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ABSTRACT: This paper presents a series of compaction tests for investigating the compaction behavior
of nonwoven geotextile-reinforced clay and the effects of permeable geotextiles on improvements in the
density of reinforced clay. Specimens were compacted by varying the compaction energy, number of
geotextile layers and compaction lift thickness. The compaction test results were analyzed from the
pure soil between the reinforcement layers without including the thickness of embedded reinforcement
layers. The test results indicate that the density of reinforced clay increased with the number of geotextile
layers without significant changes in the optimum moisture content (OMC). Due to the reinforcing
effect, up to 50% standard compaction energy could be saved when compacting the reinforced clay to
achieve the same density as that of unreinforced clay. When the degree of saturation of soil was over
90%, water absorption in the reinforcement layers increased sharply, improving the effects of permeable
geotextile on dissipation of the pore water pressure in the soil of the reinforced specimens. When
the water content of reinforced soil was 6.7% higher than the OMC, the water absorption of the
reinforcement layers reduced the void ratio of reinforced specimens under standard compaction energy

by 4.5-5.5%.
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1. INTRODUCTION

Geosynthetic reinforced soil (GRS) structures are widely
used as a green alternative to reinforced concrete
structures. To ensure the effective performance of GRS
structures, current design guidelines (Elias ez al. 2001;
AASHTO 2002; Berg et al. 2009; NCMA 2010) specify
the use of free-draining granular materials as backfill
materials within a reinforced zone and preclude the use of
fine-grained materials. However, in most construction
cases, the specified materials are not available and must be
imported from other locations; this significantly increases
the construction cost of GRS structures.

The clay excavated from the Mekong Delta in Vietnam
is a cheap and easily available material for use as backfill
soil in GRS structures. However, soft riverbed clay is
unsuitable as a backfill material because of its low shear
strength, high void ratio and impermeability. The
reduction in soil shear strength and soil-reinforcement
interface strength from excess pore water pressure
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during construction or after rainfall is the main concern
over using cohesive soil as the backfill soil for GRS
structures.

To improve the mechanical properties of clay and
minimize excess pore water pressure in the backfill,
one approach is to combine compaction with permeable
geosynthetic layers. The use of nonwoven geotextile in the
construction of full-scale test GRS walls with marginal
backfill has been reported (Tatsuoka and Yamauchi 1986;
Portelinha et al. 2013). The enhancement of the internal
stability of the GRS structures can be achieved through
the dissipation of pore water pressures in the soil mass due
to the high permeability of nonwoven geotextile reinforce-
ments (Fourie and Fabian 1987; Ling et al. 1993,
Zornberg et al. 1998; Tan et al. 2001; Iryo and Rowe
2005; Noorzad and Mirmoradi 2010; Raisinghani and
Viswanadham 2010). Although the performance and
behavior of reinforced soil have been extensively studied,
the compaction behavior of reinforced soil during con-
struction has not yet been fully investigated due to the
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complex interaction between soil and reinforcement
materials.

Soil compaction is a method used to mechanically
enhance the density of unsaturated soil by reducing the air
volume without changing the water volume in the pore
space. Compaction is aimed at increasing soil strength and
stiffness by reducing the compressibility and permeability
of the soil mass by reducing its porosity (Lambe and
Whitman 1969; Rollings and Rollings 1996; Holtz et al.
2010).

The compaction of unsaturated soil induces changes in
the pore water pressure, microscopic soil structure, and
degree of saturation. Gupta et al. (1989) observed a
correlation between changes in microscopic soil structure
and the degree of saturation with the development of
negative pore water pressure during compaction.
Laboratory measurements showed that the pore water
pressure increased and then decreased with an increase in
applied mechanical load. The minimum pore water
pressure (indicating shearing or plastic deformation of
aggregates in the soil structure) occurs for soils with a
degree of saturation of approximately 40-60% (Gupta
et al. 1989). Lins and Sandroni (1994) measured the
development of pore water pressure in unsaturated
compacted soil with constant water content subjected to
isotropic compression and concluded that positive pore
water pressure is unlikely to occur for soils with a degree of
saturation below the corresponding value at the optimum
water content, wop. Li et al. (2011) investigated changes in
the pore water pressure of clay during dynamic compac-
tion in BinDei Highway, China, and observed the
occurrence of excess pore water pressure at shallow
depths, noting that the unsaturated clay required more
time to dissipate at greater depths.

