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Abstract

Laboratory sanding experiments were carried out under true-triaxial stress conditions. The

objective was to investigate the effect of state of stresses and fluid flow on the mechanism of

sanding, and the development of the failure zone around the borehole. The experiments were

conducted on 100×100×100 mm3 cubic samples of synthetic sandstones. The samples were

prepared based on an established procedure developed to produce weakly consolidated sandstone

samples with identical physico-mechanical properties. The properties of the synthetic sandstone

samples were determined by conducting a series of standard rock mechanics tests on cylindrical

plugs. Using a true-triaxial stress cell (TTSC), cubic samples were subjected to true-triaxial stresses

and radial fluid flow from the outer boundaries. The fluid flows through the sample radially and

discharges from a hole drilled at the centre of the sample: this allows studying sanding initiation by

changing the state of stresses, sample material and fluid properties. In this paper, firstly, the

experiment equipment, setup and procedure are explained in detail. This is followed by presenting

the results of two sets of experiments performed at two different states of stress. The maximum and

intermediate principal stresses were applied laterally in both cases while the effect of changing the

lateral stresses on the development of the failure zone around borehole was monitored. It was

observed that the geometry (i.e. width and depth) of the failure zone developed around the borehole

is a function of the lateral stresses ratio (i.e. lateral stress anisotropy). The experiments were also

simulated numerically using ABAQUS in order to validate and interpret the results from the

experiments. A good agreement was obtained between the results of both methods which confirm

the importance of lateral stress anisotropy on the evolution of sanding. The observations and results

of these experiments and numerical simulations will be presented and discussed.
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1 Introduction

Stability of underground excavations is a significant concern in the field of civil, mining and

petroleum engineering. In the petroleum engineering, formation failure around a borehole may

cause severe problems in different stages of drilling and production. Amongst the problems is

failure of borehole in sandstone reservoirs during hydrocarbon production, sand

production not only causes several problems in maintaining borehole integrity

but also is a problem during production where erosion induced damage to the downhole and surface

production facilities is likely to occur.

The majority of sand production problems occur in unconsolidated sands. In this type of

formation the bonds between the sand grains are extremely weak, and borehole stability is mainly

governed by the sand-arch formed around the borehole [1-5]. Sand production is also observed in

weakly consolidated sandstones where sand production initiates due to stress induced failure of the

sandstone in the vicinity of the borehole [6, 7]. Once sandstone is in a state of failure, fluid flow

applies a drag force to the sandstone resulting in some of the sand grains to detach from the

wellbore wall and fall into the wellbore. In cased holes sand production is through the perforation

tunnels but the mechanism (i.e. failure of sand formation and transportation of sand grains by the

means of fluid flow) remains the same.

Stress induced failure occurs when the stresses around the excavation exceed the rock

strength [8]. In the context of geomechanics, the state of stresses around a single borehole is a

function of three principal far-field stresses; usually a vertical and two horizontal stress

components. Different modes of failure have been observed around a circular opening. These

modes of failure have been classified with respect to the state of stresses in vicinity of the borehole

[9, 10]. Figure 1 shows the main failure modes around a borehole with isotropic and anisotropic

stresses perpendicular to the borehole axis. It should be noted that rock mechanical properties

(stiffness and brittleness) and rock anisotropy (e.g. lamination) also affect the deformation and

failure of cavity [11, 12].

Failure mode ß, shown in Figure 1, is the most commonly observed failure mode around a

borehole [13] ) is the maximum stress, the

r a a r).

It is more convenient to conduct experiments under isotropic stress conditions on cylindrical

samples than under true-triaxial stress conditions [12-15]. This is due to the fact that sample

preparation and equipment setup are easier for a cylindrical sample than for a rectangular prism

sample which is required in true-triaxial tests. In this type of experiment the isotropic boundary
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stresses lead to axisymmetric stress condition around the borehole. Nevertheless, the effect of the

intermediate stress (axial) can be studied in vicinity of the borehole wall [13, 14].

A more realistic experiment should be the one which includes the effect of three

independent stress components. In practice, this is only possible if the experiment is conducted on

rectangular prism samples. In this approach, the boundary stresses represent three principal far-field

stresses, and the induced stresses around the borehole are not symmetric. Few experiments have

been conducted under true-triaxial stress conditions to study borehole failure [16-19].

