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Abstract: In this study, unconfined compressive strength () tests were conducted to explore the
coupling effect of organic matter content (3.7%, 7.7%, 10.7%, and 13.7%) and curing temperature
(18 °C, 36 °C, 46 °C) on the development of early and mid-late strength of cement-solidified dredged
sludge (cement-stabilized clay, or CSC). The microstructure of the CSC containing organic matter at
different curing temperatures was also analyzed. The results show that g, of CSC decreases with
the increase in organic matter content (C,). The strength growth rate of CSC in the mid-late stage
(>14 days) is small when C, > 7.7%, and it is difficult to increase this strength growth rate even if the
curing temperature is increased up to 46 °C. There is a cement incorporation ratio threshold of 15%
for gy of CSC containing organic matter (C, = 7.7%), which is not affected by curing temperature;
increasing the cement incorporation ratio (to 20%) cannot increase gy significantly. The CSC with
high curing temperature has more hydration products and higher structural compactness, and it can
obtain higher g, in the early and mid-late stages. A high curing temperature can increase the early
strength growth rate and shorten the curing age for CSC containing organic matter.

Keywords: organic matter; curing temperature; cement-solidified dredged sludge; unconfined
compressive strength; microstructure

1. Introduction

More than 100 million cubic meters of dredged sludge are produced every year
in China’s coastal areas from harbor dredging, waterway widening and water quality
improvements [1-6]. Dredged sludge generally has high clay content and high water
content, due to using a cutter suction dredger. Currently, the dredged sludge is often
abandoned in cofferdams, occupying a large amount of land resources for a long time,
which leads to social conflicts and environmental pollution [7]. In order to transform
the sludge into suitable engineering materials, achieve waste utilization and sustainable
economic development, chemical solidification technology using cementitious materials
such as cement and lime is generally proposed and has been already applied in some
construction projects, such as ports, road subbases and airports [8-16].

In recent years, fluid-plastic cement-solidified dredged sludge (cement-stabilized clay,
or CSC) has been pumped into reclamation areas to form construction sites that meet a
certain mechanical strength for reclamation projects, which could solve the problem of
the shortage of resources, and it is one important way to use this waste material in large-
scale applications [17-19]. Except for the characteristics of low cement content and high
initial water content of CSC in reclamation projects [14,20], there are also the following
two distinctive features: (1) Sludge (especially for marine sediments) usually contains a
certain amount of organic matter [21-25], affecting the development of strength; (2) CSC is
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usually directly poured underwater, and the seawater temperature is used as the ambient
temperature. Taking the waters near Hainan and Guangdong provinces of China as an
example, the ambient temperature is higher than 25 °C for more than 6 months per year,
and the maximum temperature is 30 °C [26]. In addition, CSC technology usually has
a large filling volume and fast construction speed, which leads to the heat generated by
cement hydration gathering inside the CSC, making the temperature of the whole pouring
area significantly higher than the external temperature. The internal hydration heat of
large-volume CSC is high, the seawater temperature varies in different sea areas, and the
ambient temperature varies in different areas (e.g., the highest temperature recorded in
Singapore in 2017 was 35.7 °C) [17,27,28], all of which factors are different from those in
the curing environment of traditional CSC.

The main representative material of organic matter is humic acid [29-32], which
will adsorb on the surface of soil particles, lowering the pH value of pore water and
hindering cement hydration and pozzolanic reactions [31,33,34]. Calcium humate formed
by hydration reaction will deposit on the surface of cement particles, preventing the
formation of chemical products and soil-cement [35]. Organic matter has a large number of
functional groups, which affect the stability of the soil skeleton formed by clay particles
and hydration products [36]. Tremblay et al. [37] analyzed the influence of different organic
compounds on the strength of cement-solidified soil from the perspective of a curing
mechanism through laboratory tests and pointed out that the existence of organic matter
can seriously affect the strength development. When the pH value is less than 9.0, cement
products do not form in the presence of high sulfate content. A large number of previous
results showed that the presence of organic matter significantly reduced the strength
of cement-solidified soil [24,36,38,39]. Du et al. [24] investigated the 28-day unconfined
compressive strength with organic matter content in the range of 0-21% and found that the
strength decreased (the strength loss was increased) with the increase of organic matter
content. When the organic matter content was 21%, the strength was about 40% compared
to the solidified soil system without organic matter. However, for foundation soil rich in
organic matter (e.g., peat foundation), the unconfined compressive strength did not reach
300 kPa even when the cement content reached 30% [35]. Kang et al. [29] found that the
strength development of cement-solidified soil is controlled by both cement and humus
content. For a given humic acid content, there was a threshold cement content at which
the adverse effect of humic acid on strength development could be overcome. All these
conclusions showed that organic matter has a negative effect on cement-solidified soil, but
the effect of curing temperature was not considered in the previous studies.

