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4.3  Effect of cement and tyre fibre on the compaction characteristics of the mixture

4.3.1 Maximum dry unit weight
The dry unit weight-moisture content relationship for different compaction efforts are

presented in Fig. 4.2. These curves indicate that the increase in the compaction effort resulted

in an increase in the maximum dry unit weight (7., ) and a decrease in the optimum moisture

content (W,,)-

Fig. 4.3 shows the gradual increase in dry unit weight values for the cemented soil specimens
with cement rate 0, 1, 3, and 5%. The dry unit weight increases by adding 1% tyre fibres and

1, 3, and 5% cement to sandy soil. Itis noticed from Fig. 4.3 that for p; =1% ,y,,,, increases
with increasing p,value, but there is much significant increase for p, =1 and 3%, whereas

Vamax Shghtly decrease with p, =5%. This variation occurs because cement consists of much

finer particles and has higher G, than soil and tyre fibres, thus resulting in a dense mixture with
cement occupying more voids initially, and then with higher content contributing more unit

weight to the mixture due to higher G,. In the past, asimilar trend of variation was reported by

some researchers in case of soil stabilised with cement (Al-Aghbari, 2009; Kutanaei and
Choobbasti, 2014), and fines, up to specific amount, being added to soil and fine/coarse-grained
soils (Deb et al., 2010; Isik and Ozden, 2013).

The decrease of y, . Dy adding shredded rubber tyre to sand, sand-cement mixtures, fly ash-

lime-gypsum or claylime mixtures was reported earlier (Youwai and Bergado, 2003; Cabalar,
2011; Chan, 2012; Guleria and Dutta, 2012; Edincliler and Cagatay, 2013; Balunaini et al.,
2014; Cabalar et al., 2014). This is mainly because G, of the tyre fibre is less than that of soil

and cement. Additionally, tyre fibres have the ability to absorb the compaction energy due to
being flexible (Edil and Bosscher, 1994; Ozkul and Baykal, 2006).

4.3.2 Optimum water content

Fig. 4.4 indicates the variation of optimum water content with cement content (p,) varying

from 0 to 5% with tyre fibre content ( P; ) as 0 and 1%. It is observed that adding tyre fibres to

soil generally causes a reduction inw,,. A similar consideration was reported for addition of
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Fig. 4.3. Variation of maximum dry unit weight with different cement contents and fibre

tyre derived aggregates to clay and clay-lime mixtures (Ozkul and Baykal, 2006; Kalkan, 2013;

Cabalar et al., 2014). However, it may be noted that as p, increases to 1%, a decrease inW,,

takes place whereas the cemented specimens without tyre fibres shows slight increase inw,,

with 1 and 3% cement content and decrease inw,, with 5% cement content. Similar results

were observed earlier when polyvinyl alcohol fibres were added to sand (Kutanaei and
Choobbasti, 2014. Al-Aghbari and Dutta, 2013. Al-Aghbari et al., 2009. Dutta .R .K., 2011).
When adding tyre fibres to sand, there are some factors such as water absorption, specific

surface area and particle size of materials that tend to affectw,,. Since tyre fibres have

pt -
negligible water absorption (0.8%) and a large specific surface area, when they are added to

sand, lower w,values are obtained (Kalkan, 2013). Onthe other hand, tyre fibres particles are

generally larger than sand particles; therefore, adding tyre fibres to sand changes the gradation

in a way that more voids are created to be occupied by water. These factors counteract each

other and affectw,,so that adding more tyre fiores make an insignificant change tow,, for p,

pt
=1%. Similar phenomenon was observed in compaction behaviour of sand-cement Kiln dust
(Baghdadi and Rahman, 1990), sand-incinerator ash (Mohamedzein et al. 2006), sand-plastic
and non-plastic fines (Deb et al, 2010), lateritic soilfly ash (Singh and Goswami, 2012),
increasing fines in different soils (Isik and Ozden, 2013) when additives were increased up to
a specific amount, and sand-cement mixtures (Kutanaei and Choobbasti, 2014). The sand-

cement-fibre mixtures show the same trend as cemented sand mixtures. However, initially,
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W,,;increases with adding 1% and 3% cement due to the change in gradation caused by tyre

fiore, and then with further addition of cementw,,

decreases because of the phenomenon
explained for the cemented soil mixtures.
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Fig. 4.4. Variation of optimum water content with different cement contents and fibre