The key difference between sand production and borehole failure laboratory experiments is

the presence of fluid flow through the sample and borehole during the tests. This has been done

several times in cylindrical shape sample [20-25], but very few attempts have been done to simulate

sanding in true-triaxial boundary stress condition [26, 27].

The main objectives of this study were to investigate the sanding mechanism under true-

triaxial stress conditions and fluid flow, and to investigate the dimension of failure zone developed

around a single borehole due to sand production. This has been done by introducing a new

experimental setup and procedure to simulate sand production in a single borehole under true-

triaxial stress and fluid flow conditions. The mechanism of sand production was studied

experimentally to understand the impact of stresses and fluid flow on failure around borehole. The

geometry of the failed zone due to sand production was investigated at the end of the experiments.

The findings were validated and interpreted by simulating the experiments using a finite element

method program (here was ABAQUS). In the following sections the procedure to conduct the

experimental and numerical simulations will be described in detail.

2 Experimental simulation

The sand production experiments were conducted using a true-triaxial stress cell (TTSC).

The TTSC was designed for conducting advanced geomechanical laboratory experiments under

true-triaxial state of stresses [28]. In this study, for the first time the TTSC was used for sand

production simulation. In the following sections the properties of the samples used in these tests and

the experiment setup and procedure are described in detail.

2.1 Sample preparation and properties

Synthetic sandstones were previously used to simulate sand production and borehole failure

in weakly consolidated sandstone [7, 25, 27]. Although it is preferable to conduct the tests on

samples of natural sandstones, this is subjected to some limitations. Firstly, it is practically

impossible to collect an intact sample of weakly consolidated sandstone with sufficiently large

dimension from downhole. Secondly, the physico-mechanical properties of rocks taken from
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outcrop (even if they are representative for downhole sandstones) may not be homogeneous while it

is possible to make synthetic samples with reasonably homogeneous properties [7].

Sophisticated methods have been proposed to generate realistic synthetic samples [29]. To

obtain a sample suitable for this purpose it is important to establish a consistent sample preparation

procedure. In addition, prior to the sanding experiment, a series of conventional rock mechanical

tests need to be carried out to obtain the physico-mechanical properties of the synthetic rocks. The

details of sample preparation and a review of the equipment used for this purpose were reported

previously by the Authors [30]. This procedure was used to make all samples used for the

experiments in this study.

Synthetic sandstones are basically composed of sands, cement and water. Mechanical

properties of the produced sample are a function of the ratio of the individual components used in

the mixture. It has been observed that a small variation in the component ratio during sample

preparation could result in a significant change in the properties of the final product. This indicates

the importance of careful selection of the basic components.

The size of the grains selected for sample preparation depends solely on the purpose of the

undergoing study. The grain size was selected to be 200-850 for the current study, and chemical

analysis shows that the sand grains are 99.6% of silica. Synthetic sandstones with different ratios of

sand, Portland cement and water were produced and tested to obtain samples with desirable

characteristics for sanding experiments. The proposed mixture was similar to what was proposed in

reference [31], which consisted of sand-cement and water-cement weight ratio of 10 and 1.25,

respectively.

Samples used for sand production experiments were 100×100×100 mm3 cubes. These

samples were casted in standard concrete moulds. The cement was not strong enough to bond sand

particles in the early stage of curing. Hence, the samples were left in the moulds for three days (the

sample loses its integrity if taking it out of the mould earlier). The samples were then submerged

into water and cured for 18 days. In order to reduce the effect of over-curing, the samples were

dried in an oven at a temperature of 60°C for two days. Thereafter, to reduce the effect of

weathering the samples were wrapped in plastic film and stored in a dry room environment.

The properties of the sample and the fluid used for laboratory experiments were measured

by conducting a series of laboratory tests following ISRM suggested methods [32-35]. The results

of the triaxial compressive tests were shown in Figure 2. The top graph in Figure 2 shows the axial

stress-strain curves of the sample under different confining pressures. This figure shows that the

sample behaves more ductile in higher confining pressures. This is probably due to low sand-

cement ratio and/or the fact that the sample was cured under free stress environment. From the
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stress-strain curves it appears that the confining pressure has negligible effect on the Young

modulus. The bottom graph in Figure 2 shows the failure envelope of the sample in 1- 3 space.

