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ABSTRACT 

 
A series of laboratory tests were conducted on the raw dredged materials (RDMs) stabilized with different 

fly ash contents (i.e., 10%, 20%, and 30%, by weight of dry soil) and curing times (i.e., 2 hours, 7 days, and 

28 days). Results showed that increasing fly ash content decreased the plasticity index and improved 

engineering properties of RDM. Increasing fly ash content from 0% to 30% decreased the plasticity index 

from 19.3% to 9.5%, decreased the optimum water content from 30% to 23%, and increased the maximum 

dry unit weight from 12.9 kN/m3 to 13.9 kN/m3. Both fly ash content and curing time affected engineering 

properties of stabilized dredged materials (SDMs). Increasing fly ash content from 0% to 30% at 28-day 

curing time increased the California bearing ratio (CBR) from 1.5 to 21.4, and increased the undrained shear 

strength from 240 kPa to 713.8 kPa. For specimens with 30% fly ash content, increasing curing time from 

2 hours to 7 days resulted in an increase of CBR from 7.8 to 20.0 as well as an increase of undrained shear 

strength from 293 kPa to 499 kPa. From the results of this study, SDM with no less than 10% fly ash and 

curing time longer than 7 days content is recommended as subbase or subgrade fill in roadway construction. 

 

INTRODUCTION 
 

Around 300-million cubic yards of sediments have to be dredged in US to maintain or deepen navigation 

channels, anchorages or berthing areas for the safe passage of boats and ships [Childs 2015; Katsiaras et al. 

2015]. Traditional dredging methods discharge sediments into oceans, rivers, lakes, wetlands, estuaries, or 

confined disposal facilities (CDFs). Particularly, about 2-3 million cubic yards of sediments are dredged 

annually in the Great Lakes Region and half of which are placed in CDFs. Meanwhile, many existing CDFs 

that serve ports are at or near their capacity [Clark and Knight 2013].  
 

Beneficial use of raw dredged materials (RDMs) has become a viable alternative to traditional "dredge and 

dispose" methods [Childs 2015]. RDMs can be used for beach nourishment, capping, land creation and 
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improvement, habitat creation or restoration, replacement fill, construction fill, and for topsoil enhancement 

[Limeira et al. 2012]. However, the frequency of beneficial use of RDMs in the US at present is only about 

20%. The estimated beneficial use of RDMs has great potential ranging between 33-73% [Childs 2015]. 
 

The majority of the RDMs in the CDFs are typically classified as low plasticity silt (ML), high plasticity 

silt (MH), high plasticity organic (OH), and high plasticity clay (CH) soil by the Unified Soil Classification 

System (USCS) indicating that RDMs are among the poorest earthwork materials (USBR 1963; Grubb et 

al. 2006). Therefore, to improve the engineering properties of RDMs, pozzolanic materials such as lime, 

cement, and fly ash (FA) may be blended with RDMs to produce stabilized dredged materials (SDMs). The 

engineering properties and general feasibility of using RDMs stabilized with different cementitious 

materials have been demonstrated through laboratory tests [Maher et al. 2006; Grubb et al. 2010; Kim et al. 

2010] and field tests [Sadat Associates Inc. 2001].   
 

The use of FA as a binder is attractive because FA is an industrial by-product that is relatively inexpensive 

compared with cement and lime [Tastan et al. 2001]. About 50-million tons of FA is produced annually in 

the United States out of which over 20-million tons are used in engineering applications [ACAA 2014]. 

Self-Cementing Class C FA, which has relatively high CaO content (compared with Class F FA), has been 

shown to significantly improve the engineering properties of both inorganic soils [Prabakar et al. 2004; Edil 

et al. 2006] and organic soils [Tastan et al. 2011].  
 

This paper describes the effects of curing time and fly ash content on index and engineering properties of 

RDMs stabilized with self-cementing Class C FA for potential use in pavement applications. Atterberg 

limits, compaction properties, California bearing ratio (CBR), shear strength, and durability of RDMs and 

SDMs were evaluated systematically at different FA contents and curing times. Practical recommendations 

were made from the test results. 
 

