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Abstract: The cement strength between the cement and the formation is a key factor in determining
the cementation sealing capacity. In the shale formation, due to the organic matter content, the
cementing quality between the formation and the cement ring is poor, which affects the quality
of cementing. It is easy to cause problems such as annulus pressure. To improve the quality of
cementing, this paper investigates the effect of amino silane coupling agents, vinyl silane coupling
agents and aluminium-zirconate coupling agents on the interface cementation of rock and cement
under different conditions. Meanwhile, the effects of different coupling agent compounding on
improving the cementation interface cement strength under different temperature and concentration
conditions were investigated. This led to the development of a composite interface enhancer. The
composite interface enhancer can improve the bond strength between cement and rock by 189.22%.
A preflush fluid system was developed to effectively improve the cementation strength of mud
shale formations, and its performance was evaluated. The density of the preflush fluid system is
1.15 g-cm_e', and it has good rheology, settlement stability, and filtration loss. In addition, it improves
the cementing interface cementing strength between the cement and shale formation.

Keywords: shale; formation—cement ring interface; interface enhancer; preflush fluid; cementation strength

1. Introduction
1.1. Motivation

The cementing quality of the cementing second interface is the key factor to determin-
ing the quality of the cementing sealing system [1]. A cementing second interface cementing
system mainly consists of cement ring, mudcake and formation [2]. In the drilling process,
the formation condition is complicated. This makes the environment of the cementing
second interface more complicated than the first interface, and the cementing condition
is weaker [3]. It is easy to have problems such as annulus with pressure. The annular
pressure will not only affect the recovery effect of oil and gas wells but also seriously affect
the production safety [4]. According to the field data, the proportion of shale gas wells with
annulus pressure is much higher than the proportion of normal gas wells with annulus
pressure [5]. It is of practical significance to explore a method to improve the sealing
capacity of cement rings through the research and development of a formation—-cement
ring interface enhancer.

The shale is a kind of ultra-low porosity and ultra-low permeability sedimentary rock
that is mainly composed of clay minerals such as montmorillonite, with various pores
and microfractures developed [6-8]. In the cementing process, it is important to ensure
the optimal production rate and avoid problems such as annular pressure caused by the
upward migration of oil and gas at the formation—cement ring interface of the cementing
process. In many oil and gas-bearing basins such as Tarim Basin and Sichuan Basin in
China, shale can not only be used as a source rock to generate oil and gas but also as a
cap rock to prevent oil and gas from escaping upward because of its unique physical and
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chemical properties of low porosity and low permeability [9]. It is necessary to ensure
a good cementation between the shale caprock and the cement ring so as to ensure the
effective sealing performance of the cementing section and prevent oil and gas from flowing
along the formation—cement ring interface to the upper annulus. The shale formation rocks
contain organic matter, which results in poor cementation quality between the formation
and the inorganic cement. The mud shale was formed with a large amount of organic matter
deposited, and the organic matter pores and clay mineral pores are mainly distributed in
the mud shale cover. This leads to the uneven distribution of hydrophilic and lipophilic
interfaces [10]. Cement slurry is an inorganic working fluid, which has poor cementing
performance with the lipophilic interface. Therefore, improving the sealing quality of the
formation—cement ring interface in cap cementing and preventing oil and gas channelling
in the annulus have become urgent issues to be addressed.

1.2. Literatures Review

At present, there have been many studies on improving the quality of cementing
secondary interface sealing. MTC (mud cake to agglomerated cake) technology is an early
cementing interface enhancement technology researched and applied in China. Many
experts, such as Huang, Bu, etc., have conducted research on its mechanism and formula-
tion [11-13]. This technology can realise the whole curing cementation of cement and mud
cake so as to improve the cementation strength of the cementation interface [13]. Most of
the current research in the interface enhancers is applied to drilling muds. Many experts
and scholars, such as Xie, Sun and Zhang, have developed a variety of interface enhancers
for application in drilling mud [14-19]. The common feature is that the interface enhancers
are added to the drilling mud, which reacts with the original components of the mud
cake. The mud cake becomes dense, tough and resistant to scouring and strong [17]. This
improves the cementation interface bond strength, and these interface enhancers are mostly
targeted at formations such as sandstone where a large amount of mud cake remains after
drilling. However, the interface enhancers specifically designed for shale formation, where
the amount of filtration loss is small and the mudcake is thin or even non-existent, have
not been studied yet.

