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Abstract
Water-based drilling cuttings (WDC) generated during shale gas development will endanger human health and ecological 
security. The modern analytical techniques are used to analyze the organic pollutants in WDC, and the human health and 
ecological security risks of harmful pollutants in WDC under specific scenarios are evaluated. The results showed that the 
content of organic pollutants in WDC was evaluated by human health and safety risk assessment. The comprehensive carci-
nogenic risks of all exposure pathways of single pollutant benzo(a)anthracene, benzo(a)pyrene, benzo(k)fluoranthene, and 
indeno(1,2,3-cd)pyrene were acceptable. However, the cumulative carcinogenic risk of exposure to dibenzo(a,h)anthracene 
particles via skin exposure was not acceptable. It was considered that only dibenzo(a,h)anthracene had carcinogenic effect, 
and the risk control limit of dibenzo(a,h)anthracene in WDC was 1.8700 mg/kg by calculation. As well as, the “WDC-
cement” gel composite structure was deeply analyzed, and the physical and chemical properties and mechanism of organic 
pollutants in cement solidified WDC were analyzed, which provided theoretical support for the study of WDC pavement 
cushion formula. Based on the above conclusions and combined with the actual site, by studying and adjusting the formula of 
WDC pavement cushion, the WDC pavement cushion was finally designed by 6% cement + 50% WDC + 44% crushed stone. 
The 7d unconfined compressive strength met the requirements of the Chinese standard “Technical Guidelines for Construc-
tion of Highway Roadbases” (JTG/T F20-2015). Also, the process route of WDC as road cushion product was sampled and 
analyzed. In addition, the leaching concentration of main pollutants all met the relevant standards of China. Therefore, this 
study can provide a favorable way for the efficient, safe, and environmentally friendly utilization of WDC, and ensure the 
ecological environment safety and human health safety of WDC in resource utilization.
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Introduction

The outbreak of the coronavirus disease (COVID-19) in late 
2019 has had a great impact on the global economy. Due to 
the close ties around the world, the COVID-19 epidemic 
leads to the global supply chain rupture, which leads to a 
new round of global energy crisis. The epidemic is also 
expected to have a lasting impact on future global energy 
needs (Wang and Su 2020; Hu et al. 2022). At the same time, 
human activities have intensified global climate change. If 
greenhouse gas emissions such as carbon dioxide are not 
strictly controlled, the global temperature in the twenty-first 
century will rise by more than 2 °C, which will have a seri-
ous impact on human society and the natural environment 
(Wang and Xiong 2021; Li et al. 2022). Reducing green-
house gas emissions is the common responsibility of all 
mankind. Therefore, it is urgent to find an efficient and clean 
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energy to meet the current global energy demand. With the 
increasing depletion of fossil fuels such as coal and oil, shale 
gas resources have broad development prospects worldwide.

China is a country with abundant shale gas resources. 
Shale gas refers to the natural gas enriched in the shale rich 
in organic matter, which is dominated by thermal maturity 
cracking or biological action and the interaction between 
the two. It has high calorific value and is a very efficient 
and green clean energy with broad market prospects and 
economic value (Li et al. 2020a, b; Wang et al. 2018a, b, c, 
d). However, in the process of shale gas development and 
utilization, large amounts of water-based drilling cuttings 
(WDC) are produced. It is necessary to use water-based 
drilling fluid to drill to about 1800 m in the drilling pro-
cess of the second horizontal section of shale gas, and the 
waste returned to the ground is WDC (Wang and Xiong 
2021, Wang et al. 2014). Its composition mainly includes 
expansive soil, lubricant, pure alkali, KCl, and heavy metals. 
Its composition is complex, and easy to cause pollution to 
the environment. Therefore, it is urgent to dispose of WDC 
safely and environmentally. At present, some studies only 
focus on the alternative methods of resource utilization of 
these wastes in the resource utilization of WDC, such as 
the production of building materials, such as bricks (George 
and Antonis 2021; Mojtaba et al. 2020; Symeonides et al. 
2019; Ayati et al. 2019; Dai et al. 2019), concrete (Yang 
et al. 2021; Mohsen et al. 2021; Li et al. 2020a, b; Amelung 
al. 2020; Ma et al. 2019), aggregates (Bamdad et al. 2019; 
Siddique et al. 2021; Sundis et al. 2021; Moreno-Maroto 
et al. 2018; Prachasaree et al. 2020), glass materials (Baino 
and Ferraris 2019; Stoch et al. 2018; Grilo et al. 2019; Alves 
et al. 2017), slag-red mud cementitious materials (Ban et al. 
2018; Faried et al. 2021; Mymrin et al. 2017; Ye et al. 2017), 
and ceramic materials (Sun et al. 2021; Cheng et al. 2018; 
Ren et al. 2019; Cao et al. 2019).

The study of sintered bricks is to use WDC as a par-
tial substitute material and heat treatment method to heat 
the waste at high temperature to induce coherent bonding 
or welding of adjacent particles, so as to gain dense prod-
ucts with lower porosity and make the physical, mechani-
cal, and environmental properties of WDC sintered bricks 
meet the corresponding Chinese standards and ASTM 
standards requirements (Liu et al. 2021; Li et al. 2019; Luo 
et al. 2020). The research of concrete is mainly based on the 
physical and chemical properties of WDC. Shale gas WDC 
is used as siliceous and calcareous materials to improve the 
physical and chemical properties of concrete. At the same 
time, a new WDC resource utilization technology is devel-
oped (Wang and Xiong 2021; Ghorbani et al. 2019; Jiang 
et al. 2020). The research on aggregate mainly focuses on 
the applicability of different types of secondary materials 
as artificial lightweight aggregate. In addition to the com-
monly used materials (such as clay and fly ash) for aggregate 

production, various types of waste can be used as alterna-
tive materials (Piszcz-Karaś et al. 2019; Burciaga-Díaz et al. 
2020; Amin et al. 2021). The research of glass materials is 
mainly based on the mixture of kaolin and oil well drilling 
waste as raw materials. The recycled raw materials (waste) 
are mixed with commercial materials to adjust the compo-
sition of glass, and glass–ceramic precursor materials are 
obtained by melting. The obtained vitreous powder is stud-
ied by thermal, chemical, and structural characterization 
techniques. The pellets were pressed and sintered to obtain 
glass–ceramic materials (Danielle et al. 2019; Stoch et al. 
2018; Mohajerani et al. 2019). The research on slag-red mud 
cementing material mainly uses waste drilling fluid, blast 
furnace slag, and red mud as raw materials to prepare a new 
type of cementing material, aiming at achieving an environ-
mentally friendly and efficient solution for waste recycling. 
Meanwhile, the physical and chemical properties of slag-red 
mud cementitious materials were evaluated by compressive 
strength, X-ray diffraction analysis, and mercury intrusion 
porosimetry (Cheng et al. 2019; Wang et al. 2018a, b, c, d). 
In the study of ceramic materials, spinel-corundum ceramics 
were prepared from ferrochrome slag and bauxite. The sin-
tering behavior of spinel corundum ceramics is preliminarily 
analyzed. In addition, the liquid phase process is modified 
by adding pyrolusite in the ceramic system to obtain high 
strength ceramics (Shao et al. 2022; Fan et al. 2021). In 
summary, the above studies added binders (such as Portland 
cement, fly ash, and lime) to WDC to effectively fix pollut-
ants through chemical fixation and physical coating. The 
cured WDC is buried on site or transferred to other sites for 
final disposal. Obviously, this process is mainly a process 
of fixing pollutants rather than completely damaging pol-
lutants, which may release and pollute soil and groundwater 
in the future.

Although domestic and international conventional oilfield 
WDC (Abdul-Wahab et al. 2020; Burghard et al. 2021; Xie 
et al. 2020; Maziar et al. 2018; Notani et al. 2019, Bedia 
et al. 2018; Burciaga-Díaz et al. 2020; Wang et al. 2017a, b; 
Allwood 2018; Ghorbani et al. 2019) has a lot of research 
on resource utilization, but there are still many problems in 
risk control of resource products. (1) Presently, there is no 
uniform and systematic testing method for resource prod-
ucts. (2) There is no unified pollution control standard for 
comprehensive utilization of shale gas cuttings. (3) Long-
term use safety performance of resource products cannot 
be guaranteed. Moreover, the physicochemical properties 
and pollution characteristics of shale gas WDC are different 
from those of ordinary oilfield WDC, so it cannot play a 
targeted guiding role in the resource utilization of shale gas 
WDC. Based on the above problems of resource products, 
this paper puts forward reasonable suggestions.

Therefore, the innovation of this paper is to use the human 
health safety risk assessment method to evaluate the safety of 
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organic pollutants in WDC, and to construct the evaluation 
model of human health and ecological safety risk assessment. 
In this paper, the harmful organic pollutants in WDC solid 
phase were systematically studied and analyzed by modern 
analysis technology, and the release and migration character-
istics of organic pollutants in WDC in various environmental 
media were comprehensively analyzed. The human health and 
safety risk assessment method was used to evaluate the safety 
of organic pollutants in WDC, and the evaluation model of 
human health and ecological safety risk assessment was con-
structed. The pollution control indexes and limits of WDC 
resource utilization were obtained by calculation, which laid 
a solid foundation for its resource utilization. Based on the 
above research conclusions and filed reality, a method for effi-
cient utilization of shale gas WDC road materials is proposed, 
and the curing mechanism of “WDC-cement” gel composite 
structure in WDC road materials is deeply analyzed to further 
improve the environmental safety of WDC resource products. 
The above research results will further promote the basic tech-
nology research of shale gas WDC resource utilization, and 
provide a favorable way for the efficient, safe, and environ-
mentally friendly utilization of WDC.

Experiments

Raw materials

The Portland cement 42.5 (P.O 42.5) is available from a 
Chongqing Cement Co., Ltd (China). WDC is in a powdered 
form (after drying) and the particle medium diameter is 42 µm, 
and is given by a shale gas field in Chongqing city, China.

The selection of WDC samples fully considers the char-
acteristics of solid waste raw materials of drilling cuttings 
in different regions. According to the requirements of Chi-
nese standard Technical specifications on identification for 
hazardous waste (HJ/T 298–2019), the sampling quantity is 
determined according to the total amount of WDC, and the 
requirements of sample quantity are met.

Testing methods

Detection of organic pollutants in WDC

At present, the determination methods of polycyclic aro-
matic hydrocarbons in soil mainly include liquid chroma-
tography, gas chromatography mass spectrometry, and other 
methods. Due to the high sensitivity and strong anti-inter-
ference ability of gas chromatography mass spectrometry, it 
is listed as the designated method of national soil screening. 
Therefore, this study used Chinese standard Water quality-
Determination of volatile organic compounds-Headspace/

Gas chromatography mass spectrometry (HJ 810–2016) to 
detect the organic content in WDC.

