
 
Abstract—The study explores the use of binders and additives, 

such as Portland cement, pulverized fuel ash, ground granulated blast 
furnace slag, and MgO, to reduce the concentration and leachability of 
pollutants in contaminated site soils. The research investigates their 
effectiveness and associated risks of binders, with a focus on Total 
Heavy Metals (THM) and Total Petroleum Hydrocarbon (TPH). The 
goal of this research is to evaluate the performance and effectiveness 
of binders and additives in remediating soil pollutants. The study aims 
to assess the suitability of the mixtures for ground improvement 
purposes, determine the optimal dosage, and investigate the associated 
risks. The research utilizes physical (unconfined compressive strength) 
and chemical tests (batch leachability test) to assess the efficacy of the 
binders and additives. A completely randomized design one-way 
ANOVA is used to determine the significance within mix binders of 
THM. The study also employs incremental lifetime cancer risk (ILCR) 
assessments and other indices to evaluate the associated risks. The 
study finds that Ground Granulated Blast Furnace Slag (GGBS): MgO 
is the most effective binder for remediation, particularly when using 
low dosages of MgO combined with higher dosages of GGBS binders 
on TPH. The results indicate that binders and additives can encapsulate 
and immobilize pollutants, thereby reducing their leachability and 
toxicity. The mean unconfined compressive strength of the soil ranges 
from 285.0-320.5 kPa, while THM levels with a combination of 
Ground granulated blast furnace slag and Magnesium oxide, Portland 
cement and Pulverised fuel ash were less than 10 µg/l. Portland cement 
was below 1 µg/l. The ILCR ranged from 6.77E-02 - 2.65E-01 and 
5.444E-01 - 3.20 E+00, with the highest values observed under 
extreme conditions. The hazard index (HI), risk allowable daily dose 
intake (ADI), and risk chronic daily intake (CDI) were all less than 1 
for the THM. The study identifies MgO as the best additive for use in 
soil remediation. 

 
Keyword—Risk daily dose intake, risk chronic daily intake, 

incremental lifetime cancer risk, ILCR, novel binders, additives 
binders, hazard index. 

I. INTRODUCTION 

OIL serves as a perfect pointer for environmental pollution 
and environmental risk for human exposure. Soil is the 

primary environmental sink for PAHs in the terrestrial 
environment when compared to other sinks [1]. Soil TPH and 
PAHs contamination have a direct effect on public health via 
ingestion, inhalation, or dermal contact [2]-[5]. Petroleum 
hydrocarbons are prone to enrichment in soils where they are 
most retained for a long time as a result of their persistence and 
hydrophobicity [6]-[8]. As a result, the soil is usually 
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considered as the main reservoir for PAHs in the environment. 
Studies on soil contamination by PAHs are necessary to reduce 
the risk of human exposure and environmental pollution. 
Remediated land may improve the restoration of urban areas, as 
a result, decreases greenfield development [9]-[11]. 
Educational bodies have undertaken a significant amount of 
stabilization/solidification over the past two decades. The 
application of solidification/stabilization (S/S) contributes to 
reducing the level of toxins in the environment [12]. At present, 
US Environmental Protection Agency (USEPA) identifies S/S 
as one of the most demonstrated offered technologies for land 
removal of most contaminated and dangerous waste [13], [14]. 
S/S technology reduces the mobility of inorganic and organic 
compounds [15]. S/S technology mixing with dry binders 
requires more vigorous mixing when compared to wet binders. 
However, the strength of the samples may be greater in dry than 
wet binders. Zeolite, GGBS, and/or ash together with magnesia 
are likely alternatives to S/S binder application [12]. These 
alternative binders were efficient in SMiRT project field and 
laboratory trials when compared to the novel binders. The 
health risk assessment of heavy metals in Nigeria by [16] 
remunerated how the human body may be exposed to pollutants 
in soil via oral ingestion, dermal contact, and inhalation of soil 
particles.  

The main objectives of this research were to determine the 
effectiveness of these binders and additives to reduce the 
concentration of total heavy metals and total petroleum 
hydrocarbon on polluted soil. The research addresses the 
following questions: What is the effectiveness of different 
binders and additives in soil remediation? What is the optimal 
dosage required to reducing pollutant concentration and 
leachability? Which binder or additive is the most effective? 

