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■ Due to its poor mechanical properties and con-
tamination, sediment from dredging and lakeside 
construction projects is difficult to use directly in 
resource applications.

■ Orthogonal tests, compressive strength measure-
ments, and X-ray diffraction spectrum and scanning 
electron microscope analyses were used to inves-
tigate the solidification effects of three types of 
alkaline materials used alone or in combination with 
lake sediment: straw ash, calcium lime, and sodium 
silicate.

■ Sediment solidification was aided by suitably alkaline 
conditions and large quantities of active silicon-cal-
cium components, and the microstructures of the 
cured samples were more compact and had im-
proved mechanical properties.

Sediment waste is a problem associated with dredging 
and waterside construction projects.1–3 Sediment in 
lakes and rivers contains clay and organic matter, 

and it tends to have high water content and poor mechanical 
properties. It can also be contaminated with toxic and harm-
ful substances such as pathogens and heavy metals. Given 
these characteristics, sediment from rivers and lakes usually 
cannot be directly used for large-scale resource applica-
tions.4,5 As a result, large amounts of sediment from dredg-
ing and construction projects are discarded, which not only 
adds to landfills but also can damage marine and terrestrial 
environments. Furthermore, improper disposal of sediment 
from dredging and construction projects can cause safety 
hazards. Therefore, there is an urgent need to develop safe 
methods to manage sediment disposal and resource use.6 
One promising option is to treat sediment with materials that 
will induce alkali-activated reactions to solidify the sediment 
and create a stronger, more useful composite. To expand the 
body of knowledge on this option, a comprehensive analysis 
of the effects of selected types of solidifying materials on 
lake sediment was conducted. Based on our findings, an eco-
nomical and scientific method to treat this type of sediment 
is proposed.

The sediment treatment experiments described in this paper 
draw from past research by Glukhovsky7 and others,8–13 who 
found that in an alkali-activated reaction, the raw materials 
rich in silicon and aluminum elements undergo a process of 
dissolution, diffusion, polymerization, and curing, ultimately 
forming a cementitious material with good mechanical prop-
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erties and corrosion resistance. This material is also known as 
geopolymer.

There is a wide range of raw materials that can be the sources 
for geopolymers. According to their elemental composition, 
these materials can be divided into two categories: high-cal-
cium, low-aluminum raw materials, represented by slag and 
coal gangue, and high-aluminum, low-calcium raw materials, 
represented by metakaolin and activated sediment.14 Sediment 
is characterized by calcium deficiency, and sediment is mostly 
an inert component formed by chemical deposition. When 
sediment is solidified by alkali-activated reaction, its macro-
mechanical properties are usually poor.15

Traditional sediment treatment methods involve incineration 
and solidification by drying. Such methods are inefficient and 
consume high amounts of energy. However, the development 
of alkali-activated materials has inspired new ideas for soil 
reinforcement.16 Researchers17,18 have proposed the use of fly 
ash or slag mixed with sodium silicate to prepare geopolymer 
slurry for the treatment of muddy clay, which has achieved 
good reinforcement effect. In this kind of treatment method, 
the soil is only used as the reinforced object and forms a com-
posite material with the geopolymer, thereby improving the 
overall mechanical properties and not directly participating in 
the curing reaction.

Direct solidification of sediment by alkali-activated reaction 
is being explored as a method for sediment disposal. Alka-
li-activated reactions are used to strengthen and solidify river 
and lake sediment and fixate pollutants in the sediment. Lu et 
al.19 used alkali-activated reaction and thermal activation to 
synergistically treat sediment solid waste, and the obtained 
geopolymer sample had a 7-day compressive strength of 

8.93 MPa (1300 psi) and a 28-day compressive strength of 
16.37 MPa (2374 psi). Compared with the method of alka-
li-activated reaction only, the compressive strength of the 
sample was improved by a maximum of 1587%. When Kong 
et al.20 used magnesium oxide (MgO) and industrial waste 
residue in combination to solidify the sediment, the research-
ers found that the 28-day maximum compressive strength 
could reach 4.29 MPa (622 psi), saving about 50% of the cost 
of calcination activation, which meant that the solidification 
treatment of sediment achieved meaningful economic and en-
vironmental benefits. In terms of activators, previous research 
has mainly concluded that the preparation of geopolymers by 
composite activators can use the chemical reaction between 
activators to generate intermediate products to promote the 
polymerization reaction21 and appropriate composite activa-
tors can be used to adjust the relevant properties of the pre-
pared geopolymer to meet the intended uses of the material.22

In previous research, most of the schemes for solidifying 
sediment based on the principle of alkali-activated reaction 
have used alkali activators such as sodium silicate or sodium 
hydroxide as a single curing material to treat sediment. These 
schemes usually have the disadvantages of a poor sediment 
solidification effect, a complex solidification process, and 
high costs.23,24 To address these problems, this study inves-
tigated the use of low-cost straw ash solid waste, calcium 
lime (as an alkaline calcium source additive), and traditional 
sodium silicate as curing materials. The orthogonal exper-
imental design method was used to study the solidification 
effect of these different types of alkaline materials used alone 
or in combination with lake sediment, and to analyze the 
mechanism of sediment solidification by compound-doped 
materials, so as to find a scientifically sound, economical, and 
reliable method of sediment solidification.