The physical and mechanical properties of the synthetic sandstone are tabulated in Table 1.

The fluid properties of the oil used for sand production experiments are also given in this Table. A

sample with properties close to those given in Table 1 may be considered as weakly consolidated

sandstone. These types of sandstones are prone to sanding during production from a reservoir.

2.2 Experiment setup

The TTSC consists of a pressure cell surrounded by a vertical and four horizontal hydraulic

rams (Figure 3). The maximum operating loads are 450 kN and 250 kN for vertical and horizontal

rams, respectively. The cell can be pressurized up to 21 MPa to simulate pore pressure by injecting

fluid. The TTSC can accommodate a cubic sample of up to 300×300×300 mm3 size for conducting

various advanced laboratory experiments under true-triaxial stress conditions. An outlet hole is

designed at the bottom of the cell to access the sample during the test for injection purposes in

hydraulic fracturing experiments or disposal of the produced fluid and sand grains in a sanding test.

As shown in Figure 3 the produced sand grains are collected in a graduated measurement

tube connected to a T-junction below the pressure cell. A cylindrical screen was mounted inside the

T-junction to separate sand grains from the produced fluid. The separated sand grains deposit into

the measurement tube due to gravity force during the test.

The special design of the hydraulic rams allows their independent control using manual or

automatic hydraulic pumps. In this study, the fluid flow, which simulates the hydrocarbon

production, was injected into the cell via an inlet, using a reciprocating pump with a maximum flow

rate of 130 lit/hr and a maximum pressure of 36 MPa. Figure 4 shows the configuration of the

pumps and arrangement of flow lines used for doing a sanding experiment using the TTSC.

Before setting up the sample in the TTSC, a 15 mm diameter hole was drilled in the centre

of the 100×100×100 mm3 sample to represent a borehole. The dimension of the borehole was

selected to minimise the effect of sample boundary on failure around the borehole. This was

checked for theoretically prior to run the tests [36].

In order to accommodate a 100×100×100 mm3 sample inside the TTSC the gap between the

sample and platens must be filled. To do this, six Aluminium blocks of size 97×97×100 mm3 were

placed around the sample to transmit the loads from the platens to the sample surfaces. A gap was

formed between the neighbouring spacers as a result of the spacer size being smaller than the

sample size. These gaps serve two purposes: firstly, it accommodates the sample deformation due to

loading, and secondly, it allows the injected fluids to flood the sample. The stress concentration,

introduced by the difference between the areas of the sample and spacers, at the corner of the
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sample is negligible (see Section 3.2). The upper and lower faces of the sample were sealed using a

1 mm thick rubber sheet glued to these faces to simulate a radial flow around the borehole. The

lower sheet has a 15 mm diameter hole at its centre to connect the hole to the outlet of the pressure

cell. The lower Aluminium spacer has the same diameter hole. To ensure that the fluid pressure is

uniform at the boundary of the sample four woven stainless steel wire meshes were placed around

the sample (Figure 5).

2.3 Experiment procedure

In a laboratory experiment, failure around a borehole is not only a function of rock

properties and state of stresses but also depends on the loading path. This is due to the nonlinear

behaviour of the sample material within the plastic zone. This suggests that depending on the

purpose of the experiment, the loading path should be designed accordingly.

One may consider infinite loading paths to reach a specific state of stress. For instance,

Figure 6 shows the results of two theoretical models under two different stress paths leading into the

same final state of stresses. From this figure it can be seen that how different failure geometry and

pattern could develop around the borehole under different loading paths. The top graph in Figure 6

shows that if the initial stresses are applied hydrostatically, the initial failure zone would be

symmetrical. However, when stresses start deviating from hydrostatic, additional failure zone in

breakout pattern may form around the borehole wall. The bottom graph in Figure 6 shows the case

in which the stress ratios are maintained constant during the entire experiment. In this case rock

failure may develop gradually with a breakout pattern around the borehole wall. The latter path is

the most representative path to simulate the in situ stresses, which was also used in our experiments.

