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Abstract 

We have investigated the effect of CO2 on the mechanical stability of the reservoir-caprock system.  Castlegate and 
Bentheimer sandstones were used as analogues for reservoir rock. Pierre shale was utilized as an analogue material 
for a typical cap rock. The effect of CO2 on carbonate rocks was studied by carrying out Brazilian tests on Lixhe and 
Austin chalks. The tensile strengths of both salt water and CO2-salt water exposed samples were observed to 
decrease with sample porosity. There was a positive correlation with tensile strength and p-wave velocity. The 
tensile strength of sandstone, shale and chalk is not markedly affected by the presence of CO2 in our tests. This 
observation has important implications for modeling fracture growth due to the injection of CO2 on geological 
formations because geomechanical models require tensile strength as an input parameter. Future experimental work 
should quantify the effect of CO2 on the entire failure envelope by using preserved core material and a triaxial test 
setup that mimics the in-situ stress and temperature conditions at a storage site. 
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1. Introduction 

The goal for subsurface CO2 storage is that the CO2 remains underground for several thousands of years. It is 
therefore important that the integrity of the storage site is well characterized and understood prior to the onset of 
injection. In particular, any possible leakage pathways need to be carefully evaluated. There are several mechanisms 
that could cause the leakage of CO2 from subsurface formations. Fluid pressurization during CO2 injection could 
lead to fracturing or fault activation in the storage reservoir or the cap rock formation. Similarly, chemical processes 
such as carbonate cement dissolution or subcritical growth of fractures may act to weaken the rock. It is essential to 
quantify both the physical and chemical effects of the CO2-saturated water on the mechanical properties of the host 
formation. In this study we have investigated the effect of CO2 environment on the integrity of the reservoir and cap 
rock system. 
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2. Background  

The Brazilian test is frequently used for evaluating the tensile strength of rocks because the test samples are easy to 
prepare and the experiments are relatively quick to perform. It can be argued that such loading regime is more 
representative of in-situ loading than rock fracture experiments that involve direct tension [1]. The resulting 
fracturing and failure process can be modelled by using weakest link theories that have been developed for tensile 
failure [2]. In a typical test, uniaxial compression of rock discs leads nearly uniform tensile stress distribution 
normal to the diametral plane of the sample. The sample fails due to splitting of the rock disc [3]. The tensile stress 
�� sustained by the sample can be estimated from elastic theory [1,2] 
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Where P is load, L and D are length and diameter of the rock sample, respectively. However, some authors have 
suggested that Brazilian tests should not be used and tensile strength cannot be considered a material property [4]. 
Yet, the Brazilian test remains a commonly used method for evaluating the tensile strength of crustal rocks. In fact, 
the tensile strengths of reservoir and cap rocks are often used as input parameters for geomechanical models of 
storage site behaviour. Good quality laboratory data is an essential requirement for calibrating such numerical 
models of rock behaviour during CO2 injection and storage. 

3. Test procedure and specimens 

Due to the lack of suitable field cores that we used outcrop rocks for the test series. Bentheimer and Castlegate 
sandstone samples were considered as suitable analogues for reservoir rocks. Castlegate sandstone is an outcrop 
rock that consists of 70% quartz, 30% feldspar and small amounts of clay [5]. Bentheimer sandstone is composed of 
95% quartz, 2% altered feldspars and 3% clay [6]. Pierre shale is composed of 41% clay, 32% quartz & feldspar and 
15 % calcite [7]. The effect of CO2-water on carbonate rocks was investigated by using Austin chalk and Lixhe 
chalk. Lixhe chalk is composed of 98% CaCO3 and 2% quartz (SiO2). Previous studies have shown that its 
mechanical behaviour is close to reservoir chalks [8].With 88% calcite content the Austin chalk is less pure and it 
has higher silica content than Lixhe chalk [9]. The specimen diameter and length to diameter ratio were within 
ISRM specifications [10]. The rock porosity was determined from specimen weight and volume. The specimens 
were aged in CO2 saturated salt water (3.5% NaCl) for a period of one week prior to testing. The control group was 
aged in identical P and T conditions for a same time period in 3.5% NaCl salt water. The ageing process was carried 
out at temperature of 80°C and pore pressure of 25 MPa in order to simulate reservoir conditions. This corresponds 
to a depth of 2.5 km assuming a geothermal gradient of 32 °C/km and water density of 1 g/cm3. While such depth 
condition may be greater than some CO2 sequestration projects these values were chosen to accelerate the chemical 
reactions between the CO2-saturated salt water and the minerals that make up the rock samples. Prior to testing, the 
p-wave velocities were measured by using the ultrasonic transmission technique with Panametrics 500 kHz 
transducers, Yokogawa DL 1300A oscilloscope and Wavetek mode 278 12 MHz function generator. The cylindrical 
surface of the specimen was covered with masking tape as detailed in the ISMR standard [10]. The specimen was 
tested in a 10 kN MTS loading frame with curved loading jaws as shown in figure 1a. The loading rate was kept a 
constant 0.2 kN/min. While this rate is somewhat slower than the recommended 0.2 kN/s it still results in specimen 
failure in a relatively short time of 2-3 minutes. The compressional loads and sample deformation were recorded 
with a data acquisition system. The sample failed by splitting along the diametral plane as shown in figure 1b. The 
tensile strength was determined from the peak load sustained by the rock sample by using equation (1). In some tests 
there were two subsequent peaks in the stress-strain curves. We used the first peak throughout for defining the rock 
strength. Some of the Lixhe samples failed already during storage in salt water as shown in figure 1c. 
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Figure 1a) The test apparatus for Brazilian tests. b) A typical failure mode of the test specimen, here Pierre shale. c) Some of the Lixhe samples 
failed already during storage in salt water. 