Figure 1. Sediment treatment and sample preparation process. Note: CL = calcium lime; SA = straw ash; SS = sodium silicate.
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Experimental materials

Sediment

Dredging and waterside construction projects produce mixed 
sedimentary materials mainly composed of clay and organ-
ic matter.25 The sediment used in this study came from the 
Nanhu Lake in Wuhan, China. This lake has light organic 
contamination and low amounts of organic matter. The orig-
inal sediment after desilting was naturally condensed with a 
large block size (Fig. 1). To prepare it for study, the sediment 
was crushed with a hammer, ground with a vibrating mill, and 
finally sieved through a 200-mesh (0.074 mm [0.0029 in.]) 
screen. Figure 1 shows the sediment before crushing, after 
crushing, and after grinding and sieving. In the photos, the 
sediment color varies across the stages. These color changes 
are related to variations in the light and the particle sizes; they 
do not represent chemical changes in the samples.

An X-ray fluorescence (XRF) spectrometer was used to 
analyze the chemical composition of the lake sediment. The 
results of this analysis include the following with the values 
representing % by weight of each element (in the form of 
oxides of each element):

• SiO
2
: 49.74%

• Al
2
O

3
: 22.19%

• Fe
2
O

3
: 7.98%

• K
2
O: 2.37%

• MgO: 1.84%

• CaO: 1.76%

• TiO
2
: 1.42%

• others: 1.75%

• loss on ignition (LOI): 10.95%

The LOI is the percentage of mass of the raw material that is 
lost when a sample is dried in the range of 100˚C to 105˚C 
(212˚F to 221˚F) and then burned at 1000˚C until the weight 
was constant. The LOI of raw materials can represent the 
amount of gas released by physical evaporation or chemical 
decomposition of raw materials after heating. The chemical 
composition of the sediment in this investigation is similar to 
that of fly ash and metakaolin,26 which belong to the category 
of low-calcium solid waste. The XRF results showed that the 
sediment contained large amounts of aluminum and silicon, 
thereby meeting the requirements for geopolymer preparation.27

Straw ash

Straw ash is the residue of plants after burning. It contains all 

the minerals in the plants, with potassium accounting for the 
highest percentage, generally 6% to 15%. The straw ash used in 
this study was a black powder solid. Before use, the straw ash 
was sieved through a 200-mesh (0.074 mm [0.0029 in.]) sieve. 
The XRF testing determined the chemical composition of the 
straw ash to be following with the values representing % by 
weight of each element (in the form of oxides of each element):

• SiO
2
: 27.94%

• K
2
O: 14.06%

• CaO: 11.39%

• MgO: 8.50%

• Cl: 3.43%

• Al
2
O

3
: 3.09%

• P
2
O

5
: 2.91%

• others: 2.97%

• LOI: 25.71%

Calcium lime

Calcium lime is a commonly used building material.28 It can 
react with water to form a strong alkaline (calcium hydroxide) 
and release heat. The type of calcium lime used in this study 
is an analytically pure, white powder solid.

Sodium silicate

Sodium silicate (Na
2
O·nSiO

2
) is a white solid that is soluble 

in water. Its aqueous solution is a colorless and transparent 
viscous liquid, often called “water glass,” which is widely 
used in the construction industry.

The modulus n is an important parameter of sodium silicate. 
The smaller the n is, the greater the pH value of the sodium 
silicate solution is. The modulus n can be reduced by adding 
sodium hydroxide.29 In this study, industrial-grade, powdery 
instant sodium silicate with a reduced modulus of 1.5 was 
used.

Water

Ordinary tap water from Wuhan was used in the experiment.

Mixture design and sample preparation

Single-doped solidified sediment testing

To study the solidification effects of selected types of solidi-
fying materials on the sediment, single-doped testing was first 
conducted on samples of the sediment solidified with straw 
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ash, calcium lime, or sodium silicate. Table 1 presents the 
designs for these tests.

The unconfined compressive strengths of samples with 
different proportions (mass ratio of solidifying material to 
dried sediment) and different curing ages (three days versus 
seven days) were used as the indexes to study the effect of 
each solidifying material on the compressive strength of the 
sediment. In these tests, the water-to-solid ratio (the ratio of 
water by mass to the sum of the mass for all other materials) 
was 0.5.