II. MATERIALS AND METHODS 

This work determines the performance of field trials samples 
with dry binders. 

A. Binder Materials and Dosages 

Binders vary from conventional to novel binders (see Tables 
I-IV). 

B. Soil Mix Process  

In-situ soil mixing was employed in which a hollow rotating 
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shaft equipped with cutting and mixing augers, was placed 
above the tip of the shaft and blended into the soil with binders. 
The aim is to improve the physical, chemical, and mechanical 
properties of the soil without excavation. The use of augers or 
mixing tools is to break up the soil sufficiently before the 
binders are introduced. This is then followed by a number of 
mixing cycles depending on the soil type to ensure 
homogeneous mixing. Soil mixing can be deep or shallow: deep 
mixing can be carried out with the use of augers while shallow 
mixing uses several pieces of equipment such as blenders or 
mass stabilization and backhoes. Deep soil mixing augers have 
diameters between 0.6-1.2 m and can reach a depth of up to 35 
m by using single or multi-shafted while shallow mixing augers 
have a diameter between 1 m to 4 m and up to 10 m. 

 
TABLE I 

CONVENTIONAL AND NOVEL BINDERS 

Binders Obtained Reference

Portland Cement (PC) Blue Circle, Lafarge, UK [12] 

Pulverized Fuel Ash (PFA) 
UK Quality Ash Association 

(UKQAA). 
 

GGBS Civil and Marine Ltd, UK.  

MgO Richard Baker Harrison Ltd, UK  

Zeolite used was a 
Clinoptilolite 

Kentish Minerals, UK  

 
TABLE II 

COMPOSITION OF THE CEM I BASED MIXES APPLIED IN THE FIELD TRIALS 

USING DRY MIXING 

Mix No. Binder Binder-content (wt%) CEMI (%) 

CFD1 CEM I 2.5 2.5 

CFD2 CEM I 5 5 

CFD3 CEM I 10 10 

CFD2 not surfaced samples  
 

TABLE III 
COMPOSITION OF THE CEM I-PFA-BASED MIXES APPLIED IN THE FIELD 

TRIALS USING DRY MIXING 

Mix No Binder 
Binder 

Content (wt%) 
CEMI 

(%) 
PFA
(%) 

Zeolite (%)

CPFD1 CEM I:PFA (1:3) 5 1.25 3.75 - 

CPFD2 CEM I:PFA1 (1:3) 5 1.25 3.75 - 

CPFD3 CEM I:PFA2 (1:3) 5 1.25 3.75 - 

CPFD4 CEM I:PFA3 (1:3) 5 1.25 3.75 - 

CPFD5 
CEM I:PFA:ZEOLITE 

(2.2:6.7:1) 
2.5 0.55 1.69 0.25 

CPFD6 
CEM I:PFA:ZEOLITE 

(2.2:6.7:1) 
5 1.11 3.38 0.5 

Only mix 6 was surface sampled; 1: 2 × mixing speed; 2: 2× mixing time; 3: 
4× treated area 

 
TABLE IV 

COMPOSITION OF THE MGO-BASED MIXES APPLIED IN THE FIELD TRIALS 

WITH DRY MIX 

Mix No. Binder Binder content (wt%) MgO (%) GGBS (%)

MgFD1 GGBS:MgO (4:1) 2.5 0.5 2 

MgFD2 GGBS:MgO (4:1) 5 1 4 

MgFD3 GGBS:MgO (4:1) 10 2 8 

MgFD4 GGBS:MgO (9:1) 10 1 9 

MgFD5 GGBS:MgO(9:1) 5 0.5 4.5 

MgFD6 GGBS:MgO (9:1) 2.5 0.25 2.25 

MgFD7 GGBS:MgO(19:1) 2.5 0.13 2.38 

MgFD8 GGBS:MgO(19:1) 5 0.25 4.75 

MgFD9 GGBS:MgO(19:1) 10 0.5 9.5 

  

(a) 
 

 

(b) 

Fig. 1 The treated areas at the SMiRT project trials site (a) triple 
auger treatment areas and (b) mass stabilization areas courtesy of [17] 

