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Abstract: Hardpan is one of the major problems found in many parts of Thailand where monocrop-
ping and repeated plowing at the same depth are conducted. This work aimed to study the feasibil-
ity of using crumb rubber produced from waste tires to alleviate the soil compaction problem. Ef-
fects of particle size and loading of crumb rubber on the degree of soil compaction were investigated.
The quality of water extracted from crumb rubber was also analyzed to determine the severity of
environmental contamination. The scope of work was further extended into field tests. The results
reveal that the addition of crumb rubber into sandy loam subsoil significantly reduced bulk density
of the compacted soil and permitted greater water permeation through the compacted soil layer.
The effects were more pronounced with either increasing crumb rubber loading or reducing crumb
rubber particle size. For the field test, the addition of small crumb rubber (S-crumb) at 30%wt. re-
sulted in a significant reduction in penetration force in conjunction with a considerable increase in
water permeability. The results clearly confirm the reduction in soil compaction by the addition of
crumb rubber. From a quality analysis of the extracted water, most poisonous heavy metals were
below the detection limits of the test equipment, except zinc.
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1. Introduction

Due to a rapid growth of the global tire demand, the number of waste tires has in-
creased continuously, especially during the last few decades. The accumulation of waste
tires in huge volumes may cause severe environmental problems unless proper waste
management is implemented. Great attempts have therefore been made to recycle these
waste tires by using them as a fuel source for power plants and a raw material for tire
pyrolysis to produce oil, gas, carbon black and steel wire [1-4]. In addition, after the sep-
aration of steel and fibers, waste tires can be ground into very small particles, widely
known as crumb rubber. Apart from being used as a cost-reduction filler for many rubber
products and as a raw material for reclaimed rubber production, the crumb rubber has
also been widely used as a filler in other polymers for a variety of applications, e.g., sport
fields, railway level crossing panels, railroad sleeper, pavement, and road construction,
etc. [5-9]. Despite the vast applications of recycled crumb rubber as aforementioned, at-
tention has also been given to the utilization of waste plastic and crumb rubber for ge-
otechnical applications [10-12]. It has recently been revealed that the waste of polypropyl-
ene plastic could be used as a reinforcing additive in lateritic soils which are generally
used as a pavement material in Southeast Asia [10]. Furthermore, it has been reported that
crumb rubber can be used to improve porosity and reduce the compaction of topsoil [12].
It is therefore interesting to investigate the feasibility of using crumb rubber to lower the
soil compaction and, thus, alleviate the hardpan problems.
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Soil is generally known as one of the most important compositions for cultivation.
Crop productivity is greatly dependent on soil quality, which is determined by many fac-
tors, all of which affect fertility. High-quality soil generally yields the rapid growth of
crops without the need for excessive nutrient addition. Poor soil quality is undesirable
and often arises from one or a combination of these activities, i.e., inadequate fertilization,
lack of crop rotation and over farming of the same land. In Thailand, monocropping is one
of the major causes of soil problem, particularly in the highlands where sugarcane or cas-
sava cropping is conducted. The utilization of repeated plowing and heavy machines for
land preparation and product transportation also greatly deteriorates the physical condi-
tion of the soil as it causes soil compaction and finally leads to the occurrence of hardpan
which is usually found below the uppermost topsoil layer [13-17]. Soil compaction greatly
reduces pore space for air and water, known as soil pores [18]. As these pores are the areas
where plant roots grow and water flows through the soil, soil compaction, therefore, in-
duces many problems including poor water percolation, high risk of soil erosion, re-
stricted plant root growth, and lower crop yields [19-20]. The formation of hardpan near
the soil surface not only effectively reduces the usable soil depth, but also induces water-
logging in heavy rains and a shortfall of water or moisture during the drought condition
[13, 15]. Hardpan problems can be alleviated by soil amendments and the use of mechan-
ical means such as deep ripping, digging or plowing by the digging fork or chisel plow
with the help of a tractor [13, 21]. The addition of organic matter, e.g., manure or compost
including crop residues, can improve water drainage, stabilize soil structure and enhance
earthworm proliferation that can, over time, decrease bulk density of soil [22-26]. The
adjustment of soil pH with lime (for acidic soil) and the addition of gypsum, coal and fly
ash may also improve hardpans [26-28]. However, unlike mechanical means, the destruc-
tion of a hardpan through soil amendments may require continuous action over a long
period of time. Although deep ripping is often used to destroy the hardpan layer and
increases the water infiltration rate, the effect of this action alone lasts only for the first
three years because the large soil voids created by ripping will be gradually filled with
fine particles and the soil will finally be compacted again [29]. Many attempts have there-
fore been made to achieve a long-term solution to this problem. So far, the application of
crumb rubber to solve the hardpan problem has not been revealed. It is therefore the aim
of this study to investigate the possibility of using crumb rubber as a soil additive to pre-
vent soil compaction. The effects of particle size and loading of crumb rubber on dry bulk
density and water permeation rate of hardpan were investigated and discussed. In addi-
tion, the quality of the water extracted from the crumb rubber sample was evaluated to
determine short-term environmental safety.

