where the energy needed for generating a dry surface is 0.32 J/m2,
whereas it is 0.15 J/m2 for a fully hydrated calcite surface (Røyne
et al., 2011). This means that it takes almost double the energy to
create a dry calcite surface than that for a hydrated one, and hence
in water-saturated samples, it would be easier to break contact
cementation and make a new surface between two neighbouring
particles. When employing these results to the fracture formation
between calcite particles placed next to each other with a non-zero
difference in c-axis angle, thermally induced strain would result in
thermal stress concentrations within the contact cement, which
would lead to bond breakagewhen the energy for generating a new
surface is minimised.

When the saturating fluid has electrical charge exchange with
the calcite surface, it creates an electrical double layer (Al Mahrouqi
et al., 2017). If we assume that the thickness of the charged layer is
directly proportional to the Debye length, then the thickness of the
layer also depends on the temperature, and it increases with
increasing temperature. Increasing this area of repulsion between
particles would stress the areas of contact cementation extremely,
and thus more indurated samples would be more influenced at
higher temperatures. However, as it was not observed that yield
stress depends on whether the sample has been exposed to tem-
perature cycling or not, but a greater plastic strain accumulation
was observed at cycled temperature, it is proposed that increasing
the length of the electrical double layer enhances the number of
contacts with broken cement (micro-fractures). This would not
affect the overall strength, which depends on the strength of the
weakest bond rather than the number of weak bonds.

Experimental results imply that contact cementation breakage
affects neither yield strength nor bulk modulus, but rather directly
the amount of irreversible strain. The temperature sensitivity oc-
curs to a lower extent for the less cemented Mons chalk, because
cementation is not contributing as much to Mons chalk stiffness
and strength, as it does for Kansas chalk, which gains its higher
stiffness and strength from higher degree of contact cementation.

Even for elastic-perfectly metallic electric alloys, such as the
compound of lead and tin (Pb/Sn) used in microelectronic pack-
aging, it demonstrates that inelastic strain accumulates during 100

temperature cycles between 0 �C and 75 �C. This accumulation was
found to be caused by the component bonded to the alloy having a
different thermal expansion coefficient from the alloy itself
(Dishongh et al., 2002). As such, stress concentrations induced by
the differences in thermal strain at given material contacts lead to
failuree a microscopic effect that may propagate to themesoscopic
scale. As such, due to the anisotropic thermal expansion of calcite,
chalk samples with higher area of contact cementation are ex-
pected to be more influenced by temperature variation.

5. Conclusions

This paper aimed to better understand the mechanical sta-
bility of chalk during water injection, which can cause temper-
ature to fluctuate. In response to temperature fluctuation, the
anisotropic thermal expansion of calcite crystals induces ther-
mal stress that results in accumulation of irreversible strain.
From the experiments performed in this study, all samples
exposed to temperature cycling accumulated more strain than
the samples tested at a constant temperature. This was specif-
ically pronounced for water-saturated Kansas chalk, which has a
relatively high induration and a high degree of contact cemen-
tation. Polarity of the saturating fluid plays a greater role in
more indurated chalk exposed to temperature cycling. However,
temperature cycling had an effect on irreversible strain accu-
mulated, but no significant influence on elastic modulus or yield
stress. Furthermore, it was also found that the peak in each
stress cycle relative to the failure strength is not the determin-
istic parameter for the permanent damage accumulated during
stress and temperature cycles. This is conclusive that tempera-
ture cycling resulted in an increase in the number of micro-
fractures, which hence accumulated more strain during stress
variation in the elastic domain, but did not influence the overall
strength of the samples. Our results indicate that the risk of
degrading the mechanical integrity of chalk by temperature
variation is more relevant for deeper and thus more contact-
cemented chalk reservoirs, with low Biot coefficient, than for
shallower chalk reservoirs with high Biot coefficient.
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Abstract: 14 

Chalk petroleum reservoirs can be prosperous, but influence from the production on their 15 
stability is not well understood. Temperature cycling has been proven to have a degrading effect 16 
on other carbonates such as marble. This study aims to gain a better understanding of 17 
temperature cycling effects on the elastic properties of chalk. Two types of chalk are studied, 18 
Kansas and Mons chalk, with p-q diagrams provided for both. Elastic bulk moduli tested under 19 
hydrostatic conditions demonstrates a decrease for Mons chalk, while Kansas chalk modulus 20 
was not significantly influenced by temperature cycling. Young´s modulus and compressional 21 
modulus measured under confined constant overburden stress showed no effect of temperature 22 
cycling. Linear thermal expansion coefficients had a similar value for the two chalks tested, but 23 
had a negative correlation with increasing number of temperature cycles. 24 

1. Introduction 25 

It is estimated that more than 60% of the world’s oil is held in carbonate reservoirs, and in the 26 
central North Sea chalk, chalk formations such as Ekofisk, Tor and Hod dominate oil 27 
production. The chalk reservoirs in this region are ageing and declining in production. In order 28 
to maintain recovery, focus for the last 30 years has been on developing new technologies, 29 
mainly focusing on the interaction between flooding fluid and the reservoir (Austad, et al., 2008, 30 
Puntervold and Austad, 2008, Fathi, et al., 2011). Varying reservoir temperature and the effect 31 
this may have on reservoir stiffness has not received as much attention. 32 

During oil recovery, cold fluid is injected into hot reservoirs on a periodic basis over the lifetime 33 
of a field, locally cooling the surrounding reservoir rock. This rock will then warm when 34 
injection stops. These temperature fluctuations can potentially cause considerable deformation 35 
to the reservoir because thermoelastic expansion and contraction strains the contact of 36 
neighbouring particles. That temperature fluctuations can have significant effect is documented 37 
by observations made of carbonate rocks used for construction that are exposed to moisture and 38 
temperature variations. Examples include the cladding on the Finlandia Hall in Helsinki, which 39 
consists of Carrara marble (Weiss, et al., 2003), and two types of cladding marble, one from 40 
Greenland and the other from Norway, exposed to weathering in Copenhagen (Hansen, et al., 41 
2003).  42 

This paper aims to describe how temperature variation impacts the elastic behaviour of chalk.  43 
Even though the calcite mineral itself is highly anisotropic, bulk limestone and chalk samples 44 
are found to have isotropic volumetric thermal expansion coefficients (Table 1). At particle 45 
level, heating leads to thermal expansion along the c-axis and contraction in the perpendicular 46 
plane. For two adjacent particles held together by contact cement, the difference in thermal 47 
strain could result in stress localization at particle contacts. We aim to quantify the mechanical 48 
impact of these internally induced stress concentrations, and how they lead to degradation.  49 