Curing temperature will affect the mechanical behavior of cement-stabilized ma-
terial [40]. Concrete and mortar generally have higher early strength at higher curing
temperatures, but the long-term strength will decrease [41]. For cement stabilized sludge,
the high curing temperature can reduce the pH requirement for the pozzolanic reaction
between clay particles and Ca(OH);, and thus the quantity of pozzolanic reactions between
the Ca(OH), and kaolinite is increased. High curing temperature can accelerate the ce-
ment hydration, which accumulates more strength in reinforced material, and lead to a
higher early and long-term strength. These conclusions are confirmed by the measured
data [28,42-45]. However, few studies have focused on the long-term behavior of cement-
stabilized clays at different temperatures. The important factors affecting the strength of
solidified soil (organic matter and curing temperature) have opposite effects on the strength
development of solidified soil. Current studies mainly focus on the independent influence
of a single factor on the strength behavior of solidified soil, and few studies have been
devoted to solidified dredged sludge. The coupling effect of the two factors on the strength
performance of CSC is still unclear. Thus, it is important to clarify the influence of curing
temperature and organic matter on the strength development of CSC to better use it in
industrial applications.

The unconfined compressive strength tests of CSC with different cement incorporation
ratios, initial water content, organic matter content and curing temperature are carried out
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in the laboratory. The influences of the coupling effect of organic matter and curing temper-
ature on the strength growth of CSC at the early and mid-late stages are comprehensively
evaluated. In addition, the microstructure of CSC containing organic matter is analyzed by
Scanning Electron Microscopy (SEM). This study will provide knowledge on the strength
development of large-volume underwater pouring projects using CSC as filler at different
curing temperatures.

2. Materials and Experimental Program
2.1. Materials

The dredged sludge used in this study was obtained from Huaihe River bank sediment
(located in Bengbu City, Anhui Province, China). Table 1 shows the physical properties
of dredged sludge. According to ASTM D2487, the tested sludge was a high liquid limit
clay [46]. According to the potassium dichromate method, the organic matter content
in the sludge was measured as 3.7%. Adding high-purity humic acid (HA) to soil was
the main method to prepare cement-solidified organic-containing soil [47]. Therefore, the
effect of organic matter on the strength of CSC was investigated by adding HA to the
sludge. The organic matter used is 95% pure powder HA from Jinan Luhui Chemical Co.,
Ltd. (Jinan, Shandong Province, China). The cement used in this study (P.5.A 32.5) is
mainly composed of 49% Portland cement, 39% slag, and 7% fly ash, which is provided by
Zhucheng Yangchun Cement Co., Ltd. (Weifang, Shandong Province, China). The physical
and chemical properties of cement are shown in Table 2.

Table 1. Physical properties of dredged sludge.

Soil Natural Water ~ Organic Matter Plastic Liquid Limit Specific Clay (<£0.002  Sand (>0.06
Type Content (%) Content (%) Limit (%) wy, (%) Gravity mm) (%) mm) (%)
Dredged 739 37 26.9 58.8 2.7 35.0 44
sludge

Table 2. Physical properties and chemical properties of cement used in this study.