4.3.3 Void ratio and degree of saturation at maximum dry unit weight
According to Edil and Bosscher (1994) the mechanical behaviour of tyre chip-soil mixtures

may be more dependent on the volume of voids in the mixture rather thany, .. - An important

factor in cement bonding which can be an indication of the level of contact between the
particles is the volume of voids (Consoli et al, 2010a). In addition, the amount of water
surrounding the particles plays an important role in the engineering behaviour of mixtures,

especially when cement is added. Therefore, the void ratio (e) and degree of saturation (S) at

the 7, mex Will De investigated in this section.

In order to obtain the e values at the 7, for the mixtures, their specific gravity (G,) values

were calculated by getting the weighted average of the G, values of the materials in the mixture

from the following equation:
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SS” 'S

: Ws + hWs + chs

G.W W.G W.G
G — +pf S sf+pc s~sc (41)

where W, = weight of dried soil; G,,= specific gravity of soil,G, = specific gravity of tyre

fibres; and G, = specific gravity of cement.

By having 7 e » - Wopednd G, values of the mixtures, e values were calculated using the

following equation:

(G_7j (4.2)

Vd
where y,, = unit weight of water; and y,= dry unit weight of the materials.

Fig. 4.5 shows the variation of e at the y,,,, With tyre fibore content (p; ), respectively, for
cement content ( p,) varying from 0 to 5%. Itis noticed from the graphs that generally, adding
cement to the mixtures results in slightly lower e values; however, a decrease in ., caused

a significant variation of e which have been observed by adding 1% of tyre fibre to soil. This

may be because of adding tyre fibre changes the gradation of mixtures in a way that more voids

will be created. According to Youwai and Bergado (2003) the rearrangement of particles in
addition to the compressibility of the tyre fibre can change in e values. In general, soil plus 5%

of p, has the lowest e value of 0.38.

The values of degree of saturation (S ) at the y,,. Were calculated using the following

equation:
exS=wxG; 4.3)

wherew = water content of the materials.
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adding tyre fibres to cemented soil increase UCS. Adding 1% of tyre fibres to soil increases
the UCS of the soil approximately 10-70% for fresh specimens. According to Zorenberg et al.
(2004) and Santoni etal. (2001) adding different types of fibres to six various sandy soils causes
an increase in UCS results, this increase is due to the effect of reinforcement caused by the tyre
fibre in soil. This also may be because tyre fibres have larger aspect ratios, leading to higher
pull-out resistance, and thus have more reinforcing effect (Zornberg et al. 2004). Increasing
tyre fibre content leads to slightly increase in UCS, similar observations were reported earlier
by adding tyre fibre to soil (Akbulut et al., 2007; Kalkan, 2013; Maher and Ho, 1993; Consoli
et al, 1998, 2002, 2010a; Park, 2011; Hamidi and Hooresfandi, 2013; Kutanaei and
Choobbasti, 2014). However, the rate of increase was not the same for different types of fibres
indicating the importance of fibre characteristics such as stiffness or surface smoothness.
Furthermore, fibre length has been reported as being both effective and ineffective with regards
to UCS variations in different fibre reinforced mixtures (Consoli et al., 2002; Akbulut et al.,
2007).

Axial stress, a(kPa)
LS
X 2RSS

0 0.5 1 15

Axial strain, £(%)

Fig. 5.2. Variation of unconfined compression strength curves for Perth sand with fibres content ( P; ) and

cement content ( P, ) without curing days.
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5.3.2 Effect of curing period on UCS

To study the effects of curing time on UCS, both cement-improved soil specimens and cement-
fibre-improved specimens were tested after being cured 3, 7, 14, and 28 days. The UCS of
treated soil increased significantly over curing time with increasing percentage of
cement content and tyre fibres. Specimens were cured in plastic bags for 3, 7, 14 and 28

days. The USC of each specimens was measured on the day of curing and the results are
compared as shown in Fig. 5.3(a), Fig. 5.3(b), Fig. 5.4(a) and Fig. 5.4(b).