MATERIALS 
 

A bulk of RDM sample was obtained from a CDF located at the south end of Milwaukee Harbor. The RDM 

sample had an in-situ water content of 67.3% which was obtained per ASTM D2216. The Atterberg limits 

including the plastic limit (PL) and liquid limit (LL) measured following ASTM D4318 are respectively 

42.2% and 61.5%. The RDM sample consists of 96.6% fine particles and 3.4% sand and according to the 

United Soil Classification System (USCS), the RDM sample is classified as MH. The organic content for 

the RDM sample obtained per ASTM D2974 is 9.8%. The specific gravity (Gs) measured according to 

ASTM D854 is 2.59 which is within the range of Gs for fine-grained soils with organic contents (Huang et 

al. 2009). 
 

Compaction properties of the RDM sample were obtained using a Harvard Miniature compactor following 

the standard compaction method per ASTM D698. Maximum dry unit weight (dmax) is  

12.9 kN/m3 and the optimum water content (wopt) is 30%. The CBR value measured per ASTM D1883 is 

as low as 1.5 and the unconfined compressive strength (qu) measured per ASTM D2166 is 27.7 kPa 

indicating that the RDM sample is a poor earthwork material and its engineering properties need to be 

improved. 
 

The self-cementing FA sample to stabilize RDM for this study was obtained from the Oak Creek power 

plant in Oak Creek, Wisconsin. The fly ash is classified as Class C according to ASTM C618.  
 

METHODS 
 

According to ASTM D7762, testing procedures for mechanical properties of stabilized dredged materials 

(SDMs) using Class C FA include CBR, resilient modulus, unconfined compressive strength, and freeze-

thaw tests. The RDM sample was stabilized with 10%, 20%, and 30% by weight of FA and the specimens 



 

were respectively designated as SDM-10FA, SDM-20FA, and SDM-30FA. Effects of curing time on 

Atterberg limits, compaction properties, undrained shear strength, freeze-thaw durability, unconfined 

compressive strength, CBR, and resilient modulus of the SDM specimens were also evaluated.  

 

For a given FA content, after thoroughly mixing FA with RDM, each mixture was subdivided into 3 groups 

to evaluate the effect of curing time on the index and engineering properties (i.e. curing after 2 hours, 7 

days and 28 days). A summary of the testing program on SDM specimens including the number of 

specimens for each test and the corresponding ASTM or AASHTO testing standard followed is presented 

in Table 1. 

 

Table 1. Summary of Testing Program 

 

Testing Program Standards 

Numbers of Samples 

Curing Time: 2 h* Curing Time: 7 d Curing Time: 28 d 

RDM 

SDM

-

10FA 

SDM

-

20FA 

SDM

-

30FA 

SDM

-

10FA 

SDM

-

20FA 

SDM

-

30FA 

SDM

-

10FA 

SDM

-

20FA 

SDM

-

30FA 

Atterberg Limits ASTM D4318 1 1 1 1 1 1 1 1 1 1 

Compaction ASTM D698 1 1 1 1 - - - - - - 

Triaxial UU Test ASTM D2850 3 3 3 3 3 3 3 3 3 3 

Freeze-thaw test ASTM D560 3 3 3 3 - - - - - - 

UC strength Test ASTM D2166 3 3 3 3 - - - - - - 

CBR ASTM D1883 1 1 1 1 1 1 1 1 1 1 

* h=hour, d=days 

 
Atterberg Limits Test. Atterberg limit tests are conducted to obtain basic index information about the fine-

grained fraction of soils or to indirectly estimate strength and compressibility characteristics. Common 

Atterberg limits including the liquid limit (LL) and plastic limit (PL) can be used to assess the amount of 

dewatering needed before RDM can be handled and processed. The LL, PL, and corresponding plasticity 

index (PI = LL – PL) are commonly used when investigating DM in harbors and CDFs or for evaluating 

suitability of any raw construction material in roadway construction. Following ASTM D4318, air-dried 

RDM samples passing through the #40 sieve (with 0.475-mm opening size) were used for the Atterberg 

limit tests. Different amounts of tap water were separately added to the RDM, SDM-10FA, SDM-20FA, 

and SDM-30FA specimens to approximately achieve optimum water content based on Proctor compaction 

tests. After thoroughly mixing the samples in sealed plastic bags, each sample was divided into three groups 

and allowed to cure for 2 h, 7 d, and 28 d in a room maintained at 100% relative humidity and 25 °C. 

Additional tests were conducted using samples tested immediately after mixing. The 2-h curing time was 

selected to more accurately represent field construction conditions (Senol et al. 2005). Specimens cured for 

7 d and 28 d were selected to represent early and relatively long-term curing conditions in roadway 

construction applications. 
 

