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Abstract 
It has been commonly acknowledged in the petroleum industry 
that water-cut increases sand production risk. A number of 
possible mechanisms have been proposed. This paper presents 
the results of a series of laboratory perforation collapse tests 
aimed at demonstrating and quantifying the water-cut effect on 
perforation failure and sand production.  

The laboratory perforation collapse tests were conducted 
on weak sandstones obtained from both downhole and 
outcrop. The tests were performed under simulated in-situ 
effective stresses and drawdown conditions. Water was 
introduced into the flowing stream of either oil or gas at 
various stages of the tests to simulate water-cut. The failure 
and sand production processes were observed and recorded 
using a borescope in real time.  

The results showed that the effect of water-cut on 
perforation strength and sand production depends on the 
mineralogical composition of the sandstone and the degree of 
residual water saturation. The effect is most significant for 
sandstones with high clay content and low residual water 
saturation and less significant for clean sandtones or those 
with high residual water saturation. The experimental results 
are discussed based on the chemical interaction between water 
and rocks, capillary stress and relative permeability. It is 
concluded that water saturation-induced rock strength 
reduction is the most significant factor governing peroforation 
failure and sand production. Although, perforation failure is a 
pre-requisite for sand production, the failure does not always 
lead to sand production. 

 
Introduction 
Sand production in petroleum industry is a phenomenon of 
solid particles being produced together with reservoir fluids. 
Conceptually, this process may be divided into three stages – 
failure of the rocks surrounding an openhole or perforation, 

detachment of sand grains from the failed materials and 
transportation of the sand grains into the wellbore and to the 
surface. It costs oil companies tens of billions of dollars 
annually1.  

Increase in water production in the late life of oil and gas 
fields is inevitable, be it due to water injection or water 
coning. On average, the oil companies today produce three 
barrels of water for each barrel of oil2. Effect of water-cut on 
sand production has been a major concern in the petroleum 
industry. It has been observed on many occasions in the field 
that initiation of sand production coincides with water 
breakthough3,4. But on other occasions, it has been observed 
that both events do not relate to each other, and sand 
production may initiate prior to or post-water breakthough5,6. 
Despite these inconsistent field observations, it is generally 
accepted that sand production risk increases as a result of 
water production. 

The effect of water-cut on sand production has been an 
area for research for a number of years, and a number of 
mechanisms have been hypothesized to explain the effect 
e.g.6-12. Detailed description and quantitative analysis of the 
mechanisms are given in 10-12. The principal ones are 
summarized below: 
• Capillary bonding reduction between originally water-wet 

sand grains; 
• Chemical interaction between rock matrix and water due 

to increase in water saturation; and 
• Relative permeability effect resulting in increase in drag 

force for mobilizing sand grains from failed sand 
materials. 

The effect of water saturation on rock strength has been 
studied extensively in the past 13-20. It is well known in the 
rock mechanics community that water saturation of specimens 
prior to testing has a strength reduction effect for all types of 
rock. However, the effect is highly variable for different types 
of rock. Dyke & Dobereiner17 found that, in general, the 
weaker the rock, the more sensitive to changes in moisture 
content. Hawkins & McConnell19 found that the degree of 
strength sensitivity to water saturation is primarily controlled 
by the mineralolical composition and to a lesser extent by the 
rock microfabrics. The effect of oil/water saturation on 
strength of poorly/weakly consolidated sandstones was studied 
by a number of researchers. Wu and Tan21 presented an 
experimental study on the effect of water/oil saturation on 
sandstone strength for a number of downhole and outcrop 
weak sandstones. It was found that, in general, strength 
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reduction was more significant for water saturation than for oil 
saturation. The degree of strength reduction due to water 
saturation was related to total clay volume; the greater the clay 
volume, the more significant the strength reduction.  

Several experimental studies on the effect of water-cut on 
sand production have been reported on both loose sands and 
intact sandtones4,6-8,22. The study presented by Skjearstein et 
al.6 and Wu et al.22 are laboratory sand production 
experimental studies that incorporated water-cut effect on 
intact sandstones. Bianco and Halleck8 and Bruno et al.4 
reported the results of water-cut effect for both oil and gas 
flow on loose sands. 