C. Design Criteria  

Design criteria provide insight into the performance of the 
binders and hence the effectiveness of the use of S/S treatment 
technology. These criteria are categorized into physical and 
chemical tests [18]. Physical tests determine the quality of the 
binders, the quantity required to be used, and homogeneity in 
mixing which include durability, permeability, and strength. 
Chemical tests involve determining the leaching behaviour of 
stabilized material [18]. The natural moisture content of the two 
soils was 10%. The soil and groundwater were contaminated 
with a mixture of heavy metal and organic contaminants 
including concentrations of up to 3000 mg/kg of lead and 
copper, 2000 mg/kg of mineral oil, and 9000 mg/kg of 
hydrocarbons. The soil had a water content of 24.9% with liquid 
and plastic limit of 29.6% and 23.8% respectively. Design 
criteria were chosen based on physical and chemical properties 
including unconfined compressive strength, leachability and 
leachate pH.  

D. Testing Procedures 

𝑃𝑙𝑎𝑠𝑡𝑖𝑐 𝑙𝑖𝑚𝑖𝑡    

   
100  (1) 
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𝑃𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 𝐿𝑖𝑞𝑢𝑖𝑑 𝑙𝑖𝑚𝑖𝑡 𝑃𝑙𝑎𝑠𝑡𝑖𝑐 𝑙𝑖𝑚𝑖𝑡 (2) 
 

𝑃𝐼 𝐿𝐿 𝑃𝐿 
 

𝑀𝐶  100%    
 

where MC: the moisture content; Wwt: the weight of the 
moisture specimen with tare; Wdt: the weight of the dried 
specimen with tare; Wt: the weight of the container. 
 

𝐿𝑖𝑞𝑢𝑖𝑑𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 𝐿𝐼     (3) 
 

where NM: the soils moisture content, in percent; PL: the 
calculated plastic limit; PI: the calculated plasticity index. 
 

𝐿𝑖𝑞𝑢𝑖𝑑 𝑙𝑖𝑚𝑖𝑡 𝑀𝐶 % 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑜𝑣𝑒𝑛 𝑑𝑟𝑖𝑒𝑑 𝑠𝑜𝑖𝑙 
 

𝑀𝐶 %    

    
100  

 

𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 %

       

   
100  

i. Leachability Test 

The batch leachability test is 24 hours to ensure that 
equilibrium conditions are reached to make the comparison 
applicable to a wider variety of materials. The experimental 
protocol followed British Standard BS 12457-2. The liquid-to-
solid ratio (L/S) was kept at 10:1. The pH of the de-ionized 
water was between 6-7 and CO2 was added. The bottles 
contained the liquid-to-solid ratio (L/S) of 10:1 and were on a 
roller table (rotation speed 10 rpm) for 24 hours at 20 oC. After 
the test, the bottles were on the table to allow the suspended 
solid of sorbent to settle. Once the sorbent settled the pH was 
measured with a Fisher Scientific accumetTM AP-71. Then the 
supernatant was filtered in a 0.45 µm filter and a syringe to 
measure 10 ml into a scintillating vial glass bottle and ready for 
chemical analysis using a typical optima 7000 DV ICP-OES 
inductively coupled plasma machine detection in µg/(ppb) 
based on three standard deviations. All values were obtained 
using axial viewing, a GemconeTM nebulizer and cyclone spray 
chamber and a 10-second integration. The detection limit and 
wavelength of Cr, Cu, Pb, Ni and Zn were 0.25, 0.9, 1.4, 0.4 
and 0.2 µg/l while the wavelength of 267.76, 224.70, 220.35, 
231.60, 206.20 mm respectively. For the TPH analysis, 5 ml of 
Hydrochloric acid and 30 ml of Dichloromethane plus 400 ml 
of leachant were added into the conical flask for the first extract. 
The solutions were shaken by hand for about 1 min and settled. 
In total, 90 ml of dichloromethane was for three extracts and 10 
ml was measured into a container. This process took place three 
times per sample in a fume hood and left for 24 h. After 24 h, 
the container with the dried TPH result was recorded on a 
weighed balance (where 0.3048 l = 1 kg). 

ii. Unconfined Compressive Test 

The UCS test specimens were 50 mm in diameter and 100 
mm in height and have a UNIFRAME testing strength with 1.44 
mm/mins displacement rate and an automatic 

electromechanical compression/machine of 50 kN. The UCS 
test specimens were 50 mm in diameter and 100 mm in height. 
Both ends of the specimen were made flat to within ± 0.05 mm. 
The vertical load was applied axially at a constant rate of strain 
of 1.44 mm per minute until failure from which the strength was 
calculated. 