After mixing the raw materials according to the proportions in 
Table 1, the slurry mixture was poured into standard cylin-
drical molds with an inner diameter of 50 mm (2 in.) and 
a height of 100 mm (4 in.), where it was fully vibrated and 
compacted (Fig. 1). The samples were unmolded after curing 
for 24 hours in an indoor environment and then continued to 
cure to the specified age.

Orthogonal testing of the  
compound-doped solidified sediment

According to the principle of alkali-activated solidification of 
sediment, the combined use of different types of solidifying 
material may promote the compressive strength of sediment. 
To avoid unnecessary intervention combinations, the number 
of test combinations used to assess the influence of multiple 
factors on the mechanical properties of solidified sediment 
should be minimized.29 In this investigation, the orthogonal 
experimental design method was used to design the material 
mixture proportions and prepare samples. From the content of 
solidifying material, the straw ash to lake sediment content, 
the calcium lime to lake sediment content, and the sodium 
silicate (Na

2
O·nSiO

2
) to lake sediment content were select-

ed as three factors of orthogonal design. The setting range 
of each factor is 0.05 to 0.25, and the step size is increased 

by 0.1. The factor levels of the orthogonal test included the 
following:

• level 1: 5% content of each added material (straw ash, 
calcium lime, and sodium silicate)

• level 2: 15% content of each added material (straw ash, 
calcium lime, and sodium silicate)

• level 3: 25% content of each added material (straw ash, 
calcium lime, and sodium silicate)

The sample preparation included three steps: preparation of 
the compound curing–material solution, pouring, and curing 
(Fig. 1). Following the mixture proportions in Table 2, the so-
lidifying materials and water were mixed thoroughly to create 
a compound solution, and then the sediment was mixed with 
the compound solution and stirred for three minutes. Next, the 
stirred slurry was poured into a standard abrasive tool measur-
ing 20 × 20 × 20 mm (0.8 in.), fully vibrated, and compacted. 
The samples were unmolded after curing for 24 hours at room 
temperature, and then curing continued to the specified age. 
The curing temperature was 20°C ± 2°C (68°F ± 4°F), and the 
relative humidity was about 65% to 70%.

Testing and characterization methods

Unconfined compressive strength tests

Cylindrical samples 50 mm (2 in.) in diameter and 100 mm 
(4 in.) long were prepared by static pressure method, with 
three parallel samples in each group. After the samples 
reached their curing ages (three or seven days), their compres-
sive strength was tested with a strain-controlled unconfined 
compressive strength testing instrument. The load interval was 
set to 1 mm/min (0.04 in./min), and the maximum range of 
the instrument was 10 kN (2.2 kip).

Table 1. Single-doped test design

Solidifying material
Solidifying material content

Lake sediment, g Water, g Curing age, days
% g

Straw ash

5 5

100

52.5

3, 7

10 10 55

15 15 57.5

Calcium lime

5 5 52.5

10 10 55

15 15 57.5

Sodium silicate

5 5 52.5

10 10 55

15 15 57.5

Note: 1 g = 0.0353 oz
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Uniaxial compressive strength tests

The uniaxial compressive strength test of the compound 
material–solidified sediment was conducted in the uniaxial 
compression mode of a stability testing device (Fig. 1). The 
maximum range of the instrument was 50 kN (11 kip), the 
loading rate was controlled to 1 mm/min (0.04 in./min), and 
sample compressive strengths were tested at 3 and 7 days. 
Three parallel 50 × 50 × 50 mm (2 × 2 × 2 in.) cube samples 
were prepared in each group. According to the test meth-
od standard for the physical and mechanical properties of 
concrete, the cubic compressive strength R

c
 of the sample is 

defined as the stress when the sample is destroyed.

X-ray diffraction test

An X-ray diffractometer was used to analyze the phase of the 
samples with a scanning range of 20 to 60 degrees. The glass 
tube anode type of the machine was copper, the test speed was 
set to 5 degrees per minute, and the step length was 0.02 degrees.

Scanning electron microscope

Investigators used a general-purpose, thermal-type scanning 
electron microscope to observe the samples. The test voltage 
was 5 kV, and the SE (secondary electron signal imaging) 
mode was adopted.

Results and discussion

Sediment properties

The lake sediment in this study was prone to softening and 
swelling in water and shrinking and cracking during water 

loss. Such effects occurred because the sediment’s internal 
structure was changed by reactions between clay minerals and 
water. For example, illite, which constituted up to 20% of the 
lake sediment, can swell by as much as 50% when exposed to 
water.27

In this study, the sediment was used as the raw material. After 
it was crushed, it was mixed with water to create a slurry with 
a water-to-solids ratio of 0.5. The slurry had good fluidity, but 
the sample shrank and cracked substantially during the curing 
process (Fig. 2), and here demolding does not produce a com-
plete specimen and the specimen compressive strength can be 
approximated as 0.