4. Results 

The tensile strength of Castlegate sandstone ranged from 0.37 to 0.86 MPa and 0.55 to 0.78 MPa for the CO2-water 
and water saturated rocks, respectively. There were 20 tests in total for the Castlegate samples with 10 tests for each 
fluid type. The average tensile strengths were 0.61 and 0.65 MPa for CO2-water and water saturated samples, 
respectively. The tensile strength of Bentheimer sandstone varied from 1.9-3.1 MPa and 1.9-3.2 MPa for CO2-water 
and water saturated samples. The average tensile strength was 2.4 and 2.6 MPa for CO2-water and water saturated 
samples, respectively. While these values suggest that the CO2-saturated samples are slightly weaker it is important 
to notice that some of the samples also had lower porosity. The average porosity of the water saturated Bentheimer 
was 1% greater than the 26% that was measured for the CO2 exposed group. Hence, the lower tensile strength may 
have been caused by the lower initial porosity of the sandstone samples. The dependence of tensile strength on 
sample porosity is illustrated in figure 2a for Castlegate sandstone. Austin chalk exhibited a similar variation of 
tensile strength with porosity. The strength of the salt water specimens varied from 1.2 to 2.4 MPa. With tensile 
strength varying from 0.8 to 2.1 MPa the CO2-water samples were slightly weaker. The observed variation in chalk 
tensile strength may also have been influenced by porosity differences. Figure 2b illustrates how the tensile strength 
of Austin chalk decreases in a linear fashion with increasing porosity. Austin chalk also exhibited a positive 
correlation between tensile strength and p-wave velocity. In contrast, the tests on Lixhe chalk exhibited no clear 
dependence of tensile strength on sample porosity. In fact, some of the water saturated samples failed purely as the 
result of the ageing process as illustrated in figure 1c. The tensile strength of CO2-water saturated Lixhe samples 
ranged from 0.56 to 0.76 MPa. The water saturated sample strength varied from 0.36 to 0.74 MPa. At 0.64 MPa the 
average tensile strength of CO2-water exposed rock samples was greater than the 0.49 MPa strength of water 
exposed specimens. These results could be an indication that CO2 has a strengthening effect on relatively high 
porosity (38-43%) chalk with low quartz content. The differences in initial porosity and calcite content may explain 
the different deformation behaviour exhibited by the two chalks. The tensile test data for Pierre shale is illustrated in 
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figure 2c. The mechanical properties of shale were not markedly affected by the CO2 environment. The CO2-water 
exposed samples had an average tensile strength of 0.65 MPa. The shale samples that had been aged in water 
environment had strength of 0.70 MPa. The relatively small variation in tensile strength is likely to reflect the 
natural variability of rock strength in shale. 

 

Figure 2 The tensile strength of a) Castlegate sandstone and b) Austin chalk as a function of  porosity. C) The tensile strength of Pierre shale as a 
function of p-wave velocity. 
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5. Discussion and conclusions 

We have measured the tensile strength of various reservoir and cap rock analogues by using the Brazilian test 
methodology. The effect of CO2 on tensile strength was investigated by exposing rock discs to CO2 saturated salt 
water. The CO2 exposed samples were tested in an identical fashion to rock samples that had been aged in salt water. 
However, the tensile strength did not appear to be affected by the CO2 environment. Our experiments suggest that 
the tensile strength is a function of rock porosity and p-wave velocity. Such correlation has also been observed in 
previous studies of tensile rock strength [1]. They observed an exponential decrease in tensile strength with 
increasing sample porosity. The uniaxial compressive strength (UCS) of sedimentary rocks has also been related to 
both porosity and p-wave velocity in experimental studies [11]. Such correlations can be used for deriving strength 
parameters from log or seismic data. In fact one may expect that both UCS and tensile strength display similar 
dependence on other rock properties such as porosity as in our tests. This is because the plane Griffith criterion 
predicts a correlation between uniaxial compressive strength and tensile strength [2]. Both UCS and tensile strength 
are important geomechanical parameters that are used for calibrating numerical models of the reservoir and cap rock 
system during CO2 storage [12]. The tensile strength is used for predicting fracture pressure and hence the 
possibility of leakage during injection or long-term storage. Such models require experimentally determined strength 
parameters on CO2 saturated rocks as input data. This is why it is essential to carry out rock mechanical laboratory 
tests on preserved core material from a storage site. It is therefore anticipated that the effect of CO2 on rock strength 
will be investigated more thoroughly in future experimental work. This work could also involve triaxial test set-ups 
so that the entire failure envelope of CO2 exposed rocks can be explored in a systematic fashion.  
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