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Abstract: In a casing-cement sheath-formation system, the cement—formation interface is usually
weakly cemented for the residual of drilling mud, in which a leakage path would easily form, threat-
ening the safe operation of underground energy exploitation and storage. To evaluate the compressive
and shear mechanical behavior of the cement-formation interface, cement-rock composite cylindrical
specimens were prepared. Uniaxial and triaxial compression and direct shear tests were implemented.
The flushing efficiency of the rock surface, compressive strength, interface incompatible deformation,
parameters of shear strength, and morphology of shear failure surface were acquired and analyzed.
Results show that the flushing efficiency of shale surface decreases from 76.7% to 64.2% with the
surface roughness increasing from 0 to 2 mm. The flushing efficiency of sandstone is only 44.7%,
remarkably lower than that of shale. With the stress condition transforming from uniaxial to triaxial
compression, the feature of the stress—strain curves changes from elastic-brittle to elastoplastic, and
the compressive strength increases from 20.6~60.1 MPa to 110~120 MPa. The cement part presents
noteworthy plastic deformation and several micro shear fractures develop. There is incompatible
deformation between cement and rock, which induces interface debonding for almost all the compos-
ite specimens. The internal friction angle and cohesive strength both decrease with the increase in
pollution degree of drilling mud, and increase with the rise in surface roughness. The shear facture
surface is not exactly the rock-cement interface, but usually manifests as a shear zone, in which the
rock, cement, and interface all contribute to the final shear failure. The above findings would be

valuable for the revealing of cement-formation interface failure mechanism.

Keywords: cement-rock interface; drilling mud pollution; flushing efficiency; compressive strength;
incompatible deformation; interface shear parameters

1. Introduction

A wellbore is an artificial established channel connecting the surface and deep forma-
tions in underground energy exploitation [1-5] and storage [6-10]. The cementing operation
is implemented after drilling. As shown in Figure 1a, before injecting cement slurry, flush-
ing fluid is pumped into the well to clean the hole and separate mud from cement [11].
Then, the cement slurry is pumped in and placed around the lower part of the casing.
After the setting and hardening of the cement, a robust and tight casing—cement—formation
sealing system is formed(Figure 1b).

As itis affected by various engineering disturbances after cementing (such as hydraulic
fracturing, temperature alteration, cyclic injection—production, etc.), the loss of annular
isolation happens in three positions: (1) the body of the cement sheath, (2) the casing—
cement interface (the first interface), and (3) the cement—formation interface (the second
interface) [12,13]. The mechanical behavior and failure mechanism of o0il cement stone were
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systematical investigated [14-18]. The casing—cement interface is similar to the structure
of steel concrete, which usually forms good cementation. Among the three locations, the
cement—formation interface is in the most complex environment. On the one hand, the
wellbore wall is naturally undulating. When encountering a broken formation, the wellbore
wall becomes rougher. On the other hand, drilling mud easily adheres to the grooves of the
wellbore, and is not completely removed (Figure 1c). The residual drilling mud impedes
the cementation between the cement and the formation. Therefore, the second interface is
naturally weakly cemented, and there is a high risk of a leakage path forming.

Cement
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I

Casing-cement interface Residual

sl drilling mud
‘ement-formation interface] =
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Figure 1. Primary cementing and casing—cement-formation system. (a) Primary cementing,
(b) Casing—cement—formation structure, (c) Cement-formation interface.

A review of the literature shows that previous studies on the mechanical properties of
cement-formation interfaces are relatively few and limited. Opedal et al. [12] argued that
the presence of drilling fluid and drilling fluid type were crucial parameters for cement—
formation bonding. Ladva et al. [19] found that the presence of filter cakes on the permeable
sandstone could decrease the interface shear bond strength from 120 psi to 0.1-1 psi. Plank
et al. [20] used synthetic ceramic core samples to simulate reservoir rock, and tested the
bonding strength of the cement—formation interface containing mudcake. Liu et al. [21]
measured the shear bond strength of the cement-shale interface using a new method, but
the interface roughness and drilling fluid residual were ignored. Lian et al. [22] studied
the cement-to-formation interface debonding by a numerical method, but the interface
roughness was not considered.