The experiments were conducted with specific stress ratios. During the experiments the

stresses and pore pressure were increased in steps while their ratios were kept constant. This is

because of the fact that it takes time to reach the condition of steady state fluid flow.

After the sample was placed inside the TTSC a consistent procedure was followed in all

tests to apply the stresses. The procedure includes:

(i) Sample sealing: To ensure that the area between sample and the upper and lower

spacers are perfectly sealed, an axial stress (vertical stress) of 1.4 MPa was applied to the sample.

(ii) Sample saturation: After applying the vertical stress, the sample was saturated by

continuous flow of oil for at least 10 minutes until no air bulbs were observed in the fluid from the

outlet.

(iii) Sand production: Stresses and fluid injection pressure were increased gradually in

steps according to the stress ratios defined for the test. Each step lasted for at least 5 minutes.
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(iv) Unloading: The unloading phase was similar but opposite to that of the preceding

stage with shorter steps. This was done to ensure that the unloading stress path did not affect the

geometry of the failure zone around the borehole.

Figure 7 shows a schematic of the loading-unloading path for a typical test conducted for

sanding experiments (different stages are marked on the chart).

2.4 Experiment Results

Several preliminary tests were carried out to ensure that the experiment setup and procedure

defined in the preceding sections apply correctly. The preliminary tests were terminated at different

points in stage iii of the loading path and the failure around the borehole was characterized in a

post-test measurement. This was done to have a better understating of the mechanism of the failure

around the borehole. This information was used to design appropriate stress ratios and

loading/unloading stages for the rest of the test program.

In the following sections the sanding mechanism observed in the preliminary tests (which

was also observed in the main experiments) is explained in detail. Thereafter, the results of the main

experiments will be presented and interpreted.

2.4.1 Sanding mechanism

Sanding was monitored by observing the produced sand grains collected in the measurement

tube (described in Section 2.2). Since the borehole deformation was not monitored during the

experiments, the yield point of the borehole could not be identified. The initiation of sanding was

assumed to correspond with the observation of first sand grains in the measurement tube. Figure 8

shows the stress path and the amount of sand produced of one of the preliminary experiment (test

number B1600). From this figure following conclusions can be drawn regarding failure and sanding

mechanism:

(1) Based on the theoretical model, the material surrounding the borehole yielded at the

very early stage of loading (at the beginning of stage ii in the loading path). However, the residual

bond strength between the sand grains prevented the grains from being displaced and fell into the

borehole. The drag force of fluid flow appears to be inadequate to wash out the failed sand material

from the borehole wall.

(2) By increasing the stresses and pore pressure at boundaries, the dimension of the

yielded zone around the borehole increased (the dimension of yield zone was estimated from

numerical models in Section 3). Sand production was initiated once the boundary pore pressure

increased up to 2 MP: this is when small amount of sand grains were observed in the measurement

tube. The drawdown pressure at the onset of sanding is referred to critical drawdown pressure [37].
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It should be noted that for the sample used in this study, the onset of sanding does not correspond to

onset of yielding. Similar behaviour was observed in previous literatures [38].

(3) A relatively large amount of sand grains were produced when pore pressure reached

3.2 MPa. However, the rate of produced sand reduced after a certain period of time. The failed sand

is partially removed as the remaining volume has some residual strength which allows them to be

attached to the borehole wall. We refer to the drawdown pressure corresponding to this boundary

pore pressure as destructive drawdown pressure.

(4) Eventually, increase in the boundary stresses and pore pressure resulted in

progressive failure. A large amount of sands produced and discharged through the outlet tube.

Consequently, a large outer boundary displacement in the direction of maximum lateral stress was

observed. This was identified when the speed of the corresponding Automatic Pump, which applied

the maximum lateral stress, was dramatically increased. The sand grains were produced

continuously till the experiment was terminated. Large deformations were observed at the borehole

wall after the sample was removed from the TTSC. This stage, where sand grains are produced

continuously and the borehole wall does not stabilize, can be referred to catastrophic or progressive

sanding. Theoretically, sanding is expected to be stabilized after a certain period of time. The fact

that sanding was not stabilized in the experiments is due to the limited sample size and it may not

be representative of real in situ behaviour.

