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Abstract: The modified primary compression index (MPCI) of municipal solid waste (MSW) is an
important parameter for describing the primary consolidation settlement of MSW. It is beneficial
to calculate the settlement and storage capacity of landfills accurately by calculating the MPCI
of MSW correctly. This article studies the primary consolidation compression characteristics and
influencing factors of MSW through a consolidation experiment considering temperature control.
The experimental results show that the MPCI increases with an increase in temperature, decreases
with an increase in dry weight, increases with an increase in water content, and increases with an
increase in organic matter content. According to the above findings, an MPCI regression fitting model
was established. The reliability and accuracy of the model was validated by the experimental results
of the indoor bioreactor test considering temperature control.

Keywords: municipal solid waste (MSW); modified primary compression index (MPCI); temperature;
regression model; bioreactor test

1. Introduction

The settlement of municipal solid waste (MSW) is an important issue that needs to be
considered carefully during the design, construction, and operation of sanitary landfills,
as excessive settlement of MSW affects the storage capacity and safe operation of the
landfill [1,2]. The settlement of MSW includes three parts: primary compression settlement,
secondary compression settlement, and degradation settlement. Primary compression
settlement accounts for a large proportion of the total settlement, especially before the
closure of the landfill [3,4]. Consequently, studying the law of MSW settlement and
calculating the primary compression settlement are important for predicting the total
settlement of the landfill accurately.

Domestic and overseas researchers have conducted plenty of research works on the
law of MSW primary compression settlement. The MPCI (modified primary compression
index), which is related to the dry weight, sample composition, pore ratio, moisture content,
and size, is an important parameter that describes the primary compression characteristics
of MSW. The MPCI decreases with an increase in dry weight, increases with an increase in
water content, and increases with an increase in organic matter content [5-8]. While little
research has been conducted on the influence of temperature on MSW primary compression,
it can be concluded that temperature has a significant impact on the primary compression of
soil based on the existing literature [9-12]. MSW contains kitchen, plastic, fabric, paper, and
rubber matter and other components which are more sensitive to temperature compared
to soil. Therefore, the primary compression of MSW will be affected by temperature, and
studying the effect of temperature on MSW primary compression is greatly significant.
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Therefore, it is important to predict landfill settlement accurately and estimate landfill
storage capacity correctly by studying the influence of parameters such as temperature,
moisture content, dry weight, and composition on the MPCI. Currently, there is little
research on how these parameters, especially the temperature, affect the MPCI. Some
researchers have established a multi-parameter model to predict the MPCI through indoor
experiments [13], but they did not consider the impact of temperature, and the prediction
effect needs to be improved.

Accordingly, the main contributions of this article are as follows: (1) we conducted
an MSW consolidation test considering temperature control and degradation inhibition to
obtain the MPCI of the samples; (2) analyzed the effect of parameters such as temperature,
dry weight, organic matter content, and moisture content on the MPCI according to the
results of the test and literature to create an MPCI regression model; (3) and validated
the reliability and accuracy of the model with the results of an indoor bioreactor test
considering temperature control.

2. Equipment, Materials, and Methods
2.1. Equipment
The equipment used in this test is a consolidation instrument with a temperature-

controlling device installed, as shown in Figure 1. The equipment consists of two parts: a
consolidation instrument and a temperature-controlling device.
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Figure 1. Schematic of the consolidation instrument with temperature control.

The consolidation instrument includes a consolidation container, pressure equipment,
and deformation measurement equipment. The consolidation container consists of a cutting
ring, retaining ring, permeable stone, and top cap. The load application method used was
lever-type loading, and the loading ratio was 1:24. The pressure range was 0~400 kPa. The
cutting ring used is 61.8 mm in diameter and 20 mm in height. The mechanical dial gauge
used to read the strain of the sample has a maximum range of 10 mm and accuracy of
0.01 mm.

