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Abstract: Dredged sludge usually has high water content and poor engineering properties,
which would be unfavorable for its rapid resource utilization. Meanwhile, straw fiber is an
environmentally friendly material for improving the mechanical behavior of soil. In this
research, a series of shrinkage tests were conducted to investigate the straw fiber effects
on the shrinkage behavior of dredged sludge with high water content. Four initial water
contents and straw fiber amounts were designed. The water content and crack development
were recorded throughout the test. According to the test results, a reduction in water content
regarding drying time can be divided into three stages: the constant-rate stage, the falling-
rate stage, and the residual stage. At the falling-rate stage, water evaporation is affected
significantly by straw fiber. Compared with the sample without straw fiber, the influence
of straw fiber on the water evaporation of dredged sludge depends upon the initial water
content and the straw fiber content. The straw fiber shows an overall inhibitory effect on
the initiation and development of cracks for the tested samples. Moreover, the influence of
straw fiber on the shrinkage behavior of dredged sludge depends upon the initial water
content and fiber content.

Keywords: dredged sludge; high water content; straw fiber; water evaporation; volumetric
shrinkage; desiccation crack

1. Introduction
Dredging works are carried out every year to guarantee the navigational capacity

and eco-environment of rivers, lakes, and coastal water systems, which produce a large
amount of dredged sludge with high water content in China [1,2]. Dredged sludge usually
has poor engineering properties and cannot be reused directly [3–5]. So, it is often first
disposed of in areas such as low-lying land and fish ponds. With the progress of natural
drainage, consolidation, and evaporation, its water content is decreased [6–8]. Due to the
common hydraulic dredging methods in China, dredged sludge exhibits a high initial water
content, low strength, and poor permeability.The disposal progress of dredged sludge is
time-consuming, up to several years, which leads to the prolonged occupation of large
land resources, and the treatment cost is greatly increased. Over time, the dredged sludge
would inevitably suffer desiccation shrinkage, which is unfavorable for further utiliza-
tion of dredged sludge (e.g., land application, engineered backfilling, and so on) [9–12].
Currently, there is insufficient research and practical experience in the application of eco-
environmental methods for the treatment of dredged sludge with high water content,
including enhancing its consolidation, accelerating the dehydration processes, as well as
increasing the load-bearing capacity necessary for mechanical cultivation.
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On the other hand, there is a great amount of straw produced in China annually via
agricultural production [13]. It is usually costly to store straw. So, a significant amount
of straw is burned or casually discarded, which inevitably causes ecological environment
pollution [14–16]. Meanwhile, since the resource reuse of straw has obvious environmental
and economic benefits, straw has been widely used in aspects of practical engineering,
like housing construction, straw–cement composites, building material production, and
so on [17–19]. Furthermore, because straw has a certain amount of tensile strength and
ductility, it has been used to improve the mechanical and deformation behavior of soils. For
example, straw fiber can be used to increase the mechanical properties of clayey soil [20],
shorten curing time, and improve compressive strength [21,22]. El kefafy et al. found
that using rice straw fiber on the slope of sand soil can increase the soil stress and friction
angle [23]. Chai et al. found that straw can increase soil cohesion and shear strength as
the axial strain of the reinforced soil reached a threshold [24–27]. Moreover, straw has also
been used to attenuate the cracking ratio and improve the crack morphology [7]. Jianbin
et al. found that straw can limit soil deformation and crack development, and the strength
of the sample is affected by the length and content of straw. It should be noted that the
water content of soils used in previous research is often low.

At present, the research on straw-stabilized soil has mainly focused on clay with
relatively low water content. However, the water content plays an important role in the
crack initiation and development of soil [28–30]. In compacted clayey soil, the higher water
content accelerates the development of desiccation cracks, resulting in a decrease in the
surface crack ratio, total crack length, and average crack width [31]. A crack does not
usually propagate in those areas of the clay layer with low water content [32]. Therefore, it
is vital to clarify the effect of straw fibers on the dry shrinkage characteristics of dredged
sludge with high water content. In addition, straw will degrade under the dredge sludge
environment, which increases the content of organic matter, carbon (C), nitrogen (N),
phosphorus (P), and potassium (K) [29,33]. But, the fibrous main structure of the straw still
exists, which can reinforce the sludge and improve its strength [34]. Therefore, it is vital to
clarify the effect of straw fibers on the dry shrinkage characteristics of dredged sludge with
high water content.