Table 1. Thermal expansion coefficient (a) data for limestone and calcite 50 

Reference – limestone Limestone region α (10#$	K-1) 
Harvey (1967) Illinois  5.2 - 5.7 
Johnson and Parsons (1944) Mille Roche, Canada 3.8 - 4.1 
 St Louis Cp., MO 3.8 - 4.4 
 Bethany Falls, MO 3.0 - 4.3 
 Jordanville, NY 4.0 - 4.4 



 North le Roy, NY 5.6 - 5.8 
 Paso Pobles, CA 8.6 - 9.4 
Goncalves and Brito (2017) Anca, Portugal 4.6 
Reference – calcite α ǁ c (10#$	K-1) α ꓕ c (10#$	K-1) 
Rosenholtz and Smith (1949) 23.8 -5.2 
Markgraf and Reeder (1985) 32.3 -2.8 
Wu, et al. (1995) 28.798 -5.371 
Rao, et al. (1968) 25.10 -3.68 
  

 51 

Numerous studies cover the differences in mechanical properties of material tested at different 52 
temperatures (Madland, et al., 2002, dos Reis, 2012), but  few describe how temperature cycling 53 
leads to mechanical degradation. Hua et al. (2015) demonstrated how the tensile strength of 54 
sandstone from Sichuan region weakened by 50% after just seven repeated cycles of 55 
submerging specimens in water and drying them at 105°C. Furthermore, when Alpine rocks 56 
were tested for potential high temperature thermal energy storage (573°C and over), igneous 57 
rocks demonstrated much less fracturing, increase in porosity and mineral dehydration than 58 
sedimentary rocks (Becattini, et al., 2017).  59 

This paper focuses on how the thermal expansion coefficient and the mechanical parameters 60 
describing elastic behaviour are affected by temperature cycling of water saturated chalks. We 61 
compared two chalks with different degrees of contact cementation, to identify how differences 62 
in particle contacts play a role in the mechanical degradation. In previous studies, it has been 63 
observed that tensile strength is weakened by temperature cycling in water saturated chalks, as 64 
well as that chalk with a higher degree of contact cement accumulates more irreversible strain 65 
when exposed to temperature cycling (Voake, et al., 2019a, Voake, et al., 2019b). 66 

We assume that the studied chalks are isotropic on a sample scale, so that elastic properties can 67 
be discussed from two perspectives: Bulk modulus was found from unloading experiments 68 
under hydrostatic conditions, whereas Young’s modulus and uniaxial compaction modulus 69 
were measured from constant overburden tests with varying lateral stress. In experiments 70 
performed under hydrostatic stress we are able to determine both bulk modulus and the 71 
coefficient of thermal expansion. In the constant overburden test, we mimic a reservoir where 72 
the magnitude of the vertical stress is constant, but the radial stress along with axial and radial 73 
strain, is free to change.  74 

2. Theory 75 

The vertical applied stress was chosen to be constant and equal 70% of the stress required to 76 
induce shear failure. In this stress geometry, Poisson’s ratio was estimated, and if higher that 77 
0.1, a significant lateral strain is indicated and the elastic Young’s modulus was calculated, 78 
whereas if apparent “Poisson’s ratio” seemed to be lower than 0.1, no significant lateral strain 79 
is indicated and uniaxial compaction modulus was derived. 80 

2.1 Strain measurements in cylindrical geometries 81 

In rock mechanical tests, the strain (𝜀) of a cylindrical rock sample exposed to effective stress 82 
changes, is calculated form the differences between the measured length (𝐿) and diameter (𝐷) 83 
and the original length (𝐿)) and diameter (𝐷)) of the sample, according to, 84 



 𝜀* =
𝐿) − 𝐿
𝐿)

, and		𝜀1 =
𝐷) − 𝐷
𝐷)

. (1) 

 85 
 86 
2.2 Coefficient of thermal expansion 87 

The coefficient of thermal expansion (𝛼) is determined from the sample’s strain during 88 
temperature change (Δ𝑇), 89 

 𝜀 = −𝛼Δ𝑇 (3) 

This parameter was measured during hydrostatic stress geometry, in which the sample was not 90 
constrained in any direction. 91 
 92 
2.3 Bulk modulus determination from hydrostatic test 93 
Using Hooke’s law on a sample tested under hydrostatic stress (𝜎9:;

, ) the bulk modulus (𝐾) 94 
can be calculated according to, 95 

 
𝐾 =

∆𝜎9:;
,

∆𝜀>?@
, (2) 

where the volumetric strain of an isotropic samples is estimated from 𝜀>?@ ≃ 3𝜀1,  and higher 96 
order terms are omitted. The bulk modulus describes the stiffness of a sample and its resistance 97 
towards hydrostatic stress. 98 

2.3 Determination of Poisson’s ratio and elastic moduli from constant overburden tests 99 
If a sample is tested at constant overburden conditions, where the axial and radial stresses differ, 100 
𝜎* ≠ 𝜎1, and if an assumption is made that a sample is linearly elastic, homogeneous and 101 
isotropic, then Young’s modulus (𝐸) and Poisson ratio (𝜈) can be estimated. The effective 102 
stress (𝜎F′) in the radial and axial direction is calculated using Biot coefficient (𝛽) and the pore 103 
pressure (𝑃J?1K), 𝜎F′ = 𝜎F − 𝛽𝑃J?1K, where 𝑖 = 𝑟, 𝑧. For cylindrical samples, Hooke’s law 104 
becomes, 105 
 𝐸𝜀1 = (1 − 𝜈)𝜎1O − 𝜈𝜎*O, and		 (4) 

 𝐸𝜀* = 	𝜎*O − 2𝜈𝜎1O.	 (5) 

As it can be seen from these expressions, a change in the radial effective stress leads to axial 106 
strain, and vice versa. Elastic coefficients can be estimated from incremental changes in the 107 
effective stresses and measured changes in strains. For incremental changes ∆, assuming that 108 
the rock remains the same such that 𝐸 and 𝜈  are constant, equation (4) and (5) can be rewritten 109 
as, 110 

 𝐸∆𝜀1 = (1 − 𝜈)∆𝜎1O − 𝜈∆𝜎*O, and (6) 

 𝐸∆𝜀* = 	∆𝜎*O − 2𝜈∆𝜎1O. (7) 

For the experiments conducted in this study, the pore pressure and axial vertical stress is 111 
constant, so	∆𝜎*O = 0, while the radial stress is changed (Δ𝜎1O ≠ 0 ), and the equations simplify, 112 



 ∆𝜎1O =
𝐸∆𝜀1
(1 − 𝜈) , and (8) 

 ∆𝜎1O = 	−	
𝐸∆𝜀*
2𝜈 . (9) 

In order to express 𝐸 and 𝜈  in terms of stress and strain that are measured in the experiment, 113 
both Eq. 8 and 9 are rearranged,  114 

𝐸 =
Δ𝜎′1(1 − 𝜈)

Δ𝜀1
 

(10) 