1.	 Main experimental instruments
	   GC–MS instrument: Agilent 7890B-5977A, with 

7693 automatic sampler (Agilent, USA), miVac rotary 
evaporator (GeneVac, UK), SB-5200DT ultrasonic 
cleaner, Eppendorf desktop high-speed centrifuge.

2.	 Instrument condition
	   Reference conditions of headspace sampler.
	   Heating equilibrium temperature: 65  °C, heating 

equilibrium time: 40 min, sampling needle temperature: 
80 °C, transmission line temperature: 105 °C, sample 
volume: 1.0 mL.

	   GC reference conditions.
	   H P - 5 M S  e l a s t i c  c a p i l l a r y  c o l u m n 

(30 m × 0.25 mm × 0.25 µm), inlet temperature: 250 °C, 
carrier gas: helium, sampling mode: split sampling (split 
ratio 5:1), column flow rate (constant current mode): 
1.0 mL/min, the heating program: keeping at 40 °C for 
2 min, rising to 120 °C at 5 °C/min for 3 min, then rising 
to 230 °C at 10 °C/min for 5 min.

	   MS reference conditions
	   Ion source: electron bombardment (EI) ion source. Ion 

source temperature: 230 °C. Ionization energy: 70 eV. 
Interface temperature: 280 °C. Quadrupole temperature: 
150 °C. Scanning mode: ion scanning (SIM). Scanning 
range: 35 ~ 300 amu.

3.	 Main experimental reagents
	   One thousand milligrams per liter standard sub-

stances, including benzo(a)anthracene, benzo(k)fluoran-
thene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene, and 
dibenzo(a,h)anthracene, Beijing Tanmo Quality Inspec-
tion Technology Co., Ltd., all other reagents used are 
analytically pure.

4.	 Sample pretreatment and determination
	   After preliminary screening, the collected WDC 

samples were mixed with a certain amount of stand-
ard reserve liquid and stirred evenly, and then placed in 
a grinding brown glass bottle for sealing and avoiding 
light preservation. The preservation temperature was 
4 °C and the shelf life was 10 days.

The 25-g WDC sample was placed in 250-mL glass trian-
gular beaker, adding 40 mL acetonitrile ultrasonic 10 min, 
standing 15 min, transfer the upper liquid placed in 50-mL 
plastic centrifuge tube, 5000 r/min centrifugal 5 min, the 
supernatant after centrifugation through the anhydrous 
sodium sulfate device, filtration, dehydration, collection of 
filtrate, circulation 2 times. The filtrate collected twice was 
concentrated to dryness by rotary evaporator, and 100-µL 
methanol was added to constant volume. The filtrate was 
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transferred to the injection bottle with an inner liner for GC/
MS analysis.

Human health risk assessment of WDC organic pollutants

The Chinese standard Technical guidelines for risk assess-
ment of soil contamination of land for construcion (HJ 
25.3–2019) was used for risk assessment and risk control 
value calculation of organic pollutants in WDC. The calcula-
tion formula is as follows:

Calculation of organic matter exposure in WDC 

(1)	 Intake of WDC particles through mouth

The exposure corresponding to the oral intake of solid 
waste particles is calculated by Formula (1):

where OISERca is the exposure to oral intake of solid 
waste particles (carcinogenic effect), kg(soil)•kg−1(body 
weight)•d−1. Tca is the average time of carcinogenic effect, 
d; OSIRa is the daily soil intake by adults, mg•d−1. EDa is 
the adult exposure cycle, a. EFa is the adult exposure fre-
quency, d•a−1. BWa is the larger weight, kg. ABSo is the 
oral absorption efficiency factor, dimensionless.

(2)	 Calculation of particle exposure of skin contact WDC

The exposure amount corresponding to the skin contact 
with WDC particle pathway is calculated by Formula (2):

where DCSERca is the exposure of debris particles in skin 
contact with WDC (carcinogenic effect), kg(soil)•kg−1(body 
weight)•d−1. ATca is the average time of carcinogenic effect, 
d; for other parameters, see Formula (1), and SAEa is the 
parameter values calculated using Formula (3):

where Ha is the average height of adults, cm, and SERa is 
the adult exposed skin area ratio, dimensionless.

(3)	 Inhalation of dust particles from WDC by breathing

The amount of soil exposure corresponding to inhalation 
of soil particulate matter is calculated by Formula (4):

(1)OISERca =
OISERca × EDa × EFa × ABSo

BWa × ATca
× 10

−6

(2)
DCSERca =

SAEa × SSARa × EFa × EDa × Ev × ABSd

BWa × ATca
× 10

−6

(3)SAEa = 239 × Ha0.417 × BWa0.517 × SEra

where PISERca is the soil exposure to inhaled soil parti-
cles (carcinogenic effect), kg(soil)•kg−1(body weight)•d−1. 
PM10 is the inhalable particulate matter content in air, 
mg•m−3. DAIRa is the daily air respiration of adults, 
m3•d−1. PIAF is the inhaled soil particulate matter in vivo 
retention ratio, dimensionless. Fspi is the proportion of par-
ticulate matter from soil in indoor air, dimensionless. Fspo 
is the proportion of particulate matter from soil in outdoor 
air, dimensionless. EFIa is the indoor exposure frequency 
of adults, d•a−1. EFOa is the outdoor exposure frequency 
of adults, d•a−1. ATca is the average time of carcinogenic 
effect, d.

(4)	 Drinking groundwater

The groundwater exposure corresponding to the drinking 
ground water pathway is calculated by Formula (5):

where CGWERca is the exposure to groundwater cor-
responding to drinking affected groundwater (carcinogenic 
effect), L(groundwater)•kg−1(body weight)•d−1. ATca is the 
average time of carcinogenic effect, d.

Calculation of carcinogenic effect of WDC 

(a)	 Oral intake of WDC particles

The carcinogenic risk of single pollutant in the WDC par-
ticles is calculated by Formula (6):

where CRois is the oral intake of WDC particles exposed to a 
single pollutant carcinogenic risk, dimensionless. SFo is the 
oral intake carcinogenic slope factor, (mg•kg−1•d−1)−1. C is 
the oral intake carcinogenic slope factor, mg•kg−1.

(b)	 Skin contact with WDC particles

The carcinogenic risk of skin contacting with single pol-
lutant in WDC and particles is calculated by Formula (7):

where CRDCS is the carcinogenic risk of single pollutant 
exposure to WDC particles in skin, dimensionless. SFd is 
the skin contact carcinogenic slope factor, (mg•kg−1•d−1)−1.

(4)PISERca =
PM10 × DAIRa × EDa × PIAF × (Fspo × EFOa × Fspi × EFIa)

BWa × ATca
× 10−6

(5)CGWERca =
CGWERca × EFa × EDa

BWa × ATca

(6)CRoIS = OISERca × C × SFo

(7)CrDCS = DCSERca × C × SFd

12744 Environmental Science and Pollution Research (2023) 30:12741–12768



1 3

	 (iii)	 Respiration inhalation of WDC dust particles

The carcinogenic risk of single pollutant in inhaled dust 
particles is calculated by Formulas (8) and (9):

where CRPIS is the inhaled dust particles exposed to a single 
pollutant carcinogenic risk, dimensionless. SFi is the respiratory 
inhalation carcinogenic slope factor, (mg•kg−1•d−1)−1. IUR is 
the unit carcinogenic risk of respiratory inhalation, m3•mg−1.

	 (iv)	 Drinking groundwater

For the risk assessment model of drinking groundwater, 
according to the actual situation of field investigation, some 
contents refer to the site pollution risk assessment model of 
the Chinese standard Technical guidelines for risk assess-
ment of soil contamination of land for construcion (HJ 
25.3–2019) and RBCA in the USA.

The process of WDC leaching to groundwater can be cal-
culated according to the following Formula (10):

where LFgw is the soil leaching dilution factor, kg/L. Ugw is 
the Darcy rate of groundwater, cm•a−1. δgw is the thickness 
of groundwater mixed zone, cm. If is the net infiltration rate 
of rainwater, cm•a−1. H′ is Henry’s constant, dimension-
less. θavs is the volume ratio of pore air in unsaturated soil 
layer, dimensionless. θwvs is the volume ratio of pore water 
in unsaturated soil layer, dimensionless. Ks is the distribution 
coefficient of pollutants in soil and water L•kg−1, organic 
matter Ks, and inorganic matter Ks = Kd. ρb is the volume 
weight of soil, kg•L−1. Wgw is the length of contaminated 
area parallel to groundwater flow, cm.

where Koc is the distribution coefficient of soil organic carton/
soil pore water, L•kg−1. foc is the soil organic carbon mass frac-
tion, dimensionless. fom is the organic matter content, g•kg−1.

After rainwater leaches into the bedding area of WDC 
field, the pollutants are dissolved and enter the groundwater 
with the leaching solution. The concentration of groundwa-
ter pollutants below this area can be calculated according to 
Formula (13):

(8)CRPIS = PISERca × C × SFi

(9)SFi =
IUR × BWa

DAIRa

(10)

LFgw =
ρb

(

H
�
× θavs + θwvs + Ks + ρb

)

×

(

1 +
Ugw×δgw

If×Wgw

) ×
L
1

L
2

(11)Ks = Koc × foc

(12)foc =
fom

1.7 × 1000

where Cgw is the concentrations of pollutants in groundwa-
ter, mg/L. LFgw is the soil leaching dilution factor, kg/L. C 
is concentration of pollutants in WDC, mg•kg−1.

The calculation of carcinogenic risk is presented by For-
mula (14):

where CRcgw is the cancer risk of drinking groundwater, 
dimensionless. SFo is the oral intake carcinogenic slope fac-
tor, (mg•kg−1•d−1)−1.

Calculation of soil risk control value of heavy metals in WDC

Based on the soil risk control value of carcinogenic effect by 
oral intake of soil, Formula (15) is used to calculate.

where RCVSois is the soil risk control value based on car-
cinogenic effect of oral intake of soil pathway, mg•kg−1. 
OISERca is the exposure to oral intake of solid waste parti-
cles (carcinogenic effect), kg(soil)•kg−1(body weight)•d−1. 
ACR is the acceptable carcinogenic risk, dimensionless, 
value 10−5. SFo is the oral intake carcinogenic slope factor, 
(mg•kg−1•d−1)−1.