The temperature-controlling device includes a temperature controller, temperature
control room, heating belt, and temperature sensor. The consolidation container of the
consolidation instrument was placed in a temperature control room, and a heating belt was
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densely wrapped around external surface of the temperature control room. We formed
a miniature water bath in the temperature control room by adding water into the room
through the water inlet to heat the samples stably.

As shown in Figure 2, the sample room of the bioreactor is made of organic glass and
is 57.2 cm in diameter and 200 cm in height. The layered settlement of the sample could be
read by the surveyor’s rod on the outer wall of the organic glass sample room. A 10 cm
thick gravel layer was arranged on the pressure-bearing bottom plate, which was chosen
to be a perforated plate to drain leachate. The top of the sample was mechanically loaded
with an accuracy of 0.1 kPa. The outer wall of the sample room was densely wrapped with
the heating belt to control the boundary temperature during testing.

The functions of the device are as follows:

1. This device can provide a stable boundary temperature for the sample through the
temperature control device.

2. The device can simulate the stress and settlement of MSW at different depths by
applying different loads, and the load is stable and controllable.

3. This device can collect leachate and gas during the experiment through the leachate
collection system and gas collection system. At the same time, water or leachate can
be reinjected through the reinjection port.

4.  This device can detect the pore gas pressure, pore water pressure, and temperature
during the experiment due to installed observation instruments such as pore pressure
sensors, thermometers, and a tensiometer.

(a) Schematic of bioreactor.

Figure 2. Cont.
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(b) Physical picture of bioreactor.

Figure 2. Bioreactor device. In (a): 1. Sample room; 2. Pressure transmission top plate; 3. Column;
4. Fixed pulley; 5. Moving pulley; 6. Weights; 7. Sample cover; 8. Pressure transmission bottom plate;
9. Loading rod head; 10. Loading rod; 11. Pressure-bearing top plate; 12. Pressure-bearing bottom
plate; 13. Gas collection pipe; 14. Leachate recirculation port; 15. Exhaust port; 16. Leachate collection
pipe; 17. Load sensor; 18. Gas meter; 19. Leachate collection tank; 20. Gas collection porous pipe;
21. Sealing ring; 22. Heating belt; 23. Temperature controller.

2.2. Materials

The composition of MSW is very complex, and there is no standard ratio. As shown
in Table 1, Chinese MSW has a relatively high content of kitchen matter, similarly to
developing countries such as India and Brazil, and the paper content is lower than that
in the MSW of developed countries such as France, Japan, and America. The reason for
this difference is that each country has different levels of economic development, different
living habits, and different legal provisions. In European and American countries, kitchen
matter is generally first crushed by household shredders and then discharged into urban
sewage systems through household sewage pipes, which do not enter the landfill system.
European and American countries consume nearly half of the world’s paper, accounting for
about 10% of the world’s population. Therefore, in Europe and America, the proportion of
kitchen is smaller and the proportion of paper matter is relatively larger in MSW landfills;
this characteristic is most typical in the United States.

The moisture content and the free water level of landfills in China are generally higher
than those of European and American countries. The reason for this is that due to the
imperfect design and construction of the leachate drainage system in existing landfills in
China, there is a considerable proportion of pipeline blockage. Therefore, a high kitchen
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matter proportion, a high moisture content, and a small paper matter proportion are
considered to make up typical Chinese MSW.

Table 1. Proportion of MSW in different areas.

Kitchen Paper Fabric Plastic Glass Metal Other Moisture Content

Beijing [14] 63.4 11.07 2.46 12. 7 1.76 0.27 8.34 40~60

Shanghai [15] 66.7 4.46 1.8 19.98 2.72 0.27 4.07 45~66

Guangzhou [16] 58.1 6.3 4.8 14.5 2 0.6 13.7 50~70

Chongqing [17] 59.2 10.1 6.1 15.7 3.4 1.1 44 44~62

India [18] 41.8 5.7 3.5 4.7 2.1 1.9 40.3 40~60
Brazil [19] 429 19.7 45 18.7 1.7 1.5 11.0 50

America [20] 25 34 47 12.0 5.0 8.2 11.1 15~40
Japan [20] 34 33.6 2.3 13.4 5 3 8.7 38

France [21] 28.6 26.8 5.7 11.1 13.1 4.1 10.6 39.5

The test samples used wheat bran to represent the kitchen component in MSW con-
sidering the convenience and comparability of results based on existing research results.
Organic matter contents of 30%, 60%, and 80% were determined for the three proportions,
that is, low-organic-matter-content MSW (L-MSW), medium-organic-matter-content MSW
(M-MSW), and high-organic-matter-content MSW (H-MSW). The sample proportions are
shown in Table 2.