In cementing engineering, the mud cake remaining in the well wall can be effectively
removed by adding specific chemical treatment agents to the preflush fluid [16]. Many
scholars at home and abroad have researched efficient cleaning prelude liquid systems
for different kinds of drilling muds. Through the emulsification, chelation, penetration
and other effects of specific chemical treatment agents in the system, the mud cake can
be removed quickly [20-23]. However, there are few studies on the application of inter-
face enhancer in the preflush fluid system to further improve the cement strength of the
second interfaces.

1.3. Contribution

In summary, based on its composition and structural characteristics, the shale has poor
cementation quality with the cement. However, there is a lack of research on the cementing
qualities of shale caprocks and cement. There is insufficient understanding of this aspect.
Therefore, it is necessary to develop the interface enhancers for shale caprocks. In this
study, a set of preflush fluid systems was constructed through the development of interface
enhancers between the formation and cement. It can improve the cementation strength
of the second interface and provide new ideas and countermeasures for the interface
enhancement technology. It can also improve the cementing strength of the cementing
interface of shale formations, laying the foundation for effectively guaranteeing the safety
of oil and gas production and increasing the recovery rate of oil and gas.

2. Materials and Methods
2.1. Materials and Equipment

The materials and chemical reagents involved in this study are shown in Table 1.
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Table 1. Main experimental materials and reagents.

Name Manufacturer
Grade G oil well cement Sichuan Jiahua Enterprise (Group) Co., Ltd., Leshan, China.
Natural Shale Cores —
Microcrystalline silicon Hebei Kexu Building Materials Co., Ltd., Shijiazhuang, China.
Xanthan gum Shandong Yousuo Chemical Technology Co., Ltd., Linyi, China.
Sulphonated phenolic resins Liaocheng Zhengyang Chemical Co., Ltd., Liaocheng China.
KH silane coupling agent Shandong Yousuo Chemical Technology Co., Ltd., Linyi, China.
A silane coupling agent Jining Zhongjian Chemical Co., Ltd., Jining, China.
LD aluminium zirconate coupling agent Yangzhou Lida Resin Co., Ltd., Yangzhou, China.
Ethanoic acid (concentration 99.5%) Shanghai Titan Scientific Co., Ltd., Shanghai, China.
Anhydrous ethanol Anhui Tedia High Purity Solvents Co., Ltd., Anqging, China.

Note: KH, A, LD, etc. are Chinese brand names used to distinguish coupling agent types; KH stands for amino
silane coupling agent; A stands for vinyl silane coupling agent; LD is the product number of the manufactur-
ing company; LD aluminium-zirconate coupling agent is a class of organic complexes with aluminium and
zirconium elements.

The main instrumentation used in this study to formulate the cement paste, the
preflush fluid and performance test are shown in Table 2.

Table 2. Main experimental instruments and equipment.

Name Manufacturer
High-speed mixer Qingdao Haitongyuanda Special Instrument Co., Ltd., Qingdao, China.
Atmospheric pressure water bath curing box Qingdao Haitongyuanda Special Instrument Co., Ltd., Qingdao, China.
High-temperature and high-pressure autoclave Haian Petroleum Scientific Research Instrument Co., Ltd., Nantong, China.
Pressure testing machine Shandong Huace Machinery Co., Ltd., Liaocheng, China.
Water loss meter Qingdao Dream Instrument Co., Ltd., Qingdao, China.
Six-speed rotational viscometer Qingdao Dream Instrument Co., Ltd., Qingdao, China.
Core cutting machine Nantong Feiyu Petroleum Technology Development Co., Ltd., Nantong, China.

2.2. Cementing Strength Test of the Formation—Cement Ring Interface

The next procedure was followed in the cementing tests for the formation—cement ring
interface. The flow of the experiment is shown in Figure 1 below.