Based on the soil risk control value of carcinogenic effect 
of skin contact with soil, Formula (16) is used to calculate.

where RCVSdcs is the soil risk control value based on carci-
nogenic effect of skin contact with soil pathway, mg•kg−1. 
DCSERca is the exposure of debris particles in skin con-
tact with WDC (carcinogenic effect), kg(soil)•kg−1(body 
weight)•d−1. ACR is the acceptable carcinogenic risk, 
dimensionless, value 10−5. SFd is the oral intake carcino-
genic slope factor, (mg•kg−1•d−1)−1.

Based on the soil risk control value of carcinogenic effect by 
inhalation of soil particles, Formula (17) is used to calculate.

where RCVSdcs is the soil risk control value based on carci-
nogenic effect of skin contact with soil pathway, mg•kg−1. 
PISERca is the exposure of inhaled dust particles (carcino-
genic effect), kg(soil)•kg−1(body weight)•d−1. ACR is the 
acceptable carcinogenic risk, dimensionless, value 10−5. 
SFi is the respiratory inhalation carcinogenic slope factor, 
(mg•kg−1•d−1)−1.

(13)Cgw = LFgw × C

(14)CRcgw = CGWERca × Cgw × SFo

(15)RCVSois =
ACR

OISERca × SFo

(16)RCVSdcs =
ACR

DCSERca × SFd

(17)RCVSpis =
ACR

PISERca × SFi
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Based on the soil risk control values of comprehensive 
carcinogenic effects of three exposure pathways, Formula 
(18) is calculated according to Technical guidelines for risk 
assessment of soil contamination of land for construcion 
(HJ 25.3–2019).

where RCVSn is the soil risk control value of single pollut-
ant (n) based on comprehensive carcinogenic effects of three 
soil exposure pathways, mg•kg−1.

The radioactive calculation formula of building materials

where CRa, CTh, and CK are the specific radioactivity (Bq/
Kg) of natural radionuclides radium-226, thorium-232, and 
potassium-40 in building materials, respectively. According 
to the requirements of Chinese standard limits of radionu-
clides in building materials (GB6566-2010), after testing, 
when WDC are used as building materials, their IRa and 
Ir indexes need to be less than or equal to 1.0. According 
to the limits of radionuclides in building materials (GB 
6566–2010), the use range of WDC is not limited.

Chemical composition

The chemical analysis of raw materials was distinguished by 
RIGAKU ZSX Priums up-irradiation X-ray fluorescence spec-
trometer produced in Japan. The power of X-ray tube is 4 kW.

XRD (X‑ray diffraction analysis)

The mineral crystal phase of WDC and its hydrated prod-
ucts were tested by using Netherlands X’Pert Pro XRD, step 
width is 2 × 0.02°/step, and scanning speed is 80 mm/min.

SEM (scanning electron microscopy)

Microstructure is analyzed with a scanning electron micro-
scope (SEM, ASTEREO SCAN440, Leica Cambridge Ltd) 
which be used to investigate the morphology and the ele-
mental analysis.

FT‑IR (Fourier transform infrared)

The hydration product’s chemical bonds of the samples were 
analyzed by Fourier transform infrared spectroscopy (FT-IR). 
The readily available for testing powder blended with KBr is 

(18)

RCVSn =
ACR

OISERca × SFo × DCSERca × SFd × PISERcaSFi

(19)I
Ra

= C
Ra
∕200

(20)I
r
= C

Ra
∕370 + C

Th
∕260 + C

K
∕4200

then squeezed at 2000 psi for 5 min for analysis; frequency 
range is 4 × 102, 4 × 103 cm, and 0.5 cm resolution ratio.

Results and discussion

Based on the basic physical and chemical properties of 
WDC samples, this study comprehensively analyzed the 
release and migration characteristics of organic pollutants 
in WDC in various environmental media. The human health 
and safety risk assessment method was innovatively used to 
evaluate the safety of organic pollutants in WDC, and the 
human health and ecological safety risk assessment model 
was constructed. The pollution control indexes and limits 
of WDC resource utilization were obtained by calculation. 
Reasonable control means and resource utilization direction 
were selected to treat WDC (Loizia et al. 2021a, b), and the 
safety control mechanism of organic pollutants in resource 
products was analyzed to comprehensively guarantee the 
environmental safety and human health of WDC resource 
products in use.

Risk assessment of organic pollutants in WDC

According to the leaching toxicity test results of WDC in 
Table 22, all the detected substances do not exceed the limit 
value in Identification standards for hazardous wastes-
Identification for extraction toxicity (GB5085.3–2007). The 
detected heavy metals do not exceed the standard values 
of residential land in Risk screening guideline values for 
soil contamination of development land (three drafts) (HJ 
25.5–2015) and Soil environmental quality-Risk control 
standard for soil contamination of agricultural land (GB 
15,618–2018). The detection concentrations of benzo(a)
pyrene are all higher than the concentration limit, and the 
maximum exceeding multiple is 2.37 times, which is the 
main exceeding factor.

Primary selection of organic pollutants in WDC

WDC were leached by Water quality-Determination of 
volatile organic compounds-Headspace /Gas chromatogra-
phy mass spectrometry (HJ 810–2016), and WDC of No. 
A drilling platform, No. B drilling platform, No. C drilling 
platform, No. D drilling platform, No. E drilling platform, 
No. F drilling platform, and No. G drilling platform were 
determined. The test results are shown in Table 1.

Benzo(a)anthracene, benzo(k)fluoranthene, benzo(a)
pyrene, indeno(1,2,3-cd)pyrene, and dibenzo(a,h)anthra-
cene exceed the standard values of residential land in 
Risk screening guideline values for soil contamination of 
development land (three drafts) (HJ 25.5–2015) and Soil 
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environmental quality-Risk control standard for soil con-
tamination of agricultural land (GB 15,618–2018). The 
maximum exceeding multiples of residential land standards 
exceeding Risk screening guideline values for soil contami-
nation of development land (three drafts) (HJ 25.5–2015) 
are 3.49, 7.36, 8.46, 1.06, and 31.34 times, respectively. 
And benzo(a)pyrene also exceeds Soil environmental qual-
ity-Risk control standard for soil contamination of agri-
cultural land (GB 15,618–2018); the maximum exceeding 
multiple is 15.07 times. Other indicators do not exceed the 
corresponding standards, so benzo(a)anthracene, benzo(k)
fluoranthene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene, and 
dibenzo(a,h)anthracene are the main exceeding factors, and 
the specific exceeding conditions are shown in Table 20 in 
Annex 2. Therefore, benzo(a)anthracene, benzo(a)pyrene, 
indeno(1,2,3-cd)pyrene, and dibenzo(a,h)anthracene in the 
solid phase of WDC are the main control factors (Wang et al. 
2018a, b, c, d; Rehman et al. 2017). The leaching results of 
organic pollutants and the main exceeding factors are shown 
in Table 2.

Risk control calculation of comprehensive utilization index 
of WDC

The solid phase of WDC is used to lay the foundation mate-
rials of the non-sensitive regional open well road and bed-
ding well site. In order to ensure the human health of the site, 

it is necessary to carry out the risk assessment and determine 
the risk control value of the site soil. Therefore, the Chinese 
standard Technical guidelines for risk assessment of soil 
contamination of land for construcion (HJ 25.3–2019) is 
used for risk assessment and risk control value calculation of 
organic pollutants in WDC. The whole assessment process 
mainly includes hazard identification, toxicity assessment, 
exposure assessment, risk representation, and control value 
calculation (Boulicault et al. 2016; Tsangas et al. 2019).

Hazard identification  When the solid phase comprehensive 
utilization of WDC generated during shale gas develop-
ment is set to be used for bedding and road construction in 
the well site, the comprehensive utilization area is located 
around the drilling platforms in Chongqing area, belong-
ing to industrial land, so the possible sensitive receptors are 
mainly human body and soil (Davarpanah et al. 2018).

Toxicity assessment  On the basis of hazard identification, 
this study considered the impact of pollutants in WDC on 
human health through various migration pathways after 
cushion utilization and road construction in the region. 
Specific content of solid waste toxicity assessment includes 
analysis of health effects (including carcinogenic and non-
carcinogenic effects) and determination of toxic param-
eter values of pollutants. The toxicity parameters used in 
this study are shown in Table 21 in Annex 2. The toxicity 

Table 1   Organic pollutant content in seven drilling platforms

Item B platform A platform C platform D platform E platform F platform G platform

Benzo(a)anthracene 0.7256 6.4978 1.4396 0.6987 0.3000 1.8329 0.9730
Benzo(k)fluoranthene 132.4004 3.2343 23.2822 8.6597 15.2000 0.1000 8.7025
Benzo(a)pyrene 0.0765 1.6071 0.1863 0.1000 0.1325 0.1726 0.0935
Indeno(1,2,3-cd)pyrene 1.5204 1.97 1.8300 0.3000 1.0973 0.5469 1.2596
Dibenzo(a,h)anthracene 0.1265 5.9552 0.1637 0.1324 0.1832 0.1754 0.0000

Table 2   Details of main exceeding factors in organic matter

No Item Mean value Minimum 
value

Maximum 
value

Number 
of sam-
ples

Standard value Num-
ber of 
excesses

Exceeding 
standard rate 
(%)

Maximum excess 
multiple (times)

1 Benzo(a)
anthracene

1.7811 0.3000 6.4978 7 1.86 1 14.3 3.49

2 Benzo(k)
fluoranthene

27.3684 0.1000 132.400 7 18 2 28.6 7.36

3 Benzo(a)
pyrene

0.3384 0.1000 1.6071 7 0.19 1 14.3 8.46

4 Indeno(1,2,3-
cd)pyrene

1.2177 0.3000 1.9752 7 1.87 1 14.3 1.06

5 Dibenzo(a,h)
anthracene

0.9623 0.0000 5.9552 7 0.19 1 14.3 31.34
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parameters are derived from the database of RBCA site risk 
assessment software and the data collation of solids from the 
Chinese Academy of Environmental Sciences.