We conducted experiments and found that when the ratio of 
water to solids was reduced below 0.5, it was more difficult to 
mix the slurry due to the hydrophilicity of the clay minerals 
in the sediment. In the natural state, clay mineral will absorb 

Table 2. Orthogonal experiments for compound-doped samples

Mixture

Content of solidifying  
materials, %

Content of solidifying  
materials, g Lake  

sediment, 
g

Water, g

Compressive 
strength, MPa*

Straw 
ash

Calcium 
lime

Sodium 
silicate

Straw 
ash

Calcium 
lime

Sodium 
silicate

Three 
days

Seven 
days

SM1-A1B1C1 5 5 5 5 5 5 100 57.5 1.11 1.15

SM2-A1B2C2 5 15 15 5 15 15 100 67.5 2.76 3.80

SM3-A1B3C3 5 25 25 5 25 25 100 77.5 4.89 7.18

SM4-A2B1C2 15 5 15 15 5 15 100 67.5 1.06 1.88

SM5-A2B2C3 15 15 25 15 15 25 100 77.5 1.95 3.00

SM6-A2B3C1 15 25 5 15 25 5 100 72.5 1.39 2.34

SM7-A3B1C3 25 5 25 25 5 25 100 77.5 0.43 1.77

SM8-A3B2C1 25 15 5 25 15 5 100 72.5 2.40 2.41

SM9-A3B3C2 25 25 15 25 25 15 100 82.5 2.87 5.22

Note: 1 MPa = 0.145 ksi. 

*Calculated as the average compressive strength of three samples.

Figure 2. Shrinkage and cracking of dried lake sediments.
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water and swell.30 In addition, the compressive strength of the 
sample dropped significantly after it was exposed to water. 
Thus, the lake sediment had poor mechanical properties, and 
could not be used before it underwent a series of treatments.

The mineral composition of the lake sediment was analyzed 
by X-ray diffraction (XRD). The various peaks of the XRD 
spectrum characterize the different crystal structures of illite, 
kaolinite, quartz, chlorite, microcline intermediate, and albite 
(Fig. 3). A similar peak has been found in the XRD of me-
takaolin, a geopolymer precursor.31,32 Based on the XRF and 
XRD analyses of the lake sediment, it was found that although 
there was a large amount of silicon in the lake sediment, most 
of it was in the form of crystals, whereas the content of amor-
phous silicon, a precursor of geopolymer reaction,33–35 was 
relatively low. This property of illite to expand by about 50% 

when it absorbs water explains why the lake sediment shrank 
when water was lost.36

Single-doped sample analyses

Straw ash–solidified sediment The straw ash used in this 
investigation is light, more than 90% of its components are 
water-soluble substances, and its aqueous solution is alkaline. 
The alkalinity of the straw ash is mainly provided by potas-
sium oxide (K

2
O), and the pH value of the saturated aqueous 

solution of straw ash is about 12. The straw ash also contains 
a fair amount of silicon dioxide (SiO

2
), which has the poten-

tial to participate in alkali-activated reactions.

The addition of too much straw ash to a sample will substan-
tially increase water demand, leading to notable cracking 
during curing. In this investigation, samples with three differ-
ent amounts of straw ash (5%, 10%, and 15%) were tested. 
Figure 4 shows the 5%, 10%, and 15% straw ash– 
solidified samples in compression failure. During the testing, 
the samples exhibited considerable shrinkage and cracking. 
The failure modes of the samples were similar, with most 
caused by tensile failure.

Figure 5 plots the average compressive strengths of each 
sample type. The highest seven-day compressive strength for 
a straw ash single-doped sample was 0.32 MPa (46 psi), and 
the lowest seven-day compressive strength was 0.18 MPa 
(26 psi). The compressive strengths of the samples decreased 
as the straw ash content increased. This finding may be due 
to undissolved straw ash filling in the solidified sediment, 
leading to the formation of micro-cracks, which weaken the 
sample compressive strength. The samples were not high in 
compressive strength, but the addition of straw ash did make 
them somewhat stronger than the untreated sediment.

Figure 3. Results of the X-ray diffraction spectrum analysis of 
the lake sediment. Note: θ = the diffraction half angle.

Figure 4. Failure modes of single-doped samples with percentage of straw ash content by weight. Note: SA-5 = 5% straw ash 
content by weight; SA-10 = 10% straw ash content by weight; SA-15 = 15% straw ash content by weight.
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Calcium lime–solidified sediment Figure 5 plots the 
compressive strengths of the samples with 5%, 10%, and 15% 
calcium lime content.

