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Use of waste materials for long-term soil stabilization
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SYNOPSIS: This study examines two waste lime by-products and two fly ashes for soil stabilization. These
materials include a dried lime kiln sludge (DLKS), a hydrated lime by-product (HLB), an ASTM C 618 Type C fly
ash (TCFA), and a non-specification fly ash (NSFA) that does not meet the requirements of ASTM C 618. Four
different soil types were treated with the lime by-products while one was treated with the fly ashes. The performance
of the different treated soils was compared to that of the corresponding soils treated with the control material: a high
calcium lime kiln dust (LKD). Test results presented in this study include the moisture-density data, cured
compressive strengths, CBR and swell potential for treated soils and untreated soils. The results indicate that the
alternative waste by-products are suitable for permanent subgrade stabilization, in which the subgrade soil is part o f a
pavement structure and a long-term strength gain is desired.

commercial, high grade hydrated lime.
Table 1
summarizes the properties o f DLKS, HLB, NSFA
TCFA and the control LKD.

1 INTRODUCTION
During the last two decades, environmental regulations
and heightening public awareness have made it
increasingly difficult and costly to dispose o f the large
quantity of waste materials generated by electric
utilities and heavy industry. Some potentially “useful”
waste materials are needlessly disposed of because
alternative applications have not been identified.
Consequently, the concept o f using and recycling
“useful” wastes has become an essential issue among all
parties involved.
The manufacture o f various commercial lime
products results in the production o f by-products other
than LKD.
Also, TCFA has been used as a soil
stabilizer, alone or with lime, in some parts o f the
United States. However, there are several sources of
high CaO ashes that do not meet the specifications in
ASTM C 618 but could be effective for soil
stabilization. Many state highway agencies often use
LKD, for either temporary construction expedience or
permanent subgrade soil stabilization. This paper
summarizes a study, initiated at the Illinois Department
of Transportation (IDOT), which examines promising
“waste” materials as cost effective alternatives for
permanent soil stabilization.

Table 1. Physical and Chemical Properties o f the
Alternative Materials.
LKD DLKS HLB
CaO, %

81

87

94

23

27

Ca(OH)2, %

43

31

83

4

2

LOI, %

19.0
0.1

32.0
10.0

19.0
0.0

14.4
0.8

0.5
0.0

Water, %
+ 4.75 mm, %

0

0

0

0

0

+ 600 pm, %

4.2

0.0

4.0

0.0

4.2

+ 150 |im, %

11.7

5.0

54.0

1.0

13.6

Spec. Gravity

2.91

2.46

2.46

2.51

2.67

SO,, %

-

-

-

7.7

1.7

41.4

61.3

S i0 2 + A120 3 +
Fe20 „ %

2 MATERIALS
2.1 Lime By-Products and Fly Ashes
The DLKS is produced from a wet kiln exhaust effluent
which is currently ponded as an inert sludge. The
effluent is collected, press-dried, and then further dried
by activating it with 15 % CaO (quicklime). The HLB,
commonly called “hydrator tailings,” is a coarse
material that results from the production of a
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NSFA TCFA

Table 1 shows that the DLKS and LKD have
similar chemical properties, except for the free water
and loss on ignition (LOI). The NSFA has high LOI
and sulfate contents, compared to the TCFA. An LOI
o f above 10% has been reported as being detrimental to
the pozzolanic reaction in fly ash treated soils
(Glogowski et al, 1992). There are also concerns about
the long-term swell potential associated with sulfate
contents above 10% (Ferguson, 1993). The sulfate
content o f the NSFA is sufficiently high to warrant
caution. The literature does not specifically address the
use of NSFA in soil stabilization, and there is limited
information concerning projects that have used ashes
with sulfate contents between 5 and 8 percent

