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Introduction
Sewage sludge ash (SSA) is the by-product produced during the 

combustion of dewatered sewage sludge in an incinerator. Sewage 
sludge ash is primarily a silty material with some sand-size particles. 
The specific size range and properties of the sludge ash depend to 
a great extent on the type of incineration system and the chemical 
additives introduced in the wastewater treatment process. Most of the 
sludge ash generated in the United States is presently landfilled.1 Due 
to the relatively small quantities of sludge ash generated, provisions 
for ash storage will be required to accumulate sufficient amounts for 
most applications. The chemical properties of SSA depend on the 
nature of the wastewater and the chemicals used in the treatment, 
sludge handling, and incineration process. Since sludge is almost 
always dewatered prior to combustion, pretreatment of the sludge to 
enhance the dewatering process may include the addition of ferrous 
salts, lime, organics, and polymers. Ash produced at treatment 
plants that introduce ferrous salts or lime for sludge conditioning 
and dewatering contain significantly higher quantities of ferrous 
and calcium, respectively than that of the plants that do not. The pH 
of sludge ash can vary between values 6 and 12, but sludge ash is 
generally alkaline. Sludge ash from multiple hearth incinerators will 
usually consist primarily of silty material mixed with some larger 
sand-sized particles. Approximately 80 percent of the incinerators 
used in the United States are multiple hearth incinerators.1 The 
formation of larger particles is normally the result of higher operating 
temperatures and the formation of clinkers. Fluidized bed furnaces 
produce only a very fine (silt-sized) ash. The 40 CFR Part 503 (the 
Rule or Regulation),  Standards for the Use or Disposal of Sewage 
Sludge, establishes standards, which consist of general requirements, 
pollutant limits, management practices, and operational standards, 
for the final use or disposal of sewage sludge generated during the 
treatment of domestic sewage in a treatment works.

Prior to 1998 sewage sludge was disposed of at sea or at the ocean 
and this type of sludge disposal is nowadays forbidden and sludge 
deposits in landfills are to be phased out, even though 35-45% of 
the sludge in Europe is still deposited.2 The main options for sludge 
disposal are now in the landfill, agricultural use to improve soil, 
sludge drying and incineration.3 Several researches investigated the 
beneficial use of SSA: such as potential land reclamation materials,4 
building materials manufacturing, e.g., production bricks, concrete, 
and tiles,5,6 a raw material for cement production,7–9 aggregates 
for concrete, mortar, and hot mix asphalt,10–14 a component of the 
synthesis of lightweight materials and a substitute for sand and/or 
cement in cement stabilized bases, subbases and embankments in road 
constructions,13 and a soil stabilizer along with cement and Nano-
aluminum oxide.15,16 

SSA is formed from the ~30% by mass of inorganic matter present 
in sewage sludge. The incineration of sewage sludge produces a fine 
powder that may contain some sand-sized particles, with negligible 
residual organic matter, in case of complete combustion, and low 
moisture.17 Al-Sharif and Attom17 conducted a laboratory study for 
different percentages of burned sludge ash mixed with three different 
types of clay soil by dry weight of clayey soils. They conducted the 
Atterberg limits test, unconfined compressive strength test, standard 
proctor density test, and swelling pressure test. Their results showed 
that the addition of 7.5% of SSA increased the unconfined compressive 
strength and maximum dry density, decreased the swelling pressure, 
and the swell potential of the soil. SSA addition higher than 7.5% 
decreased both the maximum dry density and the unconfined 
compressive strength and as a result, it showed less effectiveness in 
stabilizing the soil.

Chen and Lin15 studied the stabilization of soft subgrade soil by 
sewage sludge ash and cement, the results showed that the unconfined 
compressive strength of specimens with the SSA/cement addition was 
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Abstract

