
1. INTRODUCTION 

The Xujiahe group is comprised of a sequence of 

sandstone sediments deposited in the area of the present 

Sichuan Basin, China, between the lower Cretaceous and 

upper Jurassic Epochs. The sandstones are tight gas 

reservoirs. Geologically, these rocks were densified by 

tectonic movements and are very tight and strong. As a 

result, it is difficult to hydraulically fracture the rocks in 

the field. Therefore, there is substantial interest in 

reducing the hydraulic fracturing breakdown pressure. In 

two field tests, we discovered that the formation 

breakdown pressure could be reduced by cycling the 

injection pressure. Therefore, we decided to explore the 

effect of cyclic loading on the breakdown pressure. 

Several authors have discussed the effect of cyclic loading 

on hydraulic fracturing on different types of rocks. Zang 

et al. (2013) applied cyclic loading to geothermal field 

production on granodiorite. They stated that cyclic 

loading could increase the rock matrix permeability. 

Zhuang et al. (2017) reported that laboratory cyclic 

loading tests on granite could reduce the breakdown 

pressure by 20%. They also reported that the measured 

aperture of fractures created by cyclic loading is smaller 

than the aperture of fractures created by monotonic 

breakdown. Patel et al. (2016) stated that laboratory cyclic 

loading tests on Tennessee sandstone can reduce the 

breakdown pressure, enhance the rock matrix 

permeability, and increase the width of the fracture 

processing zone.  

In addition to cyclic loading in hydraulic fracturing, there 

is literature discussing the fatigue behavior of rock 

materials. A common conclusion is that cyclic loading 

leads to accumulation of damage or permanent 

deformation cycle after cycle (Tien et al., 1990; Erarslan 

and Williams, 2012; Fan et al., 2016; Cerfontaine and 

Collin, 2018). After cyclic loading, rock fails at a load 

lower than its monotonic strength. The reduction of rock 

strength may be due to the increase of microcracking and 

decohesion of rock grains (Cerfontaine and Collin, 2018). 

Schijve (2003) also proposed empirical equations relating 

rock strength reduction to the number of cycles. However, 
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ABSTRACT: The Xujiahe group is comprised of a sequence of sandstone sediments deposited in the area of the present Sichuan 

Basin, China, between the lower Cretaceous and upper Jurassic. The sandstones are very tight and strong, and are difficult to be 

hydraulically fractured in the field. Therefore, there is substantial interest in reducing the hydraulic fracturing breakdown pressure. 

Cyclic loading has been considered as one of the methods to reduce the breakdown pressure. This paper presents the results of an 

initial experimental study of the effect of cyclic loading on the breakdown pressure of the Xujiahe sandstone. Two batches of 

specimens with different strengths were hydraulically fractured in a triaxial system. For each batch, both conventional injection 

tests (increasing the injection pressure monotonically until failure) and cyclic injection tests were conducted. In each cyclic 

injection test, the injection pressure was cycled first and then increased until the specimen was fractured. In addition, the mechanical 

properties of each specimen (e.g., tensile strength) were measured. Correlations of these properties and breakdown pressures were 

obtained. Test results show that the rock tensile strength plays a more important role in the formation breakdown than it has been 

expected. For the stronger batch of specimens, the average breakdown pressure for cyclic injection is 34.90 MPa, while for 

conventional injection it is 43.03 MPa. For the weaker batch of specimens, the average breakdown pressure for cyclic injection is 

25.20 MPa, while for conventional injection it is 27.15 MPa. This indicates that the effect of cyclic loading is more significant on 

relatively stronger rock specimens. Based on the results, we anticipate that the in-situ formation breakdown pressure will be reduced 

by applying cyclic loading. 

 

 

 

 

 

 

 



there are many factors affecting the fatigue behavior of 

rock, such as the maximum stress, frequency, confining 

stress, degree of saturation, anisotropy, and rock 

specimen size (Cerfontaine and Collin, 2018). Therefore, 

Certfontaine and Collin (2018) stated that it is difficult to 

identify a universal evolution law for a given material.  

