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Introduction
The River Yamuna is a most important river of Delhi, capital of India and stretched 
within the zone of 22 km from Wazirabad to Okhala. Within this stretch 22 major drains 
of the capital, Delhi is connected and continuously discharging highly contaminated 
sediments, sewage and sludge effluents directly into it resulting in the rise of its bed level 
due to siltation day by day [5]. Thus, before monsoon every year dredging of the soils 
from each drain becomes essential. As recorded during 2010–2013 the total quantity of 
dredged soils removed from all the drains is approximately 8, 30,000  m3 and in 2016 
the quantity of dredged soil removed is about 3, 38,132 m3 [17]. Due to scarcity of open 
land, the Government of Delhi is facing great problems to dispose these high quanti-
ties of dredged soils every year. The earlier practice of dumping of dredged soils into 
landfill areas or into open places caused a lot of environmental problems and suffering 
to local public which forced management authority for alternative solutions of its dis-
posal. Currently, stabilization and solidification (S/S) processes have been recognized 
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to treat such type of contaminated dredged soils containing heavy metals and to use it 
as valuable resources. Wilk et al. [28] reported the stabilization and reuse of contami-
nated dredged material from Former Wood Treating Facility, Port Newark, New Jersey 
and New York harbour dredged sediments using cement. He found that dredged mate-
rial from Port Newark when treated with 8% cement achieved unconfined compressive 
strength greater than 1.7 MPa which was suitable for its use as base material for pave-
ment whereas the dredged soil from New York harbour site got stabilized to be used as 
structural fill. Lahtinen et al. [21] reported the utilization of marine dredged sediments 
by stabilizing it with cement and industrial waste products such as flyash, blast furnance 
slag, oil shale ash, flu gas desulphurization gypsum, in ABSOILS and STABLE projects, 
Finland. In ABSOILS project, dredged sediments were stabilized with cement and fly 
ash and utilized for various infrastructure construction purposes in the city of Helsinki. 
In the STABLE project on Aurajoki River, contaminated dredged river sediments were 
mass stabilized with mix of cement, slag and fly ash and utilized in harbour construc-
tion as a filling material. Maher et al. [22] through a demonstration project studied the 
suitability of contaminated dredged soil as stable embankment fill material after stabi-
lization. The results of study revealed that contaminated dredged soil which is silty in 
nature on addition of 8% cement showed significant improvement in it’s compaction 
characteristics and also performed satisfactorily to be used as a stable embankment fill 
material. From the above literature it has been found that for stabilization of contami-
nated dredged soils, cement has been the most popular and effective primary stabilizers 
among all the varieties of soil stabilizers and other industrial wastes if added act as aux-
iliary stabilizers. From further series of studies [4, 9, 18, 24], it delineate that bottom ash 
can also be used as partial replacement of cement as well as replacement of natural sand, 
aggregates due to it’s Pozzolanic characteristics and it’s similar particle size distribution 
etc. But excessive use of cement amount can cause negative impact on cost [7, 23] and 
in other way bottom ash is also a big environmental problem for its safe disposal today.

The present study deals with the problems of safe disposal of two major wastes: con-
taminated dredged soils and bottom ash being main contemporary environmental prob-
lems. In this study, attempt has been made to stabilize contaminated dredged soils with 
bottom ash as a partial replacement of cement and to evaluate improvement in its prop-
erties relevant to be used as highway subgrade fill aiming at eco-friendly use of both 
wastes materials in highway construction.

Materials and methods used
In this section we discussed materials used for study along with the methodology.

Materials

Dredged soil

The soil used in this study was collected from Najafgarh drain one of the major connect-
ing drain of Yamuna River where dredging work was in progress. Figure 1a, b shows the 
dredging at site using backhoe dredger and materials dumping along both the banks of 
the Najafgarh drain during the period of case study.
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To characterize the dredged soil its geotechnical, chemical, mineralogical and mor-
phological properties were tested. Also, leachate properties showing heavy metal con-
centration of dredged soils were studied.

The geotechnical properties of dredged soil are presented in Table 1. From the grain 
size test results the soil is classified as “ML” as per IS classification indicating that soil is 
‘Silt of low compressibility’ [13]. The results of leachate test for heavy metal concentra-
tion are presented in Table 2.