(Ferguson, 1996).
Therefore, swell tests were
conducted on the NSFA treated soil to address these
concerns.
2.2 Soils
Three typical Illinois soils were treated with the DLKS,
HLB and LKD. A commercially available, dry-milled
Fire Clay was treated, individually, with each lime by
product and fly ash. The Fire Clay was used as a
readily available, uniform reference soil. Table 2
presents the properties o f the untreated soils. Soil
classification tests were performed according to
applicable AASHTO test methods (T 88, T 89, T 90,
and T 100).

method T 99. A fresh mixture was used for each point
on the moisture-density curve.
The test results,
summarized in Tables 3 and 4, show that the lime by
products reduced the soil maximum dry density (pd) and
increased the soil optimum moisture content (OMC).
Table 3. The Values o f pdfor Untreated and Treated
Soils.

Untreated
5 % LKD
5 % DLKS
5 % HLB
10 % TCFA
10 % NSFA

Table 2. Physical Properties of the Untreated Soils.

AASHTO
Classification
LL, %
PI, %
Sand, %
Silt, %
Clay, %
Spec. Gravity

Fire
Clay

Silty
Clay
Loam
(SiCL)

Clay
Loam
(CL)
Till

Rend
Lake
Clay
(RLC)

A-6

A-4

A-6

A-7-6

33.0
13.4
1.9
41.7
56.4
2.68

33.8
8.5
3.9
73.9
22.2
2.71

24.9
10.8
32.1
43.4
24.5
2.72

48.4
24.6
0.8
57.9
41.3
2.74

3 EXPERIMENTAL PROCEDURES AND RESULTS
3.1 Mixing
The soils described above were treated, individually,
with 5% of each lime by-product based on the dry
weight of soil. The Fire Clay was also treated with 10%
o f each fly ash based on the dry weight of soil. Mixing
was done according to ASTM D 3551. The mixing
time, after addition of water, for the fly ash treated soils
was reduced by 50% of that specified in ASTM D 3551,
due to the unknown hydration characteristics o f the fly
ashes.
The soils treated with either LKD or DLKS were
allowed to mellow or “slake” for one hour prior to
compaction. The HLB treated soils were mellowed for
24 hours to ensure a more thorough hydration o f the
coarse HLB particles. Studies by Thompson (1995) and
Baker (1995) revealed that the HLB treated soil
specimens, compacted after only a one hour mellowing
period, deteriorated when subjected to accelerated
curing at 48.9°C. The deterioration of the specimens
was attributed to the expansion of the HLB particles as
they continued to hydrate during curing. The fly ash
treated Fire Clay was compacted immediately after
mixing.

Fire Clay
SiCL
CL Till
RLC
P_, kg/m5 Ph, kg/m3 Ph. kg/m3 P„ kg/m3
1817
1661
1988
1650
1737
1854
1640
1517
1767
1612
1878
1573
1597
1680
1786
1458
1853
1767
-

Table 4. The OMC of Untreated and Treated Soils.
Fire Clay
SiCL
CL Till
RLC
OMC, % OMC, % OMC, % OMC, %
Untreated
14.8
18.3
11.5
19.9
5 % LKD
14.5
19.0
14.6
21.0
5 % DLKS
15.3
20.0
13.7
22.2
5 % HLB
17.0
21.0
15.1
22.5
10 % TCFA
12.9
10 % NSFA
14.5
The 10% NSFA did not affect the OMC, but it
reduced pd o f the Fire Clay by an amount similar to the
5% LKD. However, the 10% TCFA reduced the OMC,
while it increased pd o f the Fire Clay. This study used
the same TCFA and Fire Clay that were used in
Ferguson’s (1996) study. He observed the same effect
and attributed it to the slower reaction characteristics of
the TCFA used. Ferguson (1985) generally noted that
the effect o f fly ash treatment on soils is not consistent,
and it depends on the characteristics o f both the soil and
the fly ash.
3.3 Cured Compressive Strength
Unconfined compressive strength, qu, tests were
performed according to AASHTO test method T 208.
Soil-lime and soil-fly ash mixtures were compacted into
51 mm x 102 mm cylinders in three equal layers with
scarification between each layer. The cylinders were
then sealed into plastic bags to prevent moisture loss
during the curing period. Four specimens for each
curing condition were compacted from each soiladditive combination, and their average strengths are
shown herein. All specimens tested were between 95%
and 108% of pd and OMC at the time of compaction.
Treated soils were tested after curing for 7 days at 23.9
°C. Additional tests were also conducted on the lime
treated soils which were cured for 48 hours at 48.9 °C,
and on the fly ash treated Fire Clay which was cured for
28 days at 23.9 °C.
The 7-day curing period was chosen because it
corresponds to IDOT’s current procedure for
construction o f lime stabilized subgrades. According to
IDOT’s procedure, the field compacted, treated soil is
cured for 7 days final paving. Curing has different