2. Materials and Methods
2.1. Materials

In this study, the soil sample was collected from Nakhon Ratchasima province, Thai-
land (15°06"048”N, 102°13"143’E). Approximately 50 cm of the topsoil was taken out by a
tractor before the sample collection. The soil in this area is classified as sandy loam soil.
Three recycled rubber samples produced from waste tires, i.e., 2 crumb rubber samples
(designated as S-crumb and M-crumb) and 1 shredded rubber sample (designated as L-
crumb), were purchased from Continental Platform Co., Ltd. (Thailand). Figure 1 shows
the photographs of the crumb rubber samples used in this study. Basic properties of the
three samples are given in Table 1.
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20 min 20 mm

Figure 1. Photographs of the crumb rubber samples

Table 1. Properties of the crumb rubber samples.

Properties S-crumb M-crumb L-crumb
Particle size range* (mm) 0.8-1.0 4-6 > 50
Density (g/cm?) 1.11 1.11 1.11
pH** 7.2 7.2 7.3

* Data obtained from the manufacturer.
** measured from the suspension containing 25 g of rubber and 100 mL of deionized water.

2.2. Characterization of the soil sample

The soil sample was initially dried in an oven at 100 °C for 24 h before being pulver-
ized and screened through a 10-mesh sieve to obtain soil with particle size less than 2 mm.
Particle size distribution of the soil was then characterized by the sieving method (using
50-mesh, 100-mesh and 200-mesh sieves) together with the sedimentation method in ac-
cordance with ISO 11277:2020. The soil pH was measured, as per ISO 10390:2005, by using
a pH meter (model PH700; Apera Instruments, China). The soil, 30 g, was mixed with 100
mL of deionized water under a continuous stirring for 60 min before the pH measurement.
Dry bulk density of the soil sample was determined by the procedures described in ISO
11272:2017.

2.3. Preparation of the compacted soils
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To simulate the occurrence of hardpan and study the effect of moisture content in 115
soil on hardpan formation, the completely dried soil sample was added with various wa- 116
ter contents ranging from 2 to 10%wt., thoroughly mixed by a laboratory planetary mixer 117
(Sirman model LKK1-B15(K), China) at 10 rpm for 10 min. The soil samples with different 118
moisture contents were then compressed in a mold under the pressure of 85.5 MPa in 119
order to form the cylindrical compacted soil specimens with the diameter and height of 120
101.6 mm and 116.4 mm respectively. Dry bulk density of the compacted soil specimens 121
was subsequently determined by the procedures described in ISO 11272:2017. 122

2.4. Properties of the compacted soils filled with crumb rubber samples 123

In this section, the effects of particle size and loading of crumb rubber on bulk density 124
and water permeability of the compacted soil were investigated. The optimum moisture 125
content providing the compacted soil with the highest bulk density obtained from the 126
previous section was used for the sample preparation. The dried soil sample was mixed 127
with water (7%wt.) and various loadings of crumb rubber samples as shown in Table 2. 128
Mixing was carried out by using the mechanical blender at 10 rpm for 10 min. The well 129
mixed samples were then pressed under a pressure of 85.5 MPa to form the cylindrical 130

compacted soil specimens. 131
Table 2. Recipes used in this study. 132
Materials Loading (% wt.)
Clay loam soil 100 80 75 70 65
Waste tire rubber* 0 20 25 30 35
* S-crumb, M-crumb or L-crumb 133