Table 2. Proportions of different organic matter content samples.

Organic Organic Inorganic
Sample Matter N 3
C Wheat Bran Paper Sawdust Plastic Fabric Sand
ontent
L-MSW 30% 15% 5% 2.5% 5% 2.5% 70%
M-MSW 60% 30% 10% 5% 10% 5% 40%
H-MSW 80% 50% 12.5% 7.5% 7.5% 2.5% 20%

Each sample was manually crushed to a particle size of <5 mm. First, the mass of each
proportion was weighed according to the calculation results based on the sample param-
eters; second, the samples were filled into the cutting ring using the layered compaction
method; third, filter paper and permeable stone were placed on the upper and lower
layers of the sample after filling; and finally, we put all of this into a stacked saturator and
placed the stacked saturator into the vacuum saturator to induce saturation, which lasted
12 h. SOPP (Sodium orthophenylphenoxide, C1oHy9NaO) solution has the best inhibiting
degradation effect when the mass ratio is 6%, according to the conclusion of our research
group, so the saturated water and added water of the samples in the test included SOPP
solution with a 6% mass ratio. The sample will be placed into the consolidation instrument
when sample preparation are completed. The temperature controller was activated, with
the temperature set to the predetermined temperature, and the sample was preheated for
48 h under the predetermined temperature after adding SOPP solution to the temperature
control room. The initial states of L-MSW, M-MSW, and H-MSW are shown in Table 3.

Table 3. Initial states of the samples.

Organic Matter ~ Dry Unit Weight Moisture Content on a Wet

Sample Content (KN/m?) Basis Void Ratio
L-MSW 30% 6.586 51.64% 2.0
M-MSW 60% 5.488 56.62% 2.0

H-MSW 80% 4.704 59.61% 2.0
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2.3. Method

The test consisted of a total of 9 groups: 3 organic content groups with controlled
temperatures of 20 °C, 30 °C, and 40 °C. During the test, the load was applied step by step
with values of 25 kPa, 50 kPa, 100 kPa, 200 kPa, and 400 kPa. According to existing research,
the duration of MSW primary consolidation compression in consolidation tests is 8 h [22],
so each level of loading time was 8 h in the test. The value of the dial gauge was regularly
read to record the settlement after the test started.

The calculation formula for MPCI (CY.) is as follows:

= B (1)
¢ Alogoy

where ¢, is the primary compression strain of MSW and o, is vertical stress.

The primary and secondary compression processes of soil complied with the first-order
rate equation curve and semi-logarithmic curve, respectively, so we can fit the primary
and secondary compression of soil using a semi-logarithmic curve and a first-order rate
equation curve (FORE), respectively. The intersection of the two curves is the boundary
between the primary compression and the secondary compression; the abscissa of this
point is the duration of primary compression and the ordinate of this point is primary
compression strain [23]. This method was applied to determine the settlement stage of
MSW and achieved ideal results [13].

This article uses the first-order rate equation curve and the semi-logarithmic curve to
find the primary and secondary compression boundary points of MSW and to determine
the duration of primary compression (tgop) and primary compression strain (¢gop), which
are shown in Figure 3.
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T ——
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Figure 3. Method for determining egpp and tgop.