Exposure assessment  Exposure assessment is to use the 
model to predict the migration and transformation process 
of pollutants from source to medium, and analyze the spatial 
distribution and release concentration of pollutants related to 
the evaluation area. That is to say, the process of measure-
ment, estimation or prediction of exposure amount, exposure 
frequency, exposure duration, and exposure pathway under 
the condition of target harmful pollutants or physical factors 
is the quantitative basis for risk assessment (Mojoudi et al. 
2019). Overall, exposure assessment includes three aspects: 
analysis of exposure scenarios, determination of exposure 
pathways, and exposure calculation (Fig. 1).

a.	 Analysis of exposure scenarios

WDC are used as well site bedding area to plan drilling 
platforms (industrial land) in Chongqing area. Combined 
with field survey results, the following evaluation exposure 
scenarios are established. Due to the existence of sensitive 
people in the park, considering the influence of well site 
bedding on this part of the sensitive population, the standard 
well site of 4 wells/platform is selected as the scene of this 
risk assessment.

b.	 Determination of exposure pathways

Exposure pathways are closely related to pollution 
sources, location, environmental release types, population 
location, and activity patterns, including four elements: 
sources and chemical release mechanisms, retention or trans-
port media (or chemical transport media), exposure path-
ways of potential populations to pollution media, and contact 
points. According to the analysis of exposure pathways in 
this study, the exposure pathways of pollutants to human 
body include skin absorption, respiratory system inhala-
tion, and digestive system intake (Salari et al. 2019). The 
exposure pathway analysis and schematic diagram of WDC 
pollutants are shown in Table 3, respectively. The specific 
exposure pathways can be refined as follows: (1) platform 
workers inadvertently intake solid waste particles at work; 
(2) the skin of platform workers exposed to solid waste parti-
cles at work; (3) platform workers breathe in solid waste dust 
particles; (4) platform workers directly drink groundwater 
below the area.

	 iii.	 Calculation of exposure

Exposure parameters include exposure frequency, expo-
sure period, intake of pollutants, and related parameters of 
human body. According to the field investigation results 
and related data of shale gas field operation area, the expo-
sure parameters are selected with reference to the Technical 

Fig. 1   Risk assessment proce-
dures and contents of pollutant 
sites
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guidelines for risk assessment of soil contamination of land 
for construcion (HJ 25.3–2019) and RBCA site risk assess-
ment software (Fu et al. 2019; Issabayeva et al. 2018). Some 
of the data are estimated according to the actual situation 
of the site. At the same time, in the selection of exposure 
parameters, we consider the principle of limited adverse 
conditions hypothesis, and evaluate the potential harm to 
the human body and the surrounding environment under the 
adverse conditions. The specific parameters are shown in 
Table 22 in Annex 2. Because PAHs are carcinogenic pol-
lutants, we only need to consider the carcinogenic effect 
exposure of a single pollutant.

Reselection of organic pollutants from WDC

Calculation of organic matter exposure in WDC  The main 
pollutants concerned in the evaluation of WDC/mud are five 
polycyclic aromatic hydrocarbons (PAHs), namely, anthra-
cene, benzo(k)fluoranthene, benzo(a)pyrene, dibenzo(a,h)
anthracene, and indeno(1,2,3-cd)pyrene. The toxicity param-
eters of major PAHs are shown in Table 21 in Annex 2. In 
the scenario of WDC well site bedding and other utilization, 
it is concerned that pollutants are carcinogenic substances. 
In the domestic wind assessment guidelines, there are corre-
sponding ways of carcinogenic risk slope factor parameters, 
so only the carcinogenic risk of each pollutant is calculated. 
In the calculation, the maximum average concentration is 
used as the pollution source concentration for risk assess-
ment, that is, the overall risk level is estimated in a relatively 
conservative way (Okparanma et al. 2018).

i)	 Intake of WDC particles through mouth

For the carcinogenic effect of a single pollutant, consider 
the lifetime hazards of exposure in adults. The calculation 
formula is shown in Formula (1). The calculation results 
of exposure amount of WDC through mouth are shown 
in Table 4. It can be seen from the table that the expo-
sure amount (carcinogenic effect) of WDC taken orally is 
4.19 × 10−7 kg•kg−1•d−1.

ii)	 Calculation of particle exposure of skin contact WDC

For the carcinogenic effect of single pollutant, consider 
the lifelong hazard of human exposure in adulthood. The 
calculation formula is shown in Formula (2). The calcula-
tion results of debris particle exposure in skin contact WDC 
are shown in Table 5. It can be seen from the table that the 
exposure amount (carcinogenic effect) of skin contacting 
WDC particles is 3.11 × 10−7 kg•kg−1•d−1.

iii)	 Inhalation of dust particles from WDC by breathing

In industrial and other land use, humans can breathe in 
indoor and outdoor air from soil particles exposed to soil 
pollutants. For carcinogenic effects of single pollutants, the 
lifetime hazards of exposure in adults are considered. The 
calculation formula is shown in Formula (4). The calcula-
tion results of dust particles from WDC by breathing are 
shown in Table 6. It can be seen from the table that the 

Table 3   Analysis of exposure pathways of pollutants for bedding utilization in WDC field

Exposure scenario Target pollutant Exposure pathways Receptor

WDC well site bedding utilization Benzo(a)anthracene, benzo(k)fluoranthene, benzo(a)
pyrene, dibenzo(a, h)anthracene

Intake of WDC particles through mouth Worker
Skin contact with WDC particles
Inhalation of dust particles from cut-

tings in WDC by breathing
Groundwater in drinking pad area

Table 4   Calculation results of oral intake of WDC particles

Parameter name Unit Parameter value Source of parameters

OSIRa Daily soil intake by adults mg·d−1 100.00 Guidelines for risk assessment
EDa Adult exposure cycle a 25.00 Guidelines for risk assessment
EFa Adult exposure frequency d·a−1 250.00 Guidelines for risk assessment
BWa Larger weight kg 56.80 Guidelines for risk assessment
ABSo Oral intake absorption efficiency factor Zero dimension 1.00 Guidelines for risk assessment
ATca Average time of carcinogenic effect d 26,280.00 Guidelines for risk assessment
OISERca The exposure amount of WDC particles taken 

orally (carcinogenic effect)
kg•kg−1•d−1 4.19E-07 Computation
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exposure amount (carcinogenic effect) of inhaled WDC is 
4.95 × 10−6 kg•kg−1•d−1.

iv)	 Drinking groundwater

For the carcinogenic effect of a single pollutant, con-
sider the exposure hazards of the population in adult-
hood. The calculation formula is shown in Formula (5). 

The calculation results of exposure of drinking ground-
water are shown in Table  7. The table shows that the 
exposure (carcinogenic effect) of drinking groundwater is 
4.19 × 10−3 L•kg−1•d−1.

Calculation of carcinogenic effect of WDC.
The main pollutants in the evaluation of WDC mud 

are benzo(a)anthracene, benzo(k)fluoranthene, benzo(a)
pyrene, dibenzo(a,h)anthracene, and indeno(1,2,3-cd)

Table 5   Calculation results of exposure to WDC particles in skin contact

Parameter name Unit Parameter value Source of parameters

Ha Average height of adults cm 156.30 Guidelines for risk assessment
SERa Adult exposed skin area ratio Zero dimension 0.18 Guidelines for risk assessment
SAEa Adult exposed skin surface area cm2 2854.63 Computation
SSARa Soil adhesion coefficient of adult skin surface mg·cm−2 0.20 Guidelines for risk assessment
ABSd Skin contact absorption efficiency factor Zero dimension 0.13 RBCA Site Risk Assessment Software
Ev Daily frequency of skin contact events meta·d−1 1.00 Guidelines for risk assessment
EFa Adult exposure frequency d·a−1 250.00 Guidelines for risk assessment
EDa Adult exposure cycle a 25.00 Guidelines for risk assessment
BWa Larger weight kg 56.80 Guidelines for risk assessment
ATca Average time of carcinogenic effect d 26,280.00 Guidelines for risk assessment
DCSERca Exposure of skin to WDC and oil-based ash 

particles (carcinogenic effect)
kg•kg−1•d−2 3.11E-07 Computation

Table 6   Calculation of soil exposure to respiratory inhalation

Parameter name Unit Parameter value Source of parameters

PM10 Inhalable particulate matter content in air mg·m−3 0.15 Guidelines for risk assessment
DAIRa Daily air respiration of adults m3·d−1 14.5 Guidelines for risk assessment
PIAF The retention ratio of inhaled soil particles in the body Zero dimension 0.75 Guidelines for risk assessment
Fspi Proportion of particulate matter from soil in indoor air Zero dimension 0.8 Guidelines for risk assessment
Fspo Proportion of particulate matter from soil in outdoor air Zero dimension 0.5 Guidelines for risk assessment
EFIa Indoor exposure frequency of adults d·a−1 187.5 Guidelines for risk assessment
EFOa Outdoor exposure frequency of adults d·a−1 62.5 Guidelines for risk assessment
EDa Adult exposure cycle a 25 Guidelines for risk assessment
BWa Larger weight kg 56.8 Guidelines for risk assessment
ATca Average time of carcinogenic effect d 26,280 Guidelines for risk assessment
PISERca Inhaled soil particle exposure (carcinogenic) kg·kg−1·d−1 4.95E-09 Computation

Table 7   Calculation results of exposure of drinking groundwater

Parameter name Unit Parameter value Source of parameters

GWCRa Daily water intake for adults L•d−1 1.00 Guidelines for risk assessment
EDa Adult exposure cycle a 25.00 Guidelines for risk assessment
EFa Adult exposure frequency d·a−1 250.00 Guidelines for risk assessment
BWa Larger weight kg 56.80 Guidelines for risk assessment
ATca Average time of carcinogenic effect d 26,280.00 Guidelines for risk assessment
CGWERca Exposure of drinking groundwater (carci-

nogenic effect)
L•kg−1•d−1 4.19E-03 Computation
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pyrene. The toxicity parameters of major PAHs are 
shown in Table 21 in Annex 2. Referring to the Chi-
nese standard of Soil environmental quality-Risk control 
standard for soil contamination of agricultural land (GB 
15,618–2018), in the scenario of WDC well site bedding 
and other utilization, it is concerned that pollutants are 
carcinogenic substances. In the domestic wind assess-
ment, there are corresponding carcinogenic risk slope 
factor parameters, so only the carcinogenic risk of each 
pollutant is calculated. In the calculation, the maximum 
average concentration is used as the pollution source 
concentration for risk assessment, that is, the overall 
risk level is estimated in a relatively conservative way 
(Elmouwahidi et al. 2017).

(1)	 Oral intake of WDC particles

The calculating carcinogenic effects of oral WDC gran-
ules are presented in Formula (6). The risk calculation 
results of WDC intake through mouth are shown in Table 8.

(2)	 Skin contact with WDC particles

The carcinogenic effect of skin contact with WDC parti-
cles is presented in Formula (7). The risk calculation results 
of skin contact with WDC particles are shown in Table 9.

(3)	 Respiration inhalation of WDC dust particles

The carcinogenic effect of breathing inhaled WDC dust 
particles is presented in Formulas (8) and (9). The risk cal-
culation results of inhalation of WDC and dust particles are 
shown in Table 10.