𝐸 = 	−	
2∆𝜎′1𝜈
Δ𝜀*

 
(11) 

 
By observing that Eq. 10 and 11 are equal, 𝜈 can be expressed in terms of stress and strain as, 115 

Δ𝜎′1(1 − 𝜈)
Δ𝜀1

= 	−	
2∆𝜎′1𝜈
Δ𝜀*

 
(12) 

 𝜈 =
−𝛥𝜀*

2𝛥𝜀1 − 𝛥𝜀*
 (13) 

 116 

In order to express Young’s modulus 𝐸 in only stress and strain terms, Eq. 13 is substituted into 117 
either Eq. 10 or 11,  118 

 
	𝐸 = 	

2Δ𝜎′1
2Δ𝜀1 − Δ𝜀*

 

 
(14) 

However, when testing elasticity near failure conditions, permanent deformation may occur and 119 
a large difference between high vertical (overburden) stress and low lateral stress may result in 120 
very low lateral strain, and hence an apparent very low Poisson’s ratio. We selected a cut off 121 
value of apparent Poisson’s ratio of 0.1 In this case, the uniaxial compressibility modulus 𝐻 is 122 
calculated, 123 

 
𝐻 =

Δ𝜎′1
Δ𝜀1

 

 
(15) 

3. Material and Equipment: 124 

3.1 Material: 125 

The mechanical behaviour of chalk from two quarries were described in this paper, Kansas 126 
chalk from Niobrara Formation, Fort Hays Member, USA (Late Cretaceous), and Mons chalk 127 
from Trivières Formation, Harmignies, Belgium (Late Cretaceous). The two chalks differ in 128 
their degree of contact cementation between particles, where Kansas chalk has a larger contact 129 
area between the calcite particles than Mons chalk. This is reflected in the induration, H3 for 130 
more indurated Kansas chalk, and H2 for less indurated Mons chalk (Henriksen et al., 1999). 131 
The Biot coefficient 𝛽 for Mons chalk is 0.95 and for Kansas chalk 0.91, while the carbonate 132 
content of Mons and Kansas samples were determined to be 99.8% and 96.9% respectively 133 
(Ravnaas, 2017). 134 

Cylindrical samples were drilled (approx. 40 mm diameter and 30 cm length) from blocks from 135 
each locality. The sample diameter was adjusted to 38.1 mm, and the length of the samples 136 



were cut to approximately 70 mm. The initial porosity of the samples (ϕ-sat) was determined 137 
by saturating the samples with distilled water in a vacuum chamber and using the difference 138 
between dry and saturated weight to obtain pore volume. Porosity from grain density (ϕ-ρgrain) 139 
was calculated using volume of the sample, its dry weight, and grain density of calcite 140 
(𝜌TU@TFVK =	2.71 g/cm3). The P-wave velocity (𝑣J) was measured in the dry state prior to the 141 
saturation of the samples with pore fluids, using CNS Farnell PUNDIT 7 (precision ±0.1 μs).  142 
Based on these data and dry bulk density (𝜌;), elastic P-wave modulus (𝑀;1:) was calculated 143 
as: 144 

 𝑀;1: = 𝜌;𝑣JY (16) 
The physical properties of the samples used in this study are reported in Table 2 and Table 3. 145 

Table 2. Physical properties of samples tested for elastic moduli in hydrostatic conditions 146 

Chalk 
type 

Sample Diameter 
(mm) 

Length 
(mm) 

ϕ-sat.  
(%) 

ϕ-ρgrain  

 (%) 
vp  
(m/s) 

𝑀;1: 
(GPa) 

Kansas K40b 38.1 74.9 32.6 32.4 3056 17.1 
K41b 38.1 77.2 32.8 32.8 3178 18.4 

Mons M31a 38.1 70.3 41.3 41.7 2280 8.7 
M32a 38.1 70.0 43.2 42.5 2343 8.1 

 147 

Table 3. Physical properties of the samples tested for elastic moduli under constant overburden  148 

Chalk 
type 

Sample Diameter 
(mm) 

Length 
(mm) 

ϕ-sat. 
(%) 

ϕ-ρgrain 
(%) 

vp dry 
(m/s) 

𝑀;1: 
(GPa) 

Kansas K30b 38.1 77.2 32.8 32.8 3178 18.4 
Mons M12 38.1 69.2 43.1 43.8 2262 7.8 

 149 

Upon mounting in triaxial cells, the samples were saturated with calcite-equilibrated water of 150 
0.652 mmol/L ionic strength. 151 

 152 

 3.2 Mechanical tests using triaxial cells 153 
The experiments were performed using a triaxial cell (Figure 1). The independent applied radial 154 
and axial stresses were controlled by two different pumps connected to the cell. A Hydraulic 155 
Quizix pump, model QX-20000 HC equipped with two cylinders was used for radial confining 156 
pressure control, and the other pump, Teledyne Isco Syringe Pump model 260D, controlled the 157 
piston pressure that acted as the axial stress. The radial deformation was measured using an 158 
extensometer, where the circumference changes were detected by LVDT MHR 100 from 159 
Measurements SpecialtiesTM. The axial deformation was measured internally by LVDT MHR 160 
250 from Measurements SpecialtiesTM. Both LVDTs have a precision of 0.15% of the 161 
measurement. A Gilson Pump (model 307 HPLC) controlled the flowrate of the injected pore 162 
fluid and the back pressure regulator was connected on the outlet side of the sample to ensure 163 
constant pore pressure of 0.7 MPa. All pumps were individually operated through a LabVIEW 164 
routine. The exterior of the cell was equipped with a 1000 W heating jacket, which was 165 
controlled by an Omron E5CN PID for temperature control (±0.1℃ precision). 166 



 167 

Figure 1. Triaxial testing set up 168 

The effective radial stress is calculated directly, 169 
 170 
 𝜎1O = 𝜎1 − 𝛽𝑃J?1K  

whereas a correction must be applied to the effective axial stress, 171 

 

 

𝜎*O = 𝜎1 + 𝑓(𝑃JF\V − 𝑃]1FT) − 𝛽𝑃J?1K  

(𝑃]1FT) is the friction of the piston measured during initial movement (around 0.25 MPa). 172 

The first and third stress invariants, 𝑝 and 𝑞 respectively, are particularly useful for displaying 173 
failure data, because the values obtained from the cylindrical geometry apply to any coordinate 174 
system. The 𝑝𝑞-diagram in cylindrical geometries are expressed as, 175 

𝑞 = 𝜎* − 𝜎1 
 

𝑝′ = 1
3	` (2𝜎1O + 𝜎*O) 

The different failure modes are illustrated in Figure 2. A series of shear failure tests at different 176 
confining stresses were performed to plot the shear failure line. Tensile strength and hydrostatic 177 
yield stress were determined by Voake, et al. (2019a), Voake, et al. (2019b). The stress path 178 
upon variation in side and axial stress, can be traced as a line in the 𝑝𝑞-diagram, and failure 179 
occurs once a failure line is crossed.  180 