Based on this literature review, there is not much 

literature that systematically investigates the effect of 

cyclic loading on the hydraulic fracturing breakdown 

pressure of tight sandstone. In addition, for rock materials 

in general, the mechanisms for fatigue behavior are still 

not well understood, and furthermore it is not easy to 

identify a universal evolution law for a given material.  

This paper presents initial results of an experimental study 

of the fatigue behavior of the Xujiahe tight sandstone. We 

systematically investigated the effect of cyclic loading on 

formation breakdown pressure. The hydraulic fracturing 

tests were conducted in a triaxial system. The results show 

that for the Xujiahe tight sandstone, cyclic loading can 

reduce the breakdown pressure in hydraulic fracturing. 

For the stronger and tighter sandstone, the reduction 

effect is more significant. This implies that in the field 

production we could apply cyclic hydraulic fracturing to 

reduce the breakdown pressure. In addition, the results of 

this experimental study will eventually provide a basis 

and reference for further experiments under more 

complicated cyclic loading patterns or different external 

stress states. 

 

2. MATERIALS AND METHODOLOGY 

2.1 Rock Material Description 

The Xujiahe sandstone formation underlies the Sichuan 

Basin at a depth of approximately 3000 to 5000 meters, 

and its outcrops are located in 31.43325°N, 104.00831°E. 

Two batches of Xujiahe sandstone intact specimens cored 

from the outcrops were tested in this project. The first 

batch of sandstone was very tight and strong, with an 

average porosity of 1.05% and an average matrix 

permeability of 0.054 mD. The second batch of sandstone 

was not so tight, with an average porosity of 13.24% and 

an average matrix permeability of 0.32 mD. For the 

mineralogical compositions, quartz (more than 50% in 

weight) and feldspar are the two dominant minerals. 

2.2 Specimen Preparation 

For each batch of experiments, the cylindrical sandstone 

specimens were cored from neighboring locations in the 

same outcrop. The specimen diameter was 100 mm, and 

the height was 150 mm (for the first batch) or 190 mm 

(for the second batch). Water was used as the coring fluid. 

After coring, the ends of each specimen were flattened 

and the lateral surface was polished. No bedding planes 

were discovered for either batch of sandstone specimens.  

Then, one vertical wellbore was drilled along the center 

line of each cylindrical specimen. Figures 1 and 2 present 

the schematic of the specimens, and Figure 3 shows the 

picture of one specimen from the second batch of 

sandstone. 

 

Figure 1. Schematic of the borehole drilled in each rock 

specimen for the first batch of sandstone. 

 

 



 

Figure 2. Schematic of each rock specimen for the second 

batch of sandstone. 

 

 

 

Figure 3. Picture of one specimen from the second batch 

of sandstone (diameter: 100 mm; height: 190 mm). 

 

2.3 Triaxial Testing Apparatus 

The triaxial testing apparatus is shown in Figure 4. We 

used 2% KCl solution as the injection and fracturing fluid. 

It was injected through the borehole inside the specimen. 

Before each experiment, the specimen was dry. During 

each experiment, the axial and confining stresses were 

applied first. Then, the injection pressure was increased 

and changed. The axial pressure (AP), confining pressure 

(CP), injection pressure, and injection flowrate were 

measured. 

 

Figure 4. Triaxial testing system. (a): top cap for applying 

axial stress (not visible); (b): confining chamber for 

applying confining stress; (c): acoustic sensors attached 

to the heat-shrink tubing; (d): two layers of heat-shrink 

tubing covering the specimen. 

 

2.4 Injection Method for Hydraulic Fracturing 

Two types of injection methods were used in this 

experiment: conventional injection and cyclic injection. 

For conventional injection, the injection pressure was 

increased monotonically until the rock specimen was 

fractured. The injection flowrate was fixed at 2.4 mL/min.  

For cyclic injection, constant pressure injection method 

and stepped pressure injection method were applied. 