3. Experimental Results and Discussion
3.1. Determining the End Time of Primary Consolidation

Figure 4 shows the process of determining the end time of primary consolidation for
M-MSW under 30 °C and 100 kPa stress. We can fit the primary and secondary compression
of MSW using the semi-logarithmic curve, indicated by the red solid line, and the first-order
rate equation curve (FORE), indicated by blue dashed line, respectively, in the figure. The
intersection of the two curves is the boundary between the primary compression and the
secondary compression; the abscissa of this point is the duration of primary compression
and the ordinate of this point is the primary compression strain, which was 130.86 min and
20.598%, respectively.
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Figure 4. Consolidation curve of M-MSW under 30 °C and 100 kPa stress.

3.2. Analysis Results of Consolidation Test

Figure 5 shows the curves between the primary compression strain ¢, and stress o,
of L-MSW, M-MSW, and H-MSW specimens under different temperatures. Here, you
can see that the primary compression strain and logarithm of stress exhibited a linear
relationship under different temperatures in each group of samples. As the stress on the
specimens increased from 25 kPa to 400 kPa with temperatures of 20 °C, 30 °C, and 40 °C,
the primary compression strain of L-MSW increased from 7.691%, 8.219%, and 9.539% to
26.584%, 28.517%, and 29.086%. The primary compression strain of M-MSW increased
from 5.8%, 6.2%, and 8.218% to 30.557%, 32.638%, and 36.648%. The primary compression
strain of H-MSW increased from 6.785%, 8.009%, and 7.254% to 37.558%, 40.553%, and
41.826%. The MPCI of each sample could be obtained by linear fitting of the settlement
data. At temperatures of 20 °C, 30 °C, and 40 °C, the MPClIs of L-MSW were 0.15443,
0.16629, and 0.16948; The MPClIs of M-MSW were 0.21109, 0.22323, and 0.23894, and the
MPCIs of H-MSW were 0.26166, 0.27383, and 0.29623. The fitting degree of the curve was
0.9958~0.9997, and the results are good.

3.3. The Influence of MSW Characteristics on the MPCI

(1) The Influence of Temperature on the MPCI

Figure 6 shows the change rule of the modified primary compression index (C.) with
the change in temperature (T): C. shows an upward trend as T rises. When the temperature
increased from 20 °C to 40 °C, C/ had an increase of 6.6% from 0.135 to 0.144 in L-MSW;
the fitting equation is C. = 0.00045T + 0.1275 and the fitting degree is R? = 0.75. When
the temperature increased from 20 °C to 40 °C, C/ had an increase of 13.27% from 0.211
to 0.239 in M-MSW,; the fitting equation is C.. = 0.00175T + 0.2245 and the fitting degree is
R? = 0.9784. When the temperature increased from 20 °C to 40 °C, C. had an increase
of 13.41% from 0.261 to 0.29 in H-MSW; the fitting equation is C, = 0.0014T + 0.182 and
the fitting degree is R? = 0.9932. The MPCI (C) of MSW with the same organic matter
content (OW) increased when the temperature increased. Under the same variables, the
increase rate of the MPCI is faster when the organic matter content is higher. Thus, it
could be seen that the MPCI is more sensitive to temperature changes than organic matter
content changes.

The influence of temperature on MSW compression is as follows: the sensitivity of
organic matter particles to temperature was higher than that of inorganic matter particles,
and the particles of MSW showed obvious softening characteristics when the temperature
increased, so an increase in temperature will increase the settlement of MSW.

(2) The Influence of Dry Unit Weight on the MPCI



Appl. Sci. 2024, 14, 348

8 of 18

Figure 7 shows the change rule of the MPCI (C/) with a change in dry unit weight (y;)
at different temperatures. C.. showed a negative correlation with 7,; that is, as v increased,
C/ decreased when the other variables were the same. As the dry unit weight increased
from 4.704 kN/m? to 6.586 kN/m3, C.. decreased from 0.235 to 0.167 when the temperature
was 20 °C; the fitting equation is C.= —0.03674 + 0.408 and the fitting degree is R? = 0.9948.
As the dry unit weight increased from 4.704 kN/m?3 to 6.586 kN/m3, C.. decreased from
0.247 to 0.18 when the temperature was 30 °C; the fitting equation is C, = —0.0358,; + 0.417
and the fitting degree is R? = 0.9956. As the dry unit weight increased from 4.704 kN/m?3 to
6.586 kN/m?3, C. decreased from 259 to 0.194 when the temperature was 40 °C; the fitting
equation is Cl= —0.03497, + 0.426 and the fitting degree is R? = 0.9956. From Figure 6, it
can be seen that the MPCI trend lines of samples with different dry unit weights and at
different temperatures are parallel to each other; that is, as 7, changed, the trends of C.
remained relatively similar under different temperatures. There was a significant linear
relationship between the MPCI and the dry unit weight.