 181 

Figure 2. p-q diagram indicating different modes of failure. The arrows represent the direction 182 
of deviatoric loading at different confining pressure until shear failure line is reached and the 183 
sample fails.  184 

 3.2.1 Determination of shear failure line  185 
Shear failure tests were performed on samples from the Kansas and Mons chalk blocks, in 186 
which the axial stress was increased until failure at four confining stresses (0.8, 1.2, 2, and 3 187 
MPa). Two samples for each confining stress were tested to check repeatability of the results, 188 
so a total of eight samples were used to obtain the shear failure line for each chalk type. All 189 
tests were performed at 30˚C, and samples were saturated with calcite equilibrated water.  190 

Each experiment was performed according to following procedure: 191 
- The confining pressure was increased to 0.5 MPa (apart from the tests at 0.8 MPa 192 

confining pressure, where the initial loading was set to 0.1 MPa).  193 
- This was followed by simultaneously increasing confining and pore pressure to 1.2 MPa 194 

and 0.7 MPa respectively (apart from the tests at 𝜎1= 0.8 MPa, where confining and 195 
pore pressure were increased to 0.8 and 0.3 MPa). 196 

- The temperature was set to 30˚C and the samples were left until the extensometer 197 
obtained a stable reading (around 3000 min). 198 

- The piston was lowered to touch the sample to measure the piston friction (𝑃]1FT) at the 199 
given corresponding confining stress. 200 

- Tests at 0.8 MPa and 1.2 MPa were already at the desired confining pressures. For the 201 
tests at 2 MPa and 3 MPa, the confining pressure was increased at the rate of 0.03 202 
MPa/min. 203 

- Deviatoric loading was performed by increasing the piston pressure at a rate of 0.03 204 
MPa/min until failure. The p and q values were calculated using the confining pressure 205 
at which the loading was performed and the axial pressure at which the sample failed. 206 

3.2.2 Temperature effects on Bulk modulus 207 
Bulk modulus, 𝐾 was measured at 30˚C during reduction of the hydrostatic stress from 4 MPa 208 
to 0.8 MPa, such that an unloading modulus was obtained. For each sample, three temperature 209 
cycles of 30˚C to 90˚C and back to 30˚C were performed. After each temperature cycle once 210 
the samples’ dimensions was stabilized, 𝐾 was measured. Two Kansas chalk samples and two 211 
Mons chalk samples were tested (Table 2). The experimental steps were as follows: 212 

- Confining pressure increased to 0.5 MPa. 213 
- Simultaneous increase of confining and pore pressure to 1.2 MPa and 0.7 MPa, 214 

respectively. 215 



- Hydrostatic loading was performed from 1.2 to 4 MPa with confining pressure increased 216 
at a rate of 0.03 MPa/min. At this stage initial elastic bulk modulus 𝐾FaV was measured 217 
prior to any heating cycles 218 

- The temperature was set to 90˚C and the experiments were left until the diameter 219 
stabilised (1-2 days). 220 

- Temperature was reduced from 90°C to 30°C, at which stage the linear thermal 221 
expansion coefficient was measured. 222 

- Confining pressure was lowered from 4 MPa to 0.8 MPa in 96 minutes for both chalk 223 
types. During this stage bulk modulus 𝐾 was measured. 224 

- Confining pressure was raised from 0.8 MPa to 4 MPa in 96 minutes and temperature 225 
increased back to 90°C. The loading elastic bulk modulus (𝐾@?U;	)	was measured during 226 
this step. 227 

- Last three steps were repeated two more times to investigate the impact of how the 228 
mechanical properties of the core reacted to the temperature and stress cycling. 229 

The dynamic elastic modulus measured from ultrasonic velocity have a much better match with 230 
the static modulus when the static modulus is measured during the unloading part of a stress 231 
cycle (Olsen, et al., 2008). Therefore, the bulk modulus reported and presented in graphs are 232 
determined during the hydrostatic stress reduction.  233 

 234 

 3.2.3 Temperature effects on 𝐸 modulus and 𝜈 235 
In order to estimate the shear modulus from Young’s modulus and Poisson’s ratio, the variation 236 
in the axial and radial stresses and corresponding radial and axial strains were used (Eq. 13, Eq. 237 
14 and Eq. 15). All stress variation tests were performed at 30°C and the shear modulus was 238 
determined during side stress unloading. The axial stress was kept constant at 70% of the value 239 
required to induce shear failure at 2 MPa corresponding to 𝜎*O = 11.8 MPa for Kansas chalk and 240 
𝜎*O	= 5.3 MPa for Mons chalk. One Mons chalk sample and one Kansas chalk sample were used 241 
(Table 3). The deviatoric unloading was performed three times for each sample following a 242 
temperature cycle (30˚C to 90˚C and back to 30˚C). The experimental steps were: 243 

- Confining pressure was loaded to 0.5 MPa. 244 
- A simultaneous increase of confining and pore pressure to 1.2 MPa and 0.7 MPa, 245 

respectively. 246 
- The piston was lowered to touch the sample. During lowering of the piston friction 247 

(𝑃]1FT) was measured. 248 
- Hydrostatic loading was performed from 1.2 to 2 MPa confining pressure at a rate of 249 

0.03 MPa/min.  250 
- The axial stress was increased to 70% of the shear strength.  251 
- The temperature was set to 90˚C, and the experiments were left until the diameter 252 

stabilised (1-2 days). 253 
- A Labview program was set up to constant overburden mode such that the piston 254 

pressure varied according to 𝜎1. 255 
- The temperature was reduced from 90°C to 30°C. 256 
- Confining pressure was lowered from 2 MPa to 0.8 MPa in 36 minutes for Mons chalk 257 

and 72 minutes for Kansas chalk (since Kansas chalk was stiffer and reacted slower to 258 
changes), during which apparent Poisson’s ratio was measured. If the value is higher 259 



than 0.1, then Young’s modulus 𝐸 was estimated from Eq 14, and if 𝜈 lower than 0.1, 260 
then uniaxial compression modulus 𝐻 was estimated using Eq 15. 261 

- Confining pressure was raised from 0.8 MPa to 2 MPa in 36 minutes for Mons chalk 262 
and 72 minutes for Kansas chalk and temperature increased back to 90°C. The 𝜈@?U; 263 
and loading elastic modulus were measured at this stage, 𝐸@?U; and  𝐻@?U;. 264 

- The last three steps were repeated two times to investigate the impact of how the 265 
mechanical properties of the samples reacted to the temperature and stress cyclic 266 
behaviour, after the third stress cycle the experiment was ended with unloading and 267 
the stress loading was not performed. 268 