This research aims to study the straw fiber effects on the desiccation shrinkage behavior
of dredged sludge with high water content. A series of shrinkage tests were conducted
on samples with different initial water contents and straw fiber contents under natural
atmosphere conditions. The sample mass, the volumetric shrinkage, and the desiccation
crack development were measured throughout the test. Based on the test results, the
straw fiber effects on the shrinkage characteristics of dredged sludge with high water
content were first explored. Then, the mechanisms responsible for the alteration in the
crack initiation and development of dredged sludge amended by straw fiber were explored.
Finally, the appropriate amount of straw fiber for improving the shrinkage characteristics
was also discussed.

2. Testing Program
2.1. Materials

The dredged sludge used in this study was obtained from the Huai River Estuary
waterway in Funing County, Jiangsu Province, China. Some of the physical properties are
shown in Table 1. According to the liquid limit (53.8%) and plastic limit (24.7%), the sludge
is a high-plasticity clay per the Unified Soil Classification System [35].

The straw used in this research was obtained from Yancheng City, Jiangsu Province,
China. After natural air-drying, the straw was crushed using a grinder and sieved. The
straw fiber with the size of 0.075 to 0.6 mm exhibited good dispersibility and was easily
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mixed uniformly. So, the straw fiber within the range of 0.075 mm to 0.6 mm was used
for preparing tested samples (Figure 1). The chemical composition of straw fiber is mainly
hemicellulose, cellulose, and lignin, and is rich in nitrogen, phosphorus, potassium, and
some trace elements [36]. The straw fiber used in the test was detected as 21.2% hemi-
cellulose, 32.9% cellulose, and 20.7% lignin. Before the experiment, the straw fiber was
placed in an oven and dried at 65 ◦C for 24 h to prevent the water in the straw affecting the
test results.

Table 1. Physical properties of the sludge.

Liquid Limit,
wL/%

Plastic Limit,
wP/%

Plastic Index,
IP

Specific Gravity,
GS

Particle Size Distribution (%)
Clay

(<5 µm)
Silt

(5~75 µm)
Sand

(>0.075 mm)

53.8 24.7 29.1 2.76 46.5 51.2 2.3
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Figure 1. Straw fiber.

2.2. Shrinkage Tests

The water content of the dredged sludge is about 2.0 to 3.0 times the liquid limit after
sediment [32]. Hence, four initial water contents w0 (=80.7%, 107.6%, 134.5%, and 161.4%)
were designed for tested samples. Meanwhile, four straw fiber contents Cs (Table 2), which
is defined as the ratio of the straw mass to the mass of soil particle, were also selected to
study the variations in shrinkage characteristics with straw content for dredged sludge.

The dredged sludge was first stirred evenly and its initial water content determined.
Then, the additional amount of water was calculated according to the target water content
in Table 2, added to the dredged sludge, and subsequently stirred to obtain even sludge.
After that, the quantity of additional straw fiber required was calculated based on the
target straw fiber content and then added to the sludge several times in small amounts
while being stirred with a mixer. The homogeneous mixture was filled into the test molds
(405 mm × 320 mm × 25 mm) and shaken to remove air bubbles (Figure 2). At last, the
surface of the sample was leveled, and each sample was labeled with a number (Table 2).
Note that the bottom and side walls of each mold are treated with a thin layer of Vaseline
to minimize the impact of friction.

All samples were placed in the laboratory under natural atmosphere conditions to sim-
ulate the drying process in practical engineering. During the test, the sample was weighed
to obtain its water content, which is defined as the ratio of the mass of water to the mass of
soil particle. Meanwhile, surface images were also taken to monitor the development of
cracks. When the sample mass change between two adjacent measurements was less than
1 g and the difference in water content was less than 0.1% during continued measurement,
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the test was ended. Throughout the experiment, the average daily temperature was 27 ◦C,
and the average relative humidity was 75%.