Physical Index Measured Value
Fineness 0.08 mm sieve residue (%) 2.6
Initial setting time (min) 226
Final setting time (min) 317
Standard consistency (%) 31.80
Chemical composition Measured value
Sulphur trioxide SO3(%) 2.30
Magnesium oxide MgO (%) 3.45
Slag (%) 39.0
Fly ash (%) 7.0
Chloride (%) 0.038
Gypsum (%) 5.0

2.2. Test Scheme

In the practical engineering of CSC, the cement incorporation ratio A,, is usually
10-20% [48]. According to the different organic matter contents present in the sludge from
different regions and the solidification test of the organic matter reported in the sludge [21-24],
the corresponding organic matter contents used in this study were chosen as 3.7%, 7.7%,
10.7% and 13.7%, respectively. Since the organic matter content (C,) of the original sludge
is 3.7%, the amount of HA added (Cya) is 0%, 4%, 7% and 10%, respectively [24]. The
curing temperature range of the existing research ranges from 10 to 50 °C [49,50], so 18 °C,
36 °C and 46 °C are selected as the curing temperatures in this study.

To investigate the effects of initial water content w, cement incorporation ratio Ay,
and organic matter content C, on strength, the mixture conducted in this study is shown
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in Table 3. The CSC samples designed with the above different mixing ratios were cured
at three curing temperatures (T = 18 °C, 36 °C, 46 °C), and the curing ages used were 3, 7,
14, 28, and 60 days, respectively. About 480 samples of different mixes were evaluated in
this study. Each group has two parallel samples, and the average value is presented in the
results and discussion section.

Table 3. Test scheme used in this study.

Series Cement Incorporation Water Content w Organic Matter Curing Temperature Curing Age (d)
Ratio Ay (%) (times wy) Content C, (%) Q)
1 15 1.50 3.7 18, 36, 46 3,7,14, 28, 60
2 15 1.50 7.7 18, 36, 46 3,7,14, 28,60
3 15 1.50 10.7 18, 36, 46 3,7,14, 28,60
4 15 1.50 13.7 18, 36, 46 3,7,14,28, 60
5 10 1.50 7.7 18, 36, 46 3,7,14, 28,60
6 13 1.50 7.7 18, 36, 46 3,7,14, 28,60
7 20 1.50 7.7 18, 36, 46 3,7,14, 28, 60
8 15 1.75 7.7 18, 36, 46 3,7,14, 28,60
9 15 2.00 7.7 18, 36, 46 3,7,14, 28,60
10 15 2.25 7.7 18, 36, 46 3,7,14,28, 60

The dosage of each material (e.g., cement, HA, water) was calculated based on the
experimental design of each mixing ratio. Powdered HA and purified water were added
to the sludge, then they were mechanically stirred until homogenous states were reached.
A proper amount of cement was added to the sludge-HA-water mixture and mixed for
6—8 min. The well-mixed cement-sludge-HA-water mixture was poured in three layers
into a cylindrical PVC mold (¢ X h =4 cm x 8 cm) which was evenly coated with Vaseline.
In order to eliminate the influence of bubbles, each layer of the mixture was poured and
vibrated on a shaking table for 30 s. The molds were stored in the standard curing box and
demolded after 6 h. The demolded samples were stored in the curing tank by adjusting
the different curing temperatures. After a specific curing age, the unconfined compressive
strength test was carried out. The strength of CSC was measured by using a YYW-II strain
controlled unconfined compression gauge, and the data were collected by a TMR-200
multi-data acquisition system. Scanning electron microscopy (SEM) was used to examine
the sections of the fractured specimens after 60 days of curing. For SEM tests, the images
were taken with a Zeiss EVO 18 at a magnification of 2000 to 20,000. In order to get a more
ideal solid section, the broken sample was knocked open and small pieces with flat surfaces
were selected from the center. Before the SEM test, the sample was soaked in anhydrous
alcohol and then dried at a low temperature for 8 h. To prevent charge accumulation on the
sample surface, a layer of conductive adhesive was sprayed onto the observation sample.
Finally, the sample was placed on the holder, and the flat part of the sample was selected
for the SEM observation.