 

𝑆𝑡𝑟𝑎𝑖𝑛 𝜀
∆

ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑤𝑒𝑖𝑔ℎ𝑡  /

ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒  (4) 
 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑙𝑜𝑎𝑑 𝑃 𝑘𝑁 𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 ∗ 𝑙𝑜𝑎𝑑 𝑔𝑎𝑢𝑔𝑒 (5) 
 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑓𝑎𝑖𝑙𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝐴𝑜    (6) 

 

𝑆𝑡𝑟𝑒𝑠𝑠 𝜕
 

    (7) 

E. Risk Assessment 

The ILCR assessment (unitless) in terms of direct ingestion, 
dermal contact and inhalation are as follows: 

 

ILCRSIngestion = 𝐶𝑆 𝐶𝑆𝐹𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝑆𝑄𝑅𝑇 3

𝐼𝑅𝑠𝑜𝑖𝑙 𝐸𝐹 𝐸𝐷 𝐵𝑊 𝐴𝑇 10^6 (8) 
 

ILCRSDermal = 𝐶𝑆 𝐶𝑆𝐹𝑑𝑒𝑟𝑚𝑎𝑙 𝑆𝑄𝑅𝑇 3 𝑆𝐴

𝐴𝐹 𝐴𝐵𝑆 𝐸𝐹 𝐸𝐷  𝐵𝑊 𝐴𝑇 10  (9) 
 

ILCRSInhalation = 𝐶𝑆 𝐶𝑆𝐹𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 𝑆𝑄𝑅𝑇 3

𝐼𝑅𝑎𝑖𝑟 𝐸𝐹 𝐸𝐷 𝐵𝑊 𝐴𝑇 𝑃𝐸𝐹 (10) 
 
where CS is the pollutant concentration of soils (µgkg-1). CSF 
is carcinogenic slope factor (mgkg-1d-1)-1. BW is body weight 
(kg). AT is the average life span (year). EF is the exposure 
frequency (d year-1), ED is the exposure duration (year), IRair 
is the inhalation rate (m3 d-1), IRsoil is the soil intake rate (mg 
d-1), SA is the dermal surface exposure (cm2 d-1), AF is the 
dermal adherence factor (mg cm-2), ABS is the dermal 
adsorption fraction, and PEF is the soil dust produce factor (m3 
kg-1).  

The determination of carcinogenic slope factor was based on 
the cancer-causing ability of BaP; CSF Ingestion, CSF Dermal, 
and CSF Inhalation of BaP were 7.3, 25, and 3.85 (mg kg-1 d-1)-

1, respectively [19]-[21]. The normal and extreme conditions 
represent the average and maximal exposure time and exposure 
possibility, respectively. 

Other body function related parameters were based on the 
Risk Assessment Guidance of Beijing Municipal 
Environmental Protection Bureau [22]. The normal and 
extreme conditions represent the average and maximal 
exposure time and exposure possibility, respectively. The total 
risks were the sum of risks associated with each exposure route 
[24], [25]. 

F. Heavy Metal Exposure Assessment Quantification 

For dermal contact with soil, the allowable daily dose intake 
(ADI) was calculated with: 
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𝐴𝐷𝐼 𝐶𝑆 𝐶𝐹 𝑆𝐴 𝐴𝐹 𝐴𝐵𝑆 𝐸𝐹 𝐸𝐷 𝐵𝑊 𝐴𝑇) (11) 
 
or ingestion of chemical in soil the chronic daily intake (CDI) 
was calculated using: 
 

𝐶𝐷𝐼 𝐶𝑆 𝐼𝑅 𝐶𝐹 𝐹𝐼 𝐸𝐹 𝐸𝐷 𝐵𝑊 𝐴𝑇 (12) 
 

where FI: Fraction Ingestion = 0.5 unitless [26]; DAF: Dilution 
Attenuation Factor = 1 [27]; CF: Conversion Factor = 0.000001 
kg/mg [26], CS: Chemical Concentration in soil; Cancer 
Potential Factor (CPF); 1.7E-03, FI – 0.5 unitless; Conversion 
Factor: 0.000001; ORAL RfD: 6.72E-03, Dermal RfD: 1.50E-
02. 

 
TABLE V 

PARAMETERS USED IN ILCR ASSESSMENT [22], [23]. 