Table 2. Program of shrinkage tests.

Test Code Initial Water Content,
w0 (%) w0/wL

Straw Fiber Content,
Cs (%)

A0 80.7 1.5 0
A1 80.7 1.5 1
A2 80.7 1.5 3
A3 80.7 1.5 5
A4 80.7 1.5 8
B0 107.6 2.0 0
B1 107.6 2.0 1
B2 107.6 2.0 3
B3 107.6 2.0 5
B4 107.6 2.0 8
C0 134.5 2.5 0
C1 134.5 2.5 1
C2 134.5 2.5 3
C3 134.5 2.5 5
C4 134. 2.5 8
D0 161.4 3.0 0
D1 161.4 3.0 1
D2 161.4 3.0 3
D3 161.4 3.0 5
D4 161.4 3.0 8
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3. Results and Discussion
3.1. Water Content

Since the water content is an important factor affecting the shrinkage characteristics of
clay, the variations in water content during the desiccation process were studied at first.
Figure 3 depicts the changes in the water content (w) with drying time (t) for dredged
sludge with and without straw fibers at the same initial water content. The changes in
water content vary with the drying time during the test process, which can basically be
divided into three stages, i.e., the constant-rate stage, the falling-rate stage, and the residual
stage. At the constant-rate stage, the water content decreases rapidly with drying time.
There is a linear relationship between water content and drying time. However, the water
content of samples with different straw fiber content is almost the same at the same drying
time. This may be because there is sufficient free water at the surface of the samples to
evaporate [11], and the duration of this stage is short, which limits the effect of straw
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fibers on water evaporation. In addition, as this stage usually lasts for a short time, the
overall reduction in water content is relatively small compared to the falling-rate stage and
increases with the initial water content of the samples; e.g., for the samples with the w0 of
80.7%, the water content decreases by about 19%, whereas the reduction in water content is
approximately 38% for those samples with the w0 of 134.5%.
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During the falling-rate stage, a significant decrease in water content is observed.
Because the straw fiber would provide additional pathways for water movement, the water
evaporation is greatly affected by the straw fiber content, as shown in Figure 3. Meanwhile,
for those samples with higher w0, the fibrous straw absorbs more water due to the higher
evaporate content, thus affecting the desiccation development [37]. Hence, the influence of
straw fiber on the water evaporation at this stage depends upon the initial water content.
For samples with lower initial water content (w0 = 80.7%) (Figure 3a), the sample with
higher straw fiber often has lower water content at the same drying time; i.e., the straw
fiber is favorable for water evaporation. This is consistent with the reduction in water



Buildings 2025, 15, 97 6 of 12

content increasing from 57% to 61% when the straw fiber content increases from 0 to 8%.
However, for samples with higher initial water content (w0 = 134.5%) (Figure 3b), the
reduction in water content increases initially and then decreases with increasing straw
fiber content. This may be attributed to the enhanced water adsorption by the exposed
hydrophilic functional groups of straw due to degradation under high water content [29].
Therefore, the water content of samples with 1% and 3% straw fiber is more than that of the
samples without straw. When the straw fiber increases to 5% and 8%, the water content
begins to decrease. The addition of straw fiber changes the porosity and pore structure of
dredged sludge, providing more pathways for water movement, leading to the evaporation
of water being more than its adsorption.

As the desiccation procedure continues, the variation in the water content enters the
residual stage. At this stage, the water content first decreases and then reaches stabilization
as the drying time increases. Compared with the sample without straw fiber, the addition of
straw fiber reduced the water content of the tested samples with low initial water content.