Drillin Treatment of Configure of Preparation Cement-core Formation-cement
e cori the core coupling agent of the cement consolidation ring interface
surface solution slurry and curing strength test

Figure 1. Main flow chart of the interface cementation experiment.

(1)  Drilling the core

The core taken from the site was drilled in the laboratory, and the cutting mechanism
was used to make the size (25 mm X 25 mm) for the experiment. The core specimen is
shown in Figure 2.
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Figure 2. Core specimen.

(2) Configuration of coupling agent solution

Water was used as a dispersant, adding 10% anhydrous ethanol and stirring. Subse-
quently, we added the coupling agent drop by drop into the low speed mixing solvent,
continuing to stir at low speed for 5 min, until it was fully mixed. When the A silane
coupling agent solution and LD aluminium-zirconium coupling agent solution were con-
figured, it was necessary to add the acetic acid while stirring, and we adjusted the solvent
PH to 3-5 to improve its dissolution. Concentrations used in the article are mass concentra-
tions. The unit is %.

(3) Treatment of the core surface

The amount of precursor fluid needs to meet the requirement of turbulent flow contact
time to ensure top-off efficiency. Generally, it can be considered at 10 min. Therefore, in this
experiment, the natural mud shale core was immersed in the coupling agent for 10 min.
The coupling agent was allowed to fully react with the natural core.

(4) Preparation of the cement slurry

The conventional cement slurry was prepared according to the standard “Test method
for Oil well cement” (GB/T 19139-2012 [24], which the water-cement ratio was 0.44;

(5) Cement core consolidation and curing

The treated core was put into the steel ring mould to simulate the mud shale formation,
and the cement slurry was injected into the mould for maintenance so as to cement and
core consolidation. In this experiment, three representative temperatures were considered:
medium-low, medium, and high. The different curing temperatures were set for each
group: 70 °C, 90 °C and 150 °C. The strength of the cement needs to be fully developed
when cement cementing logging. The waiting time for setting is normally not less than 48
h. Therefore, the curing time is 48 h.

(6) Formation-cement ring interface strength test

The cured specimen is shown in Figure 3. After solidified cement slurry, the press
was used to test the formation-cement ring interface’s shear cementation strength. The
schematic diagram of the experimental device is shown in Figure 4.

Figure 3. Cementing diagram of cement sheath and core after curing 48 h.
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Core

Set cement

Supporting base

Figure 4. Schematic diagram of experimental device.

2.3. Performance Test of Preflush Fluid System

The preflush fluid performance test mainly includes a prelude water loss test, set-
tlement performance test, rheology test and interface cementation experiment. These
experiments are described below.

(1) Filtration property test

According to the API (American Petroleum Institute, Washington, D.C., USA) standard,
the water loss of the mud shale cementation pre-liquid system at 35 °C and 6.9 MPa for
30 min was improved by using the water loss meter. The filtration performance of the
pre-liquid system can be evaluated by the filtration rate.

(2) Settlement performance test

The density of the antecedent liquid was measured by using a density scale. The upper,
middle and lower slurries were extracted after 2 h of standing, and their densities were
measured separately by density scale. The maximum density difference was calculated.

(3) Rheological test

The rheological properties of the preflush fluid were tested using a six-speed rotational
viscometer. The indications at different rotational speeds were recorded separately, and the
power law model was chosen to be utilized for the analysis of its rheological properties.

3. Results and Discussion
3.1. Influence of the Coupling Agent on Cementation Strength at Different Temperatures

A silane coupling agent solution (mass concentration 0%, 0.1%, 0.2%, 0.3%, 0.4%,
0.5%), KH silane coupling agent solution (mass concentration 0%, 0.1%, 0.2%, 0.3%, 0.4%,
0.5%), and LD aluminium-zirconium coupling agent solution (mass concentration 0%,
0.1%, 0.2%, 0.3%, 0.4%, 0.5%) were configured. After 48 h of curing under 70 °C, 90 °C,
and 150 °C, the cementation strength of the formation-cement ring interface is shown
in Figure 5. After curing at different temperatures, the cementation strength of the three
coupling agents increased. Under the same temperature, the cementation strength of the
LD aluminium-zirconium class treated first increased and then stabilized with the increase
in concentration, while the cementation strength of the KH and A silane class treated first
increased and then decreased with the increase in concentration. Moreover, the interface
enhancement effect was the best with the A silane coupling agent at 150 °C, and the optimal
concentration of the A silane coupling agent was 0.3%.
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Figure 5. Cementation strength of the formation—cement ring interface under different concentrations.