Two of the mechanisms, i.e., capillary strength of failed 
(disaggregated) material and relative permeability effect have 
emerged as the leading mechanisms for water-cut-induced 
sand production. However, question still remains as to the 
applicability of water saturation-induced chemical interaction 
between the rock matrix and invasion water. The question is 
valid because reservoir rocks are usually water-wet and have 
adsorbed water films on their grain surface23. It is then 
debatable if additional water due to water-cut can indeed 
induce further chemical interaction.  

This paper presents an experimental study on the effect of 
water-cut on perforation failure and sand production. In order 
for the experimental results to be relevant to field reservoir 
conditions, the sand grains of the test specimen were ensured 
to be water-wet. The experimental results were discussed 
based on the effect of water saturation on intact rock strength, 
relative permeability effect and capillary strength due to 
partial saturation. 

 
Test materials, equipment and test program 
 
Properties of the test materials 
Perforation collapse tests were conducted on three sandstones. 
Two of them (SS1 and SS2) are outcrops and the other (SS3) 
is downhole core. SS1 is a fine-grained sandstone with 
bedding planes. SS2 is a fine to medium-grained, isotropic 
sandstone. The downhole sandstone, SS3, is a fine-grained, 
isotropic material. XRD analyses were conducted to determine 
their mineralogical composition. The results are summarised 
in Table 1.  

The sandstones were characterised for their physical and 
mechanical properties. The effect of water saturation on the 
strength of the sandstones was evaluated by conducting 
unconfined compressive strength and triaxial tests on samples 
with a range of water saturations. All the three sandstones 
showed a decrease in strength with increase in water 
saturation. It was found that the reduction in rock strength was 
proportional to the total clay content. The higher the total clay 
content, the larger the reduction in strength. Furthermore, it 
was found that the effect of water saturation was to reduce 
cohesive strength and the internal friction angle was 
essentially unchanged. The strength parameters for Mohr-
Coulomb criterion for all the sandstones with 100% water 
(brine) saturation are summarized in Table 2. 
 
Sand production apparatus 
An apparatus has been developed for studying failure and sand 
production from a perforation tunnel. The apparatus consists 

of a loading frame, a triaxial cell, an instrumentation system, a 
pressure system for controlling the cell pressure and axial 
force, and a multiple fluid injection system. Figure 1 shows a 
schematic of the apparatus. The cell has a confining pressure 
capacity of 70 MPa and an independent axial force of 500 kN. 
This allows different stress paths, including plane strain 
condition, to be imposed on a test sample. The apparatus 
allows direct visual observation of perforation failure and sand 
production in real time. The cell pressure and axial stress are 
controlled by stepping motor pumps. 

The instruments used to measure the behaviour of a test 
sample were as follows: 
• A borescope and a video camera to observe and record 

hole surface conditions; 
• A four-arm cantilever-type borehole gauge mounted at 

mid-height of the central hole to measure perforation 
radial deformations in two orthogonal directions (not used 
for this series of tests); 

• Two diametrically opposed LVDTs mounted between the 
sample end platens to measure axial deformations of the 
sample; 

• Pressure transducers to measure fluid injection pressure 
(at outer boundary of the sample); 

• A balance to measure the amount of sands produced; and 
• A load cell to measure axial force. 

The test sample has an external diameter of 86 mm, a 
nominal length of 140 mm and a pre-drilled central hole to 
simulate perforation with a diameter of 16 mm and a length of 
100 mm. The perforation was parallel to the bedding planes 
for SS1. The sample lateral and top end surfaces were 
wrapped with three layers of stainless steel mesh to allow fluid 
to be injected uniformly along these surfaces and generate 
radial and axial flows into the central hole (perforation). The 
stainless steel mesh has a much higher permeability than the 
rock material even under high stress. The mesh is very flexible 
and likely to have negligible effect on sample deformation. 
Two different fluids can be injected at same time during a test. 
 
Test procedure 
The procedures were slightly different for outcrop and 
downhole sandstone samples in obtaining their initial water 
saturation and introduction of water-cut during the tests.  