A laboratory study was conducted to enhance the engineering properties of soil with 
sewage sludge ash (SSA) that can be used in different engineering applications. Proctor 
compaction test was conducted to determine the optimum moisture content and maximum 
dry density of soil samples with arbitrarily selected SSA contents. Atterberg limits and 
grain size distribution tests were conducted to classify the soil. An unconfined compressive 
strength test was conducted with air-dry for a few arbitrarily selected curing periods to 
determine the strength. It was concluded from this study that the addition of SSA enhanced 
the soil type as well as the engineering properties. The optimum soil to SSA mixture was a 
mixture of soil with 7.5% SSA for a curing period of 28 days, which is expected to perform 
better as engineering materials. A mixture of soil with 5% SSA content for the same curing 
period could also be used as a viable alternative. The addition of SSA with soil decreased 
the plasticity index that indicated a more pronounced reduction in volumetric swelling. 
The study revealed that potentially 7.5% of SSA can be used as a part of soil property 
improvement that would go to landfills to be managed otherwise.
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improved to approximately 3–7 times better than that of the untreated 
soil; furthermore, the swelling behavior was also effectively reduced 
as much as 10–60%. In some samples, the SSA/cement additive 
improved the California Bearing Ratio (CBR) values by up to 30 
times that of untreated soil. Luo et al.16 concluded that 15% of SSA/
cement replacement could effectively stabilize A-6 clay soil, and 1% 
of nano-Al2O3 additive may be the optimum amount to add to the soil.

Lin et al.18 conducted a laboratory study to improve the properties 
and strength of soil, sewage sludge ash (SSA) and hydrated lime are 
applied to stabilize soft cohesive subgrade soil. Five different ratios 
(in weight percentage), 0%, 2%, 4%, 8%, and 16%, of sludge ash/
hydrated lime were used for mixture with cohesive soil. Test results 
indicated that the unconfined compressive strength of specimens with 
additives increased from three to seven times better than that of the 
untreated soil, and swelling behaviors were also effectively reduced 
for those specimens. Results of tri-axial compression test indicated 
that the shear strength parameter, c, rose with an increased amount 
of additives and improved from 30 to 50–70kPa, and on the whole, 

SSA/hydrated lime improved the geotechnical properties of cohesive 
subgrade soil.

Based on the literature review provided above, it appears that very 
few studies were conducted to improve soil properties with SSA for 
engineering uses. This study explored the possibility of using SSA to 
enhance the engineering properties of soil and the use of the improved 
soil in engineering applications. This study also explored the beneficial 
use of SSA that would provide an eco-friendly environment.

Materials and methods
Primarily, sludge ash consists of silica, iron, and calcium. The 

composition of the ash can vary significantly as previously noted 
and depends mainly on the additives used in the sludge conditioning 
operation. There is no specific data available related to the pozzolanic 
or cementation properties of sludge ash. However, sludge ash is 
not expected to exhibit any measurable pozzolanic or cementations 
properties. Table 1 lists the range of major element oxide concentrations 
found in sewage sludge ash by several researchers.

Table 1The typical range of elemental oxide concentrations in sewage sludge ash

Element Oxide
Concentrations (%)

As elemental conc.10 As oxides5 As oxides19 As oxides20

Silicon (Si) (SiO2) 20 19.2 27 14.4-57.7

Calcium (Ca) (CaO) 8 30.6 21 8.9-36.9

Iron (Fe) (Fe2O3) 4 10 8.2 2.6-24.4

Aluminum (Al) (Al2O3) 7 8.9 14.4 4.6-22.1

Magnesium (Mg) (MgO) 2 2.7 3.2 0.8-2.2

Sodium (Na) (Na2O) 0.3 0.8 0.5 0.1-0.7

Potassium (K) (K2O) 0.5 1.4 0.6 0.07-0.7

Phosphorus (P2O5) 6 12.3 20.2 3.9-15.4

Sulfur (S) (SO3) -- 11.1 0.9 0.01-3.4

Carbon (C) -- -- -- -- --

Trace metal concentrations (e.g., lead, cadmium, zinc, copper) 
found in sludge ash are typically higher than in natural fillers or 
aggregate. This finding resulted in some reluctance in using these 
materials. However, many studies (using leaching tests) suggested 
that these trace metal concentrations are not excessive and cannot be 
a source of any measurable leaching problem.21–23

The SSA sample was collected from a local wastewater treatment 
plant incinerator was dark brown in color. The soil samples were 
obtained from a roadside in West Georgia. The soil was reddish brown 
in color, well graded. The soil was air dried for 24 hours before any 
testing. The percentages of SSA (0%, 5%, 7.5%, and 10%) in the soil-
SSA mixtures and the curing periods (0, 10, 14, 28, and 56 days) were 

arbitrarily selected for the experiments.

pH of soil, soil-SSA mixtures, and SSA were measured using 
HACH pH meter with the appropriate probe. Two methods were used 
to experimentally determine specific gravity of soil and the mixtures. 
One is performed by water pycnometer (ASTM D854) and the other 
by the gas pycnometer technique (ASTM D5550). Mechanical sieving 
was used for the coarse-grained portion materials and Hydrometer 
Analysis used for the fine-grained portion of the materials for grain 
size distribution, in accordance with ASTM D2487-06, ASTM D422, 
D1140 and AASHTO T88 and ASTM D7928-17. The grain size 
distribution curve for the soil used in this study is presented in Figure 
1.
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Figure 1 Grain size distribution curve for the soil used in the study. 