Vertical Stress 6,(kPa)

10 100 1000
0 = 20°C
30°C
A 40°C
101 £, =0.15443log 0, —0.13542(R* = 0.9997)
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wQ-
£
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Figure 5. Cont.
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Figure 5. MSW primary compression strain and vertical stress under different temperatures.
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Figure 6. Change rule of MPCI for different organic matter contents at different temperatures.

The mechanisms by which dry unit weight affects the MPCI are as follows: 1. The
greater the dry unit weight of the sample, the less the proportion of light components
in the sample and the greater the proportion of heavy components, resulting in a lower
compressibility of MSW. 2. The greater the dry unit weight of the sample, the smaller the
void ratio and the lower the compressibility of MSW.

(3) The Influence of Organic Matter Content on the MPCI

Figure 8 shows the change rule of the MPCI with a change in organic matter content
(OW) at different temperatures. C. increased with the increase in OW under different
temperatures when the other variables were the same. As OW increased from 30% to 80%,
C! increased from 0.167 to 0.235 when the temperature was 20 °C; the fitting equation is
Cl =0.001370W + 0.127 and the fitting degree is R? = 0.9972. As OW increased from 30% to
80%, C! increased from 0.18 to 0.247 when the temperature was 30 °C; the fitting equation
is C. = 0.001350W + 0.141 and the fitting degree is R? = 0.9977. As OW increased from
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30% to 80%, C.. increased from 0.194 to 0.259 when the temperature was 40 °C; the fitting
equation is C. = 0.001320W + 0.156 and the fitting degree is R? = 0.9893.

0.4
= 20°C
e 30°C
4 40°C
0.3 1
S C' =-0.0349y, +0.426
e
@) 2=
9 R*=0.9956
=
0.2
C. =-0.0367, +0.408
R*>=0.9948
C, =-0.0358y,+0.417
0.1 ' ' ' R7=0.9956 !
4 6 8

Dry Unit Weight y, (kN/m®)

Figure 7. Change rule of MPCI for different dry unit weights at different temperatures.

0.4 5 . 20°C
e 30°C
4 40°C
. 0.3 C. =0.00132¢+0.156
(S} R* =0.9893
O A
=
0.2 C. =0.00137t+0.127
R*=0.9972
C. =0.00135¢+0.141
R* =0.9977
0.1 : ] . ,
0 40 80

Organic Matter Content OW (%)

Figure 8. Change rule of MPCI for organic matter content at different temperatures.

The influence of OW on the MPCl is as follows: the number of compressible particles
in MSW increases as the organic matter content increases; thus, the compressibility of MSW
is enhanced.

(4) The Influence of moisture content on a wet basis according to the MPCI

Figure 9 shows the change rule of the MPCI (C/) for moisture content on a wet
basis (wy) at different temperatures. C. increased with the increase in wy, at different
temperatures when the other variables were the same. As wy, increased from 51.64% to
59.61%, C. increased from 0.154 to 0.162 when the temperature was 20 °C; the fitting
equation is C/. = 0.0134w;, — 0.53726 and the fitting degree is R? = 0.9877. As wy, increased
from 51.64% to 59.61%, C. increased from 0.166 to 0.274 when the temperature was 30 °C;
the fitting equation is C = 0.01344w,, — 0.52526 and the fitting degree is R? = 0.9891. As wy,
increased from 51.64% to 59.61%, C.. increased from 0.169 to 0.296 when the temperature
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was 40 °C; the fitting equation is C. = 0.01574w,, — 0.64628 and the fitting degree is