The lowest and highest compressive strengths for the calcium 
lime single-doped samples cured for three days were 0.44 
and 0.81 MPa (64 and 120 psi), respectively. When cured for 
seven days, the samples had compressive strengths ranging 
from 0.6 to 1.31 MPa (87 to 190 psi). Because calcium oxide 
could generate a strong alkaline solution with water, it pro-
vided favorable conditions for the sediment to participate in 
an alkali-activated reaction. At the same time, the by-product 
calcium hydroxide could react with carbon dioxide in the air 
to form calcium carbonate with high compressive strength, 
which also contributed to the improvement of the overall 
sample compressive strength. The results indicate that the 
compressive strength of the sample increased as calcium lime 
content increased (Fig. 5).

Sodium silicate–solidified sediment After curing for sev-
en days, the samples were smooth, compact, and crack free, 
without the appearance of alkali precipitation.

Figure 5 plots the compressive strengths of the samples with 
5%, 10%, and 15% sodium silicate content. The compressive 
strength of samples that had been cured for 3 days ranged 
from 0.36 to 0.86 MPa (52 to 125 psi). When cured for seven 

days, samples ranged in compressive strength from 0.60 to 
1.22 MPa (87 to 177 psi). There was a positive correlation be-
tween the compressive strength of the samples and the content 
of sodium silicate.

Analysis of the compound-doped  
solidified sediment samples

Uniaxial compressive strength In this part of the study, 
investigators prepared nine groups of samples by the orthogo-
nal experimental design method, which can quantify the order 
of contribution of three influencing factors to compressive 
strength. At the same time that the samples were prepared, the 
solidification effects of the combined solidifying materials on 
the sediment were observed.

For each group of experiments, six samples were prepared. 
Table 2 presents the results of the uniaxial compression test-
ing for the nine experimental groups, with data on the uniaxial 
compressive strengths for each group representing the average 
compressive strength of three samples at three or seven days 
of curing.

Figure 6 shows the apparent morphology of the com-
pound-doped samples cured for three days. As the calcium 
lime and sodium silicate content increased, the samples were 
smoother and denser, and the phenomenon of deblocking on 

Figure 5. Average compressive strengths of the single-doped samples. Note: CL-5 = 5% calcium lime content by weight;  
CL-10 = 10% calcium lime content by weight; CL-15 = 15% calcium lime content by weight; SA-5 = 5% straw ash content by 
weight; SA-10 = 10% straw ash content by weight; SA-15 = 15% straw ash content by weight; SS-5 = 5% sodium silicate content  
by weight; SS-10 = 10% sodium silicate content by weight; SS-15 = 15% sodium silicate content by weight. 1 MPa = 0.145 ksi.
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the surface was reduced. The cohesion of the sample itself 
also increased, with the apparent pores reduced accordingly. 
Compared with the single-doped samples, the compound-doped 
samples experienced shear failure, and the degree of fragmenta-
tion in the compound-doped samples was also low.

Figure 7 shows a histogram of the average uniaxial compres-
sive strengths of the nine types of compound-doped samples. 
At three days of curing, the compressive strengths of samples 
in the nine compound-doped groups ranged from 0.43 to 
4.89 MPa (62 to 709 psi). When these values are compared 
with the compressive strengths of the single-doped samples 
at three days of curing (0.16 to 0.28 MPa [23 to 41 psi] for 
straw ash, 0.44 to 0.81 MPa [64 to 120 psi] for calcium lime, 
and 0.36 to 0.86 MPa [52 to 125 psi] for sodium silicate), 
it is clear that alkali-activated modification had a signifi-
cant effect on the physical and mechanical properties of the 
compound-doped samples. Moreover, at seven days of curing, 
the compressive strengths in each group of compound-doped 
samples were further improved, with the minimum compres-
sive strength being greater than 1 MPa (145 psi) and the maxi-
mum compressive strength reaching 7.18 MPa (1040 psi). 

Range analysis of the uniaxial compressive strength 
Due to the comprehensive comparability of the orthogonal 
test, in the range analysis, T

Aj
 represents the sum of the data of 

all levels under the factor A, and the data changes of TAj (the 
average of the j-level data of the factor A) can be generally 
regarded as being caused by the different levels of the factor 
A. The range R

A
 (the difference between the maximum and 

minimum values of TAj) can be regarded as the approximated 
degree of change in the whole test caused by the level change 
of factor A. Thus, the primary and secondary factors of the 
test can be compared intuitively, and the optimal level of col-
location can be found through fewer test groups.37

Table 3 presents the range analysis of the compressive 
strengths of the compound material–solidified samples at 
three and seven days of curing. The order of sensitivity of the 
compressive strength to various factors in the mixture is as 
follows: 

• For three-day compressive strength, calcium lime content 
> straw ash content > sodium silicate content

Figure 6. The apparent morphologies of the nine types of compound-doped samples after three days of curing. Note: CL = cal-
cium lime; SS = sodium silicate.
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• For seven-day compressive strength, calcium lime con-
tent > sodium silicate content > straw ash content

Using data from Table 3, Figure 8 illustrates the trends for the 
influence of various factors on the compressive strength of the 
compound-doped samples. From these trends, it can be deter-
mined that the compressive strength of the solidified sediment 
can reach the maximum value when the straw ash content is 
5%, the calcium lime content is 25%, and the sodium silicate 
content is 25%.