3. Results and Discussion
3.1. Influences of Cement Incorporation Ratio and Water Content on the Unconfined
Compressive Strength

Figure 1 shows the relationship between unconfined compressive strength g, and
cement incorporation ratio Ay, of CSC. For a given water content, the g, of CSC at each
curing age increases with the increase of Ay,. The increasing trend of g, with A, of CSC
at different curing ages is different. The g, of CSC with 3 d, 7 d and 14 d curing ages
increases linearly with the increase of A, while the g, of CSC with 28 d and 60 d curing
ages increases nonlinearly with A,y. The strength growth rate can be obtained by taking the
derivative of the fitting formula of the gy-A, curve at different ages. The strength growth
rate of 3 d, 7 d and 14 d increases with the increase of curing age. For the samples at 28 d
and 60 d, the strength growth rate of CSC gradually decreases with the increase of A,.
When Ay, is less than 15%, the longer the curing age and the greater the strength growth
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rate. However, when A,y is greater than 15%, the strength growth trend of 28 d and 60 d
becomes slower, even lower than the strength growth rate of 7 d and 14 d.
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Figure 1. Relationship of qu-Aw (T =18 °C, w = 1.5 wy,, Co = 3.7%).

Figure 2 shows the variation of gy as a function of the initial water content w of CSC
at different curing ages. For a given cement content, the strength of solidified sludge
decreases nonlinearly with the increase of w. Combined with the change law of g, with
Ay analyzed above, g, increases and decreases nonlinearly with the increase of A,, and w,
respectively, which is consistent with the previous research results [51]. In CSC, cement
hydration products are mainly calcium silicate hydrate (CSH) and calcium hydroxide
(Ca(OH);), which contribute to the strength development. The initial water content is high
in the solidified sludge samples (minimum 1.5 wr ), and the samples are in a saturated state
during the curing process. When the initial water content increases, the corresponding
water distribution in the pores of soil particles and cementation products increases, which
leads to a decrease of the interaction between particle clusters.
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Figure 2. Relationship of qu-w/wy, (T =18 °C, Aw =15%, Co = 3.7%).

3.2. Influence of Organic Matter Content on the Unconfined Compressive Strength

Figure 3 shows the variation of unconfined compressive strength as a function of
organic matter content C, of solidified sludge at different temperatures and curing ages. In
general, the influence of C, on the g, at each curing age is negative. When C, is between
3.7% and 13.7%, qu decreases with the increase of C,. When the curing age exceeds 14 days,
qu decreases significantly when C, is less than 7.7%, and the reduction trend of g, slows
down when C, is greater than 7.7%.
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Figure 3. Relationship of qu-C, at different temperatures: (a) T =18 °C; (b) T =36 °C; (c) T = 46 °C.

For a given curing temperature, the strength of CSC mixed with a certain amount of
organic matter increases in different ranges with the curing age. When C, is larger than
7.7%, the growth range of g, in the mid-late stage is limited. When the curing temperature
rises, the increase of the strength of CSC in the mid-late stage is very small. At the curing
temperature of 46 °C, the g, of CSC after 28d with a C, of 7.7%, 10.7% and 13.7% are 664,
640 and 580 kPa, respectively, while the g, of CSC after 60d with a C, of 13.7% is 590 kPa,
which is only 10 kPa higher than that of g, at 28d. It shows that the strength of CSC at high
curing temperature and high organic matter content does not increase in the mid-late stage.
Organic matter affects the strength growth of CSC in the mid-late stage, and high curing
temperature will further aggravate the effect.

In order to quantitatively compare the effect of adding amount of HA on the strength
development of CSC, the retention coefficient of strength is defined as RCT = qu,ct/qJut
where gyt and gyt are the unconfined compressive strengths of CSC with and without HA
at a certain curing temperature and age, respectively. Figure 4 shows the development law
of RCT with the added amount of HA (Crya ). For a given curing temperature, the change
of RCT with Cya shows a similar tread to the q,-C,, curve of CSC, i.e., RCT decreases with
the increase of Cyya (seen in Figure 4a). The longer the curing age, the more obvious is
the reduction of RCT. The RCT values of 7 d, 28 d and 60 d curing ages with Crpa = 7%
are 0.81, 0.72 and 0.66, respectively, which indicate that the effect of organic matter on the
strength of CSC in the mid-late stage is greater than that in the early stage. In the alkaline
environment of cement hydration, humic acid will exchange ions with calcium, magnesium,
iron, aluminum and other metal ions, resulting in the reduction of hydroxide ion OH™ in
pores of CSC, which makes it difficult to excite the pozzolanic reaction. Thus, the mid- and
late-stage strength growth of CSC is greatly reduced [38,52].
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700