(4)	 Drinking groundwater

WDC are leached and soaked by rainwater after bedding 
utilization. The pollutants in WDC dissolve with rainwater 
and diffuse into groundwater with the migration and diffu-
sion of leaching solution (Voukali et al. 2021; Sean et al. 
2021). The schematic diagram of leaching process is shown 
in Fig. 2.

In this study, according to the actual situation of field 
investigation, some contents refer to the site pollution risk 
assessment model of the Chinese standard Technical guide-
lines for risk assessment of soil contamination of land for 
construcion (HJ 25.3–2019) and RBCA in the USA. The 
process of WDC leaching to groundwater can be calculated 
according to Formula (10). The calculation results of leach-
ing dilution factor LFgw in the bedding utilization process of 
WDC field are shown in Table 17 in Annex 1.

After rainwater leaches into the bedding area of WDC 
field, the pollutants are dissolved and enter the groundwater 
with the leaching solution. The concentration of ground-
water pollutants below this area can be calculated accord-
ing to Formula (13). The calculation of carcinogenic risk is 

Table 8   Risk calculation results of WDC particles intake by mouth

Parameter name Unit Parameter value Source

OISERca Oral exposure to WDC particles (carcinogenic effect) kg•kg−1•d−1 4.19E-07 Computation
C WDC Benzo(a)anthracene mg•kg−1 3.3989 Average maximum concentration

Benzo(k)fluoranthene mg•kg−1 66.2500 Average maximum concentration
Benzo(a)pyrene mg•kg−1 0.9536 Average maximum concentration
Dibenzo(a,h)anthracene mg•kg−1 5.9552 Average maximum concentration
Indeno(1,2,3-cd)pyrene mg•kg−1 1.1376 Average maximum concentration

SFo Oral intake carcinogenic slope 
factor

Benzo(a)anthracene (mg•kg−1•d−1)−1 7.30E-01 Guidelines for risk assessment
Benzo(k)fluoranthene (mg•kg−1•d−1)−1 7.30E-02 Guidelines for risk assessment
Benzo(a)pyrene (mg•kg−1•d−1)−1 7.30E + 00 Guidelines for risk assessment
Dibenzo(a,h)anthracene (mg•kg−1•d−1)−1 7.30E + 00 Guidelines for risk assessment
Indeno(1,2,3-cd)pyrene (mg•kg−1•d−1)−1 7.30E-01 Guidelines for risk assessment

SAF Reference dose distribution coefficient exposed to soil Zero dimension 0.20 Guidelines for risk assessment
CROIS Oral intake of WDC particles 

exposed to single pollutant carci-
nogenic risk

Benzo(a)anthracene Zero dimension 1.04E-06 Computation
Benzo(k)fluoranthene Zero dimension 2.03E-06 Computation
Benzo(a)pyrene Zero dimension 2.92E-06 Computation
Dibenzo(a,h)anthracene Zero dimension 1.82E-05 Computation
Indeno(1,2,3-cd)pyrene Zero dimension 3.48E-07 Computation
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presented by Formula (14). The risk calculation results of 
drinking groundwater in WDC field are shown in Table 18 
in Annex 1.

Through the risk calculation, it can be seen that the cumu-
lative carcinogenic risk of organic matter in the bedding utili-
zation process of WDC well site is shown in Table 11. It can 
be seen that the cumulative carcinogenic risk of dibenzo(a,h)
anthracene reaches 3.17E-05, which exceeds that of Chong-
qing in Technical guidelines for risk assessment of soil con-
tamination of land for construcion (HJ 25.3–2019). The 
acceptable risk level of contaminated site is the cumulative 
carcinogenic risk value of 10−5, so it is not acceptable.

Through the above environmental risk calculation, the 
following conclusions can be drawn, in view of the car-
cinogenic risk: the cumulative carcinogenic risk of parti-
cle intake and skin contact pathway is at an unacceptable 
level, but the risk level of particle intake and skin contact 
is relatively low, and the corresponding environmental risk 
can be controlled by certain preventive measures, and the 
cumulative carcinogenic risk of dust inhalation and drinking 
groundwater is at an acceptable level. The comprehensive 
carcinogenic risk of all exposure pathways of single pollut-
ant benzo(a)anthracene, benzo(a)pyrene, benzo(k)fluoran-
thene, and indeno(1,2,3-cd)pyrene is acceptable. The cumu-
lative carcinogenic risks of particle intake of dibenzo(a,h)
anthracene and skin contact pathway are at an unacceptable 
level.

Therefore, in view of the carcinogenic risk of 
dibenzo(a,h)anthracene, the soil limit calculation results 
of the comprehensive carcinogenic risk of all exposure 
pathways are shown in Table 11. According to the most 

unfavorable principle, the exposure amount of inhaled dust 
particles is calculated by the exposure amount (maximum) 
at 100 m downwind of oil-based ash (Demetriou et al. 
2021).

Calculation of soil risk control value of organic matter in 
WDC  The calculation results of soil risk control values 
based on carcinogenic effects under different exposure con-
ditions are shown in Table 19 in Annex 1.

Based on the combined carcinogenic effects of three 
exposure pathways, the soil risk control values were calcu-
lated by Formula (18). The detailed calculation process is 
shown in Table 12.

Based on the soil limits of carcinogenic risk calculated by 
Formula (18), the recommended control value of pollutant 
concentration is selected.

According to the risk assessment results shown in 
Table 13, the dibenzo(a,h)anthracene in WDC is required 
to be less than 1.8700 mg/kg under the environment of lay-
ing open well path and bedding well site with WDC.

Actual resource utilization process of WDC

Macroscopic analysis of WDC road cushion

The contents of toxic substances in WDC collected from A 
and B drilling platforms are analyzed, and the results are 
shown in Table 20 in Annex 2. Figure 3 shows the experi-
mental results of WDC samples with different cement con-
tents soaked for 28 days and 128 days respectively. The 

Table 9   Risk calculation results of skin contact with WDC particles

Parameter name Unit Parameter value Source of parameters

DCSERca Exposure of skin to WDC particles (carcinogenic effect) kg•kg−1•d−1 3.11E-07 Computation
C WDC pollutant concentration Benzo(a)anthracene mg•kg−1 3.3989 Average maximum concentration

Benzo(k)fluoranthene mg•kg−1 66.2500 Average maximum concentration
Benzo(a)pyrene mg•kg−1 0.9536 Average maximum concentration
Dibenzo(a,h)anthracene mg•kg−1 5.9552 Average maximum concentration
Indeno(1,2,3-cd)pyrene mg•kg−1 1.1376 Average maximum concentration

SFd Skin contact carcinogenic slope 
factor

Benzo(a)anthracene (mg•kg−1•d−1)−1 7.30E-01 Guidelines for risk assessment
Benzo(k)fluoranthene (mg•kg−1•d−1)−1 7.30E-02 Guidelines for risk assessment
Benzo(a)pyrene (mg•kg−1•d−1)−1 7.30E + 00 Guidelines for risk assessment
Dibenzo(a,h)anthracene (mg•kg−1•d−1)−1 7.30E + 00 Guidelines for risk assessment
Indeno(1,2,3-cd)pyrene (mg•kg−1•d−1)−1 7.30E-01 Guidelines for risk assessment

SAF Reference dose distribution coefficient exposed to soil Zero dimension 0.20 Guidelines for risk assessment
CROIS Exposure of skin contact with 

WDC particles to single pollut-
ant carcinogenic risk

Benzo(a)anthracene Zero dimension 7.72E-07 Computation
Benzo(k)fluoranthene Zero dimension 1.51E-06 Computation
Benzo(a)pyrene Zero dimension 2.16E-06 Computation
Dibenzo(a,h)anthracene Zero dimension 1.35E-05 Computation
Indeno(1,2,3-cd)pyrene Zero dimension 2.58E-07 Computation
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experimental results show that the color of water bubbles 
of WDC samples with different cement contents is different 
under the same soaking days in water. At the same time, the 
water bubbles of WDC samples soaked for 128 days are still 
clear and there is no obvious leaching of pollutants, indicat-
ing that the WDC samples are safe after treatment (Antoniou 
and Antoniou 2019; Wang et al. 2018a, b, c, d).

The 7-day unconfined compressive strength of WDC 
specimens with different cement contents is shown in 
Fig. 4. Obviously, when the cement content is 6%, the 
unconfined compressive strength of 7  days reaches 
3.1  MPa, which meets the requirements of the Chi-
nese standard Technical Guidelines for Construction of 

Highway Roadbases (JTG/T F20-2015). When the con-
tent is 8%, the strength of the specimen decreases. This is 
because the C-S–H gel generated by cement hydration in 
the cementitious reaction wrapped WDC particles, which 
hindered the hydration of WDC particles and reduced the 
strength of the specimen. When the cement content was 
10%, more C-S–H gels and AFt crystals were produced 
by cement hydration, which increased the strength of the 
specimen. Therefore, when the cement content is 10% and 
12%, the strength of the specimen is higher. However, the 
cement content of 6% has met the standard requirements, 
in order to reduce the economic cost of construction and 
reduce carbon emissions. Therefore, when WDC are used 

Table 10   Risk calculation results for inhalation of WDC dust particles

Parameter name Unit Parameter value Source of parameters

PISERca Exposure of inhaled dust particles (carcinogenic effect) kg•kg−1•d−1 4.95E-09 Computation
C WDC pollutant con-

centration
Benzo(a)anthracene mg•kg−1 3.3989 Average maximum 

concentration
Benzo(k)fluoranthene mg•kg−1 66.2500 Average maximum 

concentration
Benzo(a)pyrene mg•kg−1 0.9536 Average maximum 

concentration
Dibenzo(a,h)anthracene mg•kg−1 5.9552 Average maximum 

concentration
Indeno(1,2,3-cd)pyrene mg•kg−1 1.1376 Average maximum 

concentration
IUR Unit carcinogenic 

risk of respiratory 
inhalation

Benzo(a)anthracene (mg/m3)−1 1.10E-01 Guidelines for risk 
assessment

Benzo(k)fluoranthene (mg/m3)−1 1.10E-01 Guidelines for risk 
assessment

Benzo(a)pyrene (mg/m3)−1 1.10E + 00 Guidelines for risk 
assessment

Dibenzo(a,h)anthracene (mg/m3)−1 1.20E + 00 Guidelines for risk 
assessment

Indeno(1,2,3-cd)pyrene (mg/m3)−1 1.10E-01 Guidelines for risk 
assessment

SFi Respiratory inhala-
tion carcinogenic 
slope factor

Benzo(a)anthracene (mg•kg−1•d−1)−1 4.30E-01 Guidelines for risk 
assessment

Benzo(k)fluoranthene (mg•kg−1•d−1)−1 4.30E-01 Guidelines for risk 
assessment

Benzo(a)pyrene (mg•kg−1•d−1)−1 4.30E + 00 Guidelines for risk 
assessment

Dibenzo(a,h)anthracene (mg•kg−1•d−1)−1 4.70E + 00 Guidelines for risk 
assessment

Indeno(1,2,3-cd) pyrene (mg•kg−1•d−1)−1 4.30E-01 Guidelines for risk 
assessment

CRPIS Exposure of inhala-
tion dust particles 
to single pollutant 
carcinogenic risk

WDC Benzo(a)anthracene Zero dimension 7.23E-09 Computation
Benzo(k)fluoranthene Zero dimension 1.41E-07 Computation
Benzo(a)pyrene Zero dimension 2.03E-08 Computation
Dibenzo(a,h)anthra-

cene
Zero dimension 1.39E-07 Computation

Indeno(1,2,3-cd)
pyrene

Zero dimension 2.42E-09 Computation
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as road cushion, the selected cement mass is 6%. Prelimi-
nary trial with WDC for road cushion specific formula 
is as follows: visible WDC content of 50% of the 7-day 
unconfined compressive strength of 3.1 MPa, if continue 
to increase the dosage of its early compressive strength, 
qualification rate is difficult to guarantee, so the maximum 
dosage of 50%.

