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Introduction
Nowadays, tight oil and gas reservoirs have gradually become a new field of oil and gas 

resource development [1-3]. However, they are difficult to exploit and complex to handle. 
Drilling waste is highly polluting [4,5]. Therefore, it is necessary to solidify drilling waste 
with high intensity. In-depth research on process technology. [6] used fly ash to solidify the 
waste mud to generate C-S-H gel and calcium aluminate hydrate, which improved the gelling 
component and hardening quality of the waste mud system. [7] made a systematic review of 
the research and application status of waste drilling fluid solidification treatment technology 
in our country. [8] solidified the waste mud in Shengli Oilfield according to the orthogonal test 
method to determine the best ratio of curing agents, and the problem of high COD value of the 
leachate was solved. [9] treated the four materials of waste drilling fluid in central Sichuan with 
gypsum, blast furnace slag, fly ash, and Portland cement in a ratio of 2:5:8:10 to compound 
curing agents, and the effect was good. To this end, this paper aims at the optimization of the 
formulation of the high-strength solidification system of tight oil and gas drilling waste, and the 
research about influencing factors of the strength of the high-strength solidification system of 
tight oil and gas drilling waste. The realization of high-strength solidification technology will 
promote the development of drilling waste environmental protection technology.

Abstract

The development of high-strength solidification process optimization research is of great significance for 
the resource utilization of oily and salty drilling waste, in response to the tight oil and gas drilling waste 
treatment needs. The orthogonal test method is used to optimize the high-strength curing formula with 
compressive strength as the evaluation index. Analyzing the hydration products and microstructure of the 
solidified material by XRD and SEM and analyzing the formation mechanism of the strength of solidified 
drilling waste. According to the orthogonal test, the best curing system formula is “100g waste+0.4g 
modifier+5gH2O+19gMgCl2+ 21g fly ash+28gMgO”. The best compressive strength is 39.65MPa at 28d 
and the treatment rate is 69.78%. The increase of NaCl, quartz, molding pressure and barite content 
can help increase the strength of the cured product, and the increase of the content of clay minerals and 
soaking will cause the destruction of the strength of the cured product. The high strength of the curing 
system is due to the formation of a hydration product 5Mg (OH)2·MgCl2·8H2O mechanical interlocking 
structure in the composite curing system. The research results show that the high-strength solidification 
technology of tight oil and gas drilling waste can effectively promote the future development of drilling 
waste environmental protection technology.
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Orthogonal Optimizations of Curing System
Six components of MgO, MgCl2, water, modifier, activator and 

fly ash are selected as experimental parameters. According to the 
L25(56) orthogonal table design optimization experiment scheme 
and high-strength curing experiment method, the compressive 
strength of the specimens of different ages was measured, and 
the best curing system formula suitable for the treatment of solid 
waste in tight oil and gas drilling was found [10-12]. Taking 28d 
compressive strength as the optimization index, the compressive 
strength of cured specimens of each system is shown in Figure 
1. The final optimized composite curing system formula is 100g 
waste + 0.4g modifier + 5gH2O + 15gMgCl2 + 25g fly ash + 30g MgO, 
and the compressive strength of the cured specimen increases 
with the increase of curing age, and the highest compressive 
strength the strength reaches 36.39MPa. According to orthogonal 
experiments and other experimental principles, it is determined 
that the best curing system formula is 100g waste + 0.4g modifier 
+ 5gH2O+19gMgCl2+ 21g fly ash + 28gMgO. The best compressive 
strength is 39.65MPa at 28d, which meets the standard Compressive 
strength requirements, the total amount of processed industrial 
waste accounts for 69.78%, which has a good waste treatment 
capacity [13-15].

Figure 1: The curve of compressive strength of 
cured specimens of each system under 28d age.

Analysis of Factors Affecting Curing Strength
Influence of molding pressure

In the experiment, the optimized curing system formula (100g 
waste+0.4g modifier+5gH2O+19gMgCl2+21g fly ash+28gMgO) was 
selected, and the molding pressure was 1MPa, 3MPa, 5MPa, 7MPa, 
9MPa for 3min. Under the condition of no external interference 
and 14 curing days, the compressive strength is the best when 
the molding pressure is 9MPa. The compressive strength of the 
cured specimen under different molding pressures is shown in 
Figure 2. The increase of the molding pressure causes the plastic 
deformation of the solid particles, increasing the contact area of 
the solid particle hydration reaction, reducing the porosity, the 
structure is more compact, and the compressive strength of the 
cured specimen is greatly improved.

Figure 2: The curves of compressive strength of 
cured specimens aged 14 days under different 
molding pressures.