Table 5.1. Summary of Test Condition and Results

Test ID Cement Tyre fibres Curing Dry unit Water UCS Axial strain
ratio (%) ratio (%) Period weight content (%) (kPa) (%)
(days) (KN/m3)

SSOCCOFCO 0 0 0 17.26 11.77 9.45 1.22
SSOCCOFC1 0 1 0 17.18 11.31 10.41 171
SSOCC1FCO 1 0 0 175 13.59 11.24 1.46
SS3CC1FCO 3 50.78 1.55
SS7CC1FCO 7 62.04 1.87
SS14CC1FCO 14 116.95 1.62
SS28CC1FCO 28 112.96 1.79
SSOCC1FC1 1 1 0 17.89 11.04 10.59 131
SS3CC1FC1 3 83.36 1.38
SS7CC1FC1 7 85.97 1.46
SS14CC1FC1 14 90.24 171
SS28CC1FC1 28 127.36 1.46
SSOCC3FCO 3 0 0 17.95 13.86 11.86 1.63
SS3CC3FCO0 3 232.71 1.22
SS7CC3FCO0 7 306.06 1.22
SS14CC3FCO 14 324.49 1.38
SS28CC3FCO 28 424.22 0.90
SSOCC3FC1 3 1 0 18.24 10.47 11.97 1.62
SS3CC3FC1 3 254.9 1.3
SS7CC3FC1 7 310.58 1.38
SS14CC3FC1 14 385.73 1.79
SS28CC3FC1 28 527.76 1.22
SSOCC5FCO 5 0 0 18.73 10.63 14.901 1.22
SS3CC5FCO 3 895.45 1.54
SS7CC5FCO 7 1082.51 0.98
SS14CC5FCO 14 1213.86 1.14
SS28CC5FCO 28 1478.82 1.63
SSOCC5FC1 5 1 0 18.43 10.34 16.01 1.31
SS3CC5FC1 3 952.03 0.9
SS7CC5FC1 7 1090.66 1.47
SS14CC5FC1 14 1539.37 1.62
SS28CC5FC1 28 1877.93 1.54
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Fig. 5.3. UCS variation dueto curing time: (a) without tyre fibres; (b) with 1% tyre fibres

In Fig. 5.3 and Fig. 5.4, the relationships between UCS and curing time for cement-improved
and cement-fibre-improved specimens are presented. Also, the effects of cement content, tyre
fibres and curing periods are clearly exhibited in Fig. 5.3(a), Fig. 5.3(b), Fig. 5.4(a) and Fig.
5.4(b) as amounts of cement contents were increased and the curing periods were extended
from 3to 28 days. However, the UCS values for treated soil cured at three days was lower than

that of the samples cured at 28 days. The values of USC for cemented specimens (p,=1, 3 and
5%) without tyre fibres cured at three days ranged between 50.78 and 895.45 kPa. It also was
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noticed as tyre fibre content increased from 0 to 1%, the treated specimens ( p,=1, 3 and 5%)

cured at 3 days indicated by higher UCS values of 83.36 and 952.03 kPa, respectively.

From the test results, the UCS of both cemented and cement-fibre-improved specimens
increased with curing time. By using the UCS at a 3-day curing time as a reference, the UCS
at a 28-day curing time could increase about 15-122% for both cemented and cement-fibre-
improved specimens. As the curing progresses, reaction occur between the soil particles and
the cement particles. These reaction generally result in an increase in the stiffness of the
cement-treated soil. Chang and Woods (1992) performed a series of electron microscopy tests
on different treated soils with various Kkinds of cement agent. They indicated that the
mechanism Dby which the decrease in porosity of mixture influences the unconfined
compressive cement strength of cement-treated soil is related to the existence of a larger
number of interparticle contacts. Therefore, the specimens with a high percentage of cement
has higher unconfined compressive strength. It was also noticed that the unconfined
compressive strength increase with increase of the curing time. According to Kutanaei and
Choobbasti (2017), the reason can be inferred to be the elimination of micro-cracks in the

cement part of the specimens and hydration development when the sample gets older.