As shown in Table 14, the 7-day unconfined compressive 
strength of the cushion with 50% WDC basically meets the 
design requirements. So when designing road cushion, the 
cement content in the formula should not be more than 8% 
and WDC content should not be higher than 50% by using 
42.5 ordinary Portland cement supplemented by part of the 
debris and water-mixed particles of WDC (Ayati et al. 2019; 
Senneca et al. 2020). In the construction process, 20 t and 
above static pressure rollers should be used, and the final well 
site cushion compaction degree should not be less than 93%, 
and the 7-day unconfined compressive strength should not be 
less than 3.0 MPa.Fig. 2   Groundwater exposure pathway diagram of WDC well site 

during bedding utilization

Table 11   Cumulative carcinogenic risk of organic matter during bedding utilization in WDC field

Contaminant Cancer risk by exposure pathways Carcinogenic risk of all 
exposure pathways of single 
pollutantOral intake of 

solid waste par-
ticles

Skin Contact 
Solid Waste 
Particles

Inhaled dust particles Drinking 
groundwa-
ter

WDC Benzo(a)anthracene 1.04E-06 7.72E-07 7.23E-09 2.53E-08 1.84E-06
Benzo(k)fluoranthene 2.03E-06 1.51E-06 1.41E-07 1.49E-08 3.70E-06
Benzo(a)pyrene 2.92E-06 2.16E-06 2.03E-08 2.14E-08 5.12E-06
Dibenzo(a,h)anthracene 1.82E-05 1.35E-05 1.39E-07 4.10E-08 3.19E-05
Indeno(1,2,3-cd)pyrene 3.48E-07 2.58E-07 2.42E-09 4.31E-10 6.09E-07

Table 12   Calculation of soil limits based on comprehensive carcinogenic risk of all exposure pathways

Parameter name Unit Parameter value Source of parameters

OISERca The exposure amount of water-based drilling cuttings particles taken 
orally (carcinogenic effect)

kg•kg−1•d−1 4.19E-07 Computation

SFo Oral intake carcinogenic slope factor Dibenzo(a,h)anthracene (mg•kg−1•d−1)−1 7.30E + 00 Computation
DCSERca Exposure of skin to water-based drilling  

cuttings particles (carcinogenic effect)
kg•kg−1•d−2 3.11E-07 Computation

SFd Skin contact carcinogenic slope factor Dibenzo(a,h)anthracene (mg•kg−1•d−1)−1 7.30E + 00 Computation
PISERca Exposure of inhaled dust particles  

(carcinogenic effect)
kg•kg−1•d−1 4.95E-09 Computation

SFi Respiratory inhalation carcinogenic slope 
factor

Dibenzo(a,h)anthracene (mg•kg−1•d−1)−1 4.70E + 00 Computation

ACR​ Acceptable hazard value Zero dimension 10−5 Chongqing area
RCVSn Soil limits for carcinogenic risk based on all 

exposure pathways
Dibenzo(a,h)anthracene mg•kg−1 1.8700 Computation
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Microscopic analysis of WDC road cushion

Fourier transform infrared (FT-IR) can give the hint of 
bending vibration and stretching of Al-O and Si–O whose 
vibration frequencies increase with the increase of polym-
erization degree. Figure 5 shows the infrared spectrum of 

the samples with different cement ratios. The results show 
that the infrared spectrum curves of the samples with 
cement ratios of 6%, 8%, 10%, and 12% are roughly the 
same, indicating that the hydration products of the WDC 
samples do not change significantly at the early and late 
stages of hydration (Wang et al. 2019). The results show 
that the infrared absorption peak at 1034.8 cm−1 is the 
corresponding of the symmetric and asymmetric stretch-

ing vibration of sulfate in CaSO4. The absorption peak of 
3442.9 cm−1 corresponds to the bending and stretching 
vibrations of H–O in Ca(OH)2. The characteristic absorp-
tion peaks of ettringite and calcium aluminate hydrate are 
1112.0 cm−1 and 1419.7 cm−1, respectively. The absorp-
tion peak intensity of AFt and calcium aluminate hydrate 
increased slightly with the increase of cement content 
from 6 to 10%. If the cement content exceeds 10%, they 
will fall sharply. In addition, the absorption peak intensity 
of Ca(OH)2 decreases with the increase of WDC content. 
It is directly proved that the volcanic ash activity of WDC 
is caused by the active reaction of CaO with SiO2 and the 
active reaction of gypsum and CaO with Al2O3 to form 
ettringite (Han et al. 2020; Hossain et al. 2020).

Table 13   Control target values calculated by all approaches

Calculus process Calculation results of 
target value (mg/kg)
Dibenzo(a,h)anthracene

Soil limit for carcinogenic risk (acceptable 
risk 10−5)

1.8700

Fig. 3   WDC samples with dif-
ferent cement ratios

Fig. 4   Effect of different cement contents on the strength of WDC-
cement system

Table 14   WDC road cushion mix proportion

No Cement 
(%)

WDC (%) Crushed 
stone (%)

Water (%) The 7-day 
unconfined 
com-
pressive 
strength 
(MPa)

1 (50%) 6 50 44 Proper 3.1
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Based on the curing principle of ettringite and C-S–H 
colloid generated during cement hydration on organic pol-
lutants in WDC, in order to further study the role of WDC 
in road buffer system, cement with different contents is 
mixed with WDC and fine aggregate, and the hydration 
products of the system were studied by WDC (Senneca 
et al. 2020; Foroutan et al. 2018). The results show that the 
main crystalline phases identified in the hardened slurry of 
road cushion are ettringite, quartz, CaCO3, Ca(OH)2, and 

CaSO4. As shown in Fig. 6, with the addition of WDC, the 
crystal phase difference in XRD is large, and the intensity 
of diffraction peak at 47.8 is significantly reduced or even 
disappeared, indicating that there were more hydration 
products generated in the hydration process of WDC dis-
solved active alumina and silicate cement (Hossain et al. 
2020). Secondary hydration products such as AFt and 
C-S–H gel could fill the gaps and pores between fine aggre-
gate and gel particles, forming a more compact system. In 

Fig. 5   FT-IR spectrums of 
WDC with different cement 
ratios

0 500 1000 1500 2000 2500 3000 3500 4000 4500
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1034.8 1112.0 2924.8
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10% Cement

8% Cement

12% Cement

Fig. 6   WDC samples with dif-
ferent cement ratios and XRD 
patterns
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addition, as the cement content increases from 6 to 10%, 
the diffraction peak of AFt gradually increases, but when 
the cement content reaches 12%, the diffraction peak inten-
sity of AFt decreases slightly (Ciotoli et al. 2020; Antoniou 
and Antoniou 2019).

Based on the basic principle of the reaction of organic 
pollutants in WDC with cement, in order to better under-
stand the interaction between WDC and volcanic ash 
materials, road cushion samples with different cement 
ratios were used to observe the microstructure of early 
hydration under SEM. The results are shown in Fig. 7, 
which are the microstructure of early hydration products 
of WDC samples when the cement ratios are 6%, 8%, 10%, 
and 12%, respectively. It can be seen from the figure that 
the particles of WDC are irregular, the particle surface 
is porous and loose, and the WDC particles are mostly 
lamellar (Okparanma et al. 2018; Demetriou et al. 2021). 
With the increase of cement content, the porosity of WDC 
particles decreases significantly. It indicates that doping 

appropriate WDC is conducive to the densification of the 
early microstructure of the system, and the existence of 
C-S–H and Aft generated by the secondary hydration of 
WDC is also confirmed by XRD analysis (Wang et al. 
2019; Faried et al. 2021). The results show that the vol-
canic ash reaction of WDC generates a large number of 
AFt crystals interspersed in the C-S–H gel, so that the 
pores are filled to form a more compact microstructure. 
Therefore, under the same curing conditions, the micro-
structure of WDC sample is significantly optimized, so 
that it has higher durability and mechanical properties 
(Ghorbani et al. 2019; Jiang et al. 2020).

Environmental safety analysis of WDC cushion

The text results of WDC as cushion leaching solution are shown 
in Table 15. According to the text values of toxic substances in 
WDC as road cushion materials, the test results are analyzed. 
It can be obviously found that all the contents of substances 

Fig. 7   SEM morphology of a 
WDC particle products with 
cement content of 6%, b WDC 
particle products with cement 
content of 8%, c WDC particle 
products with cement content of 
10%, d WDC particle products 
with cement content of 12%

Table 15   Test results of WDC cushion leachate

Specimen Test items Result of survey Unit Test items Result of survey Unit

WDC cushion (50%) Oil 0.04L mg/L Mercury 0.00014 mg/L
Chemical oxygen demand (COD) 22 mg/L Arsenic 0.0003L mg/L
Chloride 10.4 mg/L Lead 0.002 mg/L
Fluoride 5.60 mg/L Cadmium 0.0001L mg/L
Nitrate nitrogen 22.5 mg/L Barium 0.47 mg/L
Hexavalent chromium 0.127 mg/L Dibenzo(a,h)

anthracene
0.002 mg/kg
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detected do not exceed the limit value of Standards for irri-
gation water quality (GB 5084–2021). At the same time, the 
contents of pollutants meet the standard limits of class I surface 
water in Environmental quality standards for surface water (GB 
3838–2002), and the contents of heavy metals detected do not 
exceed the maximum allowable emission concentration of class 
I pollutants in Integrated wastewater discharge standard (GB 
8978–1996). Therefore, WDC as road cushion materials meet 
the standard requirements (Han et al. 2020; Fu et al. 2019).