4. Results 269 

The results of the shear failure test are reported in terms of 𝑝 − 𝑞 values, followed by the 270 
analysis of the hydrostatic tests, and then by the analysis of the tests performed with constant 271 
overburden. 272 
 273 
 4.1 Shear failure line and 𝑝 − 𝑞 diagram 274 
The shear failure line was obtained from eight tests for each chalk type at four different 275 
confining pressures. Samples used were from the same blocks as the samples used for elastic 276 
modulus measurements. The results are presented in Table 4, with p and q values representative 277 
of the peak stress points the samples were able to sustain. 278 
 279 
Table 4. Mechanical test results for samples used to plot shear failure lines for Mons and 280 
Kansas chalk. 281 

𝝈𝒓 Kansas chalk Mons chalk 
Sample p q Sample p q 

0.8 K20a 4.4 12.5 M10a 1.8 5.1 
0.8 K21b 4.1 11.6 M8 1.9 5.1 
1.2 K30a 4.7 12.3 M4b 2.7 6.2 
1.2 K29b 5.7 15.2 M9b 2.6 5.9 
2.0 K19b 6.8 16.2 M5a 3.5 6.3 
2.0 K25a 6.3 14.6 M5b 3.2 5.2 
3.0 K25b 8.2 17.4 M3 4.7 6.8 
3.0 K29a 8.2 17.4 M7 4.6 6.7 
   Stan. 

dev 
  Stan. 

dev 
 Slope 1.375 0.128 Slope 0.534 0.144 
 Cohesion 6.344 0.796 Cohesion 4.236 0.471 

 282 

Combining the shear failure information with data from previously published data, tensile 283 
failure and hydrostatic failure, a 𝑝 − 𝑞 failure envelop for Kansas and Mons chalks saturated 284 
with calcite equilibrated water at 30°C is produced (Figure 3), indicating the higher strength of 285 
the more indurated Kansas chalk.   286 



 287 

Figure 3. 𝑝 − 𝑞 failure envelopes for Kansas and Mons chalks saturated with calcite 288 
equilibrated water at 30°C. 289 

 290 

4.2 Temperature effects on 𝐾 modulus 291 
The test history for the hydrostatic tests is presented in Figure 4, and one can see cooling and 292 
heating rates as well as how the volumetric strain 𝜀>?@ responds to temperature and hydrostatic 293 
stress changes. We found that Kansas chalk has a higher bulk modulus than Mons chalk (Figure 294 
5), and we found no significant impact of temperature cycling on Kansas chalk, while there is 295 
a decrease of the bulk modulus with additional temperature cycles for Mons chalk (Table 5 and 296 
Figure 6). Table 5 also demonstrates elastic modulus measured during hydrostatic loading, as 297 
well as the initial loading which was performed without any temperature treatment.  For all 298 
samples 𝐾FaV has lower value than moduli measured after temperature cycling. In all samples 299 
the loading modulus is marginally higher than unloading modulus. 300 



 301 

Figure 4. Test history for hydrostatic testing of Kansas chalk (left) and Mons chalk (right). (a) 302 
Controlled parameters during testing are temperature and 𝜎9:;. (b) The volumetric strain 303 
response (black line) is compared to temperature changes. (c) The volumetric strain response 304 
(black line) is compared to stress changes. (d) A zoom in of a single stress/temperature cycle 305 
compares how strain react to both temperature and stress changes. 306 



 307 

Figure 5. Stress- strain relationship during the three stress cycles for Kansas chalk (left) and 308 
Mons chalk (right), highlighting the intervals at which 𝐾 was measured. 309 

Table 5. Elastic bulk modulus K for samples measured during unloading, along with elastic 310 
moduli acquired during hydrostatic loading.  311 

Sample 
Initial 

loading 
(GPa) 

Stress cycle 1 Stress cycle 2 Stress cycle 3 
 

(GPa) 
 

(GPa) 
 

(GPa) 
 𝐾FaV 𝐾 𝐾@?U; 𝐾 𝐾@?U; 𝐾 
K40b 3.5 ± 0.7 6.8 ± 0.7 7.6 ± 0.3 6.8 ± 0.5 7.4 ± 0.2 6.7 ± 0.7 
K41b 6.0 ± 0.3 8.7 ± 0.9 8.8 ± 0.8 8.7 ± 0.9 9.7 ± 0.4 7.6 ± 0.9 
M31a 3.8 ± 0.2 5.3 ± 0.4 5.4 ± 0.2 5.1 ± 0.3 5.7 ± 0.4 4.9 ± 0.3 
M32b 3.9 ± 0.2 6.0 ± 0.3 6.7 ± 0.3 5.7 ± 0.3 6.5 ± 0.5 5.5 ± 0.3 

 312 



 313 

Figure 6. Elastic bulk modulus 𝐾 estimated from hydrostatic stress reduction. The light color 314 
represents the first stress unloading which is followed by temperature cycling, the intermediate 315 
color second stress unloading, and the dark color represents the third stress unloading.  316 

4.3 Temperature effects on 𝐸 modulus and	𝜈 317 

During constant overburden tests, changes of radial stress and temperature had an effect on 318 
strain of the samples. The test history is presented in Figure 7 and the data for Poisson’s ratio 319 
is highlighted (Figure 8). In almost all cases, apparent Poisson’s ratio significantly drops after 320 
the first unloading (Table 6). This could be due to the increase in 𝑞, and that the stress path 321 
almost reaches shear failure (Figure 9). Small axial strain during subsequent loading indicates 322 
that the sample lost strength to push back against the overburden and has been permanently 323 
damaged. If the strain is only observed in the lateral direction, and not in axial, the apparent 324 
Poisson’s ratio is significantly reduced, and therefore we represent the elastic modulus as 325 
uniaxial compaction modulus (Table 7 and Figure 10). In all cases loading moduli is higher 326 
than the unloading moduli, but this could be due to the experimental set up, as unloading was 327 
performed on a stabilized sample, and loading was performed right after unloading, so possible 328 
hysteresis is present. There is no clear trend of the moduli changing with additional temperature 329 
cycles.  330 



 331 

Figure 7. Test history for Kansas chalk (left) and Mons chalk (right). (a) Controlled parameters 332 
during testing are temperature and 𝜎9:;. (b) The radial strain response (black line) and axial 333 
strain response (red line) are compared to temperature changes. (c) The radial strain response 334 
(black line) and axial strain response (red line) are compared to stress changes. (d) A zoom in 335 
of a single stress/temperature cycle compares how strain reacts to both temperature and stress 336 
changes. 337 

 338 



 339 

Figure 8. Stress- strain relationship during the three stress cycles for Kansas chalk (left) and 340 
Mons chalk (right), highlighting the intervals at which 𝜈 was measured. 341 

Table 6. Apparent Poisson’s ratio estimated during side stress reduction	342 
𝜈da@?U;, and during side stress increase	𝜈@?U;, after additional temperature cycling.  343 