The Scanning Electron Microscope test (SEM) results of the contaminated dredged 
soil are presented at two different magnifications i.e. at × 500 and at × 5000 as shown in 
Fig. 2a, b. From both the figures it has been observed that soil grains have rough surface 
texture with semiangular shape and large voids. Presence of heavy metal is also identi-
fied in magnifications at × 5000 as shown in Fig. 2b.

Fig. 1  a Dredging of Nazafgarh Drain. b Dumping of dredged soils along banks

Table 1  Geotechnical properties of dredged soil

Property Value

Water content (in-situ) (%) 28

Grain size distribution

 Gravel (%) 4

 Sand (%) 34

 Silt (%) 60

 Clay (%) 2

 Coefficient of uniformity (Cu) 10.76

 Coefficient of curvature (Cc) 4.45

 Specific gravity 2.52

Atterberg’s limit

 Liquid limit (%) 20.99

 Plastic limit (%) Non plastic

 Differential free swell index Nil

Compaction characteristics

 Max dry density (MDD) (g/cm3) 1.64

 Optimum moisture content (OMC) (%) 13.5

CBR (%)

 Unsoaked 1.45

 Soaked 1.03

 Unconfined compressive strength (kPa) 197.11

 Organic matter (%) 2.15
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Stabilizing agent

For stabilizing the dredged soils, we used ‘Ordinary Portland Cement (OPC)’ and ‘Bot-
tom Ash’ of thermal power plant as additives. Bottom Ash is produced from unburned 
or incomplete combustion of coal materials which is not entrained in flue gases or cap-
tured as ‘Fly Ash’. Generally in any coal burning plant, bottom ash forms 15–25% of the 
total ash and rest as fly ash. The bottom ash under study was collected from National 
Thermal Power Plant at Badarpur, Delhi as shown in Fig. 3. The chemical composition of 
bottom ash is given in Table 3.

The grain size analysis of bottom ash is shown in Fig. 4 and the coefficient of curvature 
and coefficient of uniformity were found as 2.13 and 0.60 respectively. Thus, bottom ash 
can be classified as poorly graded.

Table 2  Heavy metal concentration in dredged soil

Metals Concentration (mg/l or ppm)

Nickel 383.0

Chromium 109.0

Zinc 2660.0

Lead 74.5

Cadmium 27.1

Fig. 2  SEM image of dredged soil (a) at × 500 magnification and (b) at × 5000 magnification

Fig. 3  Bottom ash used in present study
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The Chemical composition of ordinary Portland cement (Grade 43) used in this case 
study is given in Table 4.

Testing procedure

Experimental programme comprises of preparation of specimens of dredged soil on 
addition of cement and also the mix of cement and bottom ash (1:1 ratio) aiming at the 
partial replacement of cement quantity. Kogbara [20] reviewed that the OPC dosage for 
contaminated soil may range from 4 to 20% by weight of dry mass. On basis of that the 
mixing proportion of cement and cement–bottom ash mix with dredged soil is taken as 
4–20% by weight of the dry soil. The results of all the samples mixed with cement only 
are considered as reference so as to compare the results of samples mixed with cement–
bottom ash mix and to ascertain the quantity of cement replaced by bottom ash. The 
summary of the test specimens prepared for the study are presented in Table 5 where ‘C’ 
stands for cement; and ‘CBA’ for cement–bottom ash mix.

Table 3  Chemical composition of bottom ash

SiO2 (%) Fe2O3 (%) Al2O3 (%) CaO (%) MgO (%) Na2O (%) K2O (%) SO3 (%) Loss of ignition

44.82 10.50 26.27 5.83 1.15 0.40 0.28 0.39 9.44
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Fig. 4  Grain size analysis of bottom ash

Table 4  Chemical composition of ordinary Portland cement

SiO2 (%) Fe2O3 (%) Al2O3 (%) CaO (%) MgO (%)

20 ± 1 3 ± 0.5 5 ± 0.5 61 ± 1 2.5 ± 1
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A series of laboratory tests such as standard Proctor compaction tests, California bear-
ing ratio (CBR) tests, wetting and drying tests and Leachate tests were performed and 
the optimum binder content was then selected on the basis of stabilized soil acceptance 
criteria for highway subgrade fill. The SEM tests were also performed to ascertain the 
shape, surface texture and the microstructure bonding of soil grains in soil samples.