3.2 Moisture-Density Relationship
Moisture-density relationships of treated and untreated
soils were determined according to AASHTO test
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18% for all data in Table 6, except for the Fire Clay and
CL Till treated with 5% HLB. These two treated soils
showed COVs of 22% and 26%, respectively.

effects in lime treated soils than in fly ash treated soils.
The 7-day strength gain in lime treated soils can be
attributed to the cation exchange, flocculation and
agglomeration o f the clay particles, and the soil-lime
pozzolanic reaction. The 7-day strength gain in fly ash
can be attributed to the reaction o f tricalcium aluminate
(Ferguson 1985) and the portion o f CaO existing as
tricalcium silicates (McManis 1988) similar to Portland
cement. Table 5 shows the average qu, o f four tests, for
treated soils cured for 7 days at 23.9°C. The untreated,
uncured soil data is provided for comparison. The
coefficient of variation (COV), for each set of four tests,
ranged between 0% and 13% for all data in Table 5,
except for the CL Till and RLC treated with 5% HLB.
These two treated soils showed COVs of 28% and 27%,
respectively.

Table 6: Unconfined compressive strength of lime
treated soils cured for 48 hours at 48.9°C and fly ash
treated Fire Clay cured for 28 days at 23.9°C.
Fire Clay
SiCL
CL Till
q„(kPa) q„(kPa) q„ (kPa)
Untreated
385
256
338
48 hours at 48.9°C
5% LKD
2820
1059
2076
1062
277
680
5% DLKS
1121
333
818
5% HLB
28 days at 23.9°C
10% TCFA
1456
1619
10% NSFA

Table 5. Unconfmed compressive strength of treated
soils cured for 7 days at 23.9°C.

Untreated
5% LKD
5% DLKS
5% HLB
10% TCFA
10% NSFA

Fire Clay
q.. (kPa)
385
1719
582
592
1056
1311

SiCL
q„(kPa)
256
936
224
273

CL Till
q„ (kPa)
338
1403
474
468

RLC
q„ (kPa)
434
549
349
568

-

-

-

-

-

-

RLC
q„ (kPa)
434
857
447
1599

Table 6 shows that the DLKS performed well
with the Fire Clay and CL Till. However, the DLKS
did not produce a significant strength gain with either
the SiCL or the RLC. The soils treated with DLKS may
be affected by a high LOI. The HLB performed well
with all the soils except for the SiCL. No deterioration
was observed on the HLB treated specimens which
were mellowed for 24 hours prior to compaction. The
cured qu values in Table 6 reflect the level of reactivity
between the by-products and the soils. The reactivity is
effected by the clay mineral content of the soils, in
conjunction with the different chemical and physical
properties of each lime by-product. Higher treatment
levels may be required when using DLKS or HLB,
depending on the specific soil type. A job-specific mix
design program should be conducted to identify the
percentage of DLKS or HLB needed to achieve design
requirements. The Fire Clay, treated with 10% of either
NSFA or TCFA, performed well compared to the Fire
Clay treated with 5% of the lime by-products.