The above research mainly tested the shear strength of the cement-formation interface
without considering the action of normal stress. However, in underground situation, the
cement—formation interface is suppressed by normal stress, which influences the shear
behavior of the interface according to the Mohr—Coulomb criterion. A direct shear test,
considering multiple normal stress levels, would be a good choice. The obtained shear
strength parameters (internal friction angle and cohesive strength) would provide a more
comprehensive evaluation of the interface shear behavior. In addition, the deformation
characteristics near the interface under compression are also rarely involved, which could
reveal the interface debonding mechanism.

In this study, cement-rock composite cylindrical specimens were prepared considering
the interface roughness and drilling mud residue to simulate the cement—formation inter-
face in a wellbore system. The flushing efficiency of the rock surface suffering under drilling
mud pollution and flushing fluid washing was calculated. The compressive strength of
cement-rock specimens and interface incompatible deformation characteristics were ac-
quired under uniaxial and triaxial states. The parameters of shear strength and morphology
of shear failure surfaces were analyzed. The results are valuable for the understanding of
the cement-formation interface failure mechanism.
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2. Materials and Test Methods
2.1. Sample Preparation

To investigate the compressive and shear mechanical property of the cement—formation
interface, rock—cement composite specimens were designed. Shale and sandstone were
selected as the rock part. Specifically, shale was collected from the outcrop of the Longmaxi
Formation in Sichuan Basin [23,24], which was the target reservoir of shale gas, while
sandstone was gathered from the Yanchang Formation in Ordos Basin [25], the producing
area of tight sandstone gas. The basic mechanical parameters and mineral composition
of these two types of rock are listed in Tables 1 and 2, respectively. Oil well cement was
adopted to make the cement part. Class-G oil well cement (100%), water (40%), fluid loss
additive (4%), and defoaming agents (0.25%) were mixed to form the cement slurry.

Table 1. Basic mechanical parameters of selected rock and cement stone.

Materials Uniaxial Compression Strength Young’s Modulus Poisson’s Brazilian Tensile Strength
(MPa) (GPa) Ratio (MPa)
Rock-shale 98.5 24.10 0.20 13.0
Rock-sandstone 412 6.23 0.13 4.4
Cement stone 59.3 9.85 0.15 3.2

Notes: each parameter in the table is the average value of 3~5 data. The parameters of cement stone were tested
after curing of 28 days.

Table 2. Mineral composition of selected shale and sandstone.

Rock Type

Minerals (%)

Quartz Albite Calcite  Dolomite Pyrite Ilite Microcline  Clinochlore

Shale
Sandstone

69.78 11.40 2.80 2.16 293 10.93 - -
20.19 15.65 47.76 2.01 - - 8.56 5.83

The preparation procedure is presented in Figure 2. Firstly, the standard rock cylinder
(height of 100 mm and diameter of 50 mm) was cut along its central section with diamond
wire saw (Figure 2a). The setting of cutting path is specially introduced in the following
part. Three types of surface roughness were designed (Figure 3): (1) flat surface (roughness
0 mm), which simulated the ideal smooth state of the wellbore wall; (2) small undulating
surface (roughness 1 mm) (Figure 3a), in which the cutting path was a zigzag line with
amplitude of 1 mm, which was a simplified simulation of the roughness condition of real
wellbore wall; and (3) large undulating surface (roughness 2 mm) (Figure 3b), which was
prefabricated by a zigzag cutting path with amplitude of 2 mm; the wall of the broken
formation exhibited greater roughness.

Then, as shown in Figure 2b, oil-based drilling mud, with volume of 15 mL, was
poured on the cutting surface of the rock. After precipitation of 6 h, the drilling mud
was poured out. Immediately, the polluted surface was immersed into the flushing fluid
(15 mL). The residual drilling mud was dissolved and washed away. The drilling mud and
flushing fluid were taken from the site. During the mud pollution and flushing process,
the mass variation of the rock specimens was recorded, to acquire the flushing efficiency,
which was calculated using

np = L2 100% (1)
my — Mo
where my is the initial mass of the rock specimen; m; is the mass after precipitation and
pouring out of the drilling mud; and m; is the mass after flushing fluid washing.