The standard Proctor compaction test was conducted as per IS 2720-7 [14]/ASTM 
D 698 [2] on all the specimens. In each case mould of diameter 100  mm and height 
127.3 mm (1000 ml) was used and specimens were compacted in three equal layers by 
rammer of weight 2.6 kg and free fall of 310 mm. Special care was taken for the stabi-
lized specimens by compacting it within 20 min of completion of mixing with cement 
and bottom ash.

The specimens for performing CBR tests were prepared in a cylindrical mould of 
150 mm diameter and 175 mm height by compacting specimen at their respective max 
dry density (MDD) and optimum moisture content (OMC) and tested in accordance 
with IS 2720-16 [15]/ASTM D1883-16 [3]. The tests on raw dredged soil specimens were 
performed in unsoaked conditions and 4 days soaking conditions whereas for dredged 
soil which was stabilized with different amount of cement and cement–bottom ash mix 
initial curing for 3 days by maintaining 100% humidity followed by soaking in water for 
4 days as mentioned in IRC 50 [11] was done. All specimens were tested using a shear 
rate of 1.25 mm/min and load readings were recorded at penetrations of 0.5, 1.0, 1.5, 2.0, 
2.5, 3.0, 4.0, 5.0, 7.5, 10 and 12.5 mm. Graphs were plotted between the penetration and 
load and CBR values were calculated for penetration of 2.5 and 5 mm.

According to IRC 37 [10], the minimum CBR value of soil to be used for subgrade 
should be 8% whereas Federal Ministry of Works and Housing [8] recommends that 
CBR value for subgrade should not be less than 10% under soaked condition. Schaefer 
et al. [26] reported that subgrade CBR value should be at least 10%. Specimens which 
fulfilled both (Indian and International) CBR criteria i.e. maximum 10% were tested for 
durability.

Table 5  Mix proportion of different specimens (%age by weight)

Specimen Cement (%) Bottom ash (%)

4C 4 0

6C 6 0

8C 8 0

10C 10 0

12C 12 0

16C 16 0

20C 20 0

4CBA 2 2

6CBA 3 3

8CBA 4 4

10CBA 5 5

12CBA 6 6

16CBA 8 8

20CBA 10 10
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As study area belongs to non frost region, hence the durability test was conducted by 
wetting and drying method in accordance with IS 4332-4 [16]/ASTM D559/D559 M-15 
[1]. The specimens of size 38 mm in diameter and 76 mm in height were prepared by 
compacting it statically in UCS mould to achieve MDD at OMC. The specimens were 
than ejected from mould using extractor and wrapped in polythene bag for 24 h to avoid 
any moisture loss. After that the specimens were cured for 7 days and thereafter were 
immersed in water for 5 h followed by drying in oven at 70 °C for 42 h which form one 
wet dry cycle. This test procedure continued up to 12 cycles. After end of each cycle 
the specimens were brushed along the height as well as diameter with a steel brush at 
approximately 1.4 kgf force and soil cement losses were recorded in percentage. Port-
land Cement Association [25] has recommended that after completion of 12 wet dry 
cycles the soil–cement loss of granular soils of low plasticity and cohesive clays should 
not exceed limit of 14 and 7% respectively and for silty soil it should not exceed the limit 
of 10%. But from some other studies the above recommended limits were found to be 
stringent. As mentioned in IRC SP 89 [12] soils are not permitted to loss 20, 30 and 30% 
for its use for construction of base, subbase and shoulder respectively and for subgrade 
nothing has been specified. So, for the contaminated dredged soil which is silty in nature 
and for use in subgrade, the loss of soil–cement limit after completion of 12 wet dry 
cycles is considered as maximum 10% in this study.