In addition, Figure 4b,c shows that, for a given C, (or Cya) and curing age, the RCT
values at different curing temperatures are similar, which indicates that the reduction
degree of organic matter on the strength of CSC is not affected by the temperature. When
predicting the strength of CSC in practical projects, the independent variables C, and
T corresponding to organic matter content and curing temperature can be considered,

respectively [43].

Figure 5 shows the variation of unconfined compressive strength with cement incor-
poration content at different temperatures when organic matter content is 7.7%. When A,,
is not larger than 15%, the gy-Aw curve of CSC with added HA shows an increasing trend,
which is similar to that of CSC with Cya = 0%. However, when A,, is greater than 15%, the
qu-Aw curve stops growing. This indicates that for organic-containing sludge, there is a
cement incorporation ratio threshold, which is not affected by temperature, and when Ay, is
greater than this threshold, the increase of A,, does not increase its g, significantly. The hy-
perbolic model is commonly used to predict the change of unconfined compressive strength
with curing age. However, due to the existence of the A, threshold in organic-containing
sludge, there will be a large error if the model is still used to predict the strength growth.
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Figure 5. Relationship of qu-Aw with C, = 7.7% at different T. (a) T =18 °C; (b) T =36 °C; (¢) T =

46 °C.

Figure 6 shows SEM images with different Cya. Compared with the CSC without
HA (Cpa = 0%), the sample with HA (Cya = 4%) shows a lower density. Although the
pore size of the sample doped with HA (Cya = 4%) is relatively high, hydration products
can also be observed around the clay particles, which are mutually cemented with the soil
particles and improve the strength of CSC. However, with the increase of organic matter
content (Cya = 7%), the needle-like CSH in the SEM image of CSC is almost not observed.
In addition, the structure is relatively loose (the porosity is relatively high), and so the
strength of the sample is low. This may be due to the acid produced by organic matter
consuming a large amount of Ca(OH), in cement hydration products, which leads to the
decrease of pozzolanic reaction. The hydrate products such as CSH and calcium aluminate

hydrate (CAH) are decreased, which can reduce the strength of the specimens.

3.3. Influence of Curing Temperature on the Unconfined Compressive Strength

Figure 7 shows the strength development of solidified sludge containing organic matter
at different temperatures. For a given mix ratio and curing age, the samples at higher
curing temperatures can always obtain higher g, in the early and mid-late stages, indicating
that curing temperature can improve the strength of CSC. The increasing polymerization
rate of silicate products and the formation of denser cementitious products are the main
reasons for the early strength increase. The higher curing temperature is conducive to
the dissociation of silicate and aluminate, which makes more Ca(OH), participate in the
pozzolanic reaction and produces more strengthening products, thus further increasing the

strength in the mid-late stage [42].
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Figure 6. SEM images at different Cyja (at a magnification of 20K): (a) Cga = 0%; (b) Cya = 4%;

(C) CHA =7%.
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Figure 7. Relationship of q,-t at different Crya. (a) Cya = 0%; (b) Cya =4%; () Cya = 7%; (d) Cga = 10%.

