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Abstract 
The laboratory test study takes the heavy metal contaminated sludge such as chromium and zinc as the 
research object, uses cement, mineral powder and sludge as the solidified materials, and uses orthogonal 
design and other means to study the strength and concentration after solidification of heavy metal 
contaminated sludge. The research results show that, the solidifying agent prepared according to a certain 
percentage by using cement, mineral powder and sludge as the main solidified materials can effectively 
control the heavy metal ion concentration leaching in the contaminated sludge and greatly improve the 
unconfined compression strength of contaminated sludge. The test results show that, 15% amount of sludge 
solidifying agent can increase the unconfined compression strength of contaminated sludge to more than 
1MPa, and the strength can be increased to 1.5 times of the original strength by incorporating a certain 
amount of activator. The leaching concentration of heavy metal ion can reach the limit required by the 
existing standards, so it can provide scientific data support and reference basis for the resource utilization and 
harmless treatment of heavy metal contaminated sludge. 
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INTRODUCTION 
With the continuous development of industry and 

engineering construction, the environmental pollution 
problem has become increasingly prominent. Among 
them, the problem of heavy metal pollution caused by 
dredging sludge in the port and waterway has gradually 
become one of the hot topics in geotechnical 
engineering field. At present, the 
solidification/stabilization technology (S/S) has the 
unique advantages of low cost and high strength of 
disposal soil, which is widely used in restoration works 
of heavy metal contaminated site. The technology 
adopts in-situ stirring, ectopic pulverization and other 
construction methods to mix the heavy metal 
contaminated medium and the solidification agent fully 
and evenly, and through physical wrapping, chemical 
absorption and crystal precipitation to close the 
pollutants and prevent them transporting or dispersing 
to the surrounding environment, thus converting 
harmful substances into environmentally acceptable 
materials (AI-Tabbaa and Johnson 2005). Research by 
Minocha, Jain et al. found that copper ion-containing 
sludge is beneficial to the early strength of the cement, 
but it is not conducive to the strength (Minocha et al. 
2003) of the test of the cement mixed with coal ash. 

Research by Saeed et al. (2014) found that, when Zn 
content is less than 2%, it does not affect the 
compression strength of the sample, but when Zn 
exceeds 5%, the unconfined compression strength 
decreases sharply. Research by Qiao and Poon (2007) 
showed that, the 28d compression strength of the 
cement-based solidified materials after adding zinc 
hydroxide, lead hydroxide and copper hydroxide in the 
test will be reduced by 15%. Research by Oba and 
Tashiro showed that, the unconfined compression 
strength value is slightly higher than the reference 
sample after adding 20% Cr203 in the cement slurry 
(Ojuri and Oluwatuyi 2014). It was found by Cullinane 
et al. (Montgomery et al. 1988, 1991, Yin et al. 2007) 
that, the addition of lead oxide has little effect on the 
compression strength of the sample; however, the 
compression strength of the sample by adding 5% of the 
lead nitrate can be increased by 18%. It is found by Yin 
et al. (2006) that, the pollutants may delay the 
solidification time of the cement, but have an 
enhancement effect on the long-term strength of 
portland cement. When the cement content is the same 
and under the same curing period, the compression 
strength of the contaminated sample with pb 
concentration of 2.5% is higher than the contaminated 
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sample with pb concentration of 0.05%, the unpolluted 
sample has the lowest compression strength. The 
leaching studies on contaminated solidified soils found 
that adding modified clay to the solidification system 
can increase the strength of the solidified body and 
reduce its leaching (Cioffi et al. 2001, Dotelli et al. 
2008), this is because the combination of modified clay 
and cement solidification agent can reduce the side 
effect on cement hydration reaction.  

The existing research objects mostly focus on single 
heavy metal contaminated soil, and the effect on the 
solidification of the contaminated soil is mostly the 
leaching concentration study of the single solidified soil 
pollution component or the strength effect study after 
solidification. This paper takes the heavy metal 
contaminated sludge such as chromium and zinc in a 
certain area of Tianjin as the research object, and 
through laboratory test, studies the leaching effect of the 
pollutants after solidification under different proportion 
of solidified materials, studies the basic strength change 
rule of heavy metal contaminated solidified soil under 
different solidified materials addition amount, and 
studies and analyzes the effect factors, obtains the 
solidification agent formula for heavy metal pollution 
sludge treatment in Tianjin, and provides reference for 
the disposal and resource utilization of heavy metal 
contaminated sludge in Tianjin area. 