For outcrop sandstones, the samples were initially dried in 
an oven at a constant temperature of 45ºC for extended period 
of time (at least 48 hours) and then fully saturated with a brine 
solution (2% NaCl). The purpose was to ensure the sand 
grains were fully water-wet. After installation of the fully 
water-saturated sample in the triaxial cell, the following test 
stages were conducted: 
• De-saturation. Under a cell pressure and axial stress of 2 

MPa, inject non-wetting fluid (gas or oil) at either 700 or 
100 kPa from the outer boundary of the sample for at least 
16 hours to displace the water inside the test sample to an 
“irreducible” level; 

• Injection of non-wetting fluid. Increase hydrostatically the 
cell pressure and axial stress on the test sample to the 
required value at a constant rate of 0.25 MPa/min. while 
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injecting non-wet fluid from the outer boundary into the 
sample at a constant pressure; and 

• Introduction of water-cut. When the required cell pressure 
and axial stress were reached, stop the non-wetting fluid 
injection and start water (brine) injection from the outer 
boundary into the sample. The injection pressure was 
maintained constant for different fluids. The cell pressure 
and axial stress were subsequently increased continuously 
until major perforation failure and sand production were 
observed. 

The degree of water saturation at end of the de-saturation 
stage was determined based on the amount of water displaced 
in the case of oil injection. For gas injection, the degree of 
water saturation was calculated from sample weight loss.  

The downhole sandstone samples were obtained from well 
preserved fresh cores22. Care was taken to avoid altering water 
saturation inside the sample during sample preparation. No 
cleaning and washing were conducted. The degree of water 
saturation was measured to be 25%. Water-cut was introduced 
as two-phase flow. As shown in Figure 1, a meter valve that 
was used to regulate fluid flow was installed in the gas 
injection systems. The ratio for the two-phase flow (i.e., gas 
and water) was calculated as the ratio of the water volume to 
the total volume of gas and water. The gas volume was taken 
as the volume at injection pressure. The settings on the meter 
valve were calibrated to give the desired water-cut prior to 
testing. 

For all the tests, perforation surface condition was 
monitored by visual observation using a borescope and video 
camera, and recorded in real time. The test conditions are 
summarized in Table 3. 

 
Experimental results 
A total of 14 tests were conducted. They are separated into 
two categories, i. e., with and without water-cut. The tests 
without water-cut were conducted to establish a baseline for 
assessment of water-cut effect. Table 4 summarises the main 
experimental results. 

 
Results of SS1 
Failure initiation pressure (perforation strength) was identified 
from the images taken during the tests. Comparison between 
successive images was sometimes required to pinpoint the cell 
pressure at perforation failure initiation. Typical perforation 
images at initial and significant failure stages are presented in 
Figures 2-3.  

No sand production was observed for all tests on SS1, 
despite significant failure surrounding the perforation. 
Complete closure of the perforation tunnels was observed in 
some of the tests. The low permeability of the sandstone 
material resulted in a low flow velocity. The velocity was 
incapable of removing the failed material from the perforation, 
despite the fact that the perforation was oriented vertically. 
The failed sandstone material was in the form of blocky 
pieces, rather than individual sand grains. 

Water-cut (water injection) was introduced at a cell 
pressure of 4 MPa on Sample SS1C following gas injection. 
Failure (perforation closure) was immediately observed. For 

Sample SS1E, water injection was started at cell pressure of 2 
MPa. No failure was observed. Oil was then injected to 
displace the water at the same cell pressure until no water was 
observed in the out flow stream from the sample. The cell 
pressure and axial stress were then increased by 0.5 MPa, and 
water injection was repeated at the new cell pressure. This 
procedure (alternating oil and water injection) was repeated 
until the cell pressure was 4 MPa. Again, no failure was 
observed. The test condition (i.e., cell pressure of 4 MPa and 
water injection at 0.7 MP) was maintained for 2 days, and 
failure was developed during this period.  