28days

14day:
7days
3days

UCS (kPa)

2 3 B 5 6

Cement content (%)

(@) Withouttyre fibres
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Fig. 5.4. Effect of cement, tyre fibre and curing periods on UCS: (a) without tyre fibres; (b) with 1% tyre fibres

Table 5.2. Variation of secant tangent modulus of elasticity

TestID (UCS),, (kPa) Strain , & Secant modulus of elasticity, E (kPa)
SSOCC1FCO 30 0.005 6000
SS3CC1FCO 32 0.005 6400
SS7CC1FCO 32 0.005 6400
SS14CC1FCO 32 0.005 6400
SS28CC1FCO 32 0.005 6400
SSOCC1FC1 34 0.005 6800
SS3CC1FC1 48 0.005 9600
SS7CC1FC1 44 0.005 8800
SS14CC1FC1 47 0.005 9400
SS28CC1FC1 46 0.005 9200
SSOCC3FCO 32 0.005 6400
SS3CC3FCO 45 0.005 9000
SS7CC3FCO 50 0.005 10000
SS14CC3FCO 48 0.005 9600
SS28CC3FCO 45 0.005 9000
SSOCC3FC1 34 0.005 6800
SS3CC3FC1 44 0.005 8800
SS7CC3FC1 45 0.005 9000
SS14CC3FC1 44 0.005 8800
SS28CC3FC1 45 0.005 9000
SSOCC5FCO 34 0.005 6800
SS3CC5FCO 35 0.005 7000
SS7CC5FCO 50 0.005 10000
SS14CC5FCO 45 0.005 9000
SS28CC5FCO 50 0.005 10000
SSOCC5FC1 32 0.005 6400
SS3CC5FC1 46 0.005 9200
SS7CC5FC1 45 0.005 9000
SS14CC5FC1 44 0.005 8800
SS28CC5FC1 42 0.005 8400
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5.3.3 Modulus of elasticity (Initial tangent modulus)

Stiffness and ductility capacity of the materials used in geotechnical applications are of high
importance. Various structures have different strength and deformation requirements based on
the application. Therefore, understanding the stiffness behaviour of the mixtures used in the

current work is beneficial. From the average stress-strain curves of different mixtures, the axial

strain 0.5% values were obtained, and their variation with tyre fibre content ( p, ) is presented
in Table 5.1 and 5.2 for cement content ( p.) of O and 1 to 5%, respectively. In order to

investigate the stiffness of the sandy soil affected by adding cement and/or tyre fibre, the secant

tangent modulus of elasticity (E,) for each mixture was calculated from the average stress-

strain curves using the following equation and presented in Table 5.2.

&

c Z(ucsj 1)

where UCS = the unconfined compressive strength and &= axial strain.

Figs. 5.5 shows the variation of E with p.= 1, 3 and 5% for samples with or without tyre
fibres, respectively. The results indicate that adding 1% tyre fibre to the soil does not have any

significant influence onthe E,of the mixtures with 1 to 5% cement content, thus the stiffness

of the soil does not change significantly by adding the tyre fibre as observed earlier (Chan,
2012). It can be concluded that adding tyre fibre to cemented soil increases the flexibility of
the mixture and prevents an abrupt and brittle failure. An increase in the flexibility of cemented
soil by fibre reinforcement was reported earlier (Consoli et al., 1998; Chan, 2012; Hamidi and
Hooresfandi, 2013; Kutanaei and Choobbasti, 2014). The lower density of the mixtures induced
by the inclusion of tyre fibre in addition to the initial deformation required to mobilise the
tensile strength in the extensible tyre fibre may be the reasons of this ductility that delays the
failure (Nicholson, 2014; Kutanaei and Choobbasti, 2014).
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Fig. 5.5. Variation of secant modulus of elasticity with tyre fibre content 1% and/orcement contents of0 to 5%