Related to the influence of compaction energy on the
compaction behavior of clay, an increase in the compac-
tion energy induced an increase in the maximum dry unit
weight, Y4.max, and a decrease in wo, (Blotz et al. 1998;
Gurtug and Sridharan 2004; Tatsuoka and Correia 2016).
Tatsuoka and Correia (2016) also investigated the influ-
ence of the degree of saturation on the compaction
behavior of clayey soil. The optimum degree of saturation
(St)opt is defined as S, where 4., is obtained for a given
compaction energy level and a given soil type. The
experimental results showed that (S,)op: and the relation-
ship between the true degree of compaction yg/ygq.max and
St — (Sr)opt of compacted soil are insensitive to variations
in the compaction energy and soil type.

Further, compaction lift thickness significantly influ-
ences soil compaction behavior. Turnbull and Foster
(1956) evaluated the effect of lift thickness on the
density gradient versus depth in lean clay (CL). They
found that the dry density gradient is steeper for a 0.3 m
thickness than for a 0.6 m lift thickness for compacted
soils with water content higher than the optimum
moisture content (i.e. the wet side of optimum).
D’Appolonia et al. (1969) evaluated the effective depth
of influence of a vibratory roller (diameter: 1.2 m, width:
2 m, pressure: 86 MPa) in coarse-graded soil. They
suggested that suitable lift thickness could be selected by
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taking the density profile of a thick lift compacted using a
given compactor after five passes.

Apart from unreinforced soil, the water absorption
of reinforcement during compaction induces changes in
the water content of compacted reinforced soil. Studies
have reported different influences of reinforcement on
compaction behavior. Studies on the compaction of clay
reinforced by fibers such as polypropylene or coir showed
that the compaction characteristics of unreinforced and
reinforced clay are similar; however, an increase in fiber
content induces an increase in maximum dry unit
weight and a decrease in optimum moisture content ey,
(Maher and Ho 1994; Nataraj and McManis 1997; Plé
and Lé 2012; Devdatt et al. 2015). Leshchinsky (2000)
and Jiang et al. (2016) investigated the influence of
secondary reinforcement, additional reinforcement layers
between primary reinforcement layers, on the perform-
ance of GRS walls. Their studies suggested that the
inclusion of secondary reinforcement has the beneficial
effect of improvement in compaction behind the wall
facing. By contrast, the opposite compaction behaviors
of geotextile-reinforced clay were also reported
(Chegenizadeh and Nikraz 2011; Chaple and Dhatrak
2013; Mirzababaei et al. 2013; Tilak et al. 2015; Soundara
and Senthil 2015). Parihar et al. (2015) studied the
compaction of clay reinforced by woven and nonwoven
geotextiles and concluded that geotextile layers reduce
Wopt and change the maximum dry unit weight (an
increase or decrease depending on the type of geotextile
and its inclination). Keskin et al. (2009) reported that the
Wopt Of reinforced clay is smaller than that of unreinforced
clay. However, the maximum dry unit weight of woven and
nonwoven geotextile-reinforced specimens is respectively
higher and lower than that of unreinforced specimens.

Studies may have provided misleading results on the
compaction behavior of reinforced soil, because the
behavior may have been evaluated using the overall
weight and volume of compacted specimens without
deducting the weight and volume of reinforcement. Thus
far, limited studies have considered soil alone to evaluate
the effects of reinforcement on the compaction behavior of
reinforced soil. Indraratna et al. (1991) were the first to
determine the dry unit weight and water content of soil
compacted between fabric layers without considering
the overall specimen with geotextiles. A series of compac-
tion tests on nonwoven and woven geotextile-reinforced
clay revealed a significant increase in dry density and
decrease in porosity; these were explained by the enhanced
dissipation of excess pore water pressure and the high air
permeability of nonwoven geotextiles. Furthermore, the
optimum moisture content, Wy, of the fabric-reinforced
soil changed only marginally with geotextile spacing.