R? =0.9929.
0.4 - . 20°C
30°C i
s 40°C C. =0.01574w@, —0.64628
R*=0.9929
0.3 1
)
@)
[ _
S C.=0.01344@, —0.52526
0.2+ R*> =0.9938
C.=0.01334@,, —0.53726
R*=0.98771
0.1 T T - I . I . .
48 52 56 60 64

Moisture content on wet basis (%)
Figure 9. Change rule of MPCI for moisture content on a wet basis at different temperatures.

The influence of wy, on the MPCI is as follows: 1. Water can soften some compo-
nents of MSW to increase the compressibility of MSW. 2. Water can allow the skeleton
particles of MSW to move easier, which provides a certain degree of lubrication between
skeleton particles.

Above all, temperature (T), dry unit weight (), organic matter content (OW), and
moisture content (wy,) all have an impact on the Modified Primary Compression Index (C/)
of MSW. The higher the temperature (T), the smaller the dry unit weight (7,), the higher
the organic matter content (OW), the higher the moisture content on a wet basis, and the
greater the Modified Primary Compression Index (MPCI) of MSW. Therefore, this article
establishes a regression model that considers the influence of multiple factors to describe
the change rule of the MSW MPCI.

4. Modified Primary Compression Index Model
4.1. Model Creation

The assumptions of the model in this article are as follows: (1) the Modified Primary
Compression Index (MPCI) of MSW is mainly influenced by four factors: dry unit weight
(7v4), organic matter content (OW), moisture content on a wet basis (wy), and temperature
(T); (2) the dry unit weight, organic matter content, moisture content on a wet basis,
and temperature are independent and do not affect each other; (3) and the product of
exponential operation on the four parameters above is linearly related to the Modified
Primary Compression Index.

Based on the assumptions above, the dimensionless factor called the waste compress-
ibility index (WCI), which is used to represent the comprehensive effect of four parameters
(dry unit weight, organic matter content, moisture content on a wet basis, and temperature)
above, is adopted. The expression of the model is as follows:

{ C. = aWCI+b

_ v\ Awk. (1) 2)
WCI = W (Td) OWk. (TO)
where wy, is moisture content on a wet basis (%); vy is the weight of water, which is taken as
10 kN/m3; 7,4 is dry unit weight (kN/m?3); OW is organic matter content (%); T is the initial
temperature of MSW, which is taken as 20 °C; and 4, b, m, n, k, and | are the parameters of
the model.
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Regression fitting analysis was conducted based on the summary of the literature
presented in Table 4 and the results of the consolidation test considering the temperature
effects in this article. The parameters a, b, m, 1, k, and [ in the model were determined to be
0.133, —0.107, 0.951, 0.664, 0.227, and 0.078, respectively.

Table 4. Summary of the literature on MPCI and parameters in MSW.

Reference Age (Oi:) (Scljle) C; Wy Yd ow
fodh 20 2500 0.381 70.2 2.44 84.45
res @500 0.323 62.31 2.87 83.1
Xu [24] 0314 68.8 3.02 83.15
fresh 20 230 0.229 57.39 3.85 57.45
0.175 53.1 433 185
0.287 375 7.61 525
. 0.194 375 7.61 525
Liu [25] fresh 20 >6.18 0178 375 761 26.25
0.164 375 7.61 26.25
6.4 0.091 23.84 5.6
20 210 0.187 23.84 571 .y
2305 0.162 23.84 5.61
2305 0.236 23.84 5.82
6.4 0.115 2248 7.99
fresh 210 0.188 2248 8.12
20 230.5 0.251 21.94 8.38 54.35
2305 0.234 21.94 8.53
Bareither [13] 6.4 0.093 23 437
210 0215 23 426
20 230.5 0.21 23 447 10.95
230.5 0.28 23 43
. . 2305 0.183 31.69 6.62
Mild degradation 20 230.5 0.235 31.69 6.77 483
. 2305 0173 35.69 6.42
Moderate degradation 20 230.5 0.257 35.69 6.63 212
. 2305 0.193 38.61 6.52
Severe degradation 20 230.5 0.234 38.61 6.37 17:3
0.293 23.07 533 525
. 0.296 3333 533 525
Liao [26] fresh 35 @6.18 0.293 4118 533 55
0.281 56.9 533 525
0.33 53.7 522 60
0.24 53.7 49 60
Reddy [27] fresh 25 6.3 021 537 544 60
0319 53.7 462 60
2130 0.633 62 2.77 52
2130 0.374 58 2.74 52
Swati [28] fresh 25 2130 0.155 28 5.64 30
2130 0.026 27 6.02 30