Analysis of the trends for each factor’s influence on the 
compressive strength of the sample indicates that the internal 
mechanism is as follows: 

• A small amount of straw ash can improve the pH value of 
the reaction environment to an extent, promote the sedi-
ment’s participation in the alkali-activated reaction, and 
improve the compressive strength of the samples. Howev-
er, given the weak alkalinity provided by straw ash, some 
weak impurities that do not participate in the reaction are 

Figure 7. Average three- and seven-day uniaxial compression strengths for the nine types of compound-doped samples. Note: 
1 MPa = 0.145 ksi.

Table 3. Range analysis for compressive strengths of compound-doped samples

Factors
Three-day compressive strength Seven-day compressive strength

Straw ash Calcium lime Sodium silicate Straw ash Calcium lime Sodium silicate

Ti1 8.758 2.595 4.100 12.13 4.79 5.90

Ti2 4.405 6.313 6.690 7.21 9.21 10.89

Ti3 4.890 9.145 7.263 9.40 14.74 11.95

T
i 1 2.919 0.865 1.367 4.04 1.60 1.97

T
i2 1.468 2.104 2.230 2.40 3.07 3.63

T
i3 1.630 3.048 2.421 3.13 4.91 3.98

Ri 1.451 2.183 1.054 1.64 3.31 2.02

Note: Ri = range (difference between the maximum and minimum values of TAj); Ti1 = sum of the data of levels 1 under the factor i (A, B, or C); Ti2 = sum 

of the data of levels 2 under the factor i (A, B, or C); Ti3 = represents the sum of the data of levels 3 under the factor i (A, B, or C); Ti 1  = mean value (nu-

merically equal to Ti1 divided by the levels number); Ti2 = mean value (numerically equal to Ti2 divided by the levels number); Ti3 = mean value (numeri-

cally equal to Ti3 divided by the levels number).
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introduced. Therefore, a high proportion of straw ash will 
weaken the compressive strength of the sample.38

• The lake sediment was low in calcium, and the input of 
calcium from the calcium lime additive supplemented the 
early compressive strength of samples, with the com-
pressive strength increasing linearly as the calcium lime 
content increased. This finding is mainly attributed to the 
existence of a large number of calcium source precursors 
in the reaction system, which effectively accelerates the 
hydration rate of the geopolymer system.39,40

• The sodium silicate content reflects the concentration of 
the sodium silicate (Na

2
O·nSiO

2
) in the solution. Figure 8 

shows that a higher sodium silicate content does not nec-
essarily increase the compressive strength of the sample. 
The amount of active silicon in the sediment is low. The 
addition of the silicate alkali activator can provide several 
silicon components for the reaction, and the geopolymer 
reaction was promoted by controlling the relative coordina-
tion of silicon and aluminum leaching rate.29

Analysis of variance for uniaxial compressive 
strength Range analysis can identify the primary and 
secondary sorting of each influencing factor to clarify the 
main factors affecting the compressive strength of the solid-
ified sediment samples. However, in an orthogonal test, the 
change in the compressive strength index may be attributed 
to either the change in the factor level or random error of the 
test. Because it cannot be determined from range analysis 
how much influence to attribute to the factors versus ran-
dom error, we need to use analysis of variance to calculate 
the difference between the fluctuation of the compressive 
strength index caused by each factor and the fluctuation 
caused by random error. From this analysis, we can thus 
determine the significance of each factor’s influence on the 
compressive strength index.

The compressive strength results of the solidified sediment 
samples at three and seven days of curing were analyzed by 
analysis of variance. Table 4 presents the statistical indexes. 
The larger the F-value in the table is, the greater the influence 
of the corresponding factors is on the compressive strength of 

Figure 8. Influence trends for each factor on the compressive strength of the compound-doped samples. Note: 1 MPa = 0.145 ksi.
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the sample. The relative degree of influence of each factor on 
the compressive strength of the samples is as follows:

• For three-day compressive strength, calcium lime content 
> straw ash content > sodium silicate content.

• For seven-day compressive strength, calcium lime con-
tent > sodium silicate content > straw ash content.

Scanning electron microscope analysis

Figure 9 shows the microstructure of two samples viewed 

with the scanning electron microscope. There were several 
activated sediment particles that were not fully involved in 
the reaction in the 5% straw ash sample. These particles were 
large, irregular in shape, and embedded or stacked in the gen-
erated gel-phase matrix; also, the structure was loose. Due to 
the low hardness of the material, a stable stress transfer path 
could not easily form inside of it; therefore, the sample had a 
low overall uniaxial compressive strength.