In addition, it is observed from Fig. 5.5 that inserting tyre fibre in the soil-cement mixtures has
more influence on the E value when p,is higher, which is due to the counteraction of cement
and the tyre fibre effects as explained before. Furthermore, Figs. 5.5 shows that E, increases
with adding cement to the soil and soil-fibore mixtures, and the trend is similar to that of UCS
as there is insignificant variation in the axial strain at failure (&,) by changing the p,. This
increase indicates that the addition of cement increases the stiffness of the mixture, with cement
dominating the improvement at large p,, as reported earlier (Abdulla and Kiousis, 1997,

Consoli et al., 1998, 2009; Park, 2011; Chan, 2012; Kutanaei and Choobbasti, 2014). In
addition to the effect of cement hydration on the stiffness improvement, inserting cement in

the mixtures increases the 7 ..., and the density enhancement results in the increase of stiffness

(Nicholson, 2014).
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5.4  Conclusions

A series of UCS tests on cement-improved soils and cement-fibre-improved soils were
conducted. Special attention was paid to the effects of curing time on UCS tests. Some
conclusions can be drown as follows:

e The UCS and axial strain at failure (¢, ) increase with the addition of cement and tyre

fibre while specimens get older, moreover, no significant change is observed in secant

modulus of elasticity (E;).

e The test results consistently show that UCS of the cement-soil mixture keeps increasing
with curing time which can be increased by approximately 15-122%.
e The general stiffness loss due to the addition of tyre fibre to the soil-cement mixtures

is compensated by the change in the brittle behaviour of mixtures to a ductile one.
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CHAPTER 6

CALIFORNIA BEARING RATIO

6.1  General

The California bearing ratio (CBR) test is a simple strength test that compares the bearing
capacity of a material. It is primarily intended for, but not limited to, evaluating the strength of
cohesive materials having maximum particle sizes less than 19 mm. It was developed by the
California Division of Highways around 1930 and was subsequently adopted by numerous

states, counties, U.S. federal agencies and internationally.

This chapter presents the procedure and results of CBR tests conducted on different soil

mixtures containing 0, 1, 3 and 5% of cement content ( p.) and 0, and 1% tyre fibre content (

p; ) for both soaked and non-soaked condition.

6.2  California bearing ratio

The test most frequently used to characterize the subgrade soil in pavement design is the CBR
test. The importance of the CBR test emerged from the following two facts: (1) for almost all
pavement design charts, unbound materials are basically characterized in terms of their CBR
values when they are compacted in pavement layers; and (2) the CBR value has been affiliated
with some constitutive properties of soils, such as plasticity indices, grain-size distribution,
bearing capacity, modulus of subgrade reaction, modulus of resilience, shear strength, density,

and molding moisture content(AlFAmoudi etal., 2002).

Although the CBR test is only valid for uniform materials, it can show the qualitative benefit
of geogrid reinforcement to the material resistance under the same conditions of test and hence
can be used for comparing the results. Therefore, CBR tests were conducted on selected soils
unreinforced and reinforced with a single layer of the two types of geogrid (Kamel et al., 2004).
The strength and stiffness of soils are specified by factors such as drainage conditions, initial

effective stress state, water content, structure, loading direction and loading rate. When the
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CBR test is performed on fine-grained soils, neither drainage conditions nor the effective stress
state of the soil sample can be controlled. This represents a serious shortcoming of the test and
means that the relationship between CBR and static strength and stiffness cannot be
investigated directly (Hight and Stevens, 1982).

According to Kamel et al., (2004), it is clear that there is a considerable amount of increase in
the CBR value of a soil with the geogrid reinforcement. The amount of increase depends upon
both the type of soil and geogrid stiffness. For example, in the case of soil A, the CBR value
increases from 4.15 percent for unreinforced soil to 5.83 percent when geogrid-1 (of higher
stiffness) was placed at 50mm from the top and to 4.99 percent when geogrid-2 (of lower
stiffness) was placed at similar level (Table 6.1). The percent increase in CBR value was
however, more with geogrid-1, which was of higher stiffness indicating that the stiffness of the
grid also has considerable effect onthe bearing capacity of the reinforced soil. Table 6.1 shows

results of the CBR tests on three types of soil reinforced with geogrid.