Table 5 shows higher qu values for the LKD when
compared to the DLKS and HLB with the exception of
HLB treated RLC. The Fire Clay, treated with either
10% NSFA or 10% TCFA, outperformed the 5% DLKS
and 5% HLB. The DLKS, though similar in chemical
composition to the LKD, did not perform as well as the
LKD. The high LOI in the DLKS may have slowed the
pozzolanic reaction. The LOI effect may be similar to
that reported by Glogowski (1992) for high LOI fly
ashes. The performance o f HLB was not consistent
because of its coarse gradation. The coarse particles
appear to require more time to completely hydrate.
Therefore, during curing, some of the CaO may not
have been readily available for reaction. For the fly ash,
the reaction o f tricalcium aluminate and silicates is
usually complete after 7 days (Ferguson, 1985). Any
strength gain in the fly ash treated soils after 7 days is
attributed to a pozzolanic reaction.
The lime treated soils were also cured for 48
hours at 48.9 °C. This elevated temperature curing is
required by IDOT’s lime stabilization design procedure.
Curing lime treated soils under these conditions has
been correlated with 28-day curing under ambient
temperatures (IDH, 1970). The fly ash treated soils
were not subjected to elevated temperature curing
conditions. There is some debate in the literature
(McManis, 1988) concerning reactions that take place at
elevated temperatures and the variability o f data
obtained using fly ash from different sources. The
NSFA and TCFA treated Fire Clay was cured at 23.9°C
for 28 days to provide an approximate comparison with
the strengths of lime treated soils cured for 48 hours at
48.9qC. Table 6 shows the average qu values o f lime
treated soils after curing for 48 hours at 48.9°C and fly
ash treated Fire Clay after curing for 28 days at 23.9°C.
The COV for each set of four tests ranged from 3% to

3.4 California Bearing Ratio (CBR)
The CBR test was also performed on uncured, treated
soils according to a modified AASHTO test method T
193. IDOT modifies the CBR test by applying a static
compaction procedure in lieu of the dynamic
compaction recommended in AASHTO T 193. In static
compaction, the sample is compacted in the CBR mold
using a hydraulic press. Immediately after compaction,
the specimens were soaked for 96 hours prior to
penetration. During the soaking period, the amount of
swell was monitored. Table 7 summarizes the CBR
values for treated and untreated soils.
Table 7. CBR for untreated and treated soils.
Fire Clay
SiCL
CL Till
RLC
CBR, % CBR, % CBR, % CBR, %
Untreated
1.1
3.8
3.6
3.6
5 % LKD
7.2
70.3
37.0
16.1
5 % DLKS
5.7
14.6
23.9
6.5
5 % HLB
11.8
21.0
15.1
31.4
10 % TCFA
7.2
10 % NSFA
2.4
1601

Table 7 shows there was no one lime by-product
that consistently outperformed the others. The HLB
performed better than the LKD with the Fire Clay and
RLC. The Fire Clay treated with 10% TCFA performed
the same as the 5% LKD. A slight increase in the CBR
value was observed with the 10% NSFA.
3.5 Swell
Due to the tendency o f the HLB particles to expand
during hydration and the high percentage of sulfates in
the NSFA, the potential for excess swell was considered
in this study. The swell tests indicated that the potential
for swell should not be a concern with any of the lime
treated soils. The one-dimensional swell of lime treated
soils ranged from 0.1% to 3.1%, with most values
between 0.1% and 1.5%.
The amount of swell observed with the uncured
NSFA treated Fire Clay was 14%, compared to the 4%
observed for the TCFA treated Fire Clay. The untreated
Fire Clay showed a swell of 1.7%. A duplicate test was
conducted on the NSFA treated Fire Clay for
verification and for monitoring the rate o f swell. The
second test revealed a swell of 15%. In all cases, most
of the swell occurred within the first 24 hours, and
thereafter remained constant at 15%. Additional tests
were performed with specimens cured at room
temperature for one hour, 24 hours, and 7 days prior to
soaking.
The one-hour curing period did not
significantly change the swell or the CBR value. The
24-hour curing reduced the swell to 9% and increased
the CBR to 3.4%. The 7 day curing period reduced the
swell to 4%. The CBR value for the uncured NSFA
treated Fire Clay (Table 7) was low due to the 14%
swell. Excessive swell appears to break down the
cementitious bond in the fly ash. The data indicated
that curing had a significant effect on reducing the swell
potential, and increasing the CBR and qu values for the
NSFA treated Fire Clay. However, it is unclear what
caused the NSFA to swell significantly within the first
24 hours of soaking. Factors influencing the swell may
include fly ash chemical properties, soil properties, and
testing conditions. Further investigation is needed.
Because of these factors, NSFA should be used with
caution.