In contrast, the gel-phase structure of the compound-doped 
sample from group SM3 was denser, and the unreacted sed-
iment particles were the least in number and the smallest in 

Table 4. Analysis of variance for compressive strengths of compound-doped samples

Factors

Three-day  
compressive strength

Seven-day  
compressive strength

Sum of 
squares

Degree of 
freedom

Mean  
square sum

F
Sum of 
squares

Degree of 
freedom

Mean 
square sum

F

Straw ash 3.79 2 1.90 2.57 4.04 2 2.02 1.88

Calcium lime 7.19 2 3.60 4.88 16.54 2 8.27 7.71

Sodium silicate 1.89 2 0.95 1.28 6.95 2 3.48 3.24

Experimental error 1.47 2 0.74 n/a 2.15 2 1.07 n/a

Total data volatility 14.35 8.00 F(3,3)0.10 = 5.36 29.68 8.00 F(3,3)0.10 = 5.36

Note: F = F-test value; F(3,3)0.10 = F-critical value where there is at least a 90% probability that two sets of data (both 3 degrees of freedom) have a signifi-

cant difference; n/a = not applicable.

Figure 9. The microstructure of samples viewed with a scanning electron microscope. Note = 1 μm = 0000394 in.

Single-doped sample with 5% straw ash

Compound-doped sample from group SM3
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size, thus showing better macroscopic mechanical properties. 
Notably, the levels of active silicon and active calcium were 
highest in the SM3 group. Under alkaline conditions, the 
silicon and calcium could further participate in the reaction to 
form geopolymer gels with high compressive strength, there-
by improving the overall mechanical properties of the sample.

Conclusion

Because scientifically sound, economical, and reliable meth-
ods of sediment solidification are needed, the potential use of 
low-cost straw ash solid waste, calcium lime (as a source of 
alkaline calcium), and the traditional additive sodium silicate 
were investigated as curing materials for sediment from Nan-
hu Lake. The following conclusions were drawn based on the 
experiments conducted:

• The sediment contained large amounts of silicon and 
aluminum elements, but inactive quartz is the main 
mineral component. Through the direct sample prepara-
tion of the sediment, it was found that the dried sediment 
sample shrank considerably, cracked easily, and had low 
compressive strength. Therefore, it would be difficult to 
directly use or dispose of the sediment without a curing 
treatment.

• In the single-doped experiments, calcium lime had the 
greatest solidification effect of the three curing materials. 
When the calcium lime content was 15%, the maximum 
seven-day compressive strength of the sample reached 
1.31 MPa (190 psi). In the single-doped experiments, 
the compressive strength of the sample was positively 
correlated with the percentage of calcium lime or sodium 
silicate that it contained. The curing effect of straw ash 
was the least effective. The low alkalinity of straw ash 
and the introduction of several weak impurities were the 
main reasons for this material’s poor performance.

• The mechanical properties of the samples were im-
proved by using compound-doped materials to solidify 
the sediment. All samples cured for seven days had 
compressive strengths greater than 1 MPa (145 psi), 
and the maximum seven-day compressive strength 
was 7.18 MPa (1040 psi). This maximum compressive 
strength was achieved when the straw ash content was 
5%, the calcium lime content was 25%, and the sodium 
silicate content was 25%.

• In addition to providing more suitable alkaline conditions 
for the solidification reaction of the sediment, the com-
pound-doped materials added large quantities of active 
silicon and active calcium components, which helped 
form high-strength geopolymer gel. The microstructure 
of the solidified sample was more compact than the un-
treated sediment, and the overall mechanical properties of 
the sample also significantly improved.
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Notation

F = F-test value, represents the significance of the dif-
ference between two or more sample means

F
(3,3)0.10

 = represents the F-critical value where there is at 
least a 90% probability that two sets of data (both 3 
degrees of freedom) have a significant difference

n = modulus

R
A
 = range (difference between the maximum and mini-

mum values of TAj)

R
c
 = cubic compressive strength of the sample

R
i
 = range (difference between the maximum and mini-

mum values of Tij )

T
Aj

 = sum of the data of all levels under the factor A

TAj  = mean value (numerically equal to T
Aj

 divided by the 
levels number)

T
i1
 = sum of the data of levels 1 under the factor i (A, B 

or C)

T
i2
 = sum of the data of levels 2 under the factor i (A, B 

or C)

T
i3
 = sum of the data of levels 3 under the factor i (A, B 

or C)

Ti1  = mean value (numerically equal to T
i1
 divided by the 

levels number)

Ti2  = mean value (numerically equal to T
i2
 divided by the 

levels number)