Finally leachate test was performed by following Toxicity Characteristic Leaching Pro-
cedure (TCLP) defined by USEPA, Method 1311 [27] on the specimens which fulfilled 
allowed cement loss criteria. The specimens used in the testing were prepared in same 
manner as for wet and dry testing and cured for 7 and 28 days. For conducting leachate 
test prepared specimens were crushed to particle size less than 9.5 mm and transferred 
to extraction vessel. The extract used was type 2 (pH 2.88). To prepare the extraction 
fluid 5.7 ml glacial acetic acid was diluted with distilled water to make 1 l solution. The 
extraction fluid was added to 100 g of crushed soil sample maintaining 20:1 (L/S) ratio, 
and then rotated at 30 ± 2 rpm for 18 ± 2 h. Each solution was then filtered through a 
glass fiber filter, and preserved in order to avoid evaporation and volume changes. The 
samples were stored at 4 °C before analysis and analyzed for Cadmium (Cd), Zinc (Zn), 
Chromium (Cr), Lead (Pb) and Nickel (Ni) by using AAS4129 Atomic Absorption Spec-
trophotometer. According to USEPA regulation for metals using TCLP leaching test, the 
max concentration of heavy metals for Cd, Zn, Cr, Pb, and Ni should not exceed 1.0, 5.0, 
5.0, 5.0 and 3.0 mg/l respectively.

The study of morphological properties of raw dredged soil and stabilized dredged soil 
was done by Zeiss EVO 50 (make Germany) Scanning Electron Microscope. For testing, 
the soil samples were coated with thin layer of gold using a sputter coater to make them 
good conductor and the results of microstructure bonding of soil grains were focused at 
× 500 magnification and at × 5000 magnification.

Results and discussion
In this section results of different tests has been presented and discussed.
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Compaction test

The variations of MDD and OMC for dredged soil at different cement and cement–bot-
tom ash mix are shown in Figs. 5 and 6.

The results of cement mix shown in Fig. 5 revealed that the value of MDD decreased 
from 1.64 to 1.61  g/cm3 with increase of cement content to the dredged soil. But the 
value of OMC however increased proportionally with the increase of cement content 
from 16.7 to 21.23% as shown in Fig. 6. Similar trends of results had been observed by 
other researchers [6, 19].

On addition of cement–bottom ash mix to the dredged soil up to 12%, the value of 
MDD decreased from 1.6 to 1.58 g/cm3 and on further increase in cement–bottom ash 
content up to 20%, it started increasing again. OMC trends on addition of cement–bot-
tom ash mix are same as that of cement only.

California bearing ratio test

The CBR tests for different samples have been conducted and individual load-pen-
etration curve are presented in Fig.  7. From the curves the CBR values are calculated 
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in Table 6 which revealed that 5 mm penetration give higher values in comparison to 
2.5 mm penetration for all specimens.

From Table 6 it has been found that CBR value increased tremendously on increase 
of quantity of cement as well as cement–bottom ash mix. But in comparison of cement 
and cement–bottom ash mix, the CBR value of the samples mixed with cement–bottom 
ash is higher than that of same percentage of cement only. For example, CBR value of 
sample 4C (containing 4% cement) at 2.5 mm penetration is 11.52 whereas for sample 
8CBA (containing 4% cement and 4% bottom ash) it is 13.0. This indicates that mixing 
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Table 6  CBR values at different cement and cement–bottom ash mix contents

Specimen CBR values 
for 2.5 mm pen-
etration (%)

CBR values 
for 5.0 mm pen-
etration (%)

Specimen CBR values 
for 2.5 mm pen-
etration (%)

CBR values 
for 5.0 mm 
penetration (%)

4C 11.52 12.76 4CBA 2.87 3.01

6C 12.92 14.90 6CBA 5.91 6.71

8C 15.01 19.21 8CBA 13.00 14.77

10C 17.88 21.00 10CBA 15.28 17.63

12C 22.35 26.26 12CBA 17.79 20.77

16C 26.36 33.36 16CBA 20.39 26.48

20C 30.56 46.87 20CBA 26.29 31.73
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of bottom ash along with cement to dredged soil enhanced the CBR values and is effec-
tive in partially replacing the cement. From the results it has also been found that all the 
specimens except 4CBA and 6CBA fulfilled the CBR requirements of Indian standard as 
well as International standards for subgrade of highway pavements.

Wetting and drying test

In wetting and drying tests, specimens 4C, 4CBA, 6CBA and 8CBA could not complete 
12 cycles and failed as shown in Fig. 8.