2130 0.053 28 6.01 30
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Table 4. Cont.
t Size ’
Reference Age ©C) (cm) C. Wy Yd (0)1%
0.16 55 54.61
0.25 55 45.86
0.37 55 40.55
. 0.35 55 42.39
Hossian [8] fresh 35 @6.35 016 55 55.01
0.16 55 46.51
0.20 55 45.59
0.25 55 35.04
.. 0.271 30.26 417 61.9
Olivier [29] fresh 30-34 2100 0.220 33.86 441 61.9
0.269 18.4 4.02 73.05
0.288 31.51 4.03 73.05
0.28 37.77 4.07 73.05
0.27 41.96 4.31 73.05
0.333 42.86 3.99 73.05
Stolze [30] fresh 25 @270 0.322 4481 3.99 73.05
0.373 47.56 3.87 73.05
0.322 50.45 4.08 73.05
0.296 54.13 3.94 73.05
0.288 53.81 421 73.05
0.152 38.69 7.524 25.2
@8.1 0.252 37.11 5.858 31.15
Chen [31] fresh 30 0.103 52.61 5.008 347
19 0.204 44 .41 4.392 64.9
0.315 49.8 3.263 64.9
0.1 17.7 10.54 47.04
Pri K d 0.11 36.2 7.088 47.04
EA frech 20 220 0.09 28.34 9.237 47.04
a[gszogllya res 0.08 37.43 8.566 47.04
a 0.1 28.94 6.516 47.04
0.1 31.99 7.406 47.04
The model of the MPCI can be expressed as follows:
y —0.107 T 0-664
Cl = 0.227-w%1%. <d> -OWOL. () +0.078 3)
Yw Tp

The fitting results of the MPCI model of the test and the literature are shown in
Figure 10. In the figure, the two dashed lines have the same regression coefficients for the
regression line and correspond to £2SD (0) from the regression line. It can be seen that
for the given WCI, C/ can be calculated to be £0.0719. The regression of C.. and the WCI
include all the data, and the fitting degree of the model (R?) is 0.6554 in the figure. The
results of the test are distributed near the curve which reflect that this model has a good
fitting effect.

4.2. Model Validation

A bioreactor test considering the temperature effect was used for model validation.
There was no degradation inhibition treatment in the test, so it was necessary to consider
the influence of degradation on settlement. For the method of degradation settlement
calculation, we adopted a method from the literature [34]. The sample was divided into
five layers, each 24 cm in height. The schematic of the test is shown in Figure 11, and the
initial parameters of the test are shown in Table 5.



Appl. Sci. 2024, 14, 348 14 of 18

0.5 s Literature data
o Test data
+20 .
0.4 -7
s °. 7
~03
S
5 -20
(a9
=02
C. =0.227-WCI +0.078
0.1 PR
’ e R* =0.6554
0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Waste compressibility index (WCI)

Figure 10. Relationship between the MPCI and WCI in MSW.
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Figure 11. Schematic of the bioreactor test considering temperature effect.

The settlement achieved in the test is shown in Figure 12. The settlement and duration
of primary compression in each layer of the samples was determined by the method in
Section 2.3 of this article. The end times of primary compression in test 1 and test 2 were
7.11 d and 9.69 d; thus, temperature has an important impact on the settlement and duration
of the primary compression in MSW.
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Table 5. Initial parameters for bioreactor testing.