Finally, the rock was placed into the mould, with the treated face up. Mixed cement
slurry was poured into it. Demolding occurred after curing of 72 h and continue curing
for 28 days. After cutting and polishing of the cement surface, the rock—cement composite
specimens (standard cylinder ¢50 x 100 mm) were ready to test (Figure 2c).
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Figure 2. Preparation steps of rock—cement composite specimens. (a) Cutting rock with diamond
wire saw, (b) Rock surface pollution and flushing, (c) Cement pouring and curing.
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Figure 3. Roughness setting of rock surface.

2.2. Experimental Design

Based on the above description of sample preparation, we designed five types of
rock—cement composite specimens (Table 3), considering key factors of lithology, interface
roughness, and interface cleanliness. Compression and shear tests were implemented
on each type of rock—cement specimens. In compression tests, uniaxial compression
was firstly conducted, which also provided reference for the setting of normal stress in
subsequent shear experiments. Then, triaxial compression was performed under the
confining pressure of 20 MPa. The above two types of compression tests were all controlled
by axial displacement, with a constant rate of 0.12 mm/min, and the complete stress—
strain curves were recorded. The objective of the compression tests was to investigate the
deformation and failure characteristic of the rock—cement interface under compression. The
confining pressure of 0 MPa (uniaxial) and 20 MPa (triaxial) were designed to simulate the
stress states at shallow and deep formations, respectively.
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Table 3. Experimental scheme.
. Interface Roughness Interface Pollution Sample Number
Composite Type . N
(mm) and Flushing Compression Test Shear Test

0 Drilling mud (15 mL) YC-0-2-(1, 2) YS-0-2-(1, 2, 3, 4)

1 + YC-2-2-(1, 2) YS-2-2-(1, 2,3, 4)

Shale + Cement 2 Flushing fluid (15 mL) YC-4-2-(1, 2) YS-4-2-(1,2,3,4)

1 Fresh and untreated YC-2-0-(1, 2) YS-2-0-(1, 2, 3, 4)

1 Drilling mud (15 mL) YC-2-3-(1, 2) YS-2-3-(1, 2,3, 4)
Drilling mud (15 mL)

Sandstone + Cement 1 + SC-2-2-(1, 2) SS5-2-2-(1,2,3,4)
Flushing fluid (15 mL)

After compression tests, direct shear experiments were carried out to reveal the shear
behavior and failure mechanism of the rock—cement interface. Based on the results of
uniaxial compression, the normal stresses in shear tests were determined. The principle is
that the specimen should be in a linear elastic state during the process of vertical loading.
The general test processes are: (1) place the specimen in the shear box; (2) apply the normal
force on the top to the pre-set value; and (3) exert shear force on the specimen in horizontal
direction until failure [26]. Here, the normal force was loaded at a constant rate of 1 kN/s,
and shear force was applied by the control of horizontal shear displacement, at the rate of
0.002 mm/s. Four levels of normal stresses were set, and the corresponding values of shear
strength were acquired. According to the theory of Mohr—Coulomb [27], the formula of
shear strength was determined by the linear fit of the four scatters.

T=o0ytang+c 2)

where 7 is the shear strength at a given normal stress, MPa; ¢, is the normal stress, MPa,
which remained unchanged during shear loading; ¢ is the internal friction angle, °; and c is
the cohesive strength, MPa.

2.3. Experimental Equipment

The uniaxial and triaxial compression experiments were performed on an MTS 815
test system [28]. It provided a maximum axial force of 4600 kN and confining pressure
of 140 MPa, with excellent rigidity of 11.0 x 10 N/m (Figure 4a). The direct shear tests
were conducted on a RMT-150C rock mechanics testing system [26] (Figure 4b), which was
self-developed by the Wuhan Institute of Rock and Soil Mechanics, Chinese Academy of
Sciences (WHRSM, CAS). The maximum horizontal shear and vertical compressive forces
reach 400.0 and 1000.0 kN, respectively. The control rate of displacement could be set
between 0.0001 and 1.0 mm. The rigidity of the whole frame is 5.0 x 10° N/m.
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Figure 4. Test system for compression and direct shear experiments.

3. Experimental Results and Analysis
3.1. Mud Flushing Efficiency of Rock Surface

As shown in Figure 5, after drilling mud pollution and deposition, the grooves of the
rock surface are filled with drilling mud. With the treatment of flushing fluid washing,
most of the attached mud on the shale surface is removed. The buried undulating surface
reappears. However, after careful observation, we could still see a little mud and flushing
fluid remaining in the bottom of the grooves. In comparison, the residual drilling mud on
the sandstone surface is quite difficult to clean. After the same flushing treatment of shale,
there is still much drilling mud left and filling the grooves. We could hardly see the clean
sandstone surface reappear.