The strength ratio is defined as the ratio of the strength at different ages to the strength
at 60 d age. The addition of HA can affect the development of curve shape and strength.
Without adding HA, the strength of CSC at 7 d age can reach 50% of the compressive
strength at 60 d age, while the strength at 14 d age can reach 80% of that at 60d age, and
qu increases with curing age. The strength ratios at 7 d and 14 d of CSC mixed with HA
are higher than those without HA at the same age and curing temperature, indicating that
organic matter increases the strength growth rate at the early stage of CSC. At the same
curing age, the strength ratio of CSC with different organic matter content increases with
the increase of curing temperature. When the curing temperature is 46 °C, the 14 d strength
ratios are more than 95%, indicating that the curing age of the CSC containing organic
matter can be greatly shortened by increasing the curing temperature.
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In order to explain the effect of temperature on the strength of CSC, SEM tests were
carried out on 60-day specimens with Cgp = 4%. Figures 8 and 9 show SEM images of CSC
at 18 °C, 36 °C and 46 °C, respectively. The soil structure of solidified sludge samples at
18 °C has the worst compactness at lower magnification (2K), and large intergranular voids
can be observed. With the increase in temperature, the samples show fewer voids and
higher compactness. Using a higher magnification (20K), the bonding materials between the
soil particles—calcium silicate hydrate CSH and calcium hydroxide CH—can be observed,
specifically as aggregates of elongated spicules and anchor sheets. The samples at 18 °C
show the lowest amount of fine gel or mesh products in the soil-cement body. In the 36 °C
samples, a higher density network structure can be observed, indicating that a large amount
of solidified soil is formed in the CSC. In the 46 °C samples, most of the soil particles are
observed to be covered with fine gel-like reinforcing material with only a few unfilled pores.
Bi and Chian (2021) found through XRD patterns that the hydration products were mainly
Ca(OH); and CSH. At a lower curing temperature (less than 23 °C), the content of Ca(OH),
in the solidification products was high. However, at a higher curing temperature (48 °C),
Ca(OH); was consumed by the pozzolanic reaction with silicate SiO, and aluminate Al,O3
in soil minerals [28]. The high curing temperature reduces the pH requirement for the
pozzolanic reaction to occur [42]. The increase of curing temperature accelerates cement
hydration and increases the amount of pozzolanic reactions between Ca(OH), and clay
minerals, both of which can produce strength-reinforced CSH material. As can be seen from
Figure 9, with the increase of temperature, the amount of CSH increases. The observed
positive relationship between the amount of binding material and curing temperature is
consistent with the relationship observed by other studies [28]. In addition, in the case of
relatively low cement content, a cement particle is likely to be surrounded by multiple clay
particles; cement hydration products will more easily bond with clay particles and make
reinforcement materials (such as CSH) distribute evenly [28], giving the CSC high strength
at high curing temperatures.

(b)

Figure 8. SEM images at different curing temperatures (at a magnification of 2K): (a) T = 18 °C;
(b) T=36°C; (c) T=46°C.

Figure 9. SEM images at different curing temperatures (at a magnification of 20K): (a) T = 18 °C;
(b) T=36°C; (c) T =46 °C.
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4. Conclusions

In this study, the influences of organic matter content and curing temperature on the
strength evolution of cement-solidified sludge are investigated by conducting unconfined
compressive strength tests of CSC with different mixing ratios. The main conclusions are
as follows:

(1) The unconfined compressive strength g, increases with the increase of cement in-
corporation ratio A,, and decreases with the increase of water content w. When the
organic matter content C, is 7.7%, there is the same threshold of Ay (15%) in the CSC
at different temperatures. When A,, is greater than the threshold, the increase of A,y
value (to 20%) does not increase the g, at different curing ages significantly.

(2) The overall effect of organic matter content on the g, of CSC is negative. Organic
matter reduces the strength growth of CSC in the mid-late stage, but it increases the
strength growth rate of CSC in the early stage, and high curing temperature will
further aggravate this effect.

(38) The retention coefficient of strength value RCT decreases with the increase of Cia,
and the longer the curing age, the more obvious the reduction of RCT. The effect of
organic matter on the g, of CSC in the mid-late stage is greater than in the early stage.

(4) The high curing temperature can improve the unconfined compressive strength in
the early and mid-late stages of CSC, which can accelerate the formation of hydration
products, improve the structural compactness, and greatly shorten the curing age of
cement-solidified dredged sludge. This study will provide knowledge on the strength
development of large-volume underwater pouring projects using CSC as filler in
different curing temperatures.
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