Parameter Test 1 Test 2
Temperature (°C) 25 40
Vertical stress (kPa) 424 424
Organic matter content (%) 60 60
Initial density (g/cm?) 0.976 0.985
Dry unit weight (kN/ m?) 6.56 6.6
Moisture content (%) 329 329
Void ratio 2.0 2.0
Wet mass (kg) 237.3 237.3
Sample height (cm) 123.6 1225
A 0.0645 0.0649
B 20.211 35.05
Time (d)
0 20 40 60 80 100 120

. . . o First layer
'.—Duration of primary compression tgop - second ayer
K | SEORROOE8RROOH- B -3 ©-5 -3 8-8-5 0 8- 0- 8- o & Third layer
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210
2
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(a) Test 1.
Time (d)

0 20 40 60 80 100 120
‘ ‘ ‘ ‘ ‘ o First layer

— o Second layer
—BP*?ELDE'EPF%%ELDP«::EEG 9-8 8- 6-8-0-50-8-0-9-8-0 4 Third layer
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Figure 12. Layered settlement over time in test 1 and test 2.
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The comparisons between the settlement calculated by the model in this article and
the results of tests are shown in Figure 13. Comparing the calculation results of this article’s
model with those of Xu Hui’s model [24] and Bareither’s model [13], it was found that
neither Xu Hui’s model nor Bareither’s model can reflect the differences in MSW primary
compression under different temperature conditions. It has been proven that the MPCI
model in this article is relatively reliable and that the calculation results of the model
and tests results align well. There was a little deviation between the test results and the
calculation results of the model; as shown in the figure, the deviations between test 1 and
test 2 were 8.17% and 2.72% in the first layer, 1.54% and 5.3% in the second layer, 4.04% and
4.66% in the third layer, 2.47% and 1.61% in the fourth layer, and 1.15% and 3.21% in the
top layer, and the overall deviation was less than 5%. The reason for the deviation is that
when the volume of the MSW sample increased, the non-uniformity became more apparent
compared to the small sample.

Layer
0 1 2 3 4 5 6
1 1 1 1 1 1
0.05 —=— result of test 1
~ --®- - calculation of test 1

—A— result of test 2
--v- - calculation of test 2
Hui Xu's model
Tl - -4- - Bareither's model

=

—_

(e
1

Primary compression strain (€

0.15-
Figure 13. Calculation and results of test 1 and test 2.

5. Conclusions

1. Through temperature-controlled consolidation tests, it has been proven that tempera-
ture has an impact on MSW primary compression consolidation. As the temperature
increased, MSW primary compression consolidation increased.

2. This article determined that the modification primary compression index (MPCI) of
high-organic-matter-content waste (H-MSW), moderate-organic-matter-content waste
(M-MSW), and low-organic-content-waste (L-MSW) was 0.26166~0.29623,
0.21109~0.23894, and 0.15443~0.16948 using a consolidation test considering the tem-
perature effect; the MPCI increased with the increase in temperature, organic matter
content, and dry unit weight and the decrease in moisture content on a wet basis.

3. A modified primary compression index calculation model was created considering
temperature, organic matter content, moisture content on a wet basis, and the dry unit
weight of MSW according to the results of the consolidation test and fitting model
using data from the literature.

4.  The effectiveness of the model was verified by comparing the results of the bioreactor
test considering the temperature effect and the calculation results of the model.

5. The calculation results of the model indicate that errors in the results will occur if a
single modified primary compression index (MPCI) is used to calculate the settlement
of a landfill according to the technical specifications. As the size increased, the non-
uniformity became more apparent. The calculated values in the middle of the sample
were greater than the measured values, while the calculated values at the top and
bottom were smaller than the measured values. Therefore, the variation in the MSW
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modified primary compression index (MPCI) with depth should be considered, which
will help guide the accurate processing of landfills and design storage capacity.
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