The flushing efficiency could be used to quantitatively evaluate the washing effect. As
shown in Figure 6, the flushing efficiency decreases from 76.7% to 64.2%, with the surface
roughness increasing from 0 mm to 2 mm. As it is difficult to wash away the drilling mud
hiding in the depths of the rock grooves, under the same cleaning procedure, the flushing
efficiency of sandstone is only 44.7%, remarkably lower than that of shale (68.7%).
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Figure 6. Flushing efficiency of rock surface with difference roughness and lithology.

3.2. Mechanical Behavior of Rock—-Cement Specimen in Compression
(1) Compressive strength

In the uniaxial compression state, the values of compressive strength vary in a wide
range, influenced jointly by interface cleanliness, roughness, and lithology. As depicted in
Figure 7a, shale-cement specimens with good interface cleanliness and small roughness
(YC-2-0-1, YC-0-2-1, YC-2-2-1) show relatively high strength (55.9~60.1 MPa). The reason is
that good interface cleanliness brings strong interface bonding, and small roughness does
not induce excessive stress concentration at the interface. Therefore, the shale-cement spec-
imen, as a solid whole, can bear a relatively high compressive stress. Under the condition
of drilling mud pollution without flushing, the shale-cement interface is poorly cemented
for the large amount of residual drilling mud. Therefore, relatively free lateral slippage can
happen between cement and shale at the interface. The overall stiffness of the shale-cement
specimen declines and the corresponding compressive strength decreases. Specifically, the
compressive strength of specimen YC-2-3-1 is only 31.7 MPa. For the specimen with the
interface roughness of 2 mm (YC-4-2-1), the value of compressive strength is only 31.6 MPa.
The high level of roughness inducing excessive stress concentration at the interface is the
main reason. The compressive strength of the sandstone—cement specimen (SC-2-2-1)
is the weakest, which is only 20.6 MPa. Poor interface cementation and low strength of
sandstone contributes to the low bearing capacity of the composite specimen.
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Figure 7. Stress-strain curves of composite rock-cement specimens under uniaxial and triaxial
compression. (a) Stress—strain curves under uniaxial compression, (b) Stress—strain curves under
triaxial compression.

The situation is quite different for specimens under triaxial compression. At the
confining pressure of 20 MPa, all stress—strain curves exhibit remarkable elastoplastic
characteristics (Figure 7b), which is different from the elastic-brittle feature under uniaxial
compression. The values of the compressive strengths are very close, and focus on the
range of 110~120 MPa (Table 4). The existence of confining pressure inhibits the adverse
effects of poor interface cementation and roughness on compressive strength.

Table 4. Data collection of compressive strengths.

Compressive Deviatoric Compressive

Test Type Sample No. Strength Test Type Sample No. Stress Strength
(MPa) (MPa) (MPa)
YC-2-0-1 60.1 YC-2-0-2 99.8 119.8
YC-2-2-1 55.9 Triaxial YC-2-2-2 95.9 1159
Uniaxial YC-2-3-1 317 e on YC-2-3-2 92.8 112.8
compression YC-0-2-1 59.4 (CO _ngsﬁg ) YC-0-2-2 96.5 116.5
YC-4-2-1 31.6 7= a YC-4-2-2 90.7 110.7
SC-2-2-1 20.6 SC-2-2-2 92.6 112.6

Note: Triaxial compressive strength = deviatoric stress + confining pressure.