Ti3  = mean value (numerically equal to T
i3
 divided by the 

levels number)

θ = the diffraction half angle, the angle between the 
incident X-ray and the crystal plane that meets the 
diffraction condition

https://doi.org/10.4028/www.scientific.net/AMM.353-356.24
https://doi.org/10.4028/www.scientific.net/AMM.353-356.24
https://doi.org/10.1007/s10706-018-0597-5
https://doi.org/10.1016/j.clay.2020.105887
https://doi.org/10.1016/j.clay.2020.105887
https://doi.org/10.1016/j.clay.2013.10.004
https://doi.org/10.1007/s10853-006-0565-y
https://doi.org/10.1016/j.conbuildmat.2020.119886
https://doi.org/10.1016/j.conbuildmat.2020.119886
https://doi.org/10.1016/j.wasman.2018.04.022
https://doi.org/10.1016/j.wasman.2018.04.022
https://doi.org/10.1520/JTE20220619
https://doi.org/10.1016/j.conbuildmat.2021.125999
https://doi.org/10.1016/j.conbuildmat.2021.125999


56 PCI Journal  | September–October 2023

About the authors

<Body>Mohamed K. Nafadi, 
PhD, is an assistant professor of 
structural engineering at Assiut 
University in Assiut, Egypt. He is 
a former graduate research 
assistant in the Department of 
Civil, Construction, and Environ-
mental Engineering at North 
Carolina State University (NCSU) 

in Raleigh.

Omar M. Khalafalla, is a graduate 
research and teaching assistant 
and PhD candidate in the Depart-
ment of Civil, Construction, and 
Environmental Engineering at 
NCSU.

Gregory W. Lucier, PhD, is a 
research assistant professor in the 
Department of Civil, Construction, 
and Environmental Engineering 
and manager of the Constructed 
Facilities Laboratory at NCSU.

Sami H. Rizkalla, PhD, FPCI, 
FACI, FASCE, FIIFC, FEIC, 
FCSCE, is Distinguished Profes-
sor of Civil Engineering and 
Construction, director of the 
Constructed Facilities Laboratory, 
and director of the National 
Science Foundation Center on 
Integration of Composites into 
Infrastructure at NCSU.

Paul Z. Zia, PhD, PE, FPCI, is a 
Distinguished University Profes-
sor Emeritus in the Department of 
Civil, Construction, and Environ-
mental Engineering at NCSU.

Gary J. Klein, PE, is executive 
vice president and senior principal 
for Wiss, Janney, Elstner Associ-
ates Inc. in Northbrook, Ill.

Abstract

Body text

Keywords

Body text

Review policy

Body text

Reader comments

Body text

About the authors

 Hongdan Yu is an associate 
professor for the State Key 
Laboratory of Geomechanics and 
Geotechnical Engineering, 
Institute of Rock and Soil Me-
chanics at the Chinese Academy 
of Sciences in Wuhan, Hubei, 
China.

Kai Zhang is a doctoral student in 
the School of Civil Engineering 
and Key Laboratory of Geotechni-
cal and Structural Safety Engi-
neering of Hubei Province at 
Wuhan University in Wuhan, 
Hubei, China.

Haifeng Lu is a professor in the 
School of Civil Engineering and 
Key Laboratory of Geotechnical 
and Structural Safety Engineering 
of Hubei Province at Wuhan 
University.

Qingzhao Zhang is an associate 
professor for the School of Civil 
Engineering and Department of 
Geotechnical Engineering at 
Tongji University in Shanghai, 
China. 
 

Abstract

The disposal of lake sediment is a major problem in 
dredging and lakeside construction projects. Due to 
its poor mechanical properties and contamination, 
sediment is difficult to use directly in resource appli-
cations. Previous research has found that alkali-acti-
vated reactions can improve the mechanical properties 
of silicon- and aluminum–rich solid waste. In this 
study, the basic physical and mechanical properties 
of dried sediment from a lake in Wuhan, China, were 
analyzed. Orthogonal tests, compressive strength 
measurements, and X-ray diffraction spectrum and 
scanning electron microscope analyses were used to 
investigate the solidification effects of three types of 
alkaline materials used alone or in combination with 
the lake sediment: straw ash, calcium lime, and sodium 

silicate. In the single-doped samples, calcium lime 
had the best curing effect, with a maximum seven-day 
compressive strength of 1.31 MPa (190 psi). When the 
compound-doped samples were cured to seven days, 
the maximum compressive strength was 7.18 MPa 
(1040 psi). Furthermore, with the compound-doped 
materials, sediment solidification was aided by suitably 
alkaline conditions and large quantities of active sili-
con-calcium components. As a result, the microstruc-
tures of the cured compound-doped samples were more 
compact and their overall mechanical properties were 
greatly improved.
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