Table 6.1. Results of CBR tests for different position of geogrids (Kamel et al., 2004)

Type ofgrid  Position from top(%) of height Soaked CBR percent Percent change with respect

to unreinforced sample
Soil A Soil B Soil C Soil A Soil B Soil C

No Grid _ 415 11 1.05 _ - _

Grid — 1 20 (2.5 cm) 5.25 152 1.26 27 38 20
40 (5.0 cm) 5.83 1.84 1.52 40 67 45
60 (7.5 cm) 6.46 2.24 1.84 56 104 75
80 (10 cm) 6.83 252 2.15 65 129 105

Grid - 2 20 (2.5 cm) 462 5.25 1.41 11 28 5
40 (5.0 cm) 4.9 5.83 1.7 20 66 25
60 (7.5 cm) 5.83 6.46 1.97 40 79 50
80 (10 cm) 6.3 6.83 2.23 52 103 75

6.3 Effect of cement and tyre fibre on the California bearing ratio of the mixture

For each selected moisture content and compactive effort, three CBR specimens were prepared
by compacting the wetted soil in three layers to achieve a dry unit weight equivalent to that of
the compaction test at the selected compactive effort. At each moisture content, three

specimens were immediately loaded under a surcharge of 4.5 kg and subjected directly to the
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CBR penetration test. In the case of soaked condition, additional CBR specimens were deferred
until they had been soaked in water for 4 days under the same surcharge of 4.5 kg. The CBR
test was conducted at a loading rate of 1.2 mm/min. To determine the CBR value from the load
penetration curves, the loads at penetrations of 2.50 mm and 5.00 mm were determined.
Because the CBR is defined as the ratio of the force required to penetrate a circular piston,

respectively this ratio was determined as follows:

CBR — ( M easuredforce

= x100 (% (6.1)
Standrad force

The higher of these two values is reported as the CBR value for that specimen (Al-Amoudi et
al., 2002).

Standard unsoaked CBR tests were performed on soil specimens containing 0, 1, 3 and 5%
cement content with or without 1% tyre fibres. These tests were conducted to study the
improvement in the CBR value because it is the most frequently used test method for
characterizing the subgrade soil in pavement design. The unsoaked CBR test results for soil
reinforced with various amounts of cement and tyre fibres are shown in figure 6.1. It was
noticed from the test results that the CBR value for Perth sandy soil was 11.74. The unsoaked
CBR value of 11.74 for the unreinforced soil specimen increase to approximately 13.53 for
specimens with a 1% tyre fibres content which is a 15.2% increase in the CBR value. For
cemented-soil specimens with 1% cement, the CBR value increases to 17.12 which shows a
45.82% increase. In addition, the unsoaked CBR value of 19.31 for specimen with 5% cement
has been noticed which is a 64.4% increase in the CBR value. The results show that the
unsoaked CBR value of 18.58 for fibre-cement-soil specimens with cement content as 5% and

tyre fibre content 1% which increase approximately 58.4%.
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Fig. 6.1. The unsoaked CBR test results for sand reinforced with various amounts of cement and tyre fibres

Standard soaked CBR tests were performed on soil specimens containing 0, 1, 3 and 5% cement
with or without 1% tyre fibres. The compacted soil specimens at the optimum moisture content
are soaked for 96 hours in a water bath to get the soaked CBR value of the soil as shown in
Figure 6.2. The results of soaked CBR has been presented in Figure 6.3 and the percent of
increasing in the soaked and unsoaked CBR is shown in Table 6.2. Much researches have been
conducted previously to investigate the effect of cement and/or tyre fibres on soaked CBR and
higher values of soaked CBR have been presented by previous research studies (Black, 1961;
Joel and Agbede, 2011; Baghdadi et al., 1995).