Atterberg limits (Liquid Limit - LL, Plastic Limit- PL, and 
Plasticity Index - PI) tests were performed in accordance with the 
ASTM D4318. In accordance with the ASTM D698 specification, 
Standard Test Methods for Laboratory Compaction Characteristics 
of Soil Using Standard Effort (12,400 ft-lbf/ft3 (600kN-m/m3)) were 
conducted to evaluate the level of compaction of soils, the maximum 
dry density (MDD), and the optimum moisture content (OMC) for 
the original soil and the soil mixtures with SSA. In accordance with 
the ASTM D2166, the unconfined compression strength (UCS) 
tests were performed for the original soil and the mixtures using the 
corresponding OMC obtained from the ASTM D698 experiments. 

Based on the experimental data (Figure 1), three conditions, such as 

R200, 
4

200

R

R
, and the values of LL and PI were used to classify the 

soil, the soil-SSA mixtures, and the SSA in accordance with USCS. 
The classifications are shown in Table 2. The SSA samples were non-
plastic (NP) and finer than the soil. Therefore, the classification of 
the mixtures changed slightly into different soil types. Based on the 
USCS, coarse-grained CL changed to coarse-grained ML for 5% SSA 
content, and fine-grained ML for 7.5% and 10% SSA contents. 

Table 2 Classification of the original soil, SSA, and mixtures in accordance with USCS

Soil or mixtures
USCS 

Cond. 1 Cond. 2 Cond. 3 Class

Original soil (0% SSA) R200 =53 >50               =0<0.5 LL=34 & PI=13 Coarse-grained, CL

Mixture with 5% SSA R200 =51>50               =0<0.5 LL=30 & PI=5 Coarse-grained, ML 

Mixture with 7.5% SSA R200 = 49<50
              

=0<0.5 LL=28 & PI=4 Fine-grained, ML 

Mixture with 10% SSA R200 =48<50
              

=0<0.5 LL=25 & PI=3 Fine-grained, ML 
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=0<0.5 NP NP
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In order to classify the soil, the soil-SSA mixtures, and the 
SSA in accordance with AASHTO soil classification system, three 
conditions, such as F200, LL value, and PI≤LL-30 or PI>LL-30 were 
used. A group index was also calculated and provided in parenthesis. 
The classifications were shown in Table 3. The SSA was non-plastic 

(NP) and finer than the soil. Therefore, similar to the USCS, the 
classification of the mixtures changed into different categories to 
some extent. Based on the AASHTO soil classification system, A-7-
6 (3) soil converted to soil type A-4 (0) for all SSA contents. The 
addition of SSA with soil definitely improved the soil type.

Table 3 Classification of the original soil, SSA, and mixtures in accordance with AASHTO

Soil or mixtures
AASHTO classification

Cond. 1 Cond. 2 Cond. 3 Class (Group Index)

Original soil (0% SSA) F200 =47>35 LL=34<40; PI=13>11 PI=13>LL-30=4 A-7-6 (3)

Mixture with 5% SSA F200 =49>35 LL=30<40; PI=5<11 PI=5 >LL-30=0 A-4 (0)

Mixture with 7.5% SSA F200 =51>35 LL=28<40; PI=4<10 PI=4 >LL-30=-2 A-4 (0)

Mixture with 10% SSA F200 =52>35 LL=25<40; PI=3<10 PI=3 >LL-30=-5 A-4 (0)