 
Results of SS2 
Sand production was observed from all the tests except 
Sample SS2C. Immediate failure and major sand production 
were induced upon water injection for Sample SS2B. No 
failure on the perforation surface was visually observed prior 
to water injection. This appeared to imply that perforation 
failure and sand production can be triggered by water-cut. No 
sand production was observed from Sample SS2C when the 
cell pressure reached 36.5 MPa, despite significant failure 
around the perforation. This is probably due to the fact that the 
gas injection pressure was low (0.1 MPa), which did not 
induce sufficient hydrodynamic force to carry the failed sand 
away from the perforation surface. For Sample SS2D, water-
cut was introduced at cell pressure of 30 MPa. Failure was not 
observed until the cell pressure reached 31. Continued 
increase in cell pressure (32 MPa) resulted in major sand 
production.  

Figures 4-5 are some of the perforation images taken from 
SS2C, showing failure initiation and development. The failed 
material was mainly in the form of flakes and a small amount 
of individual sand grains. 

 
Results of SS3 
SS3 sandstone core (downhole) was obtained from a gas 
reservoir. Hence, only gas was used as the non-wetting fluid 
for the perforation collapse tests. The cell pressure and axial 
stress were increased continuously until major failure and sand 
production were observed. Two-phase flow was introduced at 
cell pressure of 2 MPa and maintained throughout the entire 
test on Samples SS3B and SS3C. The ratio of water-cut was 
43% for Sample SS3B and 80% for Samples SS3C, 
representing low and high water-cut. The degree of water 
saturation was 67% for Sample SS3B and 85% for Sample 
SS3C measured at the end of the tests. 

Minor sand production was observed for the test on 
Sample SS3A with pure gas injection at cell pressure of 59.3 
MPa, despite major failure observed surrounding the 
perforation. Major failure and sand production were induced 
with high water-cut on Sample SS3C.  

Figures 6-8 show failure initiation, development and the 
cavity after major sand production. 

 
Discussion on experimental results 
 
Failure and sand production mechanisms 
As observed from the images of perforation condition at 
failure, the mechanism for perforation failure was by shear. 
Failure started from one side of the perforation, and then 
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developed at the opposite side of the perforation as the cell 
pressure continued to increase. This was most evident from 
Figures 2 and 6. The cavity after major sand production 
typically showed an elongated breakout shape (Figure 9). This 
was probably due to the failed material at the breakout tip 
being eroded by the flowing fluids. Numerical modeling on 
stress distribution around a breakout-shaped cavity showed 
stress concentration in a small area close to breakout tip, 
which resulted in material failure24. 
 
Effect of water-cut and saturation on perforation failure 
and sand production 
Experimental results, summarized in Table 4, showed that in 
comparison with the baseline tests (no water-cut was 
introduced), the effect of water-cut was to reduce perforation 
strength (the cell pressure at which perforation failure 
initiated) and induce sand production at a lower cell pressure. 
This effect was more significant for SS1 and SS3 (over 25% 
for perforation failure) than for SS2 (approximately 10%). SS1 
and SS3 have higher clay content than SS2 (Table 1). Without 
water-cut, no sand production was observed prior to 
substantial failure being developed, although failure did not 
always lead to sand production. However, with water-cut, 
failure and sand production can be simultaneously triggered 
when no failure was visually observed prior to introducing 
water-cut (Sample SS2B). This was probably due to the facts 
that the sample was relatively dry before introducing water-cut 
(3% of water saturation which may not be representitative of 
field reservoir condition), and that the sample was critically 
stressed, i.e., the material close to perforation was plastified 
and very close to perforation failure initiation pressure. 
Furthermore, water-cut decreased post-failure stability of 
perforation and reduced the cell pressure at which sand 
production was induced, in comparison with tests without 
water-cut. 