Because the sample was totally failed by the end of loading stage, the test was terminated

immediately without following the unloading procedure discussed in the preceding section. In the

main experiments designed for this study, we only proceeded to stage 3 as the objective was to

study the failure pattern and geometry of the failure zone around the borehole. The mechanism

explained above is illustrated in Figure 9.

2.4.2 Geometry of the failed zone

To investigate the geometry (i.e. width and depth) of the failure zone in the main

experiments, the sample was unloaded (as explained in Section 2.3) and removed from the TTSC.

Large amount of failed sand grains were still attached to the borehole wall due to residual strength.

These grains were detached from the borehole wall by blowing pressurized air. This was done under

free stress state, so the cavity produced was not expand further. The shape of the failure zone was

then captured precisely using a borescope (Figure 10). Table 2 summarizes the magnitudes of

stresses and pore pressures applied to the boundary of the samples in each tests, as well as the

dimension of the corresponding failure zone.

The results presented in Table 2 imply that in each set of experiments the depth of the

failure zones was essentially unchanged. This suggests that the minimum lateral stress ( l) has
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minor effect on the depth of failure zone for the condition that we studied. On the other hand, the

average depth of failure zone in the two sets of experiments was quite different. The depth of failure

zone in second set with maximum lateral stress ( L) of 16 MPa is larger than that of the first set of

experiments. It may be postulated that the magnitude of the maximum lateral stress has a major

impact on the depth of failure zone. However, this needs further investigations for other cases to

draw a more generic conclusion.

The results presented in Table 2 also show a noticeable change in the width of the failure

zone corresponding to different minimum lateral stresses. It is seen that by increasing the stress

anisotropy, the width of the failure zone decreases: this means that the width of the failure zone is

reversely proportional to the difference between the minimum and maximum lateral stresses. The

latter observations confirm the results reported in literatures [18, 19].

For both sets of experiments, the results showed that in an anisotropic stress test the

development of the failure zone was in the direction of minimum lateral stress, which is expected

theoretically [39]. However, there was no preferred failure direction when the lateral stresses were

isotropic. The main axis of wellbore ovalisation in the test with isotropic stresses was not oriented

to a preferred direction but is mainly influenced by the heterogeneity of the sample.

These observations were theoretically supported when the experiments were simulated

numerically using finite element method which is discussed in the next section.

3 Numerical modelling

The observations from the main experiments presented in the previous section were further

investigated through the application of numerical simulations using ABAQUS. The analytical

solutions for stresses around a borehole can be implemented to model the laboratory experiments to

some extent. These models, however, are only available for plane-strain conditions where a plane

section perpendicular to the borehole is modelled [8, 40, 41]. In a plane-strain model the out of

plane stress (in this study the axial stress) is a function of in-plane stresses [42], which means that

the out of plane stresses cannot change independently. Therefore, in order to study the stresses and

failure (i.e. yield) around a borehole in true-triaxial stress conditions, a 3D model must be

employed.

A 3D coupled numerical model was employed to simulate the sanding experiments. The

geometry and input parameters for the numerical model are based on sample properties and

experiment setup. These are discussed in more detail in the subsequent sections. The methodology

used to numerically simulate the laboratory experiments in 3D is also explained. The results are

discussed and compared to the laboratory observations.
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3.1 Material properties

The material model which was used in the numerical modelling was defined based on the

sample properties presented in Table 1 (see Section 2.1). A Drucker-Prager model with 0.8 flow

stress ratio was found to be appropriate to model the synthetic sandstones (Figure 11). The results

obtained from this model were found to have stronger correlation with the experimental results [36].

Previous investigations show that a Mohr-Coulomb model results in a greater failure dimension

than the experimentally observed, and the failure dimension observed from an original Drucker-

Prager model is significantly smaller than the experimental results [36].