(2) Failure mode

By observing the specimens after tests, we could obtain the failure mode and evaluate
the interface cementation integrity (Figure 8). Under the condition of uniaxial compression
(03 = 0 MPa), tensile splitting in a vertical direction is the dominate failure mode. Fractures
usually initiate at the relatively weak part (cement or sandstone), and propagate across
the interface to the strong part (shale). However, the integrity of the interface cementation
differs according to the interface cleanliness and roughness. As the degree of interface
pollution increases, the post-test interface integrity changes from bonding (Figure 8a)
to partial bonding (Figure 8b), and to debonding (Figure 8c). Due to the large amount
of residual drilling mud and vertical compressive loading, drilling mud extrudes from
the interface in specimen YC-2-3-1 (Figure 8c). With the increase in interface roughness
(0 = 1 — 2 mm), the integrity of the interface cementation also evolves from bonding to
debonding (Figure 8b,d,e). For the specimen (YC-4-2-1) with interface roughness of 2 mm
(Figure 8e), it is worth noting that fractures initiate at peak points of the convex zone, which
is the result of stress concentration and corresponds to the relatively low compressive
strength. The sandstone-cement specimen also shows interface debonding. Based on the
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above analysis, it is demonstrated that interface debonding under uniaxial compression
appears in specimens with excessive mud residue and poor interface cementation.

Locgl
fracluLd
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ractures initiating]

Figure 8. Deformation and failure characteristics of composite rock—cement specimens under uniaxial
and triaxial compression. (a) YC-2-0-(1, 2), Roughness 1 mm, Fresh and untreated surface, (b) YC-2-
2-(1, 2), Roughness 1 mm, Drilling mud contamination and flushing, (¢) YC-2-3-(1, 2) Roughness 1
mm, Drilling mud contamination without flushing, (d) YC-0-2-(1, 2), Roughness 0 mm, Drilling mud
contamination and flushing, (e) YC-4-2-(1, 2), Roughness 2 mm, Drilling mud contamination and
flushing, (f) SC-2-2-(1, 2), Roughness 1 mm, Drilling mud contamination and flushing.

In triaxial compression with a confining pressure of 20 MPa, the deformation of all
composite specimens is similar. The cement part presents noteworthy plastic deformation,
with middle domain swelling, and several micro shear fractures develop (Figure 8). The
rock parts almost remain good integrity. Due to the excessive compressive deformation of
cement in the vertical direction, the lateral expansion is also very large, while the lateral
deformation of rock is relatively small. There is severe incompatible deformation of cement-
and rock-induced interface debonding for nearly all composite specimens under triaxial
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compression. In the neighborhood of the interface, locally fractured cement is spotted
in specimens YC-2-2-2 and YC-2-3-2 (Figure 8b,c,e), because the cement at the interface
is not in an ideal compact structure and has relatively low strength. In addition, stress
concentration, induced by high levels of surface roughness, also influences the failure of
cement. As shown in Figure 8b,e f, several inclined shear fractures intersect with the peak
points of the convex zone at the rough interface. Therefore, the failure mode of interface
debonding and local cement fracturing should be paid more attention for the cement-rock
interface under a triaxial compressive state.

3.3. Shear Behavior of Rock—Cement Interface

The scatters of shear and normal stress are plotted in Figure 9. For each type of
composite specimens, shear stress keeps growing with the increase in normal stress. Based
on the Mohr-Coulomb criterion, the linear fit was implemented, and parameters of shear
strength (internal friction angle and cohesive strength) acquired are shown in Table 5.

45 4
{1 W SS-2-2 - - -SS-2-2-Linear fit
40 @ YS-22- - -YS-2-2-Linear fit
A YS2-0 - - -YS-2-0-Linear fit
] YS-2-3 = - - YS-2-3-Linear fit
35 - YS-0-2 = = - YS-0-2-Linear fit
YS-4-2 YS-4-2-Linear fit
30 T
- _-
£ ‘, -
225 B
Z A 7 &
172} - -
220 - -
- — 27 ’,’
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5L-7 -- T _ M=%
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Normal stress (MPa)

Figure 9. Scatters of shear and normal stresses and corresponding linear fit curves.

The tangent value of the internal friction angle (tang) is the slope of the fitted line,
which reflects the sliding friction property of the shear plane, and is determined by surface
roughness and material stiffness. As shown in Figure 10a, the values of internal friction
angle decrease with the increase in drilling mud pollution for shale-cement specimens with
the same surface roughness of 1 mm. For specimens with fresh and untreated surfaces, the
internal friction angle is 40.9°, while it decreases to 37.9° for surface treated with drilling
mud pollution and flushing fluid washing. If the step of flushing is further removed, the
value continues to decline to 30.6°. Under the same condition of surface cleanliness, the
internal friction angle grows from 22.2° to 47.3°, as the roughness increases from 0 mm
to 2 mm. Owing to the incomplete drilling mud cleaning and relative low stiffness of
sandstone, the internal friction angle of the sandstone—cement interface (25.9°) is much
smaller than that of the shale—-cement interface (37.9°).