Sample Stress cycle 1 Stress cycle 2 Stress cycle 3 
(GPa) (GPa) (GPa) 

 𝜈efghij 𝜈@?U;  𝜈efghij 𝜈@?U; 𝜈efghij 
K30b 0.15 ± 0.03 0.04 ±0.05  0.25 ± 0.02 0.13 ± 0.06 0.03 ± 0.03 
M12 0.26 ± 0.02 -0.06 ±0.02 0.08± 0.02 -0.03 ±0.02 0.08 ± 0.02 



 344 

Figure 9. Elastic path of the two chalks during unloading, indicates that the deviatoric stress 345 
gets almost high enough to induce shear failure of the sample and potentially permanently 346 
damages it. 347 

Table 7. Elastic moduli 𝐸 and 𝐻 estimated when the side stress is unloaded and re-loaded, and 348 
after additional temperature cycling.  349 

Sample Stress cycle 1 Stress cycle 2 Stress cycle 3 
(GPa) (GPa) (GPa) 

 Unload Load Unload Load Unload 
K30b E=11.6 ± 1.0 H=19.1 ± 1.1 E=12.3 ± 0.7 E=18.8± 1.7 H=16.9 ± 1.0 
M12 E=10.9 ± 0.3 H=15.9 ± 0.3 E=11.9 ± 0.7 H=13.1 ± 0.3 E=9.2 ± 0.4 

 350 

 351 

Figure 10. Young´s modulus 𝐸 (lighter colour) and uniaxial compression modulus 𝐻 (darker 352 
colour) measured during unloading (U) and loading (L) constant overburden experiments. 353 

4.4 Temperature effects on thermal expansion coefficient 354 

The coefficient of linear thermal expansion 𝛼	was calculated using radial strain during 355 
hydrostatic tests when cooling from 90 to 30°C (Figure 11). The values measured are similar 356 
between the two chalk types and in line with an average thermal expansion of calcite (Table 357 
1). However, there is a decreasing trend in thermal expansion coefficients seen for all samples 358 
tested with an increasing number of temperature cycles.  359 



 360 

Figure 11. Thermal expansion coefficient 𝛼 evolution through temperature cycles for Kansas 361 
chalk samples (green) and Mons chalk samples (blue). 362 

5. Discussion 363 

When tested under hydrostatic stress, the thermal expansion coefficient of Kansas and Mons 364 
chalk were found to be similar to an average of the two thermal expansion axis of calcite (~6.3 365 
x 10-6 K-1, Table 1). Temperature cycling had an impact on the thermal expansion coefficient, 366 
where both chalks demonstrated a decrease by approximately 10% by the third cycle (Figure 367 
11). When tested under constant overburden conditions, hence confined and not allowed to 368 
move freely in all directions, the thermal expansion of Kansas and Mons chalk differ, where 369 
the thermal expansion of Mons chalk is almost double that of Kansas chalk (Figure 12). As the 370 
thermal expansion was measured by the change in diameter during cooling from 90°C to 30°C, 371 
this would mean that the Kansas chalk only contracted half as much as Mons chalk. This could 372 
correlate to the fact that the axial load applied on Kansas chalk samples is almost twice that 373 
applied on the Mons samples, 𝜎*′=11.8 MPa for Kansas chalk and 𝜎*′=5.3 MPa for Mons chalk 374 
(70% of the shear failure strength).  In addition, the thermal expansion of Kansas chalk under 375 
uniaxial stress did not demonstrate a dependence on temperature cycling, while thermal 376 
expansion for Mons chalk demonstrates a decrease with increasing numbers of temperature 377 
cycles. 378 

 379 

Figure 12. Thermal expansion through temperature cycles under constant overburden stress for 380 
Kansas chalk samples (green) and Mons chalk samples (blue), where 𝜎*′=11.8 MPa for Kansas 381 
chalk and 𝜎*′=5.3 MPa for Mons chalk. 382 

Bulk modulus is higher for Kansas chalk than for Mons chalk. Bulk modulus was not influenced 383 
by temperature cycling for Kansas chalk, while it had a decreasing trend for Mons chalk. No 384 
trend was observed in the elastic moduli tested under constant overburden condition. Generally, 385 
after the first unloading the axial strain was minimum and the Poisson´s ratio was significantly 386 



reduced. We believe the reason is that the samples approach close to shear failure line in 𝑝 − 𝑞 387 
diagram and potentially experience permanent damage (Figure 9). This could be applicable to 388 
reservoir conditions during water injection and cooling. In a reservoir, the weight of the 389 
overburden is constant, but the reservoir is able to be deformed axially. However, the reservoir 390 
is constrained laterally, allowing no horizontal strain. During water injection, the reservoir is 391 
cooled and therefore experiences contraction. In order to maintain constant horizontal strain, 392 
horizontal stress must be reduced. This leads to increased deviatoric stress, and as seen in this 393 
paper, increased deviatoric stress could lead to permanent damage of a rock. 394 

6. Conclusion  395 

In this study, a dependence of elastic moduli on temperature cycling was tested using two chalks 396 
with differing degrees of contact cementation, the more indurated Kansas chalk and less 397 
indurated Mons chalk. Under hydrostatic conditions, the bulk modulus of Mons chalk 398 
demonstrated a decrease with increasing numbers of temperature cycles, while Kansas chalk 399 
did not seem to be influenced. Similarly, there was no dependence of additional temperature 400 
cycles observed on Young´s modulus and compression modulus on either of the chalks. Linear 401 
thermal expansion coefficient measured was similar to those of calcite, but demonstrated a 402 
decreasing trend with increasing temperature cycling.  403 
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SUMMARY
This study improvises uniaxial strain condition during cooling by keeping constant overburden, and
adjusting radial stress at cooler temperatures in order to re-establish the same radial dimensions prior to
cooling. The amount of radial stress reduction by thermal contraction could be sufficient to trigger shear
failure. Experiments are performed on Mons chalk and Kansas chalk so the role of induration can be
assessed. Calcite thermal expansion is highly anisotropic. Weakening caused by temperature fluctuation
could give insight to what gives chalk its strength, cementation, or repulsive electrostatic forces. For each
chalk type, shear failure line is determined. The samples are heated to 90oC and loaded to 70% of the axial
stress required to induce shear failure. Then the temperature is reduced by 60°C. The change in confining
pressure necessary to restore zero radial strain is estimated. The two chalks show different behaviour.
Mons demonstrates this cooling would induce shear failure, but has no significant effect on its strength.
Kansas, is able to restore uniaxial strain conditions without shear failure. The strength of the Kansas
sample was unaffected, however the change in confining pressure needed to restore the uniaxial strain
condition decreased with each additional cycle, indicating changing elastic properties.