Figures 5 and 6 illustrate the two methods. Both methods 

have two stages: cyclic loading stage and rock breaking 

stage. In cyclic loading stages, the injection pressure was 

controlled. The pressure increase rate and pressure 

reduction rate at each step were fixed at 0.167 MPa/s (the 

injection system performed stably under such 

pressurization rate), the holding time for reduction was 

fixed at 30 sec, the holding time for increment was fixed 

at 90 sec, and the reduced pressure was fixed at 1.5 MPa. 

The maximum injection pressure was approximately 60% 

of the averaged breakdown pressure measured by 

conventional injection. We set the magnitude to be 60% 

to cause microscopic damage while avoid macroscopic 

failure. In the breaking stage, the injection flowrate was 

fixed at 2.4 mL/min. Fracturing liquid was injected into 

the steel tubing until the specimen was fractured (broken 

down). The created fracture after the rock breakdown in 

each specimen was the vertical fracture as predicted. That 

is, the created fracture plane by injection is along the 

borehole axial direction (shown in Figure 7). 



 

Figure 5. Schematic for stepped pressure injection method. 

 

Figure 6. Schematic for constant pressure injection 

method. 

 

Figure 7. The vertical fracture (along the axial direction) 

of one specimen in the first batch. 

2.5 After Hydraulic Fracturing Test 

After the hydraulic fracturing test, in the unbroken part of 

each specimen, one small cylindrical specimen (diameter: 

25.4 mm; length: 50.8 mm) was cored for uniaxial 

compression test, and one Brazilian disc (diameter: 

25.4mm; thickness: 12.7mm) was cored for Brazilian test. 

In each uniaxial compression test, the unconfined 

compressive strength, elastic modulus, and Poisson’s 

ratio were measured; in each Brazilian test, the tensile 

strength was measured. For some specimens, one more 

Brazilian disc was drilled for Chevron-notched Brazilian 

test to measure the mode I fracture toughness. Figure 8 

illustrates the small specimen coring. When coring the 

small specimens, the main crack created by hydraulic 

fracturing was avoided. 

 

Figure 8. Coring small specimens from specimen # 1 in 

the second batch of sandstone. The specimens for uniaxial 

compression test and Brazilian test were cut from the 

small cylinder shown in the figure. 

 

3. EXPERIMENTAL RESULTS 

In this research, two batches of sandstone specimens were 

tested. Tables 1 and 2 summarize the tests for the first and 

second batches, respectively. For the first batch, three 

conventional injection tests and four cyclic injection tests 

were conducted. For the second batch, three conventional 

injection tests and three cyclic injection tests were 

conducted.  

Table 1. Test summary for the first batch of sandstone 

 



 

Table 2. Test summary for the second batch of sandstone. 

 

 

3.1 Experimental Results – First Batch of Sandstone 

Tables 3 and 4 summarize the results for the first batch of 

sandstone. As shown in Tables 3 and 4, conventional 

injection was used for specimens 1, 2, and 3; and cyclic 

injection was used for specimens 4, 5, 6, and 7. The 

average breakdown pressure for conventional injection is 

43.03 MPa, while for cyclic injection it is 34.90 MPa. The 

breakdown pressure has been reduced by 18.9%. Figure 9 

plots the averaged breakdown pressures for the first and 

second batches of sandstone. 

 

Table 3. Results summary for the first batch of sandstone. 

 

Table 4. Some results for the first batch of sandstone. 

 

 

 

 

Figure 9. The breakdown pressure for the two batches of 

sandstone. The error bars represent the standard deviation 

of each category. 

 

Fan et al. (2016) stated that in cyclic loading, the cyclic 

stress and frequency may affect the rock strength. We 

postulated that in cyclic injection, the injection pressure 

and cyclic injection frequency could affect the breakdown 

pressure. However, due to the limited numbers of cyclic 

loading experiments, we cannot draw a solid conclusion. 