It is observed that the samples which passed the 12 cycles, the percentage of soil–
cement losses decreased with the increase in cement content as well as CBA mix con-
tent as shown in Fig. 9. It has also been found that the soil cement loss decrease from 
14.78 to 0.72% with the increase of cement content from 6 to 20% whereas on increase 
of CBA from 10 to 20%, the soil cement loss decreased from 15.04 to 6.56%. From the 
results of wetting and drying test it has been observed that the specimens stabilized at 
and above 10% cement content alone and specimens at and above 20% CBA content 
(1:1) fulfilled the acceptance criteria of soil–cement losses. Also in case of 20CBA, soil 
cement losses were found 27.27% less than 10C which shows that bottom ash is effective 
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in combination with cement in improving durability behaviour of the dredged soil. Thus 
for stabilization of dredged soil, 20CBA is more suitable than 10C only.

Chemical analysis of leachate

The concentration of heavy metal was determined at 7 and 28 days for the specimens 
which fulfilled the acceptance criteria of wetting and drying test i.e. 10C, 12C, 16C, 20C 
and 20CBA and found that the concentration of heavy metals leached decrease with 
increase in leaching time. After 7 days stabilization, all the samples fulfilled the maxi-
mum concentration criteria as per USEPA regulation for metals using TCLP leaching 
test except 10C and 12C for nickel and zinc and 20CBA for zinc only. On increasing the 
curing time to 28 days the leaching level of all the metals tested in the stabilized soil was 
below the permissible limit. The results are presented in Table 7.

Scanning electron microscope analysis

From overall results of the case study it has been found that 10C and 20CBA 
(10C + 10BA) samples satisfied the acceptance criteria of all the tests. The SEM analysis 
was performed on these specimens cured for 7  days. The SEM image showing bond-
ing of specimen 10C and 20CBA has been shown in Figs. 10a, b and 11a, b respectively. 
As per SEM analysis the electrons interact with atoms of the specimens and highlight 
the information about the change of surface texture and its microstructures bonding. 
From all the figures it is evident that cement and cement–bottom ash both has signifi-
cantly filled up the pores that were observed in the raw specimen analysis. The strong 

Table 7  Concentration of heavy metal for different specimens after 7 and 28 days curing

Specimens Concentration of heavy metal in mg/l

Cadmium Chromium Nickel Lead Zinc

7 days 28 days 7 days 28 days 7 days 28 days 7 days 28 days 7 days 28 days

10C 0.251 0.018 0.714 0.062 3.64 0.166 0.687 0.062 16.8 1.520

12C 0.241 0.013 0.692 0.030 3.67 0.098 0.584 0.041 16.5 1.057

16C 0.170 0.011 0.342 0.027 2.94 0.084 0.547 0.032 4.9 1.002

20C 0.162 0.008 0.329 0.019 0.41 0.033 0.243 0.013 2.007 0.125

20CBA 0.179 0.026 0.706 0.058 2.53 0.208 0.591 0.064 17.5 0.405

Fig. 10  SEM image of specimen 10C (a) at × 500 magnification and (b) at × 5000 magnification
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interaction in between soil–cement and bottom ash may be responsible for increasing 
CBR values as well as improvement of durability.

Conclusion

The geotechnical and chemical properties of dredged soil of Najafgarh drain couldn’t 
meet the criteria required for highway subgrade materials and thus stabilization using 
cement–bottom ash mix (1:1) has a significant role in this study. From the test results of 
CBR, wetting and drying and concentration of heavy metal in leachate it is found that 
the dredged soil stabilized with 10C and 20CBA (10% cement + 10% bottom ash) both 
optimally fulfilled the acceptable criteria required for using it as a highway subgrade 
materials. But the CBR value of 20CBA is 33% higher in comparison to 10C which shows 
that partial replacement of bottom ash with cement was effective in improving strength 
of the dredged soil. The structural design i.e. thickness of layers above subgrade in high-
way pavements system is controlled by strength properties of subgrade. The increase in 
CBR value leads to design of pavements layers above subgrade with lower thicknesses 
(maintaining lower thickness required) without compromising pavement strength and 
performance. Additionally decrease in thickness will enable substantial reduction in 
cost of the pavement. Also, in case of 20CBA soil cement losses were 27.27% less than 
10C which shows that bottom ash is effective in combination with cement in improving 
durability behaviour of the dredged soil. Thus it can be concluded that for stabilization 
of dredged soil, 20CBA is the most suitable mixing proportion. This study also gives a 
beam of light on eco-friendly use of contaminated dredged soil and bottom ash which is 
a great issue of concern due to its disposal.
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