Dry bulk density of the compacted specimens was measured according to ISO 134
11272:2017. As rubber is an incompressible material, its volume remains constant after 135
compaction. Hence, the actual bulk density of the soil matrix in the compacted specimens, 136
indicating the degree of soil compaction, can be calculated by using equation 1. Water 137
permeation was also measured using a permeameter (Soil Testing Siam, Thailand) under 138

constant head conditions at 16.2 kPa following ISO 17892-11:2019. 139
Pg — PrVr
= 1) 140
Py v (D

where; 141

ps = bulk density of the soil 142

pr = bulk density of the filled specimen 143

pr = density of crumb rubber 144

Vs = volume fraction of soil in the specimen 145

Ve = volume fraction of crumb rubber in the specimen 146

2.5. Determination of contaminated water quality 147

As the crumb rubber samples contain many compounding ingredients that could be 148
released or leached into the environment during their service life in soil, the quality of the 149
water obtained from crumb rubber extraction was therefore determined. In this section, 150
S-crumb sample (1,250 g) was immersed in 5 L of deionized water and kept at 70 °C for 14 151
days. After filtration, the filtrate was determined for the contamination of calcium car- 152
bonate, anions, and heavy metals by using inductively coupled plasma (ICP, Shimadzu 153
model ICPMS-2030, Japan) and ion chromatography (IC, Thermo Scientific model IC-Di- 154
onex ICS-1100, USA) techniques. For ICP analysis, the filtrate was diluted 10-fold for zinc 155
analysis and 100-fold for all other elements using ultrapure water prior to being tested. 156
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Mineral contents were quantified according to a calibration curve created using accurately 157
diluted standard solutions. For IC analysis, the IonPac AS11 column, safeguarded by an 158
IonPac AG11 guard column, was used for separation. The eluent flow rate was 1.0 159
mL/min. The equipment was connected to a model Ultimate 3000 RS fluorescence detector 160
(Dionex, Sunnyvale, CA, USA). Data collection and analysis were performed using the 161
Chromeleons™ 7.2 software (Thermo Fisher Scientific, USA). 162

2.6. Application of crumb rubber in the field test 163

After gathering the data from laboratory test, experiment was extended to the field 164
test, carried out at Nakorn Ratchasima province (15°06’048”N, 102°13'143’E). This area 165
was selected due to the natural existence of a hardpan at approximately 40-50 cm below 166
the soil surface. The selected farmland with an approximate area of 400 m?was divided 167
into 3 adjacent plots as shown in Figure 2. No land preparation was carried out in the first 168
plot. In the second and the third plots, a tractor equipped with a long ripper (50 cm depth), 169
see Figure 3(a), was used to destroy the existing hardpan. This process is generally called 170
subsoil plowing. Thereafter, four holes with approximate dimensions of 1x1x1 m? were 171
dug as shown in Figure 3(b). In the second plot, the dug-up soil was re-filled into the holes 172
without the addition of the crumb rubber. Moreover, in the third plot, some of the dug- 173
up soil was mixed thoroughly with 30%wt. of S-crumb, see Figure 3(c), and added into 174
the holes until the holes were half filled. The top-half of the holes was subsequently filled 175
by the dug-up soil (topsoil). Agricultural activities were then carried out by plowing and 176
tilling the selected areas with heavy machinery. Water was later sprayed all over the areas 177
through a springer system until approximately 7%wt. of moisture content was attained. 178
A large tractor (Ford 6640 90HP) was driven over the selected areas 10 times. These agri- 179
cultural activities were repeated 5 times every 15 days intervals to ensure the formation 180
of soil compaction. In the end, the topsoil (50 cm depth) of all plots was taken out by the 181
tractor before measuring the properties of the compacted soil at the hole locations (for Plot 182
No. 2 and Plot No. 3). 183

Penetration resistance of the compacted soil was determined by a handheld electronic 184
cone penetrometer (Field scout model SC900; USA) based on the procedures described in 185
the American Society of Agricultural Engineers standards (ASAE, $313.3:2004 and 186
EP542:1999). The cone was inserted into the ground at a constant speed of 30 mm/s before 187
recording the amount of force exerted over the cone’s surface area. The results are repre- 188
sented in terms of cone index (CI). The water permeation rate through the compacted soil ~ 189
was evaluated by a double ring infiltrometer (ELE International, UK) according to ISO 190
22282-5:2012. 191

20 m J .