A linear elastic-perfectly plastic constitutive model was assumed for the behaviour of the

synthetic sandstone. The sample was assumed to deform linear elastically prior to yielding and

perfect plastically after yielding. No strain hardening rule was assumed for the plastic model, i.e.

yield function was assumed to coincide with the failure points. The plastic strain was not a concern

in this study and therefore using any flow rule was acceptable. Thus, an associated plastic flow was

presumed for ease of numerical modelling.

The fluid is assumed to be inviscid and incompressible. The flow regime in sand production

laboratory experiments was assumed to be in steady-state condition. Finally, the pore fluid flow was

3.2 Modelling procedure

The geometry and boundary conditions of the numerical models were defined based on the

sample geometry and experiment setup. A thick-section perpendicular to the borehole axis was

selected for the analysis. Due to the symmetrical nature of the problem only a quarter of the section

was modelled. This reduces the number of elements required for the model and therefore a less time

for solution convergence. In contrary to the radial stresses that have a gradient along the lateral axis

within the sample, the axial stress has no gradient along the vertical axis. Therefore, the axial

dimension of the model can have any arbitrary dimension: in this study the model thickness was set

to 10 mm.

The boundary conditions defined in the model must be representative of the loads and

displacements applied to the boundary of the sample in the laboratory experiments. Uniform

stresses were applied directly to the lateral boundaries. However, the vertical load was applied using

a displacement boundary condition. The displacement corresponding to a specific stress was

faces (i.e. the two lateral and the bottom faces) and their rotation components were fixed in the

model. These symmetric faces with fixed displacements eliminated the rigid body motion.
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The fluid flow is simulated by considering a uniform pore pressure distribution on the lateral

outer boundaries of the sample and the borehole wall was treated as a free-drained surface. The

upper and lower sides of the sample were set to be impermeable. Figure 12 shows the geometry of

the 3D numerical model constructed for this study.

The Aluminium spacers were initially included in the numerical models. However, after

comparing the results to a simpler case, where the boundary loads were directly applied to the

sample, no significant differences were observed. Therefore, the Aluminium spacers were excluded

from the numerical model and the loads were directly applied to the sample boundaries. In addition,

the effect of stress concentration at the corners of the sample which was generated due to the

difference of the sample area and the spacer effective area was investigated. The results indicated

that the stress distribution close to the borehole was not affected by these stress concentrations.

A mesh sensitivity analysis was conducted to obtain the optimum number of elements for

the numerical modelling [36]. Because there is no stress gradient in the axial direction only one

element was considered along this dimension (see Figure 12).

3.3 Model validation

Plane-strain condition was considered as a special case of 3D model for validation purposes.

As the axial load is applied through displacement, it is plausible to simulate a 3D model in plane-

strain mode by setting the axial displacement to zero. Therefore, the model was validated against

available 2D analytical solutions for a borehole under isotropic stress conditions [36]. Moreover,

the stresses around a borehole in a cylindrical sample were compared to a cube sample. The results

showed that the stresses are essentially identical except that slight deviation in the results was

observed close to the outer boundaries. This observation implies that laboratory experiments can be

conducted on cube samples with isotropic stresses to simulate a thick walled cylinder (TWC) test

[43].

3.4 Modelling results

Using ABAQUS, 3D numerical modelling was performed to simulate the yield zones

developed during testing synthetic samples in the laboratory. Width and depth of the failure zone

are the two parameters to characterize the size of the failure zone. The results of the numerical

models are shown in Figure 13 and Figure 14. For comparison purposes, the results of the

experiments corresponding to these models are also plotted in these figures.

Figure 13 and 18 show a close agreement between numerical models and experimental

observations. It must be noted that in the experiments, the yielded zone was assumed to be totally

cleaned out by compressed air (see Section 2.4.2). These results show how experimental results
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may be reproduced by the means of numerical simulations, the benefit of which is to do a large

number of sensitivity analyses on different parameters.

3.5 Parametric study in effect of lateral stresses

The results presented in the preceding sections demonstrated the importance of the effect of

lateral stress anisotropy on the characteristics of borehole failure. The presented results confirm

partly the previous observations made by other researches, for instance those who reported the

effect of lateral stress anisotropy on failure width [18, 19].