The effect of water saturation on the three sandstones was 
assessed by conducting a series unconfined compressive 
strength tests on samples with different water (brine) 
saturations. The samples were saturated to 100% with brine 
and slowly dried (by exposing the samples to atmosphere) to 
the required degree of saturation in order to ensure that the 
sand grains were water-wet. The results are summarized in 
Figure 10. It can be seen that major reduction in rock strength 
was observed between zero (dry) and 20% saturation. For 
saturation greater than 20%, further reduction in rock strength 
will depend on clay content. For SS1, a strength reduction of 
more than 50% was observed between 20% and 100% 
saturation. However, for SS2, the strength reduction was only 
approximately 5%. This could be within experimental result 
scatter due to inhomogeneity of the material. The observed 
cell pressures at perforation failure and sand production 
initiation appear to be consistent with the trend of effect of 
water saturation on unconfined compressive strength. Figure 
11 shows the cell pressure at perforation failure and sand 
production initiation versus unconfined compressive strength 
with corresponding degree of water saturation, i.e., for water 
cut of 100% (water injection), the relevant unconfined 
compressive strength used was obtained from samples with 
100% water saturation. The practical implication of Figure 11 
is that the effect of water-cut on perforation failure initiation 

and sand production may be assessed through water saturation 
effect on unconfined compressive strength. 

The observed water-cut effect on perforation failure and 
sand production is discussed below based on chemical 
interaction between water and sandstone, capillary stress and 
relative permeability. 

Chemical interactions between sandstone and water. 
Sandstone at in-situ condition is in a state of chemical 
equilibrium with formation water. Water breakthough alters 
the equilibrium because of different chemical composition of 
the invading water. Chemical reactions will take place in order 
to reach a new equilibrium.  

Possible chemical reaction includes quartz hydrolysis, 
carbonate dissolution and clay swelling11. Based on the results 
of perforation collapse tests and unconfined compressive 
strength tests, clay swelling is probably most relevant for the 
current study. Chemical effect of water on clay-rich rocks is 
well established25. The surface of clay platelels carries 
negative charges and these charges can attract layers of water 
molecules because the water molecules are dipolar. 
Furthermore, the cations present in the free water are not held 
strongly to the clay platelets, and if the composition of the 
water changes, they can be replaced by other cations, a 
phenomenon referred to as cation exchange. In addition, the 
exchangeable cations can attract water and become hydrated. 
Of the three basic clay minerals, smectite has more affinity for 
water than illite and kaolinite. Because of its large surface area 
(750m2/gm, compared with 80m2/gm for illite and 25m2/gm 
for kaolinite) and weak bond between platelets, considerable 
swelling of smectite can occur due to hydration. 

Capillary stress. It is well known that a capillary pressure 
develops when a rock is saturated with two immersible pore 
fluids. The pore water is under tension for a partially saturated 
rock. The magnitude of the capillary pressure depends on the 
pore size and saturation. Conceptually, capillary pressure 
could result in a capillary bond between the sand grains, as the 
pore pressure in the water phase is generally lower than the air 
pressure for a partially saturated geomaterial26. A number of 
effective stress equations were proposed for partially saturated 
soils, of which the one suggested by Bishop27 has gained 
widespread reference, which may be used to explain the 
capillary-related strength enhancement for sandstones: 

( ) ( )waa ppp −+−= χσσ '  
where σ’ and σ are effective and total stresses respectively; pa 
and pw are air and water pressures respectively; and χ is 
effective stress parameter related to the degree of water 
saturation: zero for perfectly dry sandstone and unity for fully 
saturated sandstone. Note that the second term in the right 
hand side of the equation is the capillary stress or suction 
stress26 and is a generalization to the classical Terzaghi 
effective stress (first term in the right hand side of the 
equation).  

Presented in Figure 12 is a typical curve of capillary 
pressure versus water saturation for intact sandstones based on 
the data obtained using mercury injection method (air 
displacing water in Berea the sandstone28). The capillary 
pressure increased from 0.03 MPa to 0.55 MPa when 
saturation decreased from 100% to 28%. Assuming a typical 
angle of internal friction of 30º and an effective stress 
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parameter of 0.5, the capillary cohesion, defined as 
( ) φχ tan)(" wa ppsc −= , is approximately 0.16 MPa. 

This is insignificant for well cemented competent sandstones 
in comparison with the cohesion due to cementation. 
However, it could be significant for weakly consolidated 
sandstones. The capillary cohesion generally decreases rapidly 
with increase in water saturation.  