Plot No. 1 Plot No. 2 Plot No. 3

192
Figure 2. Scheme of the field-tested area. 193
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194

Figure 3. Field test study; (a) a tractor equipped with a long ripper, (b) a bottom half of the hole 195
filled with dug-up soil and (c) a bottom half of the hole filled with a mixture of dug-up soil and S- 196

crumb. 197
3. Results and Discussion 198
3.1. Characterization of the soil sample 199

From the measurement of the basic properties of the soil sample, it was found that 200
bulk density before the non-compaction and pH of the soil was 1.48 g/cm? and 7.22, re- 201
spectively. The obtained bulk density falls in the normal range for sandy loam soil as it 202
has been reported that bulk density of sandy loam soil is generally between 1.4 -1.5 g/cm® 203
[30]. Figure 4 displays the particle size distribution of the soil sample. Apparently, approx- 204
imately 95% of the soil had a particle size in the range of 75-300 um indicating the majority 205
of sand particles in the soil. 206
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Figure 4. Particle size distribution of the soil.

3.2. Preparation of the compacted soils

Figure 5 displays bulk density of the compacted soils as a function of water content.
Obviously, bulk density of the compacted soil has 2%wt. of water content was 1.77 g/cm3
which is significantly higher than that of the uncompacted soil (1.48 g/cm?). The results
clearly indicate the formation of hardpan after the compaction because it is reported that
the density of hardpan is greater than 1.6 g/cm? [31]. It can also be observed that bulk
density of the compacted soilinitially increased with increasing water content up to 7%wt.
and tended to decrease afterward. Generally, dry soil contains soil particles which are not
in contact leading to high void volumes and, hence, low bulk density. In the presence of
water, the thin water film formed around each soil particle provides a lubricating effect
and facilitates the compaction of the soil particles when subjected to high pressure result-
ing in an initial increase of bulk density with increasing water content. In this study, the
optimum water content giving the highest bulk density of the compact soil (~1.95 g/cm?)
is 7%wt. In the presence of excessive water (= 8%wt.), there is no more air volume for
water to fill in and, thus, the water will occupy the extra space and behave as a matrix in
the system leading to weakened soil compaction. To confirm the occurrence of hardpan
after the compaction, a water permeability test was carried out and it was found that all
compacted samples were water impermeable.
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Figure 5. Bulk density of the compacted soils at various water contents.

3.3. Properties of the compacted soils filled with crumb rubber samples

As previously mentioned, great attempts have been made to improve water permea-
tion through hardpan layer or reduce the subsoil compaction by using various methods
[28, 32-33]. This study proposed an alternative method to reduce the degree of soil com-
paction and alleviate the waterlogging problem from the occurrence of hardpan layer by
adding various sizes and loadings of crumb rubber into the subsoil. Figure 6 displays the
calculated bulk density of the soil matrix after normalization. Clearly, bulk density of the
compacted soil matrix diminished gradually with increasing crumb rubber loading for all
crumb rubber samples indicating the reduction of soil compaction in the presence of
crumb rubber. This can be explained by the energy absorption of crumb rubber. Under
compressive pressure, the crumb rubber which can be considered as a filler in soil could
deform and partially absorb the input energy leading to the reduced stress acting on the
soil matrix. As a result, bulk density of the soil matrix in the compacted samples tended
to decrease with increasing crumb rubber loading. At any given crumb rubber loading, L-
crumb showed the highest bulk density of the soil matrix and followed by M-crumb and
S-crumb, respectively. The results clearly indicate the dependence of bulk density of the
soil matrix on the particle size of the crumb rubber, i.e., the lower the particle size of the
crumb rubber, the greater the magnitude of bulk density reduction. The results imply that
smaller crumb rubber is more effective in energy absorption than larger crumb rubber.
Although the addition of L-crumb and M-crumb can reduce the bulk density of the com-
pacted soil to some extent, the obtained values are still higher than the threshold bulk
density of hardpan (1.6 g/cm?). Only the addition of S-crumb provides bulk density lower
than 1.6 g/cm?, even at 20%wt. The results confirm that the addition of S-crumb into the
subsoil, at sufficient loading, can diminish the hardpan formation and thus alleviate the
waterlogging problem.
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Figure 6. Bulk density of the soil matrix in the unfilled and filled specimens.