Please note this paper is not available in Brage for copyright reasons.
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ABSTRACT 
Chalk reservoirs could potentially undergo destabilization as the result of repeated cold 

water injection into a hot reservoir during water flooding. Preliminary results of an 

ongoing study are presented in this paper, which compare the impact of temperature 

cycling on mechanical behavior on dry and water saturated chalk. Sixty disks of dry 

Kansas chalk exposed to different number of temperature cycles were tested for tensile 

strength using a Brazilian test. Changes in elastic properties as function of number of 

temperature cycles of the same chalk, but now saturated in water, were studied using 

triaxial cell experiments. For dry rock, no significant effects of temperature cycling was 

found on average tensile strength, however the range of the tensile failure stress is 

doubled for the samples exposed to 50 temperature cycles, as opposed to those to none. 

For water saturated cores, the temperature cycling had a significant effect and a 

significant accumulative irreversible deformation was seen for the core exposed to 

cyclical temperature variations, so that the elastic bulk modulus consequently increased 

more than for a core that had been tested at constant temperature. The inconsistency of 

the results from the two tests suggests the importance of the pore fluid. 

 

INTRODUCTION 
Thermal cycling effects are observed on (calcitic) marble cladding, which after being 

exposed to repeated seasonal change, experience considerable deformation. A famous 

example is the degradation of marble cladding on the Finlandia Hall in Helsinki [1]. 

Similar to marble, chalk is mostly composed of calcite. The thermal expansion of calcite 

is temperature dependent, and very anisotropic [2], so when temperature is increased 

the grain expands parallel to the c-axis, but also contracts in the perpendicular direction. 

The deformation observed in marble probably arises due to the combined effect of the 

expansion of single calcite crystals, the difference in the thermal expansion coefficient 

and the angle between neighboring crystals. Decoupling of reversible and irreversible 

processes is another important factor to consider when rock is exposed to stress. The 

total strain is defined as the sum of the irreversible εirr and reversible εrev strain, 

 𝜀𝑡𝑜𝑡 =  𝜀𝑖𝑟𝑟 + 𝜀𝑟𝑒𝑣. (1) 

As plastic deformation accumulates the rock becomes stiffer and harder to further 

deform, such that the rock is hardened by plastic deformation. This phenomenon is 

called work hardening. 



PROCEDURE 

Material 

Chalk is a carbonate rock mostly composed of calcitic coccoliths originating from 

skeletons of algae. The grains in chalk are held together by contact cement and attractive 

van der Waals forces at short distances between the particles, counteracted by 

electrostatic repulsion at intermediate distance. These forces are dependent on 

temperature and brine composition [3-5]. 

 

Chalk from Kansas (USA) was used in this study. It is an indurated chalk with 

wackestone texture. Petrophysical properties of selected samples are listed in Table 1. 

The average porosity 𝜙 was calculated to be 34%, permeability was measured to be 0.3 

and 0.9 mD, and elastic wave velocity, Vp, around 3000 m/s. The samples thus resemble 

North Sea reservoir chalk with respect to porosity, permeability, and induration. 

Brazilian test 

Precautions were taken to keep track of the spatial directions in the block to remove any 

anisotropy effects that would affect direct comparison. Long cores were shaped and cut 

into disks with diameters double the length. 60 samples were prepared. After drying at 

120ºC overnight, each sample was weighed and saturated in a vacuum chamber with 

distilled water to estimate porosity and solid density. He-gas pycnometry was used to 

confirm measures of the solid density and porosity. The dried samples were then 

repeatedly heated and cooled and the effect on the tensile strength in Brazilian tests were 

investigated. Dry samples were used to single out the effects of temperature fluctuations, 

without the influence that pore fluids might have. 

 

In Brazilian tests, the tensile strength (𝑇0) at failure is estimated from the critical force 

(𝐹) applied by two parallel plates, 𝑇0 = 2𝐹 𝜋𝐷𝐿⁄ , where D and L are diameter and 

length of the sample. 10 samples were tested directly before any temperature cycling 

was performed. The other 50 specimens were put in an oven at 135°C for 8h, and then 

switched off for 16h, allowing the samples to cool. After eight temperature cycles 10 

samples were tested, and the rest of the samples were tested after 15, 30 and 50 cycles 

(see Table 2). 
 

Table 1. Petrophysical properties of selected samples for the Brazilian test. 

Sample 

number 

# of 

cycles 

ϕ-sat. 

(%) 

 

Diameter 

(mm) 

Length 

(mm) 

Vp 

(m/s) 

He-gas 

(g/cm3) 

ϕ-He gas  

(%) 

K1-3 0 35.1 38.09 26.28 2857 2.71 35.7 

K1-4 30 33.9 38.10 27.51 3057 2.72 34.9 

K2-1 50 34.7 38.09 26.95 2929 2.70 34.7 

K2-5 15 30.9 38.09 23.21 3179 2.70 31.2 

K4-2 0 34.9 38.10 26.04 2504 2.69 35.0 

K5-3 30 34.6 38.10 22.83 2890 2.69 34.6 

K6-3 15 33.8 38.08 30.09 2812 2.71 34.4 

K7-1 8 34.8 38.08 25.26 2476 2.71 36.0 

K8-5 8 32.6 38.10 19.59 3160 2.69 32.5 

K10-6 50 33.4 38.13 22.63 2487 2.69 34.4 

 



Hydrostatic test 

Two cores from the same chalk block were prepared for testing in a triaxial cell, and 

saturated with calcite equilibrated brine that was prepared by placing chalk pieces in 

distilled water. The average pH of the brines were 8.7 and the salinity were approx. 300 

ppm (ion chromatography). The triaxial cell has two pumps to control the confining 

pressure (𝑃𝑐) and fluid pressure (𝑃𝑓). The cell is additionally equipped with a heating 

jacket which allows temperature control, as well as with extensimeter and internal 

LVDT to measure radial and axial deformation of the core. The elastic bulk modulus 

(𝐾𝑏) is measured using Equation 3. For both cores, the modulus is calculated for both 

the loading phase and unloading phase. 

 
𝐾𝑏 =

𝑃𝑐

𝜀𝑣𝑜𝑙 
 , 

(2) 

Each core was mounted into the triaxial cell, followed by increasing the Pc to 0.5 MPa. 

Next, Pf and Pc were increased to 0.7 and 1.2 MPa respectively. Then each core was 

tested: one was subjected to confining pressure cycling alone, where the temperature 

was kept constant at 30ºC throughout the test. The second experiment included a 

temperature cycle for each stress cycle that could be compared to the constant 

temperature experiment. Each morning, at 30ºC, a confining stress cycle was performed 

to measure stress-strain behavior and to quantify the elastic bulk modulus. The stress 

cycle is characterized by a loading phase (1.2→5.2 MPa) and unloading (5.2→1.2 MPa), 

30 minutes each way. The bulk modulus was measured as an average during both 

loading and unloading phase of each cycle, along with the reversible and irreversible 

strain components. Directly after each stress cycle, the cell-temperature was increased 

to 130ºC, and six hours later the temperature was reduced back to 30ºC. This procedure 

was repeated daily to explore the evolution in the strain and bulk modulus for 10 days. 