3.2. Residual Water Content

To further clarify the influence of straw fiber on the shrinkage characteristics of
dredged sludge, the residual water content (wr) of the samples was determined as shown
in Figure 4, which is defined as the water content at the end of the residual stage. For those
samples with the same initial water content, the value of wr of the samples with 1% straw
fiber is similar to that of the 0% straw fiber sample, and then it generally decreases as Cs

increases. For example, the residual water content reduces from 5.2% to 3.2% for those
samples with the w0 of 80.7% due to the straw fiber addition. Moreover, the straw fiber
affects the residual water content more pronouncedly until the straw fiber content is greater
than 3%. Furthermore, the residual water content gradually decreases with the increasing
w0 for the tested samples. In addition, the samples with high water content and low straw
fiber content (Cs = 1%, 3%) incur penetrating cracks. For example, in the sample with the
w0 of 161.4%, the samples with 1% and 3% straw fiber cracked, and the drying process
was faster than in the other samples in the same group, indicating that the straw fiber and
cracks increased the pathway for water movement, accelerating water evaporation. The wr

of the dredged sludge with 3% straw fiber was significantly lower than that of the other
samples with the same w0.
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3.3. Shrinkage Development

During the desiccation process, volumetric shrinkage and crack development were
captured using a digital camera. For the tested samples, the shrinkage of the samples
developed in two ways, i.e., overall shrinkage (pattern I) and desiccation cracks (pattern II).

The samples initially shrink in all directions. Vertical deformation is dominant, with
the thickness of the samples decreasing continuously. Then, they detach from the walls of
the mold and horizontal shrinkage accelerates [38–40].

Figure 5 shows the typical development of pattern I shrinkage. At the early stage
of evaporation, the height of the sample decreases, and the sample is simultaneously
separated from the side walls of the mold (Figure 5a). Then, as the desiccation continues,
the suction among the soil particles increases, resulting in numerous small cracks on the
surface of the sample (Figure 6a). The samples further converge towards the center, forming
a relatively regular rectangular block shape (Figure 5b). At the end of the test, there are only
small cracks distributed on the surface of the sample (Figure 6a), and no crack propagates
through the entire depth, which is found at the surface defects of a tiny pit (Figure 6b).
Hence, the sample is whole after the desiccation test (Figure 5c). From the side of the
sample, the overall bending of the sample is not large, and the thickness is approximately
uniform (Figure 6c). In addition, because the straw fiber provided additional pathways for
water movement, the sample with 8% straw fiber shrunk faster than the others with the
same w0.
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The development of pattern II shrinkage is presented in Figure 7. Crack formation
includes three stages according to the process characteristics [41,42]. At the early develop-
ment stage, the first crack comes into being on the sample surface of a tiny pit (Figure 7a).
As the drying continues, the small crack develops into a primary crack, which forms in
samples with relatively higher water content (Figure 7b). Then, the crack development
enters the development stage. During this stage, the secondary cracks first generate from
the primary crack (Figure 7c), and then the third cracks generate from the secondary cracks
(Figure 7d). The cracking network composed of desiccation cracks finally divides the
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sample into blocks (Figure 7e). When the water is further evaporated, the shrinkage enters
the stable stage. During this process, the existing cracks gradually widen, and no new
cracks are formed. Hence, the shapes of the divided blocks remain unchanged, with the
area decreasing (Figure 7f). It should be noted that the widths and lengths of the cracks
formed later at relatively low water content values are smaller in comparison with the
primary crack. Overall, the structure of the cracking network is simple, and the amount of
soil blocks is limited. It may be due to the friction resistance provided by straw fiber, which
would restrain the formation of small cracks. Moreover, it is observed that nearly all new
cracks tend to intersect with the original ones at 90◦, and this can be explained by the crack
propagation criterion and maximum stress release criterion [42,43].

Buildings 2025, 15, x FOR PEER REVIEW 8 of 13 
 

Figure 5. Shrinkage process of sample A4 (w0 = 80.7% and Cs = 8%). (a) 80 h; (b) 171 h; (c) 991 h. 

  
(a) (b) (c) 

Figure 6. Surface cracks of sample A4 (w0 = 80.7% and Cs = 8%). (a) Surface cracks; (b) cracks at the 

tiny pit; (c) side view of the sample. 