In light of these observations, this study conducted
a series of compaction tests of clay reinforced by a
nonwoven geotextile by varying the lift thickness, com-
paction energy, and number of reinforcement layers.
The objectives of this study are (1) to estimate the
improvement in the density and void ratio of pure soil
between reinforcement layers in the reinforced clay
through compaction tests under different conditions,
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(2) to quantify the compaction energy saving due to the
effect of reinforcement on enhancing the density of
reinforced clay, (3) to assess the mechanical compaction
behavior of reinforced clay using the correlation between
the water content of reinforcement layers and the degree of
saturation of reinforced specimens, and (4) to study the
effect of the water absorption of permeable geotextile on
improving the density of reinforced clay. The study results
provide useful information for using nonwoven geotextiles
to effectively improve the compaction behavior of riverbed
clay, which could replace sandy soil as cheap backfill for
embankment constructions in local areas.

2. EXPERIMENTAL PROGRAM

A total of 110 standard and modified laboratory
compaction tests were performed to investigate the
compaction behavior of cohesive soil with and without
reinforcement. The test variables involve compaction
energy, water content, number of geotextile layers, and
compaction layers. After compaction tests were con-
ducted, the soil unit weight and the water content of
reinforcement layers was measured using a high-precision
water content determination method.

2.1. Test materials

2.1.1. Clay

KienGiang clay was excavated from the riverbed of Cai
Lon River in the Mekong Delta, Vietnam. Figure 1 shows
the grain-size distribution of clay determined from a sieve
and hydrometer test (ASTM D 422). The soil is classified
as high plastic inorganic silt (MH) by the Unified Soil
Classification System (USCS), which has specific gravity
(Gy) of 2.75, liquid limit (LL) of 91.5, plastic limit (PL)
of 44.9, and plasticity index (PI) of 46.6. The optimum
water content and maximum dry unit weight determined
from standard Proctor compaction (ASTM D 698)
are Wope =31.5% and yqmax = 13.21 kN/m?, respectively.
The saturated hydraulic conductivity of the soil at the
maximum density state estimated using Terzaghi’s 1D
consolidation theory is kg, =1.18 X 107'° m/s, as shown
in Table 1.

2.1.2. Geotextile
A commercially available needle-punched polyethylene
terephthalate (PET) nonwoven geotextile was used.
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Figure 1. Grain size distribution of KienGiang clay
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Table 1. Properties of KienGiang clay

Property Value
Unified Soil Classification System MH
Plastic limit, PL (%) 449
Plastic index, PI (%) 46.6
Specific gravity, G 2.75
Total unit weight, y (kN/m>) 16.13
Void ratio, e 1.60
Natural water content of soil, wj (%) 57.4
Degree of saturation, S, (%) 96.6
Liquid limit, LL (%) 91.5
Optimum water content, wyp (%0) 315
Maximum dry unit weight, yd,m.dx(kN/m3) 13.21

The nonwoven geotextile was selected due to its high
permeability, because this significantly reduces pore
water pressure in reinforced samples during compaction.
Table 2 summarizes the properties of the tested nonwoven
geotextile. Based on the permittivity test (ASTM D 4491),
the geotextile has permittivity of y=1.96 s™' and corre-
sponding cross-plane permeability of k=3.5x 107> m/s,
which is several orders of magnitude higher than the
permeability of the clay used in this study. The
load-elongation behavior of the reinforcement was tested
by wide-width (ASTM D 4595) and biaxial tensile tests
(Nguyen et al. 2013) in the longitudinal and transverse
directions as well as by a puncture-strength test (Yang
et al. 2016). The test results revealed the anisotropic
tensile behavior of the geotextile.