Upon failure of intact sandstones, capillary pressure is 
expected to decrease because of increase in porosity associated 
with dilation. However, to the best knowledge of the authors, 
no direct measurement technique for capillary pressure is 
available for failed sandstone materials. To illustrate the likely 
order of magnitude of the capillary pressure in post-failure 
sandstones (disaggregated materials), capillary cohesion was 
measured by conducting a series of multiple stage triaxial tests 
on compacted loose sands. The confining pressures adopted 
were 0.1, 0.2, 0.3 and 0.4 MPa. The particle size of the sands 
ranged from 0.155 mm to 0.225 mm. The loose sands were 
compacted to a porosity of 37%. Figure 13 shows an example 
of capillary cohesion as a function of water saturation. 
Although the capillary cohesion for loose sand is relatively 
small (between zero and 0.020 MPa) and disapears rapidly 
with increase in water saturation, it can contribute 
significantly in resisting mobilization of individual sand grains 
due to fluid flow12. 

Relative permeability. This effect on perforation failure 
and sand production is less clear during the perforation 
collapse tests, in comparison with the chemical and capillary 
effects discussed in previous sections. The effect was likely to 
be transient when switching the flowing fluid from oil or gas 
to water. Introducing water into the flow stream would reduce 
permeability to oil or gas significantly whilst the permeability 
to water was still relatively low, particularly when water 
saturation was low. This reduction in effective permeability 
would result in an increased pore pressure gradient and higher 
hydrodynamic force, hence increased sand production. When 
the flowing stream was 100% water, the permeability to water 
increased, hence a lower pore pressure gradient. As a result, 
sand production was likely to decrease or stop. This transient 
effect of two-phase flow has been observed both in laboratory 
and field. 

 
Summary and Conclusions 
This paper presents an experimental study on the effect of 
water-cut on perforation failure and sand production on three 
sandstones. The test samples were initially saturated with 
brine and then de-saturated to the required residual water 
saturation to ensure the sand grains were water wet. For 
Sandstones SS1 and SS2, water was injected into the test 
sample (100% water-cut) following the injection of non-
wetting fluids (either oil or gas). For Sandstone SS3, water-cut 
was introduced as two-phase flow. Based on the experimental 
results, the following conclusions may be drawn: 
• In general, the effect of water-cut is to reduce perforation 

strength and promote sand production; 
• The effect of water-cut depends on mineralogical 

composition of the sandstone and the residual water 
saturation. The effect is more significant for sandstone 

with high clay content and low residual water saturation. 
For clean sandstone with high residual water saturation, 
the effect is likely to be negligible; 

• With no water-cut, sand production is observed only after 
the perforation experienced substantial failure, although 
failure does not always lead to sand production; 

• Perforation failure and sand production can be triggered 
by water-cut if the stress on the perforation is sufficiently 
high; 

• The cell pressures for perforation failure and sand 
production subjected to water-cut can be correlated with 
unconfined compressive strength with relevant degree of 
water saturation; 

• The main mechanism of perforation failure is by shear. 
Initial sand production is originated from breakouts 
formed by shear failure and subsequent sand production is 
from the area close to the tip of breakout; and 

• The capillary stress induced by capillary pressure among 
compacted loose sand particles is on the order of 0.02 
MPa, and is highly dependent on the degree of water 
saturation. 
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Nomenclature 
 σ', σ =  Effective and total stresses, Pa 
 pa, pw = Pore pressures in air and water phases, Pa 
 χ =  Effective stress parameter 
 φ =  Angle of internal friction, degree 
 c” =  Capillary cohesion, Pa 
 s =  Degree of saturation, % 
 cp, cr =  Peak and residual cohesions, Pa 
 φp, φr =  Peak and residual angles of internal friction, 

degree 
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Table 1. Mineralogical composition of tested sanstones 
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SS1 62  30   6  1   <1 
SS2 86 <1 6  4   3   <2 
SS3 55-60  10  10  5-10 5-10    

 
 

Table 2. Summary of strength parameters of tested sandstones 

Peak strength Residual 
strength Name 

Porosity 
(%) 

 