In the future, to obtain solid conclusions, we could run 

more systematic tests. We also noticed that in cyclic 

loading tests, the injection pressure was smaller than the 

averaged breakdown pressure. For example, the injection 

pressure in sample # 6 was 25 MPa, while the averaged 

breakdown pressure for cyclic tests was 34.90 MPa. In 

future tests, we could increase the injection pressure to 

further reduce the breakdown pressure.  

It is worth noting that the first batch of sandstone is 

relatively strong in compression but brittle. We used 

Chevron-notched Brazilian test to measure the KIC. The 

averaged KIC value is 0.72 MPa*m0.5. Table 5 compares 

the measured KIC values with the ones predicted by 

empirical equations (as listed by Zhang, 2019) based on 

the averaged tensile and compressive strengths of all 7 

specimens. The results indicate that the measured KIC are 

smaller than the predicted KIC. The deviation may be 

related to the high brittleness of the Xujiahe sandstone. 

Here the high brittleness means that the rock has a high 

Young’s modulus (or a high uniaxial compressive 

strength) and a low Poisson’s ratio.  

 

 

 

 

 

 



 

Table 5. Fracture toughness predicted by empirical 

equations using averaged uniaxial compressive strength 

and tensile strength. 

 

 

Figure 10 shows the injection pressure curve and piston 

displacement curve for specimen 5. At the cyclic stage, 

the injection pressure was 20 MPa. After 12 cycles, the 

specimen was fractured under 2.4 mL/min injection 

flowrate, and the breakdown pressure was 31.53 MPa. 

 

 

Figure 10. Injection pressure and piston movement curve 

for sample 5. 

 

3.2 Experimental Results – Second Batch of Sandstone 

Tables 6 and 7 summarize the results for the second batch 

of sandstone. As shown in Tables 6 and 7, conventional 

injection was used for specimens 1, 2, and 5; and cyclic 

injection was used for specimens 3, 4, and 6. The average 

breakdown pressure for conventional injection is 27.25 

MPa, while for cyclic injection it is 25.20 MPa. The 

breakdown pressure has been reduced by 7.18%. The 

effect of cyclic loading on this batch is less significant 

than the effect of it on the first batch. Based on the tensile 

and uniaxial compressive strengths, this batch of 

sandstone is weaker than the first batch. Thus, we 

postulate that the effect of cyclic loading is more 

significant on stronger rocks. 

 

Table 6. Results summary for the second batch of 

sandstone. 

 

 

Table 7. Some results for the second batch of sandstone. 

 

It is worth noting that for the three conventional injection 

tests, the breakdown pressure shows a large variation. As 

shown in Figure 8, the averaged breakdown pressure for 

cyclic injection tests falls into the range of the error bars 

of the averaged breakdown pressure for conventional tests. 

The reduction in breakdown pressure may be partially due 

to the variation between different specimens. 

Similar to the first batch, in the future, we could run more 

systematic tests to investigate the effect of injection 

pressure and cyclic injection frequency. In addition, the 

injection pressure was smaller than the averaged 

breakdown pressure; therefore, we could increase the 

injection pressure to further reduce the breakdown 

pressure. 

For the second batch of sandstone, the breakdown 

pressure is not strongly correlated to tensile or 

compressive strength. This indicates that some other 

factors may also influence the breakdown pressure, such 

as applied axial stress and confining pressure (Zhang et 

al., 2018), fracture toughness, and the distribution of 

micro-fractures. However, by combining the results for 

the first and second batches, we can conclude that the 

breakdown pressure is positively correlated to tensile or 

compressive strength. 

This batch of sandstone is also brittle. We used Chevron-

notched Brazilian test to measure the KIC. The averaged 



KIC value is 0.18 MPa*m0.5. Table 8 compares the 

measured KIC values with the ones predicted by empirical 

equations (as listed by Zhang, 2019) based on the 

averaged tensile and compressive strengths of all 6 

specimens. The results indicate that the measured KIC are 

much smaller than the predicted KIC. The deviation may 

be related to the high brittleness of the Xujiahe sandstone. 