The development of pa�ern II shrinkage is presented in Figure 7. Crack formation 

includes three stages according to the process characteristics [41,42]. At the early devel-

opment stage, the first crack comes into being on the sample surface of a tiny pit (Figure 

7a). As the drying continues, the small crack develops into a primary crack, which forms 

in samples with relatively higher water content (Figure 7b). Then, the crack development 

enters the development stage. During this stage, the secondary cracks first generate from 

the primary crack (Figure 7c), and then the third cracks generate from the secondary 

cracks (Figure 7d). The cracking network composed of desiccation cracks finally divides 

the sample into blocks (Figure 7e). When the water is further evaporated, the shrinkage 

enters the stable stage. During this process, the existing cracks gradually widen, and no 

new cracks are formed. Hence, the shapes of the divided blocks remain unchanged, with 

the area decreasing (Figure 7f). It should be noted that the widths and lengths of the cracks 

formed later at relatively low water content values are smaller in comparison with the 

primary crack. Overall, the structure of the cracking network is simple, and the amount 

of soil blocks is limited. It may be due to the friction resistance provided by straw fiber, 

which would restrain the formation of small cracks. Moreover, it is observed that nearly 

all new cracks tend to intersect with the original ones at 90°, and this can be explained by 

the crack propagation criterion and maximum stress release criterion[42,43]. 

 
(a) (b) (c) 

 
(d) (e) (f) 

Figure 7. Crack development of sample C2 (w0 = 161.4% and Cs = 3%). (a) 92 h; (b) 312 h; (c) 356 h; 

(d) 387 h; (e) 432 h; (f) 572 h. 

Figure 7. Crack development of sample C2 (w0 = 161.4% and Cs = 3%). (a) 92 h; (b) 312 h; (c) 356 h;
(d) 387 h; (e) 432 h; (f) 572 h.

To further clarify the straw fiber effect on the development of cracks, the profile images
of samples with different straw fiber contents under the same water content were taken,
as shown in Figure 8. For those samples with the w0 = 161.4%, the first crack of sample
D1 (Cs = 1%) formed at 308 h, while D2 (Cs = 3%) formed at 356 h. However, as the straw
fiber content increased, no desiccation cracks were found in samples D3 (Cs = 5%) and D4
(Cs = 8%). The profiles of the pits where the first cracks occurred in samples D1 and D2 are
presented in Figure 8a,b); the amount of straw fiber in the upper soil layer of the crack is
less than that in the lower layer. In contrast, after breaking the uncracked sample D3, the
profile displays a homogeneous distribution of straw fibers (Figure 8c). This indicates that
straw fiber has certain inhibition on the formation of cracks.
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3.4. Final Crack Patterns

According to the foregoing analysis, the final crack pattern of the tested samples varied
with their straw fiber content and initial water content. All the final crack patterns of the
tested samples are provided in Table 3. For those samples with low initial water content
(w0 = 80.7% and 107.6%), they produce overall shrinkage. The bonding and frictional forces
among the fibers and soil particles are greater than the tensile stress among the particles
due to desiccation, which would restrain the propagation of the initial small cracks. Hence,
there are only small cracks on the sample surface. This is consistent with the findings
reported by Gui et al. [44]. At the end of the experiment, the samples exist in the form of a
whole, and the soil particles are compact. In addition, the sample is overall shrunk, with
little difference in the overall thickness because the rate of water evaporation is relatively
low under 27 ◦C.

Table 3. Final shrinkage and crack patterns of tested samples.

Test Code w0/% Straw Fiber Content, Cs/% Shrinkage and Crack Pattern

A0 80.7 0 overall shrinkage, small surface crack
A1 80.7 1 overall shrinkage, small surface crack
A2 80.7 3 overall shrinkage, small surface crack
A3 80.7 5 overall shrinkage, small surface crack
A4 80.7 8 overall shrinkage, small surface crack
B0 107.6 0 overall shrinkage, small surface crack
B1 107.6 1 overall shrinkage, small surface crack
B2 107.6 3 overall shrinkage, small surface crack
B3 107.6 5 overall shrinkage, small surface crack
B4 107.6 8 overall shrinkage, small surface crack
C0 134.5 0 overall shrinkage, small surface crack
C1 134.5 1 desiccation cracks, crack through sample
C2 134.5 3 desiccation cracks, crack through sample
C3 134.5 5 overall shrinkage, small surface crack
C4 134.5 8 overall shrinkage, small surface crack
D0 161.4 0 desiccation cracks, crack through sample
D1 161.4 1 desiccation cracks, crack through sample
D2 161.4 3 desiccation cracks, crack through sample
D3 161.4 5 overall shrinkage, small surface crack
D4 161.4 8 overall shrinkage, small surface crack