Perme-
ability 
(md) cp 

(MPa) 
φp 

(deg.) 
cr 

(MPa) 
φr 

(deg.) 
SS1 27.9 10 0.15 30.0 0 27.9 
SS2 24.8 350 4.1 33.2 0.1 33.0 
SS3 20.4 ~50 8.1 33.8 4.2 33.8 

 
 

Table 3. Experimental conditions 

Sample
name 

Initial water 
saturation 

(%) 

Injection 
fluid Comment 

SS1A 100 - No flow 
SS1B 27 Gas Gas injection only 
SS1C 32 Gas Initial gas injection then water 

injection 
SS1D 41 Oil Oil injection only 
SS1E 43 Oil Initial oil injection then water injection 
SS2A 7 Gas Gas injection only 
SS2B 3 Gas Initial gas injection then water 

injection 
SS2C 26 Gas Gas injection only 
SS2D 24 Gas Initial gas injection then water 

injection 
SS2E 26.5 Oil Oil injection only 
SS2F 29 Oil Initial oil injection then water injection 
SS3A 25 Gas No water-cut 
SS3B 25 Gas Two-phase flow – low water-cut 
SS3C 25 Gas Two-phase flow – high water-cut 
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Table 4. Summary of experimental results 

Sample 
name 

Injection 
fluid 

Injection 
pressure 

(MPa) 

Cell 
pressure 
at failure 
initiation 
(MPa) 

Cell 
pressure at 

sand 
production 

(MPa) 

Comments 

SS1A - 0 4.1 - No fluid injection 
SS1B Gas 0.7 6.3 - Gas injection only 

SS1C Gas/ 
Water 0.7 4 - 

Immediate failure 
upon water injection 
at 4 MPa 

SS1D Oil 0.7 5.2 - Oil injection only 

SS1E Oil/ 
Water 0.7 4.0 - 

Aternate oil & water 
injection above 2 
MPa external 
pressure 

SS2A Gas 0.7 46.6 48 
Gas injection only. 
Minor sand 
production 

SS2B Gas/ 
Water 0.7 44 44 

Immediate failure and 
sand production upon 
water injection 

SS2C Gas 0.1 34.5 >36.6* Gas injection only 

SS2D Gas/ 
Water 0.1 31 32 

Water injection from 
30 MPa cell 
pressure. Major sand 
production 

SS2E Oil 0.1 30 34.7 Oil injection only 

SS2F Oil/ 
Water 0.1 30 32 Water injection above 

25 MPa cell pressure

SS3A Gas 0.7 57.2 59.3 
Gas injection only. 
Minor sand 
production 

SS3B Gas & 
Water 0.7 48.9 >54.3* Water-cut 43% 

SS3C Gas & 
Water 0.7 42 49.0 

Water-cut 80%. 
Major sand 
production 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Failure 

Figure 2. Typical image of perforation failure initiation, SS1. 
Failure initiated alone the bedding plane. 

Figure 3. Typical image of perforation failure development, 
SS1 

 

Figure 1. A schematic of sand production apparatus. 

SandsFluids 

Axial stress 

Cell 
pressure 

Stainless 
steel mesh 

Borescope 
positioning 

point 

Meter valve 

Fluid 1 Fluid 2 

Isolation 
valve 

To pressure 
supply Pressure 

transducer 

Failure 

Figure 4. Typical image of perforation failure initiation, SS2.

*: Cell pressure at end of test 



8  SPE 92715 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Typical image of perforation failure development, 
SS2. 

Failure 

Figure 6. Typical image of perforation failure initiation, SS3.

48MPa 

Figure 7. Typical image of perforation failure development, 
SS3. 

 

Figure 8. Typical image of perforation after major sand 
production, SS3. 

Figure 9. Typical sample cross-section after sand 
production, SS2. 
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Figure 10. Unconfined compressive strength versus degree 
of water saturation for the three sandstones. 
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Figure 11. Cell pressure at perforation failure initiation or 
sand production versus unconfined compressive strength. 
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Figure 12. Capillary pressure as a function of water 
saturation, Berea sandstone. 

Figure 13. Capillary stress or capillary cohesion as a 
function of water saturation, compacted loose sand. 
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