By comparing and analyzing the WDC to meet the refer-
ence limit of heavy metal content in raw materials of cement 
kiln cooperative disposal of solid waste into the kiln, at the 
same time as building materials, shale gas WDC as raw 
materials of cement industry must also meet the national 
standard of radioactivity of building materials (Allwood 
2018). This index is usually used to measure the radioactiv-
ity of building materials by internal irradiation index IRa 
and external irradiation index Ir. The calculation formula is 
shown in (19) and (20). The results are shown in Table 16.

Mechanism analysis of cement solidifying organic 
pollutants in road cushion with WDC

Cement solidification is a common method to convert toxic 
and hazardous solid waste into non-hazardous substances. 
Cement is the most commonly used stabilizer for hazard-
ous waste. The technology is to mix waste and cement to 
form a hard cement solidified body after hydration, so as 
to reduce the leaching of hazardous components in waste 
(Ciotoli et al. 2020). The process of cement curing organic 
pollutants is actually the process of interaction between 
organic pollutants and inorganic cementitious materials, 
and its interaction includes adsorption, chemical absorp-
tion, precipitation, ion exchange, and homocrystal substitu-
tion (Chen and Wu 2018; Guo et al. 2017).

The hydration process of WDC and cement is very com-
plex, and the hydration products will change with the con-
tent of WDC. When the solidification products of WDC 
and cement contact with the leaching medium, the chemi-
cal equilibrium of the solidification products is broken due 
to the low concentration of chemical components in the 
medium (Cao et al. 2020). For the hydration products formed 
by hydration, the first is easy to dissolve to maintain the 
chemical equilibrium. For Ca(OH)2, single sulfate, ettring-
ite, C-S–H, and several hydration products, studies on their 
solubility indicate their solubility order, Ca(OH)2 > single 

sulfate > AFt > ettringite > C-S–H, that is, Ca(OH)2 is the 
most easy to dissolve, while ettringite and C-S–H are dif-
ficult to dissolve. From this point of view, these two hydra-
tion products play an important role in the solidification of 
organic pollutants (Mostavi et al. 2015; Tian et al. 2021).

Some organic pollutants in WDC mainly exist in the 
form of benzo(a)anthracene, benzo(k)f luoranthene, 
benzo(a)pyrene, and other polycyclic aromatic hydrocar-
bons. The presence of organic pollutants will not only 
interfere with the solidification and stabilization process 
of cement, but also change the strength of the product, 
making the stabilization process of pollutants more dif-
ficult (Xu et al. 2017). In general, organic compounds 
form a layer of organic compounds inhibiting hydra-
tion on the cement surface through ion bonds, hydrogen 
bonds, and dipole bonds. Through the adsorption of toxic 
substances by the powdery calcium silicate hydrated col-
loid in cement, the cementitious hydrate in cement and 
organic pollutants in WDC form a solid solution, so that 
the pollutants are bound in the cement hardening tissue, 
thereby greatly reducing the content of organic pollut-
ants in WDC. The basic principle is to reduce the surface 
area and permeability of hazardous solidified organic 
polycyclic aromatic hydrocarbons by curing inclusion 
compounds, so as to achieve the purpose of stable and 
harmless organic pollutants (Ma et al. 2016; Bedia et al. 
2018). The mechanism of cement solidification pollut-
ants is shown in Fig. 8.

Process route of WDC as road cushion

Treatment process of WDC

The WDC process flow chart of road cushion is shown in 
Fig. 9, and the distribution construction steps are as follows:

Step 1 Stirring crushing and screening unit

The material is sent to the mixer by shovel truck, and 
then sent to the roller siever for screening. The material with 
particle size greater than 30 mm is screened out, and small 
particles enter the next unit.

Step 2 Stacking unit

Through the use of excavators and loaders, the 
screened solid waste is piled into a strip of 2 m wide and 
0.5 m high.

Step 3 Flip and dosing unit

The solid waste is transmitted to the dump unit by conveyor 
belt, and the solid waste is dumped by hydraulic-assisted 

Table 16   Radioactive nuclide content in WDC

Type of drilling cuttings 232Th 226Ra 40 K IRa Ir

Bq/kg

WDC 3.5 × 103 2.6 × 103 40 × 103 0.13 0.31
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mechanical crawler dumper. At the same time, the drug 
spraying equipment is used for uniform spraying. The dumper 
repeatedly dumps three to four times to make the drug evenly 
sprayed on the solid waste (Rodriguez et al. 2022).

Step 4 Material detection

After the material treatment was completed, it is detected 
that the qualified material entered the material stacking area, 
and the unqualified material is re-entered into the stacking tank 
for re-stacking.

WDC detection after treatment

The treated WDC should have no obvious irritating odor, 
and the pollutant content should meet the requirements in 
Table 16; WDC are used as road cushion and well site cush-
ion pollution control requirements in the third chapter above. 
In addition, in order to further ensure the environmental 
safety of comprehensive utilization, the oil content of WDC  
is set to 0.3%.

Each 300 m3 is used as a large sampling array for pollut-
ant content detection.

Fig. 8   Mechanism diagram of 
cement solidification pollutants

Fig. 9   WDC resource processing flow chart
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Treatment of unqualified WDC: if the product is 
unqualified, it is necessary to re-do compound dosing 
treatment to meet the qualification requirements (Wang 
et al. 2018a, b, c, d).

Site layout

The production process of water-based drilling cuttings as 
road cushion is shown in Fig. 10.

Conclusions

The goal of this study is to experimentally evaluate the 
environmental performance and properties (including 
human health and ecological security risk assessment, 
mechanical, microstructural and environmental safety 
assessment) of the WDC and WDC road cushion. This 
study can provide a favorable way for the efficient, safe, 
and environmentally friendly utilization of WDC, and 
ensure the ecological environment safety and human health 
safety of WDC in resource utilization. The main results and 
conclusions are as follows.

The comprehensive carcinogenic risk of all expo-
sure pathways of single pollutant benzo(a)anthracene, 
benzo(a)pyrene, benzo(k)fluoranthene, and indeno(1,2,3-
cd)pyrene was acceptable. However, the cumulative car-
cinogenic risk of skin contact pathway of particulate 

matter intake of dibenzo(a,h)anthracene was at an unac-
ceptable level. It was considered that only dibenzo(a,h)
anthracene had carcinogenic effect, so the soil risk con-
trol value of heavy metals in WDC can be calculated: 
the risk control limit of dibenzo(a,h)anthracene in WDC 
was 1.8700 mg/kg.

In this study, cement solidification was used to con-
vert organic pollutants in WDC into harmless sub-
stances. The basic principle was that organic substances 
form a layer of organic substances that inhibit hydra-
tion on the cement surface through ion bonds, hydro-
gen bonds, and dipole bonds. Through the adsorption 
of toxic substances by the powdery calcium silicate 
hydrated colloid in cement, the cementitious hydrate in 
cement and organic pollutants in WDC formed a solid 
solution, so that the pollutants were bound in the cement 
hardening tissue, thereby greatly reducing the content of 
organic pollutants in WDC.

By studying and adjusting the formula of WDC pave-
ment cushion, the WDC pavement cushion was finally 
designed by 6% cement + 50% WDC + 44% crushed stone. 
The 28-day unconfined compressive strength met the 
requirements of the Chinese standard Technical Guide-
lines for Construction of Highway Roadbases (JTG/T F20-
2015). The environmental protection, building materials, 
and safety of the product were sampled and analyzed. The 
leaching concentration of main pollutants met the relevant 
standards of China.

Fig. 10   WDC road cushion 
production process
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Annex 1

In this study, the Chinese standard Technical guidelines for 
risk assessment of soil contamination of land for constru-
cion (HJ 25.3–2019) is used for human health and ecologi-
cal security risk assessment. Table 17 shows the calculation 

results of leaching dilution factor LFgw during the bed-
ding utilization of WDC site, Table 18 shows the calcula-
tion results of groundwater drinking risk of WDC site, and 
Table 19 shows the calculation results of soil risk control 
value based on carcinogenic effect under different exposure 
conditions.

Table 17   Calculation results of leaching dilution factor LFgw for bedding utilization in WDC field

Parameter name Unit Parameter 
value

Source of parameters

ρb Volume weight of soil kg/L 1.50 Guidelines for risk 
assessment

H′ Henry’s constant Benzo(a)anthracene Zero 
dimen-
sion

4.91E-04 Guidelines for risk 
assessmentBenzo(k)fluoranthene 2.39E-05

Benzo(a)pyrene 1.87E-05
Dibenzo(a,h)anthracene 5.76E-06
Indeno(1,2,3-cd)pyrene 6.56E-05

θavs Volume ratio of pore air in unsaturated soil Zero 
dimen-
sion

0.12 RBCA
Site Risk Assessment 

Model
θwvs Volume ratio of pore water in unsaturated soil Zero 

dimen-
sion

0.26 RBCA
Site Risk Assessment 

Model
fom Organic matter content g•kg−1 16.8 Actual measurement
Koc Distribution coefficient of soil organic carbon/soil pore water Benzo(a)

anthracene
L•kg−1 1.77E + 05 Guidelines for risk 

assessment
Benzo(k)

fluoranthene
L•kg−1 5.87E + 05 Guidelines for risk 

assessment
Benzo(a)

pyrene
L•kg−1 5.87E + 05 Guidelines for risk 

assessment
Dibenzo(a,h)

anthracene
L•kg−1 1.91E + 06 Guidelines for risk 

assessment
Indeno(1,2,3-

cd)pyrene
L•kg−1 3.47E + 06 Guidelines for risk 

assessment
KS Distribution coefficient of solute in soil and water Benzo(a)

anthracene
L•kg−1 1.75E + 03 Calculation

Benzo(k)
fluoranthene

L•kg−1 5.80E + 03 Calculation

Benzo(a)
pyrene

L•kg−1 5.80E + 03 Calculation

Dibenzo(a,h)
anthracene

L•kg−1 1.89E + 04 Calculation

Indeno(1,2,3-
cd)pyrene

L•kg−1 3.43E + 04 Calculation

Ugw Darcy rate of groundwater cm·yr−1 2.50E + 03 Guidelines for risk 
assessment

δgw Thickness of groundwater mixed zone m 2.00 Guidelines for risk 
assessment

P Annual rainfall mm 1400.00 Environment impact 
assessment state-
ment

If Permeability rate of water in soil cm/a 30 Guidelines for risk 
assessment

Wgw Length of contaminated area parallel to groundwater flow m 45.00 Estimate
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Table 17   (continued)