3.2. Effect of Compound Interface Enhancer on Improving Interface Cementation Strength

Among the three coupling agents with the best elevating effect, the A silane coupling
agent and KH silane coupling agent were selected to compound. Through experiments,
the effects of the mixing ratio, optimal concentration, and temperature change on the
improvement of interface cementation strength were explored so as to obtain a compound
coupling agent that can effectively improve the interface cementation strength.

The ratio of the A silane coupling agent and KH silane coupling agent was 1:1. The
total concentrations of the A silane coupling agent and KH silane coupling agent were
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0.3%, 0.4%, and 0.5%, respectively. After 48 h of curing under 70 °C, 90 °C, and 150 °C, the
cementation strength at the formation—cement ring interface was shown in Figure 6. The
improvement effect of the KH silane coupling agent and A silane coupling agent on the
formation—cement ring interface was better than that of a single reagent. The maximum
increase in cementing strength of the formation-cement ring interface by the coupling
reagent was 189.22% at 70 °C, and the maximum increase in cementing strength of the
formation—cement ring interface by the coupling reagent was 49.2% at 90 °C. The maximum
lifting capacity could reach 45.2% at 150 °C.

g 45—
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540_ ——0.4%
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e 3.5 |- '\.\.
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Figure 6. Cementation strength of the formation-cement ring interface.

At the same concentration, with an increase in temperature, the cementation strength
at the formation—cement ring interface decreased. The 0.3% A-KH silane coupling agent
increased the cementation strength at the formation—cement ring interface the most. There-
fore, the optimal mixing concentration is 0.3%.

3.3. Performance Evaluation of a Preflush Fluid System for Enhancing Shale Cementation

In this paper, a preflush fluid system for enhancing shale cementation was formed,
and its composition is shown in Table 3. Slag was used as the weighting agent; xanthan
gum was used as the suspension stabiliser; sulphonated phenolic resin was used as the
filtration control agent. The interface enhancer was composed of 10% anhydrous ethanol
mixed with 0.3% A-KH silane coupling agent (KH silane coupling agent and A silane
coupling agent in a ratio of 1:1).

Table 3. The preflush fluid system for enhancing shale cementation.

Interface Enhancer

Slag Xanthan Gum Sulfonated Phenolic Resin Dispersion Medium

10.3%

30% 0.3% 2% Water

3.3.1. Filtration Property Test

A water loss apparatus was used to measure the fluid loss of the preflush fluid system
at 35 °C and 6.9 MPa for 30 min so as to evaluate whether the filtration property was up to
the API standard.

The measurement results showed that the fluid loss was 52 mL with 2% sulfonated
phenolic resin. The preflush fluid has good filtration performance, and the filter cake
formed was thinner and denser, as shown in Figure 7.
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Figure 7. Filter cake.

3.3.2. Settlement Performance Test

The density balance was used to measure the density of the preflush fluid. The upper,
middle, and lower slurry were extracted after standing for 2 h. Subsequently, the maximum
density difference was calculated. The experimental results are shown in Table 4 The results
showed that the density of the preflush fluid system was 1.15 g-cm 2, and the maximum
density difference was 0.02 g-cm 3 after standing for 2 h, which was up to the construction
requirements (less than 0.05 g-cm~3).

Table 4. Settlement performance of the preflush fluid system.