Proctor Compaction Test. Compaction tests were conducted to obtain compaction characteristics of the 

RDM and SDMs including the dmax and wopt and to prepare compacted specimens for subsequent 

mechanical tests. The compaction tests were conducted using Harvard miniature compaction apparatus 

(Humboldt 2003). The RDM samples were air-dried and sieved through sieve #4 (with 4.75 mm opening 

size). The fraction of the RDM samples passing through sieve #4 were blended with different FA contents 

(i.e., 10%, 20%, and 30% by weight). Five subsamples of each blend were mixed with different water 

contents (ranging from 10% to 40%) and compacted into the steel Harvard miniature compaction mold with 

a diameter of 33 mm and height of 71 mm using a Harvard compactor which produced compaction effort 

equivalent to the modified Proctor effort according to ASTM D698.  



 

Unconsolidated Undrained (UU) Strength Test. The shear strength obtained from the UU test is used to 

evaluate stability of embankment fills in undrained condition. In the UU test, specimens are sheared in 

compression without drainage by applying constant axial strain rate (ASTM D2850). For each FA content, 

three replicate specimens were prepared for UU tests. All specimens were prepared using the Harvard 

miniature compaction method, wrapped and sealed immediately with plastic sheeting to minimize possible 

moisture change, and cured in the moisture room (with 100% relative humidity at 25 °C) for 2 h, 7 d, and 

28 d. Cured specimens were tested for undrained shear strength according to ASTM D2850 under 100 kPa 

isotropic confining pressure. 

 

Freeze-Thaw Cycling Test. To evaluate durability of RDM and SDM samples under cycles of freezing 

and thawing in the field, the freeze-thaw (F-T) cycling tests were conducted following ASTM D560. 

Specimens were compacted at dmax and wopt using a Harvard compactor. After sealing with plastic sheeting, 

the specimens were placed for 24 h in a freezing cabinet that maintained a constant temperature of -23 °C. 

Following the freezing stage, all specimens were placed in the moisture room (with the relative humidity 

of 100% and temperature of 25 °C) for 24 h. Twelve F-T cycles were considered in this study.  

 
Unconfined Compressive (UC) Strength Test. To investigate how cycles of freezing and thawing and the 

percentage of FA affect unconfined compressive strength of the SDM specimens, two groups of cured 

specimens were tested for UC strength: one group was not subjected to F-T cycles and one group was 

subjected to F-T cycles.  For the first group, specimens compacted using a Harvard compactor at optimum 

water content and maximum dry unity weight were sealed and then placed in moisture room for 24 d. For 

the second group, samples that had undergone 12 F-T cycles (24 d) were tested. Strain rate in both cases 

was 1 %/min according to ASTM D2166.  

 
CBR Test. The California Bearing Ratio (CBR) test is a penetration test that can be used to evaluate the 

strength of materials for potential use as pavement subgrade, subbase, and base course material. Following 

ASTM D1883, air-dried RDM passing through the sieve #4 and blended with different FA contents (i.e., 

0%, 10%, 20%, and 30% by weight) were compacted at dmax and wopt in a steel mold with a height of 152 

mm and diameter of 117 mm. Materials were compacted in five layers with 25 blows per layer. Compacted 

specimens were then sealed with plastic sheeting and placed in the moisture room for 2 h, 7 d, and 28 d. 

Cured specimens were then placed in a water bath for 96 h for soaking. After soaking, a standard CBR 

piston penetrated the specimens at a constant rate of 1.27 mm (0.05 in) /min.  

 

RESULTS 

 
Atterberg Limits. Figure 1 shows the results of Atterberg limits tests in the form of the Casagrande 

Plasticity Chart that plots PI versus LL. The RDM specimen and SDM specimens with FA contents less 

than 20% are classified as MH while the SDM specimens with FA content of 30% are classified as ML. In 

general, as FA content increases, both LL and PI decrease for all the specimens. There is a linear relationship 

between LL and PI for the entire suite of RDM and SDM materials having different FA contents and curing 

times (R2 = 0.93). The slope of trend line of RDM–FA mixtures chart is 0.70, which indicates this trend 

line is approximately parallel to the A-line (the slope of A-line is 0.73). When FA is blended with soil and 

water, a series of reactions lead to dissociation of lime (CaO) and the formation of cementitious and 

pozzolanic gels (Tastan et al. 2011). During the hydration process, free lime reacts pozzolanically with the 

clay and this reaction reduces clay plasticity (Little and Nair 2009). The Linear relationship between the 

LL and PI may not be a unique characteristic for SDM. Other stabilized fine-grained soils in the literature 

showed similar response.  