Exposure variables Unit 
child adult 

normal extreme normal extreme

Body weight (BW) kg 15 15 70 70 

Exposure frequency (EF) d year-1 350 350 350 350 

Exposure duration (ED) year 2 6 7 24 

Inhalation rate IRair m3 d-1 5 5 20 20 

`Soil intake rate (IRsoil) mg d-1 200 200 100 100 
Dermal Surface Exposure 

(SA) 
cm2 d-1 1800 1800 5000 5000 

Dermal Adherence factor 
(AF) 

mg cm-2 0.2 1 0.2 1 

Dermal Absorption 
fraction (ABS) 

Dimensionless 0.1 0.1 0.1 0.1 

Averaging Life Span (AT) year 70 70 70 70 
Soil dust produce factor 

(PEF) 
m3 kg-1 1.32du9 1.32du9 1.32du9 1.32du9

1. Exposure Hazard Assessment 

Hazard quotient (HQ) was calculated using: 
 

𝐻𝑄 𝐶𝐷𝐼 . 𝑑𝑎𝑦   𝑅𝑓𝐷 . 𝑑𝑎𝑦    (13a) 

 
𝐻𝐼  ∑𝐻𝑄𝑖    (13b) 

 
where, I = increment; HI = Hazard Index for a specific exposure 
pathway; HQi = Hazard Quotient for COPC I; HQ < 1 = Safe 
while HQ > 1 = Unsafe. The total chronic hazard attributable to 
exposure to all COPCs through a single exposure pathway is 
known as a Hazard Index (HI). 

2. Exposure Risk Assessment 

𝑅𝑖𝑠𝑘 𝐶𝐷𝐼 
𝑚𝑔
𝑘𝑔

. 𝑑𝑎𝑦  

𝐶𝑎𝑛𝑐𝑒𝑟 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝐹𝑎𝑐𝑡𝑜𝑟 𝐶𝑃𝐹 . 𝑑𝑎𝑦  (14) 

 
or 

𝑅𝑖𝑠𝑘 𝐴𝐷𝐼 
𝑚𝑔
𝑘𝑔

. 𝑑𝑎𝑦  

𝐶𝑎𝑛𝑐𝑒𝑟 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝐹𝑎𝑐𝑡𝑜𝑟 𝐶𝑃𝐹 . 𝑑𝑎𝑦      (15) 

G. Statistical Analysis 

All experiments were conducted in triplicate. 
 

STDEV 𝜎  𝑆𝑄𝑅𝑇 ∑ 𝑥1  𝜇 𝑁  (16) 

F (The variance ratio for the overall test) = MST ÷ MSE (17) 
 

𝑀𝑆𝑇 𝑚𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑔𝑟𝑜𝑢𝑝𝑠  ∑ 𝑇𝑖 /𝑛𝑖
𝐺 /𝑛  𝐾 1   

 
where G: the grand total of all observations, Ti: a group total, 
ni: the number in group, n: total number of all observations. 

 

𝑀𝑆𝐸 𝑚𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑒𝑟𝑟𝑜𝑟 ∑ ∑ 𝑌
 ∑ 𝑇 𝑛𝑖 𝑛 𝑘   

 
The correlation theory was used to determine the degree of 

agreement between experimental results. From the correlation 
theory, the coefficient of correlation R is given by: 
 

𝑹
𝟐  

𝑵∑𝒙𝒚 ∑𝒙 ∑𝒚
𝑵∑𝒙𝟐 ∑𝒙𝟐 𝑵∑𝒚𝟐 ∑𝒚𝟐 𝟏/𝟐  

 
where N: No. of experimental points; X: Independent variable; 
Y – Independent variable. 

III.. RESULT AND DISCUSSION 

The study collects physical and chemical data from the batch 
leachability test and the unconfined compressive strength test. 
The collected data are analysed using statistical tools, such as 
ANOVA, to determine the significance of differences between 
the binders. The ILCR and other indexes are also used to 
evaluate the associated risks, and the results are presented in 
Tables VIII and IX. 

The metals investigated were Chromium (Cr), Copper (Cu), 
Nickel (Ni), Lead (Pb), and Zinc (Zn). Samples were produced 
in triplicate and then tested in the laboratory at 28 days. The 
treated soil sections were cored at 28 days with a window 
sampler at 0-4 m depth. The diameter of the samples obtained 
reduced per mm from 85 to 75 to 65 to 55, respectively. The 
cores were physically examined. Most cores were of high 
quality, it was clear that some cores were of better quality than 
others. 