4 CONCLUSIONS
(1) Two waste lime by-products, DLKS and
HLB, were used as alternatives to the control LKD for
subgrade stabilization. Test results indicate that the
DLKS and HLB reduced the pd and increased the OMC,
the cured compressive strengths, and the CBR. The
strength increase using DLKS and HLB was not as high
as that observed with the LKD in all soils. As a result,
higher treatment levels of either DLKS or HLB may be
required to obtain acceptable long term strength gain for
a given soil type.
(2) The HLB treated soils should be allowed to
mellow, at or above OMC, for at least 24 hours prior to
compaction to allow for a more complete hydration of
the coarse HLB particles.
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(3) The Fire Clay treated with either 10% NSFA
or 10% TCFA indicated an increase in the cured
compressive strength and the CBR value.
(4) The NSFA treated Fire Clay indicated a swell
o f up to 15% during the first 24 hours of soaking, and
thereafter, remained constant at 15%. A one-day curing
period, at room temperature prior to soaking, reduced
the swell to 9% and increased the CBR value from 2.4%
to 3.4%.
(5) Additional research is needed to characterize
the properties and the proper uses of NSFA. Additional
research is also needed to determine the long term
effects o f higher sulfate contents in ashes used for soil
stabilization.

ACKNOWLEDGMENT
This study was conducted at IDOT’s Bureau of
Materials and Physical Research Soils Lab, Springfield,
Illinois. Discussions with Professor Marshall Thompson
at the University of Illinois, Urbana, were appreciated.
Peer review of the paper was provided by Doug Dirks
oflD O T .

REFERENCES:
Baker, T. (1995). Unpublished Test Data. IDOT
District 5, Paris.
Ferguson, G. (1985). “Fly Ash Stabilization of Soils.”
Proceedings of the Seventh International Ash
Utilization Symposium and Exposition - Volume 2 .
Orlando, FL.
Ferguson, G. (1993) “Use of Self-Cementing Fly Ashes
as a Soil Stabilization Agent.” Flv Ash for Soil
Improvement.
ASCE Geotechnical Special
Publication No. 36. New York, NY.
Glogowski, P.E., Kelly, J.M., McLaren, R.J. and Burns,
D.L. (1992). Flv Ash Design Manual for Road and
Site Applications.
Volume 1.
Electric Power
Research Institute. Palo Alto, CA. EPRI Report No.
T R -100472.
Illinois Division of Highways, (1970).
“Design
Coefficients for Lime-Soil Mixtures.” Research and
Development Report No. 22. Springfield, IL.
McManis, K.L. (1988). “Laboratory Evaluation of Fly
Ash Treated Embankment and Base Materials.”
FHW A/LA-87/204.
Louisiana Transportation
Research Center, Baton Rouge.
Thompson, M.R. (1995).
Unpublished Test Data.
University o f Illinois, Urbana.
Transportation
Research
Board
(1987).
“Lime
Stabilization.”
State of the Art Report 5.
Washington D.C.
The contents o f this paper reflect the views o f the
authors, who are responsible for the facts and accuracy
of the data presented herein. The contents do not
necessarily reflect the official views or policies of
IDOT. This paper does not constitute a standard,
specification or regulation at IDOT.