TEST OVERVIEW 

Contaminated Soil and Test Materials 
The test soil is taken from the bottom of the 

drainage river in a certain industrial area of Tianjin, with 
a sampling depth of 0.5-1m. It is a typical high 
concentration of Cr, Cu, Zn, Pb composite 
contaminated sludge. The sludge is dark black or dark 
brown with obvious odor, the sample is sealed and 
stored in a plastic bucket for use after sampling. 
Through measuring, the main physical indicators of 
natural sludge are shown in Table 1. The cement used 
for the test is the ordinary portland cement with the 
strength of 42.5# produced by Tangshan Jidong 
Cement Plant, the mineral powder and alkaline residue 
are selected nearby Tianjin. 

Test Scheme Design 
Orthogonal design scheme for contaminated soil 

solidification 
The contaminated sludge in the sealed state is mixed 

with a certain proportion of cement, mineral powder 
and alkaline residue according to the orthogonal test 
design, and fully stirred by a special static cement slurry 
mixer. After being taken out, it is put into a special 
contaminated soil solidification mold to build mold. 
After demoulding, the sample is sealed in a plastic bag 
and placed in a standard curing box for curing (with 
curing temperature of 22℃ and relative humidity 
>95%) till the design age. Three samples are prepared 
by adding a certain amount of solidification agent for 
parallel test, and the average value is regarded as the final 
strength and deformation. In the test, the cement 
contents are 4%, 6% and 8%, the mineral powder 
contents are 4%, 6% and 8%, the alkaline residue 
contents are 1%, 2% and 3%, the curing ages are 7d, 14d, 
21d and 28d, each group contains three parallel samples. 
The optimal ratio of solidified materials of high-
concentration contaminated soil obtained by 
orthogonal test analysis is the high-concentration 
contaminated soil solidification agent. 

Test scheme for solidification strength of contaminated 
soil 

The contaminated solidification soil has the 
characteristic of shear failure under small deformation 
conditions in terms of mechanical properties. The 
damage problem after solidification of contaminated 
soil is an important factor in evaluating whether it can 
be used in engineering applications. Therefore, most of 
the studies on such soil materials at home and abroad 
adopt unconfined compression test and use unconfined 
compression strength indicator to judge the application 
prospect of contaminated soil after solidifying strength 
effect. The change rules of the unconfined compression 
strength and failure strain are studied by adjusting the 
adding amount of high-concentration contaminated 
soil solidification agent and under different curing ages. 
The solidification test is carried out by adding 5%, 10%, 
15% and 20% solidification agent obtained from 
orthogonal test in the sealed contaminated sludge, and 
the unconfined compression strength test is carried out 
by mixing 10% and 15% solidification agent with an 
activator at a proportion of 0.3%, 0.6%, 0.9% and 1.2% 
and curing for 7d, 14d, 21d and 28d in a curing box. 

Table 1. The main physical indexes of silt pollution in natural state 
water ratio 

% 
The unconfined compressive strength 

kPa 
pH organic matter 

% 
Heavy metal content(mg/kg) 

Cr Cu Zn Pb 
59.98 21.7 7.93 0.81 552 131 384 63 
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Test scheme for strength variation law of contaminated 
soil solidification 

The toxic leaching concentration of the 
contaminated soil after solidification directly affects the 
measures for resource utilization or harmless treatment 
of the contaminated soil. The solidification test is 
carried out by adding 5%, 10%, 15% and 20% 
solidification agent obtained from orthogonal test in the 
sealed contaminated soil. The leaching characteristic is 
studies after the cement alkali slag solidified heavy metal 
contaminated soil curing for 7d, 14d, 21d and 28d. The 
solidification effects on initial concentration of heavy 
metals, mixing amount of cement and alkali slag and 
curing age are analyzed. 

Test Methods and Procedures 
The soil sample which has achieved specified age is 

taken out firstly, the unconfined compression strength 
test after solidification of contaminated soil is carried 
out according to standards of ASTM D4219-08, and the 
axial strain rate is controlled to be 1%/min. The toxic 
leaching test after solidification of contaminated soil is 
carried out by reference to TCLP toxicity leaching test: 
the solidified soil sample is dried and crushed and sieved 
(0.5mm). Firstly, the type of the leaching solution is 
determined, the test result shows that the Group 2 
leaching solution shall be used; then, the distilled water 
is added into 5.7mL glacial acetic acid (purity of 99.5%) 
to dilute to a volume of 1000mL (pH value of the 
obtained solution is 2.88); 109 chopped soil sample and 
200ml leaching solution (with a solid to liquid ratio of 
1:20) are taken and placed into a polypropylene plastic 
bottle, and put in a shaker to shake for about 18h at an 
average rotate speed of 80rpm. The solution is filtered 
and diluted a certain multiple for the atomic absorption 

test, then the ion content is measured, and finally the 
corresponding multiple is multiplied to obtain the 
concentration of heavy metal ion in the leaching 
solution (Liu et al. 2008, Wei et al. 2014). 