Effects of soaking
In the experiment, the optimized curing system formula (100g 

waste+0.4g modifier+5gH2O+19gMgCl2+21g fly ash+28gMgO) was 
selected. After curing for 7 days, the specimens were immersed 
in a simulated neutral water environment (pH=7). And weak acid 
environment (pH=4), weak alkali environment (pH=10), it is found 
that the compressive strength effect of the unsoaked system formula 
is the best, and the change trend of its compressive strength is 
shown in Figure 3. Soaking has a negative effect on the compressive 
strength of the curing system, which will decompose the hydration 
products in the system and destroy the strength structure, but the 
specimens after soaking still have partial strength.

Figure 3: Diagram of relationship between 
immersion time and strength of cured specimen.

Influence of waste composition
The optimized curing system formula (100g waste+0.4g 

modifier+5gH2O+19gMgCl2+21g fly ash+28gMgO) was selected in 
the experiment, and simulation analysis of waste content during 
drilling under different reservoir lithology and drilling fluid 
systems. Analyzing the relationship between the composition and 
the strength of the curing system.
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A.	 The content of waste: The waste content was increased 
to 120g, 140g, 160g, and 180g for 14 days of curing, and the 
compressive strength changes were observed. The optimal waste 
content of the system was 100g, and the curing system had a certain 
waste treatment capacity. The specimen was cured. Figure 4 shows 
the compressive strength under different amounts of waste.

Figure 4: The relationship between the compressive 
strength of cured specimens and the amount of 
waste added.

B.	 The content of quartz: Simulating solid waste from 
sandstone oil and gas reservoirs, adding 5, 10, 15, 20% of quartz 
sand to the wastes for 14 days of curing, observing the changes in 
compressive strength, and finding the optimal waste quartz sand 
addition for the system It is 20%, and the compressive strength of 
the cured specimen under different quartz sand additions is shown 
in Figure 5. Quartz has a supporting role in the curing system, filling 
the internal pore structure, which is conducive to curing.

Figure 5: The relationship between the compressive 
strength of the cured specimen and the quartz 
content.

C.	 The content of NaCl: Simulating the solid waste after 
drilling in the salt-gypsum layer or brine drilling fluid system, 
adding 2, 5, 8, 10% NaCl to the waste for 14 days of curing, observe 
the changes in compressive strength, and find the best of the system 
The NaCl addition amount of the waste is 10%, and the compressive 

strength of the cured specimens under different NaCl addition 
amounts is shown in Figure 6. With the increase of NaCl content, 
the compressive strength of the curing system gradually increases. 
The curing system has a strong resistance to salt and bittern. The 
strength of the system is little affected, and the strength of the 
system is slightly improved.

Figure 6: The relationship between the compressive 
strength of the cured specimen and the content of 
NaCl.

D.	 The content of oil: Simulating the solid waste after 
drilling into the reservoir, adding 0, 2, 4, 6, 8% of white oil to the 
waste for 14 days of curing, and it is found that the optimal waste 
white oil addition amount of the system is 0%, the compressive 
strength of the cured specimen under different oil content is shown 
in Figure 7. As the oil content increases, the strength of the curing 
system is significantly reduced. The oil component adheres to the 
surface of the material during the curing process, which hinders 
the progress of the hydration reaction and fails to form a strength 
structure, resulting in a decrease in the strength of the cured 
specimen.

Figure 7: The relationship between the compressive 
strength of the cured specimen and the change of 
the oil content.

E.	 The content of barite: Simulating the solid waste after 
drilling in a heavy drilling fluid system, adding 5, 10, 15, 20% of 
barite to the waste for 14 days of curing, and find the optimal 
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waste barite dosage for the system It is 20%, and the compressive 
strength of the cured specimen under different barite content is 
shown in Figure 8. As the addition of barite increases, it is beneficial 
to increase the strength of the curing system.

Figure 8: The relationship between the compressive 
strength of the cured specimen and the content of 
barite.

F.	 The content of clay: Simulating the solid waste after 
drilling in the mudstone section, adding 0, 5, 10, 15, 20% of the clay 
to the waste for 14 days of curing, and it is found that the optimal 
waste clay addition for this system is 0%, The compressive strength 
of the cured specimen under different clay content is shown in 
Figure 9. As the amount of clay increases, the strength of the curing 
system gradually decreases. Clay minerals have extremely low 
strength, which can neither carry out hydration reaction nor play 
a supporting role, which greatly affects the strength of the curing 
system.

Figure 9: The relationship between the strength 
of the cured specimen and the change of the clay 
content.

Structural Composition and Pollution Characteris-
tics Analysis
Microscopic analysis of solidified waste structure

The experiment chooses the plan with the highest compressive 
strength after 28 days of curing in the orthogonal optimization 
experiment a. 100g waste + 0.4g modifier + 3gH2O + 20g MgCl2 + 25g 
fly ash + 35gMgO, the medium strength plan b. 100g waste +0.6g 
modifier+0gH2O+20gMgCl2+10g fly ash+30gMgO and the lowest 
strength plan c. 100g waste+1.0g modifier+0gH2O+30gMgCl2+20g 
fly ash+15gMgO solidified specimen, using SEM to analyze the 
three microstructures to 3000 times and 7000 times respectively, 
as shown in Figures 10 & 11.