Cohesive strength (c) is the intercept of the fitted line, which represents the initial shear
strength without the action of normal stress, and could be used to evaluate the initial bond
strength of the rock—cement interface. As provided in Figure 10b, the cohesive strength
shows a similar trend to the internal friction angle, but its change in range is relatively
wider. Specifically, the values of cohesive strength decline from 5.87 MPa to 1.96 MPa, a
drop of about 66.6%, as the surface cleanliness changes from fresh and untreated to drilling
mud pollution without flushing, while it drops dramatically from 7.01 MPa to 0.89 MPa,
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as the surface roughness decreases from 2 mm to 0 mm, which infers that the smooth
wall of the wellbore does not have sufficient shear resistance. The cohesive strength of the
sandstone—cement interface is only 0.72 MPa, much lower than that of the shale-cement
interface (4.55 MPa).

Table 5. Data collection of shear stresses and calculated parameters of shear strength.

Samp]e o Linear Flt
Number o, (MPa) T, (MPa) tang @ (©) ¢ (MPa) Tp= 0y tang + ¢
YS-2-0-1 6 11.34

YS-2-0-2 12 1495 7, = 0.8688 7y + 5.87
Y5-2-0-3 18 2343 0.8688 40.9 587 R2 =0.9339
YS-2-0-4 24 25.89

YS-2-2-1 6 9.35

YS-2-2-2 12 1345 T, = 0.7788 oy + 4.55
YS-2-2-3 18 19.08 0.7788 37.9 455 R2 = 0.9930
YS-2-2-4 24 23.05

YS-2-3-1 4 4.05

YS-2-3-2 8 7.03 1, = 05905 oy + 1.96
Y5-2-3-3 12 917 0.5905 30.6 1.96 R2 = 0.9868
YS-2-3-4 16 1121

YS-0-2-1 6 3.64

YS-0-2-2 12 5.39 7, = 0.4071 oy + 0.89
YS-0-2-3 18 8.07 0.4071 2.2 0.89 R2 = 0.9843
YS-0-2-4 24 10.89

YS-4-2-1 4 12.08

YS-4.-2-2 12 1856 7, =1.0833 7y + 7.01
YS-4-2-3 18 26.92 1.0833 47.3 7.01 R2 = 0.9833
YS-4-2-4 24 33.29

SS-2-2-1 3 2.03

S8-2-2-2 6 3.79 T, = 04863 o,y + 0.72
55-2-2-3 9 524 0.4863 25.9 0.72 R2 = 0.9878
S8-2-2-4 12 6.41

The analysis of shear fracture surface could provide detailed information about the
failure mechanism. As shown in Figure 11, the shear facture surface is not always exactly
the rock—cement interface. It usually manifests as a shear zone, in which the rock, cement,
and interface all contribute to the final shear failure. The morphology of fracture surface
also shows diversity for different types of rock—cement specimens.

As shown in Figure 11a, the interface of composite specimens is fresh and uncontami-
nated with a roughness of 1 mm. The surfaces of the shear fractures are flat and exhibit
gray friction trace, and we could not see the bumpy shale—cement interface, which are filled
up and made even by the broken cement. All these indicate that shear failure mainly occurs
in the cement part next to the interface. The reason is that when the shale and cement at
the interface are firmly cemented, shear failure initiates and propagates along the relatively
weak cement part. In addition, with the increase in normal stress, the friction trace becomes
more significant.

For specimens with interface treatment of drilling mud contamination and flushing
fluid washing, shear failure still mainly happens in the cement part (Figure 11b). However,
the surface of the shear fracture is no longer flat and shows certain roughness. As the
residual drilling mud is not completely removed by flushing, and so the shale-cement
interface is not cemented as firmly as that in the fresh state. During shear sliding, some
cement, imbedded into the shale grooves, delaminates, so the surface becomes uneven.