SSA F200 =98>35 NP NP NP

Results and discussions
The test data were analyzed, plotted, and explained to determine 

the engineering properties of the soil-SSA mixtures that could be used 
in a wide range of engineering applications. The soil was acidic when 
compared with the SSA, as shown in Figure 2. This phenomenon 
can be attributed to a saturation of calcium ions, impacting both the 
pH value and the soil treatment mechanism. Calcium ions gradually 
decrease in concentration as the hydration reaction in treated soil 
begins. In the beginning, SSA with amounts of calcium mixed with 
untreated soil leads to high pH values for treated soil. As the hydration 
reaction begins, the calcium ions are slowly depleted, and thus the 
calcium ion saturation in the treated soil is reduced. The soil treated 
with SSA (mixtures) were less acidic that would be less corrosive 
to structures and other engineering constructions if the mixtures are 
used in structural fill. As seen in Figure 2, the specific gravity of the 
soil, the SSA, and the soil-SSA mixtures varied from 2.49 to 2.67 
with a value of 2.65 for SSA which is within the range reported in 
several studies.10,20 The specific gravity of the soil slightly decreased 
as the percentage of SSA content in the mixture increased because the 
specific gravity of the SSA was slightly lower than the specific gravity 
of the original soil.

Figure 2 Variations of pH and Sp. Gravity with SSA content. 

The variations of optimum moisture content (OMC), maximum 
dry density (MDD) with SSA content within the soil are presented in 
Figure 3 and Figure 4. As seen from Figure 3 and Figure 4, the OMC 
varied from 11.9% to 14.2% and the MDD varied from 114.8 to 120.3 
pcf. The original soil had the lowest OMC compared to that of the 

soil-SSA mixtures. OMC had a positive correlation with SSA content. 
Whereas the original soil had the highest MDD compared to that of the 
soil-SSA mixtures and it had a negative correlation with SSA content. 
This could be due to the fact that higher SSA contents required more 
OMC (Figure 3), moisture contents in the mixtures increased the 
test sample volume, and hence provided the lower MDD. These test 
results did not provide any reason or validation to select an optimum 
SSA content from a compactability/workability point of view. These 
findings followed similar patterns provided in couple of studies.8,24

Figure 3 Variations of OMC with SSA content. 

Figure 4 Variations of MDD with SSA content.

 Figure 5 represents the variations of unconfined compressive 
strengths for the original soil and the soil-SSA mixtures compacted at 
the corresponding optimum moisture content (Figure 3) for the curing 
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periods of 0, 10, 14, 28, and 56 days at room temperature 30±3˚C. Other 
than air drying in the lab, the samples received no special treatment 
during the curing process. This condition could be simulated in the 
field by covering the subgrade with tarp and allowing it to dry for the 
desired curing period. The results showed an increase of compressive 
strength of the treated soils (all mixtures) consistently throughout the 
curing period, which is consistent with a study conducted by Luo et 
al.16 However, the observed increase of compressive strengths for all 
mixtures from 28 to 56 days was not that significant (only 6-11%) 
based on the 28 days separation of the curing period. Therefore, a 
curing period of 28 days could be considered as an optimum for 
soil-SSA mixtures. The increase of compressive strengths with the 
increase of SSA contents could be due to the chemical reaction of 
the SSA with the soil represented by the deposition of some mineral 
such as Calcium Carbonate inside the pores of soil-SSA matrix that 
resulted in plugging the pores in the mixture resulting in reducing the 
soil permeability and increasing its strength. Another potential reason 
could be the contribution of the angular glassy spheres of SSA grains 
which increased the bonds among soil particles.

Figure 5 Variation of unconfined compressive strength with curing period.

 The variations of unconfined compressive strengths (UCS) with 
SSA content for different curing periods are shown in Figure 6. It 
is seen in this Figure that soil and all mixtures gained significant 
strength (about 100psi) in 10 days. Whereas, after 10days, the gain 
is not that significant (between 20–40psi). UCS showed a peak for 
7.5% SSA content for curing periods of 14, 28 and 56 days. The rest 
showed almost flat for all SSA contents. No strength was gained right 
after mixing and started gaining strength with time. UCS appeared 
to decrease after 7.5% content for three curing periods (14-, 28-, and 
56-day) that is consistent with a study conducted by Lynn et al.13 
However, several other studies reviewed by Lynn et al.13 provided 
contradictory results. According to a few studies,9,25 the contents of 
SiO2 (17.27-50.60%) and Al2O3 (6.32–19.09%) in SSA indicated that 
SSA may be pozzolanic with the potential to be used as supplementary 
cementitious material (SCM). There are numerous direct and indirect 
methods for determining the pozzolanic activity of a material.25 To 
date, most research has used indirect methods, i.e. recording the 
effects of substituting part of the cement content by SSA on mortars 
and pastes on compressive strength. Adverse effects are attributed 
to increased water requirements due to the irregular morphology of 
SSA particles.26 Using direct methods, Jamshidi et al.27 determined 
the pozzolanic activity of SSA to be 37.86%, while Fontes et al.28 

derived a value of 70.53%. Therefore, pozzolanic materials in SSA 
may attribute to the increase in UCS of the treated soils by SSA. Since 
a curing period of 28 days seemed to be an optimum (Figure 5), 7.5% 
SSA content appeared to be the optimum soil-SSA mixture to provide 
maximum strength. However, based on the data for curing periods 
of 28 and 56 days, the 5% SSA content could be a viable alternative.