Table 8. Fracture toughness predicted by empirical 

equations using averaged compressive strength and 

tensile strength. 

 

Figure 11 shows the injection pressure curve and piston 

displacement curve for specimen 6. At the cyclic stage, 

the injection pressure was 16 MPa. After 8 cycles, the 

specimen was fractured under 2.4 mL/min injection 

flowrate, and the breakdown pressure was 24.13 MPa. At 

the end of the cyclic loading stage, 27 mL fracturing fluid 

(which equals to 1.82 % of the specimen’s total volume) 

was injected into the specimen. 

 

Figure 11. Injection pressure and piston movement curve 

for sample 6. 

For all the specimens, acoustic sensors were installed for 

AE detection. However, there are two layers of heat-

shrink tubing between the specimen and the acoustic 

sensors. As a result, the acoustic sensors only detected a 

few acoustic events during the whole test. Thus, the 

acoustic results are not shown here. 

 

3.3 Correlations of Rock Strength, Fracture Toughness, 

and Breakdown Pressure 

Figure 12 plots the relationship of KIC versus tensile 

strength for both batches of specimen. The KIC values of 

four specimens from the first batch (one for conventional 

injection test and three for cyclic injection tests) are 

shown in the top right, and the ones of three specimens 

from the second batch (one for conventional injection test 

and two for cyclic injection tests) are shown in the bottom 

left. The KIC (MPa*m0.5) and tensile strength T(MPa) 

show good linear correlation (r2 = 0.84):  

𝐾𝐼𝐶 = 0.0632𝑇 + 0.0624                                                           (1) 

This correlation shows a smaller KIC than the one 

predicted by the existing correlations, and it might be 

caused by the high brittleness and very tight behaviors of 

the Xujiahe sandstone. 

 

Figure 12. KIC versus tensile strength for both batches of 

sandstone. The results are from the specimens in both 

conventional and cyclic injection tests.  

For the conventional injection (non-cyclic injection) tests, 

the measured formation breakdown pressure increases as 

the tensile strength increases in two batches of the Xujiahe 

sandstone, as shown in Figure 13. This relationship is 

consistent to the theoretical solution - the modified model 

of Haimson and Fairhurst (1967) by Zhang et al. (2018), 

i.e.: 

𝑃𝑏 = 3𝜎ℎ −  𝜎𝐻 − 𝑝𝑝 + 𝑘𝑇                                                       (2) 

where Pb is the formation breakdown pressure; σh and σH 

are the minimum and maximum horizontal stresses, 

respectively; pp is the pore pressure; k is the rock strength 

factor (see Zhang et al., 2018); T is the tensile strength. 

The rock tensile strength and breakdown pressure in the 

conventional injection tests have the following correlation 

(in MPa, Figure 13): 

𝑃𝑏 = 2.207𝑇 + 21.45                                                                  (3) 

It can be seen that the correlation of Eq. (3) is very good 

in the first batch (the higher strength one). However, the 

correlation in the second batch (the lower strength one) is 

not so good, and this is probably caused by the errors of 



the tensile strength measurements or some specimens 

which contained microfractures.  

We calculated the breakdown pressure from the 

theoretical solution in Eq. (2) in the following: in the tests 

σh = σH = confining pressure = 8 MPa, pp = 0, and then 

Eq. (2) becomes: 𝑃𝑏 = 𝑘𝑇 + 16 𝑀𝑃𝑎. From the test data 

in the conventional injection tests, if we set the intercept 

to be 16 MPa, we can get the following new correlation 

(see Figure 14 and Eq. 4), where the rock strength factor 

is k  2.85.   

𝑃𝑏 = 2.8538𝑇 + 16                                                                      (4) 

Eq. (4) indicates that the rock tensile strength plays a more 

important role in the formation breakdown than it has 

been expected (e.g., the rock strength factor k = 1). This 

implies that for a tight rock (with a high T) a much higher 

breakdown pressure is expected than a normal rock.  