CEM I  

The leachability of all mixes with CEM I in the S/S treated 
are shown in Tables VI-VIII for Cd, Ni, Zn, Cu, Pb, and TPH, 
respectively. These tables demonstrate a significant effect of 
binder dosage of pH on the leaching trend of TPH in the binder 
mixes. However, CEM I binder mixes of 5% after the S/S mix 
immobilize with the lower amount of 21.6 mg/kg TPH when 
compared to 2.5% (23.7 mg/kg) and 10% (22.6 mg/kg) 
respectively. This may agree with some studies that the 
solubility of mainly organic pollutants may depend on the 
leachate pH [28]. In addition, the density obtained indicates that 
low density may lead to low pH with the addition of more CEM 
I which may affect the leachate pH, likewise the density of the 
sample mixes. More so, CEM I (2.5%) with a pH of 10.2 and 
density of 1797. 5 kg/m3, CEM I (5%) and CEM I (10%) of pH 
10.4 and 10.7 with a density of 1819.1 and 1840.7 kg/m3 
respectively, show the CEM I mixes had a positive correlation 
on the parameters investigated except TPH and UCS 
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parameters that were negative. For Cr, there was a significant 
difference (p = 0.015), meanwhile, 5% CEM I increased 
significantly when compared to 2% and 10% of CEM I mixes. 
The effect of 2.5% and 10% CEM I was much lower when 
compared to 10% and were not significantly different. The 
leachability of Ni shows a highly significant difference in the 
mixes, however, CEM I 2.5% was found to have a higher value 
of Ni of the three mixes. For Pb, the mixes were not a significant 
difference but 5% CEM I mixes remain with the highest value 
while Zn with 5% CEM I mixes leached with higher 
concentration. Further to this, metal leachability decreased with 
an increase in binder dosage but 5% irrespective of leachate pH 
10.4 was higher than 2.5% CEM I pH and exhibited a higher 
concentration of the heavy metals investigated when compared 
to 2.5% CEM I mixes. For CEM I individual metal, the highest 
concentration was in this order Cu > Ni > Cr > Zn > Pb. Lead, 
even at extremely low concentrations, is toxic and can cause 
many diseases, including an increased risk of cancer. Lead was 
evaluated with the lowest concentration, and still poses a great 
risk to humans and animals via ingestion of soil and dermal 
contact [16].  

GGBS:MgO 

In all the mixes, GGBS % mixes were more in quantity than 
MgO. The ratio of 4:1 of the mixes shows a significant 
difference in the TPH values. With the double addition of 8% 
GGBS and 2% MgO, TPH leachability remains lowest when 
compared to the lower percentage added to the other mixes. 
These may imply that an increase in binder dosage enhances a 
low TPH concentration as the decrease in density increases the 
strength of the sample, thereby minimizing the level of pollutant 
leached. More to this, the leachate pH may have an effect on the 
level of THMs, as higher pH in alkaline may be found to show 
a low level of THM [12]. The ratio of the mixes 9:1 shows a 
highly significant difference with the leachability trend. The 
mean UCS of 50.4-150.0 kPa was observed on some of the 
mixes. Again, the mixes with the highest leachate pH had the 
lowest THM concentration, however, TPH was generally below 
9 mg/kg while the density accounted for between 2100.1-
2379.9 kg/m3. For the ratio 19:1 of GGBS: MgO mixes, TPH 
was up above 9 mg/kg, indicating that too many differences in 
percentage between these binders could yield higher TPH 
concentration that may be leached. Additionally, a highly 

significant difference in the mixes was observed, and a high 
average UCS of 80.0 – 1100.0 kPa. 