An additional 11th cycle was performed on the core, however this cycle did not include 

the temperature variation. This was done in order to confirm if the effects observed were 

temperature and not sample dependent.  

 

RESULTS 
The results of the Brazilian tests for tensile strength T0 and the dynamic evolution of the 

stress-strain behavior during hydrostatic loading are shown here.  

 

Brazilian Test 

Average tensile strength for each 

temperature cycling procedure is 

presented in Table 2. The average 

tensile strength does not show any 

significant response to temperature 

cycling, however the distribution of 

the data is significantly broader when 

the samples have been exposed to 

temperature cycling. The standard 

deviation is doubled for samples 

exposed to 50 temperature cycles as opposed to those unaged. Figure 1 (a) illustrates the 

distribution of tensile strengths at which chalk fails. Figure 1 (b) shows that there is no 

Table 2. Average tensile strength failure 

for the Brazilian tests and their std. dev. 

# of 

cycles 

#  of 

tests 

𝑻𝟎 

(MPa) 

Std. dev 

(MPa) 

0 10 3.10 0.40 

8 10 3.07 0.62 

15 15 3.30 0.50 

30 10 3.32 0.58 

50 15 3.08 0.82 

 



obvious trend between porosity and the failure strength, indicating that the results 

obtained are not porosity dependent. 

 
  

Hydrostatic test  

The results of the two experiments are presented in Table 3 and Figure 2 (for all values 

in the figures, but every second in the table). The irreversible fraction of the total strain 

during each stress cycle 𝜀𝑖𝑟𝑟 /𝜀𝑡𝑜𝑡 was calculated by modifying Equation 1, and is shown 

in Table 3. To ensure the comparability of the results, the first cycle for both experiments 

was completed without any temperature variation. 𝐾𝑏 and the strain fraction for both 

experiments during loading and unloading phase have similar values. But once the 

temperature cycling was applied to one of the cores, the fraction is much higher for 

cycles in the experiment where temperature is varied (Figure 3). The additional 11th 

cycle proves this effect does not depend on the strain but on the temperature cycling. 

The 𝐾𝑏 of the core with constant temperature increases slightly during loading and 

decreases slightly during unloading. However, for the core treated with heating/cooling 

cycles, 𝐾𝑏 increases more significantly during loading and unloading as irreversible 

strain increase.  

 
 

Figure 1. Results from the Brazilian test: (a) probability of the sample to fail within 

a tensile strength range; (c) Tensile strength shows no dependency on porosity. 

  

Table 3. 𝐾𝑏 and irreversible fraction of strain (*additional cycle with const. temp.) 

# of 

cycles 

Constant temperature Temperature cycling 

𝐾𝑏load 

(GPa) 

𝐾𝑏 unload 

(GPa) 
𝜀𝑖𝑟𝑟 /𝜀𝑡𝑜𝑡 

(%) 

𝐾𝑏load 

(GPa) 

𝐾𝑏 unload 

(GPa) 
𝜀𝑖𝑟𝑟 /𝜀𝑡𝑜𝑡  

(%) 

1 1.60 3.07 48.2 1.64 2.91 44.1 

2 2.44 2.77 14.7 2.26 2.95 28.3 

4 2.48 2.71 7.2 2.67 3.40 21.6 

6 2.47 2.64 7.0 2.74 3.37 18.0 

8 2.50 2.66 5.5 2.79 3.28 17.5 

10 2.52 2.55 4.0 2.79 3.58 17.8 

11 / / / 3.23* 3.43* 2.55* 

  

 



DISCUSSION 

Brazilian tensile failure of dry chalk displays no weakening of tensile strength for 

increasing numbers of temperature cycles, except an increased spread in the tensile 

strength after 50 cycles (Table 2). For the saturated cores in the hydrostatic tests, the 

fraction of irreversible strain, 𝜀𝑖𝑟𝑟 /𝜀𝑡𝑜𝑡, is significantly higher when temperature has 

been cycled between each stress cycle (Figure 3). After 10 stress cycles the temperature 

exposed core accumulates 0.40% total volumetric strain as opposed to the constant 

temperature core that only accumulated 0.25% (Figure 2 a and b). In fact, the core 

exposed to the temperature cycling reaches 0.25% irreversible deformation after only 4 

cycles. The 11th cycle that was performed with constant temperature, shows that the 

irreversible fraction drops down to 2.5%, which is comparable to the constant 

temperature experiment (Figure 3). This shows that the magnitude of the irreversible 

component is due to the temperature cycling. The evolution of the elastic stiffness 

during loading and unloading (𝐾𝑏) with respect to number of cycles is different between 

the constant temperature and temperature cycle tests (Table 3). 𝐾𝑏 during unloading is 

reduced for the constant temperature while increases for the temperature exposed cores, 

while 𝐾𝑏 during loading increases independent of temperature exposure. In reservoirs, 

Figure 3. Irreversible strain fraction, 𝜀𝑖𝑟𝑟/𝜀𝑡𝑜𝑡, for individual hydrostatic cycles. 

 

Figure 2. Hydrostatic test results for constant temperature in the left column (a and 

c) and with temperature cycling in the right column (b and d). Stress versus volume 

strain in (a) and (b). Slopes during loading and unloading in (c) and (d). 



the accumulation of irreversible deformation alters the pore volume and thus the 

reservoir permeability. Variations in temperature and effective stresses are expected 

since injection rates may vary, thus impacting the irreversible strain component. The 

results from the Brazilian tests and hydrostatic test seem not to show a clear relation 

between temperature variations and mechanical strength. This may indicate the 

importance of either the pore fluid, or inconsistencies of mechanical properties tested 

(tensile vs compaction). 

 

CONCLUSION 
Two different tests procedures were performed on Kansas chalk to determine if 

temperature cycling has an effect on chalk mechanical strength. The Brazilian test on 

dry samples reveals no significant weakening observed with temperature cycling. 

Hydrostatic tests show that temperature cycling on water saturated samples has an effect 

on the reversible and irreversible strain partitioning, and the bulk modulus during 

loading and unloading. At this point, presented evidence does not univocally show if 

thermal expansion coefficients play a role in dictating the mechanical strength of chalk. 

NOMENCLATURE
ϕ      Porosity L       Length Kb     El. bulk modulus 

Vp     P wave velocity D      Diameter εvol    Vol. strain 

F      Force Pc     Confining pres. εirr     Irr. strain comp. 

To     Tensile strength Pf      Pore fluid pressure εtot     Total strain 
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