 

 
Figure 1. Atterberg limits for RDM and SDM specimens 

 

Compaction Characteristics. Typical bell-shaped compaction curves were obtained for all specimens with 

different FA contents as shown in figure 2(a). Zero-air-void curve for RDM is also shown in the figure. 

Increasing the FA content increased the dmax and reduced the wopt [figure 2(b)]. The dmax of RDM-FA 

mixtures is less than 14 kN/m3 which is lower than that of typical compacted soils. The low unit weight 

makes the RDM and SDM an attractive lightweight material for earthwork applications. The SDM-10FA 

and SDM-20FA samples had approximately the same dmax (13.3 kN/m3-13.4 kN/m3) and wopt (26.0%-

26.5%). Subsequent mechanical tests were conducted using specimens compacted at optimum water content 

and maximum dry unit weight as obtained from the Proctor tests. 

 

UU Shear Strength. Three replicate UU specimens were tested for undrained shear strength (𝑐𝑢). Figure 3 

reports the average cu as a function of FA content for three different curing times. The 𝑐𝑢 values increased 

with increasing FA content and curing time. At a given curing time, the 𝑐𝑢-values increased linearly with 

increasing FA content. For specimens cured for 2 h, however, the effect of FA content is not as significant. 

By increasing the curing time, the improvement in 𝑐𝑢 increases significantly. The percent increase of 𝑐𝑢 for 

the SDM for specimens cured for 7 d ranges from 29% to 108% when FA content increases from 10% to 

30%. For the same FA range, the percentage increase for specimens cured for 28 d ranges from 55% to 

198%. The effect of curing time on 𝑐𝑢 for specimens with high FA content is more significant than for low 

FA content. For example, for the SDM-10FA specimen, increasing the curing time from 2 h to 28 d 

increased the 𝑐𝑢 by 46%. For the SDM-30FA specimen, the 𝑐𝑢 increased by 144% over the same curing 

time frame. At higher FA content, more pozzolanic reactions occur thus more cementitious bonds between 

the RDM particles are developed over time. Therefore, higher FA contents affect the 𝑐𝑢 values more greatly 

as the curing time increases [Horpibulsuk et al. 2013]. 
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Figure 2. Compaction curves of the RDM and RDM-FA mixtures (a) and optimum water 

content and maximum dry unit weight versus FA content (b) 

 
 

Figure 3. Variation of undrained shear strength with FA content and curing time 
 

Unconfined Compressive Strengths and Freeze and Thaw Cycling. Figure 4 shows the variation of 

unconfined compressive strengths (𝑞𝑢) of the RDM and SDM specimens with and without F-T cycles as a 

function of FA content. Whether or not the specimens are subjected to F-T cycles, increasing FA content 

increases the 𝑞𝑢  of the specimens with similar trends. However, the percent increase in 𝑞𝑢  changes at 

different FA contents. Increase of FA content from 0% to 10% increases the qu by 30%. Increasing FA 

content from 20% to 30% only slightly increases the 𝑞𝑢 for specimens with and without F-T cycles. Unlike 

for some fine-grained soils that the benefits accrued by adding FA beyond 20% diminish [Tastan 2011], 

increase of FA content in SDM to 30% increases the 𝑞𝑢 further by 50%. 

11

12

13

14

15

0 10 20 30 40 50

D
ry

 U
n

it
 W

ei
g
h

t,
 

d
(k

N
/m

3
)

Water Content, w (%)

SDM-30FA
SDM-20FA
SDM-10FA
RDM Zero Air Void

(Gs=2.59-RDM)

(a)

20

25

30

35

40

12.0

12.5

13.0

13.5

14.0

14.5

15.0

0 5 10 15 20 25 30 35

O
p

ti
m

u
m

 W
at

er
 C

o
n

te
n

t,
 w

o
p
t
(%

)

M
ax

im
u

m
 D

ry
 U

n
it

 W
ei

g
h

t,
 d

m
ax

(k
N

/m
3
)

Fly Ash Content (%)

Maximum dry unit weight

Optimum water content

(b)

cu = 16.0 FA + 230

R² = 0.997

cu = 10.0 FA + 235

R² = 0.986

cu = 1.7 FA + 238

R² = 0.961

0

100

200

300

400

500

600

700

800

0 5 10 15 20 25 30 35

U
n

d
ra

in
ed

 S
h

ea
r 

S
tr

en
g
th

,
c u

(k
P

a)