Figure 6 Variation of unconfined compressive strength with SSA content.

 The variations of Atterberg Limits (LL, PL, and PI) with SSA 
content are presented in Figure 7. As seen in this Figure, the LL of the 
original soil was the highest, followed by the mixture with 5% SSA, 
the mixture with 7.5% SSA, and the mixture with 10% SSA. The PL 
for the mixture with 5% was the highest, followed by the mixture 
with 7.5% SSA, the mixture with 10% SSA, and the original soil. The 
decrease of the PL could be attributed to the multivalent cations (Ca2+, 
Fe3+, and Al3+) provided by the SSA work on displacing monovalent 
cations (Mg2+>Ca2+>Na+>K+), the abundance of multivalent cations 
changes the soil particles’ electrical charge which causes the soil 
particles attracted to each other. The electrical attraction of soil 
particles aids the flocculation and is attributed to the change in soil 
nature (granular nature after flocculation and agglomeration) and 
resulted in reduced soil plasticity. The original soil showed the highest 
PI (13%), followed by the mixture with 5% SSA (5%), the mixture 
with 7.5% SSA (4%), and the mixture with 10% SSA (3%), which is 
consistent with a similar study conducted by Luo et al.16

Figure 7 Variation of plasticity index with SSA content. 

Das29 pointed out that the swell potential of soil is related to soil 
activity. The higher the soil activity value, the greater the soil swell 
potential. Similarly, the soil activity is also related to the PI value. 
The higher the PI value, the greater the soil swell potential. As 
stated above, when part of the clay in untreated soil was replaced by 
SSA, the PI value of treated soil decreased. This decrease leads to 
a reduction in volumetric swelling in treated soil, which coincided 
with Das’ finding. Furthermore, Seed et al.30 and Mitchell31 proposed 
and used a relationship between percent swelling (S) and PI value, 

3 2.442.16 10 ( )S PI−= × Thus, volumetric swellings for the SSA-
treated soil could be considered decreased as the PI values decreased. 
The PI values of SSA-treated soil in this study were smaller than that 
of untreated soil (Figure 7) and PI values decreased with increased 
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SSA contents, which could lead to a more pronounced reduction in 
volumetric swelling according to S and PI relationship. This finding is 
consistent with a study conducted by Al-Sharif and Attom.17 

 Conclusion
The specific gravity of the mixtures decreased as the percentages 

of SSA content in the mixture increased. This could be because of 
the specific gravity of the SSA was lower than the specific gravity 
of the original soil. Due to these characteristics, SSA occasionally 
was utilized in making light-weight concrete. The addition of 5%, 
7.5%, and 10% SSA with coarse-grained CL soil type [A-7-6 (3)] 
converted to fine-grained ML soil type [A-4 (0)]. The soil treated/
mixed with SSA resulted in less acidic that would be less corrosive 
to structures and other engineering constructions if they were to be 
used in structural fill. Based on the OMC and MDD values, both the 
soil and mixtures with all SSA contents seemed to be acceptable in 
terms of providing compaction. Therefore, the addition of SSA to 
the CL soil [A-7-6(3)] improved the compaction properties of the 
soil. Based on the UCS values, both the mixtures with 5% and 7.5% 
SSA contents seemed to be better in terms of providing strengths. In 
accordance with PI values, the mixture with the original soil seemed 
to be better in terms of compatibility. It can be concluded from this 
study that a mixture of soil with 7.5% SSA content and a curing period 
of 28days seemed to be an optimum and better option for engineering 
uses. However, a mixture with 5% SSA content and the same curing 
period could be used as a viable alternative. The volumetric swelling 
potential decreased with increased SSA contents. Potentially about 
7.5% of SSA can be utilized as a beneficial use that would go to 
landfill to be managed otherwise.
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