Density after Two Hours of Standing

Density/(g-cm—3) Upper Middle Lower Maximum Density
Density/(g-cm—3) Density/(g-cm—3) Density/(g-cm—3) Difference/(g-cm—3)
1.15 1.14 1.15 1.16 0.02

3.3.3. Rheological Test

Rheological tests were performed by a six-speed rotational viscometer. Rheological
parameters were calculated using a power-law model to evaluate the rheological properties
of the precursor fluid. As can be seen from Table 5, the rheological property of the preflush
fluid system with the 0.1% xanthan gum was the best. However, as shown in Figure 8,
the preflush fluid system with the 0.1% xanthan gum showed obvious stratification after
standing for 2 h. Therefore, 0.2% xanthan gum was selected to ensure suspension stability.
(n is the rheological index and K is the consistency factor. A larger n indicates better
rheological properties.)

Table 5. Rheological properties of the preflush fluid system with different xanthan gum dosage.

Xanthan Gum Test Data Rheological Parameters
Dosage 600 @300 @200 @100 D6 3 n
0.3% 41 27 22 15 5 3 0.602 0.323
0.2% 31 19 14 9 2 1 0.706 0.119
0.1% 17 9 6 3 0 0 0.917 0.015
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Figure 8. Layering phenomenon of the preflush fluid.

3.3.4. Cementation Strength Test

In order to explore the impact of improving the preflush fluid system for shale cemen-
tation on the shale formation—cement ring interface cementation strength, the formation—
cement ring interface cementation strength of cores treated with water, the interface en-
hancer, the conventional preflush fluid, and the improved shale cementation preflush fluid
system were compared at 70 °C and 150 °C, respectively.

It can be seen from Table 6 that at 70 °C and 150 °C, compared with the pure water
system, the conventional preflush fluid had little effect on the improvement of the interface
cementation strength. The improvement effects of the improved shale cementation preflush
fluid system and the interface enhancer were basically the same, indicating that other
admixtures in the preflush fluid system could not affect the improvement effect of the
interface enhancer.

Table 6. The shale formation-cement ring interface cementation strength.

Temperature/°C

Solution Cementation Strength after Curing

for 48 h/MPa
Water 1.3323
The conventional preflush fluid 1.4035
70 The interface enhancer 3.8259
The improved shale cementation preflush fluid system 3.8291
Water 2.3248
The conventional preflush fluid 2.3571
150 The interface enhancer 3.3678
The improved shale cementation preflush fluid system 3.3615

In the summary, a preflush fluid system for improving shale cementation was formed,
which was composed of 30% slag, 10.3% interface enhancer, 0.2% xanthan gum and 2%
sulfonated phenolic resin. Water was used as a dispersing medium.

4. Mechanism and Implication
4.1. Cement—Formation Interface Cementing Mechanism

The main ingredients in G-grade cements commonly used for cementing are calcium
silicate and calcium aluminate, among others [25]. Silicate cement hydration process
products are also more complex; the main components are C-S-H (hydrated calcium
silicate), calcium alumina and Ca(OH), [26]. In the transition zone at the interface between
the strata and the cement, the products of cement hydration are mainly calcium alumina
and Ca(OH); crystals. With the deepening of the hydration reaction, the crystals in the
transition zone of the interface were enlarged, and the C-S-H gel generation was suppressed,
resulting in insufficient interfacial cementation strength [27].

A study has shown that siloxyl bonds are introduced at the interface to enhance the
bonding energy of the C-5-H gel to the interface. The siloxys can generate C-S-H gels
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with Ca(OH); crystals, which can enhance the interfacial strength. Moreover, in this study,
introducing siloxysilicon can improve the cementing interface’s cementing performance by
using a nano-fluid silica cement slurry system [27].

4.2. Interface Enhancement Mechanisms

The coupling agent is a substance with two different functional groups. In many
applications, it generally acts as a “molecular bridge” to improve the properties of the
composite material and enhance the bonding strength between different substances [28].
The reaction mechanism of the silane coupling agent is illustrated as an example. The
reaction of the coupling agent between the rock and cement can be divided into three
stages: (1) hydrolysis and condensation of the coupling agent to produce Si-OH chemical
bonds; (2) chemical bonding of the Si-OH chemical bonds with hydroxyl groups on the
rock surface; and (3) chemical bonding of the coupling agent with hydroxyl groups in
the cement slurry [29,30]. The process is shown in Figure 9. The reaction mechanism of
aluminium-zirconate coupling agents is essentially similar.