However, these results showed a different relationship between the depth of failure zone and

lateral stresses. Previously, Haimson and Song (1993) showed that breakout depth increases as the

minimum lateral stress was increased [19]. However in their experiments, the maximum lateral

stress was not constant, and it was increased relatively with the minimum lateral stress.

In this study, it was observed that the depth of failure zone have more dependency to

maximum lateral stress L) than the minimum lateral stress l). This was initially noticed through

the laboratory experiments (Section 2.4.2) but was later verified by numerical models (Section 3.4).

These findings were also observed when numerical models were run for different material models,

such as Mohr-Coulomb and the original Drucker-Prager [36].

L on

depth of failure to some extent, a new set of numerical simulations (hereafter referred to as set 3)

was run to show this effect more explicitly. In set 3, a l were kept constant (8 L

was changed (8, 10, 12 and 14 MPa). Figure 15 shows the results of the numerical simulations of

set 3 along with the results of set 1. I L has more effects on

l.

In order to justify this observation, two different stages of failure were considered: initiation

and stabilization of failure (Figure 16). For the ease of explanation only the maximum and

minimum principal stresses in the vicinity of borehole will be considered to explain the failure

mechanism. For the case of failure mode ß (as was illustrated in Figure 1) these stresses are the

tangential and radial stresses ( r).

The failure is initiated in the direction of l at point a ) r is

equal to borehole pressure (Pb). The magnitude of in the direction l (line A-A) when Pb=0 can be

expressed as:

lLA)- BA ,

[8] for =0 we have:
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Figure 17 shows how parameters A and B vary along the radial distance from the borehole

axis.

As anticipated, Figure 17 shows that A and B tends to become 1 and 0, respectively at

distances further away from the borehole wall. This indicates that (A-A) l at

far- l (A-A) increases in the vicinity of the borehole. Yet, the contribution of

L (A-A) l.

The borehole wall failure propagates along line A-A till the stresses at the tip of the failure

are equal to the material strength (point b in Figure 16). During the failure propagation phase r(A-A)

at the tip of failure is mainly governed by Pb and the residual strength in the yield zone. However,

the magnitude of the (A-A) is still a function of both l L.

In order to understand the effect of lateral stresses on -A) the stress profile along line A-A

of the numerical models of set 1 and 3 were studied in more detail (Figure 18).

From Figure 18 it can be seen that the stress profile within the yield zone is independent of

lateral stresses. Moreover as explained before, r(A-A) is independent from the lateral stresses at the

elastic-plastic boundary (at the tip of failure, correspond to point b in Figure 16). Overall, it can be

seen that beyond the tip of failure (i.e. in the elastic zone), r(A-A) is mainly governed by l, while

(A-A) L. Hence, it is plausible to assume that the contributions l L

-A) in the elastic zone beyond the tip of failure along line A-A

equation.

To summarize, the above discussion demonstrated that L is more than

that of l -A), and r(A-A) at the failure tip is mainly governed by Pb and the

residual strength in yield zone. Hence for a constant Pb the depth of failure, which is theoretically

measured in the direction of A-A, is dependent more on L l.

4 Conclusion

In this study two sets of experiments were conducted on identical cubic samples under

different true-triaxial state of stresses to investigate the effect of lateral boundary stresses and fluid

flow on borehole failure and sand production. The tests were carried out on 100×100×100 mm3

synthetic sandstones. The test setup and procedure for a cubic sample subjected to true triaxial

stresses and fluid flow was described in detail. The failure and sanding mechanism observed in the
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experiments was discussed explicitly. Followings are a summary of the findings with respect to the

sanding mechanism:

Yielding of the borehole wall was not necessarily a direct indicator of sand

production, as observed in our experiments. A minimum drawdown pressure was

needed to induce sand production from the yield zone surrounding the borehole. This

drawdown pressure was referred to as critical drawdown pressure.

A large amount of sands could be produced when the drawdown pressure was

sufficiently high and the yield zone was sufficiently large due to the loading of the

sample. This drawdown pressure was referred to destructive drawdown pressure.

When the entire sample yielded and the drawdown pressure exceeded the destructive

drawdown pressure, continuous sanding with large deformation at the borehole wall

was observed: this sanding mode was referred to catastrophic or progressive

sanding. This is due to limited sample size and boundary effect and may not be

representative of real in situ behaviour.