2.2. Specimen preparation

A natural clay sample excavated from the riverbed in the
form of wet bulk was placed in an oven (temperature was
set at less than 60°C) for a minimum of 24 h and then
crushed and ground into a dry powder in a mortar.
Moist soil specimens were prepared by mixing different
quantities of powder and water corresponding to the
desired water content, with the mixture being placed in a
plastic bag within a temperature-controlled chamber and
sealed for a minimum of 2 days to ensure a uniform
distribution of moisture within the soil mass.

2.3. Testing program

A total of 50 compaction tests were performed on the
unreinforced clay under different water content values,
compaction energies, and compaction layers. Regarding
reinforced clay specimens, 60 compaction tests were
conducted by varying the water content values, number
of reinforcement layers, and compaction energies.

The variation of water content and compaction energy
of all specimens (i.e. unreinforced and reinforced speci-
mens) was 20-45% and 600-2700 kJ/m?, respectively. The
specimens were compacted using a mold with a 101.4 mm
diameter and height of 116.6 mm. The number of blows
per compaction layer and type of rammer used depended
on the compaction energies. Two types of rammer were
used: a Proctor rammer (i.e. 24.5 N drop from 305 mm)
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Table 2 Physical and hydraulic properties of nonwoven geotextile
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Property

Value

Fabrication process

Needle-punched PET nonwoven geotextile

Mass (g/m?) 200
Thickness (mm) 1.78
Apparent opening size (mm) 0.11
Permittivity (s™) 1.96
Cross-plane permeability (m/s) 3.5%1073

Direction Ultimate strength (kN/m)

Failure strain (%)

Secant stiffness @ peak value (kN/m)

Wide-width tensile test

Longitudinal 9.28

Transverse 7.08
Biaxial tensile test

Longitudinal 7.53

Transverse 5.91
Puncture strength test

Axisymmetric ‘ 12.3

84.1 11.03
117.8 6.01
20.3 37.09
243 24.32
65.6 18.75

and a modified Proctor rammer (i.e. 44.48 N drop from
457.2 mm), as listed in Table 3.

For unreinforced specimens, clay specimens were
compacted in two, three, five, and six layers (Figure 2a)
to investigate the influence of compaction lift on the
compaction behavior of clay. The amount of soil for each
compaction layer was evaluated using several trial
compaction tests. The total amount of soil used should
be such that the last compacted layer slightly extends into
the collar but not more than ~6 mm above the top of the
mold, as required in ASTM D 698 and ASTM D 1557.
Before the collar was removed to trim the compaction
specimen, the soil adjacent to the collar was trimmed to
loosen it from the collar and to avoid disrupting the soil
below the top of the mold. A knife was used to trim the
compacted specimen even with the top of the mold. Any
holes in the top surface were filled with unused soil and
pressed in with fingers; then, a straight edge was scraped
across the top of the mold. After the specimens were
compacted, their moisture weight, W, and the water
content of the soil, w, were measured (following ASTM
D 2216). The dry unit weight of unreinforced specimens,
Yd-unres Was evaluated as

w

(I+w)V M

Yd-unre =

where V'=mold volume.

Table 3. Compaction method and energies

The reinforced specimens were compacted in six
compaction layers and stabilized with one, two, and five
reinforcement layers (Figure 2b). After each soil layer was
compacted and leveled, the soil surface was scarified
before a 101.6 mm-diameter dry geotextile layer was
placed horizontally on the roughed surface. The amount
of soil required for the next layer was then poured and
compacted. The process for completing the surface of
reinforced specimens was similar to that for unreinforced
specimens. The moisture weight of the reinforced speci-
men, W, and water content of the soil, w, was measured in
the reinforced specimens.