TEST RESULT ANALYSIS 

Orthogonal Test Result of Contaminated Soil 
Solidification 

The advantages of the orthogonal optimization 
method are not only reflected in the design of the test 
but also in the processing of the test result. The 
orthogonal table has two characteristics: one is 
equalization, it is reflected in each column, the 
frequency of occurrence is equal at different levels, the 
frequency of occurrence of the “pairs” is equal at 
different levels between any two columns, and it is such 
this equalization makes the orthogonal table have better 
representation. In this experiment, the test result is 
analyzed by visual analysis, and the specific test result is 
shown in Tables 2 and 3. 

It can be seen from the range analysis in Table 3 
that, under different curing time conditions, the 
solidified material cement has the greatest influence on 
the unconfined compression strength after 
solidification of contaminated soil, followed by mineral 
powder, and the influence of the alkali residue is 
relatively minimal. The influence rule of various factors 
on the test indicator can be obtained from the range 
analysis result of orthogonal test of contaminated 
sludge. The solidification of the contaminated soil 
increases with the increase of the curing time and 
increases with the increase of the cement and mineral 
powder content within a certain range. The optimal 
blending ratio of the contaminated soil after 

Table 2. Orthogonal test result of contaminated soil solidification 
Test 

Cement Mineral powder Alkali slag Curing time 
% % % 7d 14d 28d 

T1 4 2 1 162.4 241.3 353.7 
T2 4 4 2 268.8 358.7 409.1 
T3 4 6 3 313.6 409.3 439.6 
T4 6 2 2 358.4 375.5 459.5 
T5 6 4 3 417.2 439.8 498.9 
T6 6 6 1 537.6 488.2 846.0 
T7 8 2 3 526.4 409.5 599.8 
T8 8 4 1 492.8 804.1 801.6 
T9 8 6 2 733.6 817.6 1305.5 

 

 
Table 3. Results of orthogonal experiment on contaminated silt analysis 

Analyze 
7d 14d 28d 

Cement Mineral powder Alkali slag Cement Mineral powder Alkali slag Cement Mineral powder Alkali slag 
Mean value 1 248.2 349.0 397.3 336.4 342.1 511.2 400.8 471.0 667.1 
Mean value 2 437.7 392.8 453.5 434.5 534.2 517.3 601.5 569.8 724.7 
Mean value 3 584.0 528.2 419.2 677.1 571.7 419.5 902.3 863.7 512.7 

Range 3 335.8 179.2 56.1 340.6 229.6 97.7 501.5 392.7 211.9 
optimal case 3 3 2 3 3 2 3 3 2 
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solidification and under three different curing time 
conditions is: 8% cement content, 6% mineral powder 
content and 2% alkali slag content. 

Test Result of Unconfined Compression 
Strength of Contaminated Soil Solidification 
According to the curing effect of contaminated soil 

solidification in the region obtained from the 
orthogonal test, the indicators such as the adding 
amount of solidification agent, the strength of the 
contaminated solidification soil, the curing time of the 
contaminated solidification soil, the adding amount of 
the activator and etc. are analyzed, and their 
relationships are shown in Fig. 1 and Fig. 2. 

As shown in Fig. 1, the unconfined compression 
strength of contaminated solidification soil increases 
with the increase of the adding amount of the 
solidification agent and increases with the increase of 
the age. The max. curing strength of 28d can be up to 1 
MPa, which is over 50 times of the unconfined 
compression strength (21.7kPa) of the original state 
contaminated soil; when the adding amount of the 
solidification agent is less than 15%, the strength of 
contaminated soil increases rapidly, while when the 
adding amount of the solidification agent is between 
15% and 20%, the strength of contaminated soil 
increases slowly and reaches a certain limit; the strength 
of contaminated solidification soil increases slowly with 

 
Fig. 1. Variation Rule of Solidified Soil Strength with Curing Time under the Conditions of Different 
Contaminated Soil Solidification Agent 

 

 
Fig. 2. Variation Rule of Solidified Soil Strength with Adding Amount of Activator under the Conditions of 
Different Contaminated Soil Solidification Agent 
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the curing time when the adding amount of the 
solidification agent is small (5%, 10%), while the 
strength increases obviously with the curing time when 
the adding amount of the solidification agent is between 
15% and 20%. 