Fig. 6.2. The compacted soil specimen is soaked for 96 hours in a water bath
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Fig. 6.3. The soaked CBR testresults for sand reinforced with various amounts of cement and tyre fibres

Table 6.2. Summery of the CBR values for both soaked and unsoaked specimens

Test ID Cement Tyre fibres Dry unit Water CBR Percent of increasing
ratio (%) ratio (%) weight content (%) (%) in CBR, (%)
(kN/m3)
SSOCCOFCO 0 0 17.26 11.77 11.74 -
SSOCCOFC1 0 1 17.18 11.31 13.53 15.24
SSOCC1FCO 1 0 17.5 13.59 17.12 45.82
SSOCC1FC1 1 1 17.89 11.04 15.16 29.13
Unsoaked  sghcearco 3 0 17.95 13.86 1757 49.65
SSOCC3FC1 3 1 18.24 10.47 17.02 44.97
SSOCC5FCO 5 0 18.73 10.63 19.31 64.48
SSOCC5FC1 5 1 18.43 10.34 18.58 58.26
SSOCCOFCO 0 0 17.26 11.77 11.74 -
SSOCCOFC1 0 1 17.18 11.31 13.78 17.78
SSOCC1FCO 1 0 175 13.59 45.9 290.9
SSOCC1FC1 1 1 17.89 11.04 48.38 312.1
Soaked SSOCC3FCO 3 0 17.95 13.86 120.83 929.2
SSOCC3FC1 3 1 18.24 10.47 152.95 1202.8
SSOCC5FCO 5 0 18.73 10.63 363.63 2997.3
SSOCC5FC1 5 1 18.43 10.34 266.89 21733
6.4  Conclusions

The main conclusions that can be drawn from the current chapter are as follows:

The addition of cement increased the unsoaked CBR value of the mixture. The addition

of 1to 5% cement to soil increased the unsoaked CBR value from 17.12to 19.31, which
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is a12.8% increase. Whereas, the addition of 1 to 5% cement increased the soaked CBR
value of the mixture from 45.9 to 363.63, which is a 692% increase.
e Adding 1% tyre fibre increase the CBR value for both soaked and unsoaked mixtures.

e The results indicate that the use of cement and tyre fibres additive will improve the

performance of soil.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Summary

Soil stabilization and reinforcement are the processes of altering some soil properties by
different methods, mechanical or chemical in order to produce animproved soil material which
has all the desired engineering properties. Soils are generally stabilized to increase their
strength and durability or to prevent erosion and dust formation in soils. The main aim is the
creation of a soil material or system that will hold under the design use conditions and for the
designed life of the engineering project. Various materials have been studied and/or used as
stabilising agent, such as cement, lime and bitumen, and as reinforcing agent, such as
geosynthetics and natural or synthetic fibres. Recently, as the amount of waste materials such
as tyres and carpets is dramatically increasing, attentions have been drawn to the reuse of these
materials to reduce the environmental consequences associated with these wastes. Currently,
waste tyres are being used in some applications such as energy production or safety mat or
flooring manufacturing. They are also being utilised in some civil engineering applications
such as in embankment construction or drainage layers in landfills (Balunaini et al., 2014).

In the past, some research works have been made to investigate the engineering
behaviour of mixtures reinforced with waste tyre (Ahmed, 1993; Edil and Bosscher, 1994;
Foose et al., 1996; Youwai and Bergado, 2003; Zornberg et al., 2004; Attom, 2006; Edincliler
and Ayhan, 2010; Edincliler et al., 2012; Balunaini et al., 2014). Nevertheless, the attempts
seem to be inadequate. In addition, limited attention has been paid to the study of using waste
tyre with cement to improve the engineering properties of sandy soils. Therefore, this research
aims at investigating the changes in engineering behaviour of the sandy soil available in Perth
by adding cement and fibres produced from waste tyres.

The majority of the natural available soil is sandy in Western Australia so the tyre fibre -
reinforced cement-stabilised soil may probably be used as a material in road construction
projects. Hence, a critical review of the standards around the world was conducted to
investigate the current practices in the construction of the base course layers of highways
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worldwide. As the result of the review, and following aseries of analyses, a universal gradation
curve is developed for the materials used in the base course of highways.