Parameter name Unit Parameter 
value

Source of parameters

L1 Height of matting m 1.00 Estimate
L2 Groundwater depth m 50.00 Report for risk assess-

ment

LFgw Soil leaching dilution factor Benzo(a)
anthracene

kg/L 2.43E-06 Computation

Benzo(k)
fluoranthene

kg/L 7.33E-07 Computation

Benzo(a)
pyrene

kg/L 7.33E-07 Computation

Dibenzo(a,h)
anthracene

kg/L 2.25E-07 Computation

Indeno(1,2,3-
cd)pyrene

kg/L 1.24E-07 Computation

Table 18   Risk calculation results of drinking groundwater for bedding use in WDC field

Parameter name Unit Parameter value Source of parameters

CGWERca Exposure of drinking groundwater (Carcinogenic effect) L•kg−1•d−1 4.19E-03 Computation
Cgw Pollutant concentration in groundwa-

ter polluted by WDC
Benzo(a)anthracene mg/L 8.26E-06 Computation
Benzo(k)fluoranthene mg/L 4.86E-05 Computation
Benzo(a)pyrene mg/L 6.99E-07 Computation
Dibenzo(a,h)anthracene mg/L 1.34E-06 Computation
Indeno(1,2,3-cd)pyrene mg/L 1.41E-07 Computation

SFo Oral intake carcinogenic slope factor Benzo(a)anthracene (mg•kg−1•d−1)−1 7.30E-01 Guidelines for risk 
assessment

Benzo(k)fluoranthene (mg•kg−1•d−1)−1 7.30E-02 Guidelines for risk 
assessment

Benzo(a)pyrene (mg•kg−1•d−1)−1 7.30E + 00 Guidelines for risk 
assessment

Dibenzo(a,h)anthracene (mg•kg−1•d−1)−1 7.30E + 00 Guidelines for risk 
assessment

Indeno(1,2,3-cd)pyrene (mg•kg−1•d−1)−1 7.30E-01 Guidelines for risk 
assessment

WAF Proportion of reference dose distribution exposed to groundwa-
ter

Zero dimension 0.20 Guidelines for risk 
assessment

CRcgw Cancer Risk of Single Pollut-
ant in Drinking Ground-
water

WDC Benzo(a)anthracene Zero dimension 2.53E-08 Computation
Benzo(k)fluoranthene Zero dimension 1.49E-08 Computation
Benzo(a)pyrene Zero dimension 2.14E-08 Computation
Dibenzo(a,h)anthracene Zero dimension 4.10E-08 Computation
Indeno(1,2,3-cd)pyrene Zero dimension 4.31E-10 Computation

12762 Environmental Science and Pollution Research (2023) 30:12741–12768



1 3

Annex 2

A total of WDC of three drilling platforms were leached and 
tested. The concentration test results are shown in Table 20. 
According to the standard limits of each leaching toxicity 
test item in the Chinese standard Identification standards 
for hazardous wastes-Identification for extraction toxicity 
(GB5085.3–2007), the pollutants in WDC were screened and 
the test results were analyzed. The toxic substances content 

of WDC as road cushion is detected, and the risk assessment 
of WDC as road cushion is carried out combined with the 
risk control limits in Soil environmental quality-Risk control 
standard for soil contamination of agricultural land (GB 
15618–2018) and Risk screening guideline values for soil con-
tamination of development land (three drafts) (HJ25.5–2015). 
In addition, the toxicity parameters and exposure parameters of 
the main pollutants required for the human health evaluation 
of WDC as road cushion are shown in Table 21 and Table 22.

Table 19   Soil risk control values based on carcinogenic effects

Parameter name Unit Parameter value Source of parameters

ACR​ Acceptable carcinogenic risk Zero dimension 10–5 Chongqing area
OISERca Exposure of solid waste particles taken orally kg•kg−1•d−1 4.19E − 07 Computation
DCSERca Exposure of skin to WDC particles (carcinogenic effect) kg•kg−1•d−1 3.11E − 07 Computation
PISERca Exposure of inhaled dust particles (carcinogenic effect) kg•kg−1•d−1 4.95E − 09 Computation
RCVSois Soil risk control value based on carcinogenic 

effect of oral intake of soil pathway
Benzo(a)anthracene mg•kg−1 3.27E + 01 Computation
Benzo(k)fluoranthene mg•kg−1 3.27E + 02 Computation
Benzo(a)pyrene mg•kg−1 3.27E + 00 Computation
Dibenzo(a,h)anthracene mg•kg−1 3.27E + 00 Computation
Indeno(1,2,3-cd)pyrene mg•kg−1 3.27E + 00 Computation

RCVSdcs Soil risk control value based on carcinogenic 
effect of skin contact with soil pathway

Benzo(a)anthracene mg•kg−1 4.40E + 01 Computation
Benzo(k)fluoranthene mg•kg−1 4.40E + 02 Computation
Benzo(a)pyrene mg•kg−1 4.40E + 00 Computation
Dibenzo(a,h) anthracene mg•kg−1 4.40E + 00 Computation
Indeno(1,2,3-cd)pyrene mg•kg−1 4.40E + 01 Computation

RCVSpis Soil risk control value based on carcinogenic 
effect of inhaled soil particles

Benzo(a)anthracene mg•kg−1 4.70E + 03 Computation
Benzo(k)fluoranthene mg•kg−1 4.70E + 03 Computation
Benzo(a)pyrene mg•kg−1 4.70E + 02 Computation
Dibenzo(a,h) anthracene mg•kg−1 4.30E + 02 Computation
Indeno(1,2,3-cd)pyrene mg•kg−1 4.70E + 03 Computation

Table 20   Detection values of toxic substances in WDC

Item (mg/kg) A platform B platform C platform D platform E platform F platform G platform Soil environ-
mental quality-
Risk control 
standard for soil 
contamination 
of agricultural 
land (GB 
15,618–2018)

Risk screen-
ing guideline 
values for soil 
contamination of 
development land 
(three drafts) (HJ 
25.5–2015)

Benzo(a)anthra-
cene

0.7256 6.4978 1.4396 0.6987 0.3000 1.8329 0.9730 / 1.86

Benzo(k)
fluoranthene

132.4004 3.2343 23.2822 8.6597 15.2000 0.1000 8.7025 / 18

Benzo(a)pyrene 0.0765 1.6071 0.1863 0.1000 0.1325 0.1726 0.0935 0.1 0.19
Indeno(1,2,3-

cd)pyrene
1.5204 1.97 1.8300 0.3000 1.0973 0.5469 1.2596 / 1.87

Dibenzo(a,h)
anthracene

0.1265 5.9552 0.1637 0.1324 0.1832 0.1754 0.0000 / 0.19

Benzo(ghi)
perylene

ND 13.8816 ND ND ND ND ND / /

12763Environmental Science and Pollution Research (2023) 30:12741–12768



1 3

Table 21   Toxicity parameters of main pollutants

Name of pollutant Benzo(a)anthracene Benzo(k)
fluoran-
thene

Benzo(a)pyrene Dibenzo(a,h)
anthracene

Source of parameters

Oral intake reference dose (mg•kg−1•d−1) / / / / Guideline
Reference dose of skin contact (mg•kg−1•d−1) / / / / Guideline
Reference dose of respiratory inhalation 

(mg•kg−1•d−1)
/ / / / Guideline

Reference concentration of respiratory inhalation 
(mg•m−3)

/ / / / Guideline

Respiratory absorption efficiency factor (zero dimen-
sion)

1 1 1 1 Guideline

Oral intake carcinogenic slope factor 
(mg•kg−1•d−1)−1

7.30E-01 7.30E-02 7.30E + 00 7.30E + 00 Guideline

Skin contact carcinogenic slope factor 
(mg•kg−1•d−1)−1

7.30E-01 7.30E-02 7.30E + 00 7.30E + 00 Calculation

Respiratory inhalation carcinogenic slope factor 
(mg•kg−1•d−1)−1

4.30E-1 4.30E-1 4.30E + 00 4.70E + 00 Calculation

respiratory inhalation unit carcinogenic factor 
(m3•mg−1)

1.10E-01 1.10E-01 1.10E + 00 1.20E + 00 Guideline

Table 22   Selection of exposure parameters

Parameter 
symbolic

Parameter name Unit Recommended value of 
non-sensitive land

Remark

L1 Cushion thickness cm 100.00 Estimate
L2 Groundwater depth cm 1000.00 Estimate
ρb Volume weight of soil kg·dm−3 1.50 Guideline
Pws Soil moisture content kg·kg−1 0.10 Guideline
hv Unsaturated zone thickness cm 295.00 Estimate
i Hydraulic slope Zero dimension 0.01 Guideline
Ugw Darcy rate of groundwater cm·a−1 2500.00 Guideline
Wgw Length of soil pollution parallel to groundwater flow cm 4500.00 Guideline
δgw Thickness of groundwater mixed zone cm 200.00 Guideline
EDa Adult exposure cycle a 25.00 Guideline
EFa Adult exposure frequency d·a−1 250.00 Guideline
BWa Average adult weight kg 56.80 Guideline
Ha Average height of adults cm 156.30 Guideline
DAIRa Daily air respiration of adults m3·d−1 14.50 Guideline
OSIRa Daily soil intake by adults mg·d−1 100.00 Guideline
Ev Daily frequency of skin contact events meta·d−1 1.00 Guideline
SAF Proportion of reference dose distribution exposed to soil Zero dimension 0.20 Guideline
SERa Surface area ratio of adult exposed skin Zero dimension 0.18 Guideline
SSARa Soil adhesion coefficient of adult skin surface mg·cm−2 0.20 Guideline
ABSo Oral intake absorption efficiency factor Zero dimension 1.00 Guideline
ABSd Skin Contact Absorption Efficiency Factor Zero dimension 0.13 Guideline
PIAF Inhaled particulate matter retention ratio in vivo Zero dimension 0.75 Guideline
ACR​ Single pollutant acceptable carcinogenic risk Zero dimension 1.00E-06 Guideline

1.00E-05 Chongqing area
AHQ Acceptable non-carcinogenic risk Zero dimension 1.00 Guideline
ATca Average time of carcinogenic effect d 26,280.00 Guideline
ATnc Average time of non-carcinogenic effect d 9125.00 Guideline
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