CEM I: PFA 

The TPH concentration of 4.0 – 60.1 mg/kg was between the 
mixes, however, the surface sample with the same amount of 
CEM I and PFA had the highest concentration level that may be 
leached. There was a highly significant difference in the mixes, 
as an increased percentage of Zeolite to 5% affected the level 
of TPH concentration to reduce from 28.7 to 10.2 mg/kg. 
Leachate pH was between 10.1-12.3 which may affect the level 
of THM (1.0-20.0 µg/l) as they were significantly different 
[28]. The double addition of Zeolite on mix 6 rather reduces the 
UCS value and increases the density slightly from 2000.0 to 
2000.6 kg/m3. In addition, the extra mixing time of mix 4 
reduces the level of THM where increasing the mixing speed 
may have no effect on the mix. The ANOVA results showed 
that a combined effect of the blended sample mixes with respect 
to binder dosage and type resulted in a significant difference. 
This implies that the interaction of the experimental design 
parameters significantly affected the mixes as p < 0.05.  

Risk Assessment 

The ILCR estimates the exposure risk for two age groups of 
adults, and children. Risk analysis indicates that the ILCR for 
adults in normal and extreme adult conditions were of 5.44 E-
01 – 3.20 E +00 and 8.57 E-01 – 8.46 E+00, which may indicate 
high potential cancer risk; whereas for the children the risk 
values are less than 1, indicating less significant cancer risk.  

We investigated the ILCR assessments associated with TPH 
exposure through three pathways: ingestion, dermal, and 
inhalation. Our results yielded 1.35 E +00, 1.43 E +01, and 7.56 
E + 01 for ∑ILCRingestion, ∑ILCRdermal, and 
∑ILCRinhalation, respectively. Ultimately, the three exposure 
pathways for humans are via ingestion of chemicals in the soil, 
ingestion in drinking water, and dermal contact with the soil 
were assessed. The order ∑ILCRinhalation > ∑ILCRdermal > 
∑ILCRingestion of the ILCR pathway had the highest cancer 
value. As indicated, the HI values were all less than 1 [16]. In a 
nutshell, inhalation pathways contribute the most significantly 
to cancer risk compared to dermal and ingestion. 

 

 
 

TABLE VI 
THE PHYSICAL AND CHEMICAL PARAMETER RESULTS OF N ± 3 CEM I DRY MIX 

Binder Sample ID TPH (mgkg-1) Leachate pH Density (kg/m3) UCS (kPa) Cr Cu Ni Pb Zn 

CEM I 1A 24.3 9.8 1790 590 0.002 0.09 0.19 0.0001 0.002 

 2A 22 10.4 1844 250 0.01 0.22 0.07 0.002 0.01 

3A 22.7 11 1855 23 0.002 0.07 0.02 0.001 0.001 

1B 22.5 9.5 1800 563 0.001 0.07 0.15 0.0002 0.003 

2B 21.9 10.7 1809 261 0.02 0.21 0.05 0.001 0.02 

3B 23.1 10.9 1820 20 0.004 0.06 0.04 0.003 0.002 

1C 24.1 9.7 1801 577 0.002 0.09 0.17 0.0001 0.001 

 2C 20.9 10.8 1820 259 0.03 0.24 0.06 0.003 0.01 

 3C 22.2 11.2 1833 22 0.003 0.08 0.03 0.001 0.001 
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TABLE VII 
CEM I:PFA PHYSICAL AND CHEMICAL TEST RESULT 

 Sample ID TPH 
(mgkg-1) 

Leachate pH Density 
(kg/m3) 

UCS 
(kPa)

THM 
(µgl-1)

CEM 
I:PFA 

 
1A 60.3 11.1 1799.9 567 7.4

 1B 8.9 10.1 1700.4 426.2 4.1
 1C 21.7 12.3 1900.1 164.1 1.3
 1D 4.2 11.8 2001.3 149.1 19.9
 1E 28.1 12.6 1999.9 305.2 12.7
 1F 10.5 11.8 2006.1 130 2.9
 2A 59.9 10.9 1799.7 566.9 7.1
 2B 8.6 9.9 1699.6 425.9 3.9
 2C 20.9 12.4 1899.8 163.7 0.9
 2D 4.1 11.2 2000.5 148.6 20.1
 2E 29.3 12.1 1998.6 306.1 12.5
 2F 9.8 11.3 2005.9 129.7 3.1
 3A 60.1 11.4 1800.9 566.5 6.9
 3B 7.9 10.2 1701.2 426.2 4.2
 3C 22.1 11.9 1899.5 165.1 0.9
 3D 3.8 11.1 2000.3 149.3 20.11
 3E 28.7 12.1 2001.4 304.9 12.9
 3F 10.3 11.6 2005.9 129.6 3.1