Test Result of Heavy Metal Leaching of 
Contaminated Solidification Soil 

Fig. 3 showed the variation relationship of the heavy 
metal leaching amount of Cr, Cu, Zn, Pb heavy metal 
contaminated sludge under different initial 
concentrations and different adding amount of 
solidification agent. The test result showed that, the 
higher the initial ion concentration, the higher the 
concentration of Cr, Cu, Zn, Pb heavy metal in the 
leaching solution; for different concentrations of heavy 
metal contaminated sludge, the leaching amount of the 
heavy metal ions reduces with the increase of the adding 
amount of the solidification agent. This is mainly 
because, as the increase of adding amount of the 
solidification agent, on the one hand, the solidified 
material such as cement in the solidification agent 
produces hydration reaction in the soil to form 
hydration products with gelling property such as 
hydrated calcium silicate and hydrated calcium 
aluminate, and absorbs and encapsulates heavy metal 
ions (Yang 2007); on the other hand, since the alkali slag 
itself is a fine particulate material with a large specific 
surface area (Cao et al. 2016, Wang 2016) and has a 
strong absorption effect on heavy metal ions, it 
produces a series of reactions with the soil particles to 
form a precipitated substance, and encapsulates and 
absorbs heavy metal ions. With the increase of the 

adding amount of the solidification agent, and through 
28d full reaction time, the heavy metal ions in the 
leaching solution decrease and stabilize gradually. 

Fig. 3 showed the leaching heavy metal 
concentration of heavy metal contaminated 
solidification soil at 28d. From the TCLP results, the 
concentration values of the Cr, Cu, Zn and Pb in the 
uncured contaminated soil leaching solution are 
equivalent to 5520, 87, 77 and 630 times of Class IV 
standard value in China’s Quality Standard for Ground 
Water (GB/ T 14848-9). Adding contaminated soil 
solidification agent can greatly reduce the leaching 
toxicity, and the higher the adding amount, the lower 
the leaching concentration. For Cr, its leaching value is 
1.576 mg / L when the adding amount is 10%, which is 
still higher than Class IV water standard; the leaching 
value is reduced to 0.043 mg /L when the adding 
amount is 15%, which is lower than Class IV water 
standard; the leaching solution Cu concentration is 
higher than the limit of 1.5mg/L when the adding 
amount is below 10%, but only 0.078mg/L can meet the 
corresponding limit when the adding amount is 15%; 
the leaching values of Zn and Pb reaches 4.786mg/L and 
0.087mg/L when the adding amount is 10%, which is 
slightly lower than the limits of 5mg/L and 0.15mg/L of 
Class IV water standard. Therefore, the leaching 
concentrations of Cr and Cu are slightly higher when 
the adding amount of contaminated sludge 
solidification agent is 10%, and the treatment effects of 
Zn and Pb are better and can meet the corresponding 
limit requirements; when the adding amount of 
contaminated sludge solidification agent is 15%, the 

 
Fig. 3. Variation Rule of Solidified Soil Strength with Adding Amount of Activator under the Conditions of 
Different Contaminated Soil Solidification Agent 
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heavy metal contaminated sludge of this area can be 
converted into a relatively stable state, and can meet the 
Class IV water standard requirements after 
solidification of contaminated sludge. 

CONCLUSION 
Through laboratory test studies on the strength after 

heavy metal contaminated sludge solidification and 
heavy metal leaching concentration in a certain area of 
Tianjin, we can draw the following conclusions:  

1) Heavy metal contaminated sludge generally has 
the characteristics of high water content, large 
heavy metal concentration, and low bearing 
capacity, which cannot be directly used for 
landfill treatment and is difficult to be directly 
used for resource utilization.  

2) The reasonable ratio of cement, mineral powder 
and alkali slag as the main solidified materials can 
obviously improve the soil strength of heavy 
metal contaminated sludge, and the curing 
strength of 28d can reach more than 1MPa. 

3) The addition of a small amount of activator to 
the heavy metal contaminated sludge 
solidification agent can significantly increase the 
strength of the soiled soil, and the curing 
strength of 28d can be increased to more than 1.5 
times of the original strength. 

4) When the adding amount of the heavy metal 
contaminated sludge solidification agent is 15%, 
the heavy metal concentration in the 
contaminated sludge is well controlled, and the 
heavy metal contaminated sludge is converted 
into a relatively stable state, and it can meet the 
requirements of Class IV water standard after 
solidification of contaminated sludge. 
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