The failure geometry (i.e. width and depth) around the borehole were investigated

experimentally and numerically. The following conclusions were obtained:

The geometry of the failed zone around the borehole is directly related to the

difference and magnitude of the far-field lateral stresses.

The width of the failure zone is reversely proportional to the lateral stress anisotropy.

The width of failure zone increases as the difference between the maximum and

minimum lateral stresses decrease.

The minimum lateral stress has a minor impact on the depth of failure zone around

borehole. On the other hand, the extent of depth of failure zone was found to be

mainly governed by maximum lateral stresses for a given material.

As expected, the failures were developed in the direction of the minimum lateral

stress. Also, the results showed that the direction of the failure zone under isotropic

lateral stresses has an arbitrary direction which is mainly governed by heterogeneity

of the sample.
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Table 1 Properties of the synthetic sandstone and fluid used in sanding simulations.

Table 2 Applied stresses and observed dimension for the failure zones in different sanding

experiments.

Figure 1 Different modes of failure around a borehole in isotropic (left) and anisotropic (right)

state of stresses (after reference [9]).

Figure 2 Results of the triaxial compressive tests: axial stress-strain curves of the sample

under different confining pressure (top), where the numbers next to the curves are confining

pressures in MPa; and failure envelope of the sample (bottom).

Figure 3 The true-triaxial stress cell (TTSC): top view (top) and side view (bottom).

Figure 4 Laboratory sand production experiment configuration.

Figure 5 Schematic of positioning a sample for sanding experiment in TTSC.

Figure 6 An example of stress path dependency of failure pattern.

Figure 7 Loading and unloading stages in sanding experiments.

Figure 8 Loading diagram and sand volume produced in test B1600 (different stages are

marked on the plot).

Figure 9 Evolution of sanding mechanism, yielded grains are shown in black.

Figure 10 Failure zone developed in test number B1402.

Figure 11 Comparison of failure criteria in a deviatoric plane.

Figure 12 Geometry (top), mesh and boundary conditions (bottom) of 3D numerical model

built for sanding simulations of a cubic sample.

Figure 13 Failure width comparison for set 1 (top) and set 2 (bottom) of experiments.

Figure 14 Failure depth comparison for set 1 (top) and set 2 (bottom) of experiments.

Figure 15 Comparison of depth of failure in set 1 and 3 of numerical simulations.

Figure 16 State of stress at failure initiation (left) and stabilization (right) stages.
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Figure 17 Lateral stresses coefficients for tangential stress.

Figure 18 Stress profile along line A-A for set 1 (top) and set 3 (bottom) of numerical

simulations.



Fluid Properties

oil Fluid Weight density 7875.5 N/m3

oil Fluid Dynamic viscosity 0.024 Pa.s

oil Fluid Kinematic viscosity 2.99E-05 m2/s

Physical Properties

b Bulk density 1815 kg/m3

g Grain density 2500 kg/m3

n Porosity 0.274 -

k Permeability 1.63E-13 m2

Elastic Properties

E Young's modulus 7.65 GPa

Poisson ratio 0.18 -

Biot's constant 1 -

Strength Parameters

UCS Uniaxial compressive strength 5.37 MPa

T0 Tensile strength 0.7 MPa

Mohr-Coulomb Parameters

C Cohesion 1.47 MPa

Internal friction angle 32.6 deg

Drucker-Prager Parameters

d Shear yield stress 3 MPa

Friction angle 52.8 deg

K Flow stress ratio 0.8 -

Ì¿¾´» ï



Test L l l L a Pp Width Max. depth

Number MPa MPa - MPa MPa deg mm

B1401 14 8 0.57 8 4 120 3.4

B1402 14 10 0.71 8 4 140 3.6

B1403 14 12 0.86 8 4 170 3.2

B1404 14 14 1.00 8 4 180 2.3

B1601* 16 6.4 0.40 6.4 3.2 105 4.9

B1602* 16 11.2 0.70 6.4 3.2 150 4.6

B1603* 16 16 1.00 6.4 3.2 180 4.4

* These tests were presented and discussed by the Authors in references [38, 39].
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