Without crumb rubber, bulk density of the compacted soil is very high (1.95 g/cm?)
which completely impedes the water permeation through this hardpan layer leading to a
high risk of waterlogging problems during heavy rains. To ensure the alleviation of this
problem by the addition of crumb rubber, a water permeability test was carried out and
the results are demonstrated in Figure 7. From the results, the water permeation rate in-
creased with increasing crumb rubber loading regardless of the crumb rubber particle
size. The enhanced water permeation rate is thought to arise from the reduction of soil
compaction as evidenced by the reduced bulk density. Moreover, the poor interfacial in-
teraction between non-polar crumb rubber particles and soil might also contribute to
greater water permeation. As expected, at the same crumb rubber loading, the water per-
meation rate increased with decreasing particle size of the crumb rubber. Again, this could
be explained by the greater ability to reduce bulk density of the soil matrix and the higher
specific surface area, defined as the total surface area per unit of mass, of the smaller
crumb rubber.
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Figure 7. Water permeability of the unfilled and filled compacted soils.

3.4. Determination of contaminated water quality

With great concern about water contamination arising from the addition of crumb
rubber into the soil, an experiment was carried out by soaking the S-crumb sample in wa-
ter for 14 days at 70°C and the leached chemicals were analyzed. Table 3 shows a list of
chemicals found in the filtrate. It could be seen that, when compared with the specification
of drinking water standards of the Department of Health, Ministry of Public Health (Thai-
land), the quantities of calcium carbonate, ions and most heavy metals were far below the
maximum limits of the standard despite the utilization of severe extracting conditions.
Concentrations of many toxic heavy metals such as copper, chromium, cadmium, arsenic
and mercury were very low (below the detection limits of the test equipment). An excep-
tion was given to zinc because the filtrate contained approximately 12 times higher than
the maximum limit. This is not beyond expectation because crumb rubber contains a rel-
atively large number of zinc oxide (ZnO) which is commonly added to rubber during tire
production to activate the vulcanization reaction [34-37]. Even though ZnO is not very
poisonous to humans, it negatively impacts aquatic ecosystems, particularly the nanopar-
ticle ZnO which can be ingested by marine animals including coral causing internal dam-
age [38]. In addition, the nanoparticle ZnO in the ocean can react with ultraviolet rays to
generate hydrogen peroxide which is highly toxic to phytoplankton, a main nutrient
source for many reef and coral species [39]. In this study, contamination of zinc in soil is
of great concern. For soil, the toxicity data of zinc and zinc compounds on invertebrates,
plants, and microorganisms have been revealed, i.e., the nominal no observed effect con-
centration (NOEC) values, defined as the highest concentration that does not cause a toxic
effect, range from 17 - 2,623 mg/kg (dry weight of soil) for micro-organisms, 32 - 1,000
mg/kg dry weight for invertebrate species and 32 - 400 mg/kg dry weight for plants [40].
According to extensive surveys, the quantity of zinc in the soil is generally in the range of
10-300 ppm [41]. The amount of zinc released from S-crumb, under severe extraction, into
the soil may cause toxicity to some species of micro-organisms, invertebrates and plants.
However, this is unlikely to occur in practice because zinc may be leached slowly with
time and absorbed by plants to produce chlorophyll and enzymes [42]. In addition, it has
been reported that sandy and highly leached acid soils including soils with low organic
matter generally have low zinc loading [43]. The addition of S-crumb into the sandy loam
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soil having low organic matter, which is prone to hardpan formation, might therefore be 303
beneficial for plant growth. Further study, however, is needed to investigate the long-term 304