 
TABLE VIII 

THE MEAN RESULTS OF CEM I DRY MIXING S/S TECHNOLOGY 
 Parameters Sample ID mean St.dev P value significant 

CEM I TPH A 23.63 0.99 P = 0.037 significant 

  B 21.60 0.61   

  C 22.67 0.45   

 Leachate pH A 9.67 0.15 P = 0.001 significant 

  B 10.63 0.21   

  C 11.03 0.15   

 Density A 1797.0 6.1 P = 0.046 significant 

  B 1824.3 17.9   

  C 1836.0 17.7   

 UCS A 576.7 13.50 P = 0.001 significant 

  B 256.7 5.86   

  C 21.67 1.53   

 Cr A 0.017  P = 0.015 significant 

  B 0.020    

  C 0.003    

 Cu A 0.083  P = 0.001 significant 

  B 0.223    

  C 0.070    

 Ni A 0.170  P = 0.001 significant 

  B 0.060    

  C 0.030    

 Pb A 0.0001  P = 0.085 non- 
significant

  B 0.002    

  C 0.0017    

 Zn A 0.002  P = 0.008 significant 

  B 0.013    

  C 0.001    

IV. CONCLUSION AND RECOMMENDATIONS 

The research finds that binders and additives, such as GGBS: 
MgO, are effective in reducing pollutant concentration and 
leachability. The study identifies MgO as the best additive for 
the purpose of soil remediation when in combination with 

GGBS. Furthermore, the results indicate that the associated 
risks are within safe limits for THM. Overall, the research 
supports the application of these mixtures for effective and safe 
soil remediation in contaminated sites. 

 
TABLE IX 

THE GGBS:MGO MIX BINDER RESULTS 

Binder 
Sampl
e ID

TPH 
(mgkg-1) 

Leachate 
pH 

Density 
(kg/m3) 

UCS 
(kPa)

THM 
(µgl-1)

GGBS:MgO 1A 10.5 7.9 2113.1 101.1 3.1 

 1B 8.7 10.9 1999.9 198.9 2 

 1C 5.2 9 1800.2 1000.1 3.5 

 1D 8.1 9.2 2380.1 149.8 4.1 

 1E 2.3 8.1 2100.2 50.7 4 

 1F 3.2 10.4 2113.1 101.9 2.5 

 1G 10.1 8 2500.7 80.2 1.9 

 1H 40.2 9.9 2199.9 100.6 2 

 1I 29.7 10 1979.7 1099.9 1.5 

 2A 10.1 8.1 2110.4 102.9 3 

 2B 8.2 11.3 2000.1 200.3 1.8 

 2C 5.1 9.2 1799.8 1001.1 3.4 

 2D 8.5 9.1 2379.6 150.5 4 

 2E 1.9 8 2099.9 49.8 3.7 

 2F 3.1 9.9 2112.9 101.5 2.4 

 2G 9.3 7.9 2499.8 79.9 2 

 2H 39.7 9.8 2200.1 100.9 1.8 

 2I 29.9 10.4 1979.9 1099.8 1.4 

 3A 9.9 8 2111.4 100.8 3.3 

 3B 7.9 10.9 2003.2 199.7 1.9 

 3C 5.4 9.3 1800.2 1000.5 3.8 

 3D 8.1 9 2380.1 149.5 4.3 

 3E 2.1 8.3 2100.2 50.6 3.9 

 3F 2.8 10 2113.1 101.2 2.6 

 3G 9.7 8.2 2500 80.9 2 

 3H 39.6 10.1 2200.3 99.9 1.9 

 3I 29.6 10.3 1980.2 1100.2 1.6 

 
TABLE X 

TOTAL ILCR ASSESSMENTS (ILCR PATHWAYS) OF TPH 

Conditions 

Adult 

Normal 5.44 E-01 - 3.20 E+00 

Extreme 8.57 E-01 - 8.46 E+00 

Child 

Normal 6.77 E-02 – 2.65 E-01 

Extreme 7.98 E-02 - 9.1E-01 

 
TABLE XI 

HI, RISK (ADI AND CDI) OF THMS 

Binders ∑ADI ∑CDI ∑HI 

CEM I 1.42E-10 2.88E-08 4.78E-03

GGBS:MgO 2.08E-06 1.04E-06 1.73E-01

CEMI:PFA 4.08E-06 2.04E-06 3.39E-01
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