The poorly graded sand (SP), as per the Unified Soil Classification System (USCS)
(ASTM, 2011), has been collected for the experimental study. The cement which has been used
in this study was general purpose (GP) cement. It is a commonly cement to use in construction
projects in Western Australia. This cement was used as the stabilising agent with contents of
0,1, 3and 5%. The tyre fibres were collected from alocal company in Perth and contents were
0 and 1%. First, basic geotechnical tests, such as sieve analysis and specific gravity test, were
conducted to determine the properties of the materials used. Then, in order to investigate the
effect of adding cement and tyre fibres to soil on its engineering behaviour, standard
compaction, unconfined compression and California bearing ratio tests were conducted on

different mixtures, and the results were analysed and scientifically discussed.

7.2 Conclusions

Based on the results of the study presented in the previous chapters, waste tyre fibres are
suitable materials to improve the engineering characteristics of sandy soils and cemented sandy
soils, and so they can be utilised in civil engineering applications. The following conclusions
are made:

1. The maximum dry unit weight (7,..) Of the pure soil and soil-cement mixtures is
slightly reduced by adding the tyre fibres ( p, =1%). Conversely, the addition of

cement to soil only and soil-tyre fibre mixtures increases the y,,.,; the highest and
lowest 7., Values are observed for soil with 5% cement (18.73 kN/m?®) and soil with

1% tyre fibre and 5% cement (18.43 kN/m?), respectively.
2. The addition of tyre fibres and/or cement to soil generally decreases the optimum water

content (w,, ). However, an insignificant decrease in w,, is observed for the mixtures

opt
of soil plus 1% of tyre fibre content ( p,). Soil plus 3% cement with a value of about
13.86% shows the highestw,,, , and sand with 1% tyre fiore and 5% cement had the
lowest w,,, of 10.34.

3. Void ratio (e) at the maximum dry unit weight is decreased by adding cement and/or

tyre fibre to pure soil.
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4. Adding cement and/or tyre fibre to the mixtures decreases the degree of saturation (S)
at maximum dry unit weight. The S values in soil cemented mixture increase when

cement is added at 1 and 3% of dry weight of soil, but increasing cement content (p,)

beyond 3% decreased the value of S.
5. The unconfined compressive strength (UCS) increased in soil with the addition of
cement and/or tyre fibre, while no significant change is observed in the secant modulus

of elasticity (E,). The addition of cement to soil and TF-reinforced soil increases the

UCS and E significantly in a non-linear way.
6. The highest improvement occurs when 1% tyre fibre is added to soil with 5% cement
with 28 days curing time. Furthermore, adding tyre fibre to the cemented soil improves

the ductility by increasing the ¢and decreasing the E, .

7. Generally, including TF in cemented soil reduces stiffness. However, the improvement
in the ductile behaviour and prevention of sudden brittle failure compensates for the

loss in stiffness.

Considering the overall outcomes of the experimental study, the use of waste tyre fibres in
soil, with or without cement, is beneficial in civil applications such as slope stabilisation,
backfills and embankments by providing a lighter mixture, improving the strength and causing
a ductile behaviour that prevents abrupt failure of the structures. In addition, it is an efficient,
cost-effective and ecologically friendly strategy to reduce and possibly eliminate the waste tyre

disposal problems, while saving natural soil materials.

7.3 Recommendations for future work

The findings of this research suggest an effective solution to the disposal problems associated
with waste tyres and show that waste tyre fibres can be used as reinforcing materials in soil and
cemented soil in civil engineering projects. Based on the promising results of this study, as

well as its limitations, further investigation is recommended on the following aspects:

e Using tyre fibres in lower content increments, such as 0.25 or 0.5%, especially at
contents of below 1%.

e Effect of gradation, by using coarser or finer graded soils, onthe engineering behaviour
of cement-stabilised and tyre fibre-reinforced soil mixtures.

e Effect of water content on the UCS and CBR fibre-reinforced-cemented soil.
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e Effect of compaction effort on the UCS and CBR of the soil reinforced with tyre fibre

and stabilised with cement.
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