Cement surface

R R R ; ? ?
—OH + 3C:H:OH
Pl HO—élr—OH HO—‘aIi—OH HO—4r—0H HO—%—0H HO—g—OH HO—g—OH

H  OH

T HO—5—0H HO—S5—0H HO—S—0H
S—k + H:0

OH H Rock surface

Rock surface

Figure 9. Reaction mechanism of silane coupling agent.

The cementation between rock and cement is similar to the mechanism of the silane
coupling agents. Both are bonded through the Si-O-Si structure. The coupling agent
actually replaces the original cementing structure between the rock and cement to realize
the cementing effect between the two. This enables good cementation in areas where the
cementation is weak.

For the systems in which only one coupling agent acted, the Si-OH generated by the
hydrolysis of aluminium-zirconium coupling agents and silane coupling agents could react
with the hydroxyl groups on the rock surface to form hydrogen bonds. After dehydration,
the silicon atoms in the coupling agent could form a Si-O-5i structure with the silicon atoms
in the rock, resulting in cementation. Subsequently, the remaining Si-OH groups could
react with other coupling agents or exist in free form. Then, the coupling agent reacted
with the chemical bond of the cement slurry. After the cement slurry was injected around
the rock, a large number of hydroxyl groups in the slurry reacted with the free Si-OH
groups. With the hydration and solidification process of the cement slurry, dehydration
and condensation formed a chemical bond, thus finally realizing the cementation of the
coupling agent between the two inorganic materials of rock and cement slurry. There are
studies that prove this [30,31]. Mechanistically, the coupling agent works by dehydrating
and polycondensation with the hydroxyl groups of the rock and cement. Different coupling
agents have different ability to hydrolyse hydroxyl groups. Therefore, the improvement
effect of different coupling agents is different.

For the coupling agent compound action system, in addition to the reaction between
the hydroxyl group in the coupling agent and the hydroxyl group in the cement to form
cement, the free functional groups of the coupling agent could also react with the com-
pound in the rock or cement, which formed a chemical bond. After the coupling agent
compounding, the type and number of functional groups in the solution increased, which
was more likely to react with the compound in the cement, Therefore, the bonding strength
of the cementing interface was improved. In addition, the discontinuous distribution of
hydrophobic groups on the rock surface prevented the formation of a continuous water
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film on the rock surface, and it prevented the formation of loose large crystals at the inter-
face during the cement hydration process, resulting in a dense interface layer structure.
Relevant studies have confirmed this through microscopic analyses [29]. It has also been
suggested that modification with silane coupling agents can optimise the elemental distri-
bution in the interface transition zone. Thus, in the later stages of cement hydration, the
silane coupling agent enhances the densification of the hydration products in the interface
transition zone [32,33]. This is in general agreement with the experimental results of this
study, which explains why the coupling agent can enhance the cementing strength of the
second interface.

5. Conclusions

(1) The compound interface enhancer was formed, in which the ratio of the A silane
coupling agent and KH silane coupling agent was 1:1. The total concentration of
the A—KH silane coupling agent was 0.3%. The dosage of anhydrous ethanol was
10%, and water was used as dispersing medium. Interface enhancers significantly
strengthen the cementing strength between the formation and the cement.

(2) A preflush fluid system for improving the cementing strength between the shale and
cement was formed, which was composed of 30% slag, 10.3% interface enhancer, 0.2%
xanthan gum and 2% sulfonated phenolic resin. Water was used as the dispersing
medium. The preflush fluid system had great settlement stability, rheological proper-
ties, and filtration properties. It can significantly improve the cementation strength of
shale rock with the maximum increase of 189.10%.

(3) In conjunction with this study and others, it has been found that silane coupling
agents can improve the cementing properties of cement and other materials by means
of chemical bonding. However, there may be certain negative effects. For example, the
effect of interfacial enhancers on the properties of cementite itself and the longevity of
the cementation properties need to be further investigated. Relevant processes and
technologies also need to be further investigated.
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