The formation breakdown pressure and rock uniaxial 

compressive strength (UCS) in the conventional injection 

tests have a similar relationship as shown in Figure 15: 

𝑃𝑏 = 0.141 𝑈𝐶𝑆 + 20.526                                                         (5) 

   

Figure 13. Measured tensile strength versus the 

breakdown pressure for both batches of sandstone 

samples. The results are from the specimens in 

conventional injection tests.  

  

Figure 14. A new correlation of measured tensile strength 

and the breakdown pressure with a calibration to the 

theoretical solution, Eq. (2). The results are from the 

specimens in conventional injection tests. 

  

Figure 15. Uniaxial compressive strength (UCS) versus 

the breakdown pressure for both batches of sandstone 

specimens. The results are from the specimens in 

conventional injection tests. 

3.4 Possible Mechanisms for the Reduction of Breakdown 

Pressure 

There are at least two possible factors leading to the 

reduction of the breakdown pressure. One possible factor 

is the diffusion of micro-cracking and the decohesion of 

rock grains. However, the specimen was not scanned by 

X-ray CT or SEM before and after the experiments. Thus, 

we cannot verify this reason at present.  

The other possible factor is the absorption of water. 

Cerfontaine and Collin (2018) pointed out that the degree 

of saturation may affect the breakdown pressure. 

Although the specimen was dry initially, as the cyclic 

loading continued, the rock matrix might have absorbed 

water. For example, for specimen 4 in the second batch of 

sandstone, during cyclic loading, 41 mL (which equals to 

2.77% of the total volume of the specimen) fracturing 

fluid was injected into the specimen. The degree of 

saturation might have been changed and the breakdown 

pressure might thereby have been influenced.  

In the future, to obtain the micro-cracking distribution 

before and after the experiment, the specimen needs to be 

scanned. In addition, to investigate the effect of the degree 

of saturation on the breakdown pressure reduction, cyclic 

loading should also be conducted under saturated 

conditions. 

 

4. CONCLUSIONS AND 

RECOMMENDATIONS 

Since cyclic loading affects the breakdown pressure, it is 

of interest for hydraulic fracturing on reservoir rocks, 

particularly for the tight rocks such as the Xujiahe 

sandstone. This paper reports on an initial set of 

experiments in which the effect of cyclic loading on 

breakdown pressure was investigated. We conducted 

hydraulic fracturing tests on two batches of sandstones 

with different strengths. It can be concluded that cyclic 



loading (injection) can reduce the breakdown pressure 

and its effect is more significant on stronger rocks.  

We postulated that in cyclic injection, the injection 

pressure and cyclic frequency could affect the breakdown 

pressure. However, due to the limited numbers of cyclic 

loading experiments, we cannot draw a solid conclusion. 

Analysis of both batches of the sandstone, the breakdown 

pressure in conventional injection is correlated to tensile 

strength or uniaxial compressive strength. The breakdown 

pressure increases as the tensile strength (or UCS) 

increases. Test results indicate that the rock tensile 

strength plays a more important role in the formation 

breakdown than it has been expected, and the rock 

strength factor can be close to 3 times (k  2.85). The 

breakdown pressure may also be affected by other factors, 

such as fracture toughness, and distribution of micro-

fractures. Measured KIC and measured tensile strength for 

both batches of specimen have a linear relationship. It 

shows a smaller KIC than the one predicted by the existing 

correlations, and it might be due to the high brittleness 

and very tight behavior of the Xujiahe sandstone.  

The experiments indicate in which way the future 

research can be conducted. In the future, we could run 

more tests to systematically investigate the effect of the 

magnitude of injection pressure and cyclic injection 

frequency on breakdown pressure reduction. The 

magnitude of injection pressure at each step could be 

further increased. Practically, the current experimental 

results can provide information on breakdown pressure 

reduction that can be used in field hydraulic fracturing 

operations. 
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