Figure 10: SEM analysis of the microstructure of plan a, b, c cured specimens at 3000 times magnification

Figure 11: SEM analysis of the microstructure of plan a, b, c cured specimens at 7000 times magnification.
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The high strength of the curing system is due to the formation 
of the hydration product 5Mg(OH)2·MgCl2·8H2O in the composite 
curing system. The strength of the cured product is closely related to 
the shape, diameter and arrangement of the hydration product. The 

dense hydrated products are interlaced inside the crystal clusters 
to form a network mechanical interlocking structure, which greatly 
improves the strength of solidified waste.

Analysis of hydration products

Figure 12: X-ray diffraction analysis results of cured products with different strengths (28d curing).

XRD and SEM were used to analyze the composition and 
structure of hydration products in high-strength plan a, medium-
strength plan b, and low-strength plan c. Three strength specimens 
in plan a, plan b, and plan c were selected for analysis, and the 
analysis results are shown in Figure 12. The compressive strength 
of solidified drilling waste is related to the content of hydration 
product 5Mg(OH)2·MgCl2·8H2O, and the strength of the system 
increases with the increase of hydration product content. Selecting 
the strength test specimens which are the same as the plan a, plan 
b and plan c. 

Plan d (100g waste+1.0g modifier+13gH2O+15gMgCl2+10g fly 
ash+35gMgO) and 

plan e (100g waste+0.8g) Modifier+5gH2O+20gMgCl2+20g fly 
ash+25gMgO) and

plan f (100g waste+1.2g modifier+13gH2O+20gMgCl2+15g fly 
ash+15gMgO) 

were analyzed, and the analysis results are shown in Figure 
13. Comparing and analyzing the XRD analysis results of the 
test pieces, the test pieces with similar hydration products have 
similar strength levels, and they have similar characteristic peaks, 
indicating that the high-strength curing experiment has certain 
repeatability and reliability.

Figure 13: XRD analysis comparison chart of cured material of the same strength (28d curing).

Analysis of pollution characteristics of solidified drilling 
waste extract

Select the best curing system formula test piece, curing system 
plan a, plan b, plan c and drilling waste for leaching experiments. 

The heavy metal ion content and COD value in each leaching 
solution are tested according to the pollutant environmental 
protection performance evaluation method, and finally the high 
strength the sealing effect of the curing system was analyzed, and 
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the experimental results are shown in Table 1. The concentration 
of heavy metal ions in drilling waste is greatly reduced after being 
treated with a high-strength solidification system. The chemical 

oxygen demand of the leachate meets the requirements of 
national emission standards and has good compatibility with the 
environment [16].

Table 1: Analysis results of waste pollution characteristics. 

Name pH Chroma /Time Turbidity/FTU COD/mg·L-1
Heavy Metal Ion Content/mg·L-1

Cd Mn Cr Cu Ni Pb Zn

Waste 9.5 500 735 549.4 2.4 1.8 28 77 1.7 — 17

Secondary standard 9-Jun 80 150 150 1 2 15 100 5 5 100

plan a 7 10 28.67 134.8 0.0012 0.0083 0.0017 — — — —

plan b 7 10 29.32 173.8 0.0012 0.0084 — — — — —

plan c 7 10 38.05 185.7 0.0017 0.009 0.019 — — — —

Best formula 7 8 24.81 95.9 0.001 0.0072 — — — — —

Note: “—”Means not detected, the concentration is too low and not within the detection range of the instrument.

Conclusion
1.	 Taking compressive strength as the evaluation 
index, through orthogonal test analysis, it is determined 
that the best curing system formula is 100g waste+0.4g 
modifier+5gH2O+19gMgCl2+ 21g fly ash+28gMgO. The best 
compressive strength is the 28th day. 39.65MPa, the treatment 
rate is 69.78%.

2.	 Through the analysis of the factors affecting the strength 
of the high-strength solidification system of drilling waste, the 
increase in molding pressure effectively increases the overall 
compressive strength of the solidified specimen. Soaking has 
a negative effect on the compressive strength of the solidified 
system. The strength of the solidified material increases with 
quartz, NaCl, and weight. The spar content increases with the 
increase and decreases with the increase of the oil and clay 
mineral content.

3.	 The hydration product 5Mg(OH)2·MgCl2·8H2O in the 
composite curing system forms a mechanical interlocking 
structure inside the crystal clusters, which is the root cause of 
the high strength of the curing system.
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