On the other hand, when the initial water content is higher (w0 = 134.5% and 161.4%),
the tensile stress among the soil particles due to evaporation exceeds the bonding and
frictional forces at the soil particle–fiber interface. Hence, the crack initiation first occurs
at positions of concentrated stress and eventually propagates through the entire soil layer.
Since the addition of straw fiber provides certain resistance to the formation of small cracks,
the crack network is generally simpler than that in the study of Tang, et al. [42]. In addition,
no crack propagates through the sample when the straw fiber content increases to 5%. It
may be ascribed to the higher resistance force provided by a large amount of straw fiber,
which would prevent further propagation of small cracks.

At present, two mechanisms were proposed to explain the strengthened mechanical
behaviors of straw-reinforced soil: the increase in friction force between soil and straw and
the spatial constraints generated by soil–straw networks [13], but the research on these
aspects is still limited. According to the SEM images of the straw fiber [45], it is evident
that the edge around the straw fiber is very rough, which is because the straw is crushed
by the grinder before use, resulting in its surface structure being broken. The modified
structure strengthens the connection between the straw fiber and soil particles, providing
more tensile stress. In addition, the straw fibers are randomly distributed and interwoven
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in the dredged sludge, which has a spatial constraint effect on the soil particles, which
improves the deformation resistance of the sample and inhibits the formation of cracks.

4. Conclusions
A series of shrinkage tests were carried out to investigate the straw fiber effects on the

shrinkage characteristics of dredged sludge with high water content. According to the test
results, some conclusions were obtained as follows:

The water content of dredged sludge with and without straw fiber decreases with
drying time. The influence of straw fiber on water evaporation depends upon the fiber
content, the drying time, and the initial water content of the dredged sludge. In addition,
the evaporation of water during the shrinkage test can be divided into three stages, i.e., the
constant-rate stage, the falling-rate stage, and the residual stage.

At the constant-rate stage, water content decreases rapidly with drying time. The
overall reduction in the water content is relatively small. There is little difference in the
water content at the same drying time for samples with different straw fiber content.
However, the water content reduces significantly at the falling-rate stage. For samples with
lower initial water content (w0 = 80.7% and 107.6%), the water content decreases with the
increasing straw fiber content at the same drying time. Meanwhile, for samples with higher
initial water content (w0 = 134.5% and 161.4%), the reduction in the water content increases
initially and then decreases with increasing straw fiber content. Unlike the constant-rate
and falling-rate stages, the water content first decreases and then reaches stabilization as
the drying time increases at the residual stage. Compared with the sample without straw
fiber, the addition of straw fiber would reduce the residual water content of the tested
samples.

For dredged sludge with low initial water content (w0 = 80.7% and 107.6%), the water
evaporation only induces small cracks on the sample surface. Meanwhile, when the initial
water content is higher (w0 = 134.5% and 161.4%), small cracks first occur at positions of
concentrated stress and eventually propagate through the entire soil layer for samples with
low straw fiber content. The crack network is generally simple as the addition of straw fiber
provides certain resistance to the formation of small cracks. In addition, no cracks propagate
through the sample when the straw fiber content increases to 5%. Overall, straw fiber
would restrain the initiation and development of cracks during the desiccation process.

Adding straw fiber to dredged sludge is an environmentally friendly reinforcement
method, which can improve its mechanical properties, increase its strength, and reduce the
occurrence of shrinkage cracks when the dredged sludge is cultivated in situ or used as
engineering backfill, etc. In future studies, it is proposed to further research the mechanism
of straw fiber inhibiting crack development and water transfer in soil.
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