Fly Ash Content (%)

 SDM-28d

 SDM-7d

 SDM-2h

 RDM



 

 
Figure 4. Variation of unconfined compressive strength of SDM specimens with FA content 

and F-T cycles 
 

The 𝑞𝑢 -values for different FA contents only slightly decreased after 12 F-T cycles with an average 

reduction of 4% indicating that SDMs are durable under freeze and thaw cycles. However, the unconfined 

compressive strength of FA-stabilized soft soils was reduced by 20% and that of FA-stabilized expansive 

soils was reduced by 40% after 12 F-T cycles [Bin-Shafique et al. 2010]. The exact reason of this 

observation was not investigated; it might be due to freezing of pore water, which exerts pressure to expand 

the volume of the stabilized soil matrix [Toutanji et al. 2004]. This pressure might loosen the cementitious 

bonding of the particles in the stabilized soils and cause loss of strength.  

 

CBR. Figure 5 shows that CBR increases with increasing FA content and curing time. CBR increases 

significantly (by 208% on average) when the curing time of the SDM specimens increases from 2 h to 7 d. 

However, curing time after 28 d only increases the CBR on average by 16%. Figure 5 also shows the CBR 

of other types of fine-grained soils stabilized with Columbia Class C FA. These specimens were cured for 

7 d in 100% humidity room before running the CBR tests. 

 
All SDM specimens have relatively low CBR values compared to the other fine-grained soils. One possible 

reason is that RDM has medium organic content (9.8%). Due to various factors including lower solids 

content, higher water content, lower pH, and chemical interferences that occur in the cementing reactions, 

soils with high organic content have been more difficult to stabilize than soils with low organic content 

[Janz and Johansson 2002]. CBR values of SDM specimens vary between 10-20 which are comparable to 

those of compacted silty sand or sand [Rollings and Rollings 1996]. Table 2 summarizes the relative ratings 

of supporting strengths as a function of CBR for subbase and subgrade soils. Based on the CBR range 

between 10-20, SDMs are classified as fair to good for subgrade application. Figure 5 shows that the SDM 

should contain at least 10% FA and should be cured for at least 7 d so that the material gains sufficient CBR 

for subgrade application.  
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Figure 5. Variation of CBR with FA content 
 

Table 2. Relative CBR Ratings for Subbase and Subgrade [Schaefer et al. 2008] 
 

 CBR 

(%) 
Application Rating 

> 80 Subbase Excellent 

50 to 80 Subbase Very Good 

30 to 50 Subbase Good 

20 to 30 Subgrade Very good 

10 to 20 Subgrade Fair-good 

5 to 10 Subgrade Poor-fair 

< 5 Subgrade Very poor 

 

CONCLUSION 

 
In this study, a series of laboratory tests was conducted where RDM–FA mixtures were prepared at different 

FA contents (10%, 20%, and 30%) and curing times (2 h, 7 d, and 28 d) to evaluate how FA and curing 

time can improve engineering properties of RDMs. Main findings are listed below: 

 

 All the SDM specimens exhibited lower plasticity compared to RDM. Increase of FA content or curing 

time reduced the PI and LL for SDMs.  

 The undrained shear strength (𝑐𝑢) increased for all SDMs with increasing FA content and curing time. 

For a given curing time, 𝑐𝑢 increased linearly with increasing the FA content. The improvement in 𝑐𝑢 

increased significantly as the curing time increased.  

 The unconfined compressive strengths (𝑞𝑢) of the specimens increases with increasing the FA content. 

The qu-values were only slightly decreased after 12 F-T cycles with an average reduction of 4% 

indicating that SDM in this study is a durable material. 
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 CBR of SDM specimens increased with increasing FA content and curing time. CBR of SDM specimens 

cured for 7 days vary between 10-20 which are comparable to CBR of compacted silty sand or sand, 

and are classified as fair to good for subgrade application. 

 

In general, use of fly ash to stabilize RDM offers a feasible and effective way for using high volume of 

dredged materials and reducing the burden of storage and disposal of the fly ash. Economically, coal fly 

ash stabilization is cheaper than stabilization with the conventional materials such as cement and lime. 

Based on the results of this study, SDMs with fly ash higher than 10% and curing time longer than 7 days 

can be used as roadway subbase or subgrade fill.  
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