effect of crumb rubber addition on the toxicity of the soil. 305
Table 3. Water quality after the extraction. 306
Test items C.o.nce.ntration (parts per million: ppm)
Specification* Value
Calcium carbonate (CaCOQOs) <500 170+7
Sulfate (SO4%) <250 753
Chloride (Cl-) <250 31«1
Nitrate (NOs -) <50 1.13+0.03
Fluoride (F ) <0.7 N/D
Ferric (Fe) <0.5 0.20+0.04
Manganese (Mn) <0.3 0.043+0.002
Copper (Cu) <1.0 N/D
Zinc (Zn) <3.0 35.2+0.4
Lead (Pb) <0.01 0.0020+0.0002
Chromium (Cr) <0.05 N/D
Cadmium (Cd) <0.003 N/D
Arsenic (As) <0.01 N/D
Mercury (Hg) <0.001 N/D
* drinking water standard of the department of Health, Ministry of Public Health, Thailand. 307
N/D = non-detectable. 308
3.5. Application of crumb rubber in the field test 309

Practically, the degree of soil compaction in the field test is measured by the penetra- 310
tion resistance test. In this study, the handheld electronic cone penetrometer was used to 311
measure the degree of soil compaction after the 50 cm topsoil was taken out. The obtained 312
results are given in Figure 8. The penetration force tended to increase with increasing pen- 313
etration depth of soil. It could be observed that the highest penetration force was found in 314
Plot No. 1 where the naturally occurring hardpan existed. In this plot, measurement of 315
penetration force could be done up to only 15 cm of soil depth due to the high magnitude 316
of soil compaction. A significant reduction in penetration force was observed for Plot No. 317
2 where the naturally occurring hardpan was initially destroyed and subsequently re- 318
formed by simulated agricultural activities. The results imply that the degree of soil com- 319
paction of Plot No. 2 is lower than that of Plot No. 1. Corresponding well with the labora- 320
tory results, the addition of crumb rubber can effectively reduce the degree of soil com- 321
paction as can be seen from the further reduction in penetration force in Plot No. 3 where 322
the natural hardpan was destroyed and reformed in a similar manner to Plot No. 2 but the 323
subsoil was mixed with 30%wt. of S-crumb before the reformation. With a lower soil com- 324
paction degree, the addition of S-crumb, therefore, offers higher soil porosity which is 325
advantageous for root growth of many plants [44]. 326
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Figure 8. Cone index at various depths of the compacted soils.

In addition, the greater soil porosity also results in a higher water permeation rate as
shown in Figure 9. The water permeation rate, measured from a double-ring infiltrometer,
of the naturally occurring hardpan in Plot No. 1 was the lowest, which is in good agree-
ment with the penetration resistance results as previously mentioned. As can be expected,
the water permeation rate of Plot No. 2 was slightly higher than that of Plot No. 1 but
significantly lower than that of Plot No. 3. Compared with Plot No. 2, the water permea-
tion rate of Plot No. 3 is almost two-fold higher confirming the beneficial effects of the
crumb rubber addition.
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0.0

Plot No. 1 Plot No. 2 Plot No. 3

Figure 9. Water permeation rate of various plots.
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4. Conclusions

Crumb rubber produced from waste tires can be used to reduce the degree of soil
compaction and, thus, alleviate the formation of a hardpan layer underneath the plowing
level. Its efficacy depends greatly on the particle size, i.e., the smaller particle size gives
higher efficacy in energy absorption and, hence, provides a greater reduction in soil com-
paction as evidenced by the lower bulk density of the soil matrix and the greater water
permeation rate. In this study, S-crumb was selected for the field test and the results from
the field test showed the same trend as those obtained from the laboratory test. The addi-
tion of crumb rubber significantly reduced the degree of soil compaction as can be seen
from the considerable reduction in the penetration force and the large increase in water
permeability. The release of zinc oxide from crumb rubber and microplastic issues, how-
ever, must be taken into consideration before implementation. A long-term study on the
effect of crumb rubber addition on soil properties and toxicity is also needed.
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