As shown in Figure 11c, the interface is treated with drilling mud pollution without
flushing. The surfaces of shear factures are filled with residual drilling mud, and the
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prefabricated corrugated undulation is clearly visible. Due to the residual drilling mud
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(c) YS-2-3-(1, 2, 3, 4)
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(d) YS-0-2-(1, 2, 3, 4)

Figure 11. Cont.
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(e) YS-4-2-(1,2, 3, 4)

fliSandstone| Low:

(f) $5-2-2-(1, 2, 3, 4)

Figure 11. Morphology of shear fracture surfaces.

When the interface is flat, shear failure occurs exactly on the shale—cement interface
(Figure 11d). A small amount of cement is still glued to the shale. Due to the flat surface
and a little drilling mud residue, it is easy to start shear sliding, and the cohesive strength
of the interface is relatively low.

Under the condition of large surface roughness (2 mm), the initiation and propagation
of shale failure becomes more difficult. As shown in Figure 11e, because of the relatively
large roughness, not only cement but also shale, participates in the formation of shear
fractures. Consequently, the cohesive strength of this kind of interface is high and reaches
7.01 MPa.

As shown in Figure 11f, the shear fracture surface of sandstone-cement is mainly
along the interface. Due to the poor flushing effect and low strength of the sandstone,
residual drilling mud and fragments of sandstone and cement are seen on fracture surfaces.

4. Discussion
4.1. The Simulation of the Surface Roughness

It should be noted that directly observing the real internal wall of an underground
open hole is not realistic. Therefore, the complete simulation of the irregularity of the
real formation wall is very difficult. However, the observation of collected downhole full
diameter cores help us understand the surface roughness of the wall. For the integral
stratum, the collected cores are usually intact, and the surface of the cylinder sides are
relatively smooth, with little roughness. The normal range of the interface roughness is
usually 0~1 mm. For the formation with poor integrity, the drilling cores are broken, and
the surface becomes rougher. The dimensions of hole collapse blocks could range from
mm-~cm.
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4.2. The Contribution of Rock Cohesion to the Interface Shear Failure

It is really difficult to precisely separate the contribution of the cohesion of shale or
sandstone to the shear failure of the composite. However, a rough estimation can be made
according to the failure mode around the interface. For instance, if the shale or sandstone
at the interface remains relatively intact after shearing, we believe that the cohesion of the
shale or sandstone does not participate in the shear failure. The shear parameters are also
relatively small. Contrarily, if the bulges of the rock at the interface are broken during
shearing, the cohesion of the rock contributes to the shear failure of the composite. The
shear parameters could exhibit relatively high values.

4.3. The Limitations

One of the primary objects of this research is to provide a methodology to investigate
the compressive and shear mechanical properties of the cement—formation interface. The
curing conditions were simply set at room temperature and atmospheric pressure. In the
real underground environment, the cement slurry sets and hardens at certain temperatures
and pressures, which grow with the increase in burial depth. The micro-structure and me-
chanical properties of the cement stone are sensitive to the curing environment. Therefore,
more attention should be paid to the temperature and pressure of the curing period in
future studies.

5. Conclusions

By considering the interface roughness and drilling mud residue in preparation of
the cement-rock composite specimens, the compressive and direct shear tests were im-
plemented. The flushing efficiency of the rock surface, compressive strength, interface
incompatible deformation, shear strength parameters, and shear fracture morphology were
described and analyzed. The conclusions are as follows:

(1) With the shale surface roughness increasing from 0 to 2 mm, the flushing efficiency
decreases from 76.7% to 64.2%. Under the same washing procedure, the flushing
efficiency of sandstone is only 44.7%, remarkably lower than that of shale (68.7%);

(2) In a uniaxial compression state, the compressive strength varies in a wide range
(20.6~60.1 Mpa). Tensile splitting in a vertical direction is the dominate failure mode.
The integrity of interface cementation depends on the interface cleanliness and roughness;

(8) Under triaxial compression, all the stress—strain curves exhibit remarkable elastoplas-
tic characteristics, and the compressive strength focuses on the range of 110~120 Mpa.
The cement part presents noteworthy plastic deformation and several micro shear frac-
tures develop. There is incompatible deformation between cement- and rock-induced
interface debonding;

(4) The internal friction angle and cohesive strength decrease with the increase in the
degree of drilling mud pollution and increase with the rise in surface roughness. The
shear facture surface usually manifests as a shear zone, in which the rock, cement,
and interface all contribute to the final shear failure.
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