Although the unreinforced and reinforced specimens
were compacted using clay prepared with the same water
content, it was observed that the water content in
reinforced specimens was slightly lower than that in
unreinforced specimens due to water absorption by the
reinforcement layers (considering the same reduction in
the water content of unreinforced and reinforced soil due
to evaporation during compaction). Besides, the distri-
bution of the water content of soil in reinforced specimens
seemed nonuniform. The water content of soil adjacent to
the reinforcement layers was lower than the original water
content due to water drainage; by contrast, higher water
content was found in the soil far from the reinforcement
layers. As a result, the water content of reinforced
specimens should be evaluated as the average value for

Compaction energies, E, (kJ/m?) Compaction methods Total number of blows
600 Standard compaction energy 75
24.5 N rammer dropped from a height of 30.5 cm
960 Modified compaction energy 120
24.5 N rammer dropped from a height of 30.5 cm
1920 Modified compaction energy 240
24.5 N rammer dropped from a height of 30.5 cm
2700 Modified compaction energy 125
44.5 N rammer dropped from a height of 45.7 cm

Geosynthetics International, 2020, 27, No. 1



101.6 mm

Nguyen, Yang and Yalew

Compaction layer

116.6

Two compaction
layers

101.6 mm

Three compaction
layers

(@)

Five compaction
layers

Six compaction
layers

Reinforcement layer

5.1 (top)

11 116.6
(middle) | MmM

2.1 (top)

52
5.3

22

54
5.5

U

(bottom)

Reinforcement

One reinforcement layer

Two reinforcement layers

(b)

(bottom)

Five einforcement layers

Figure 2. Arrangement of compaction layers and reinforcement layers in (a) unreinforced specimens and (b) reinforced specimens

the overall specimens rather than the measured water
content for several extracted soil samples.

The water content reduction Aw due to water absorp-
tion by reinforcement layers in the reinforced specimens
was evaluated as

_ Wgeo Wd-geo

Aw (2)
Wd-soil

in which Wy e, and wye, are the dry weight and water
content of geotextile layers in reinforced soil, respectively.
The first parameter (i.e. Wjeeo) Was measured before
compaction tests. The second parameter (i.e. Wge,) Was
estimated based on the dry and moisture weight of
reinforcement layers retrieved after compaction tests
(as discussed in the next section).

Wsoin 18 the total weight of dry soil in reinforced soil
specimens after compaction. As the soil of unreinforced
and reinforced specimens was prepared with the same
water content, considering the same reduction of water
content in unreinforced and reinforced soil due to
evaporation during compaction, the total weight of dry
soil in reinforced specimens was determined as

Wre - Wd-geo

W iosoil = 1+w

(3)
where W, is the moisture weight of reinforced specimens.

Figure 3 shows the calculated water content reduction;
Aw was very small (Aw <0.3%). The higher the number of
reinforcement layers and the higher the water content of
the soil, the greater the amount of water from the soil that
was infiltrated into the geotextile layers. In addition, the

_ 0304 o
2 OFive reinforcement layers
5 025 A Two reinforcement layers
_5 02041 ©One reinforcement layer
o
3 A
B 0.15
= o ©
C
2 0.10 - o ©
5 <
o o A
§ 0.05 . o ® Qéoi N
0l 8 oXRp BR MIE .
0 10 20 30 40 50

Average water content of soil in the reinforced specimens, w (%)

Figure 3. Variation of water content reduction with the average
water content of soil in reinforced specimens

water absorption in the geotextile layers did not greatly
influence the water content of the reinforced specimens
due to the low percentage of geotextiles in the reinforced
soil specimens (i.e. 0.1-0.6% in weight).

The dry unit weight of the soil in the reinforced
specimen, y4.., was determined from the dry weight and
volume of the soil only after deducting the dry weight
and volume of reinforcement layers from the reinforced
specimens. Indraratna et al. (1991) were the first to
evaluate actual soil compaction by considering the dry
unit weight for pure soil compacted between geotextile
layers in lieu of the overall specimens with the reinforce-
ment. As a result, the problems caused by the total
thickness of the geotextile in evaluating the dry density of
soil in reinforced specimens were avoided.
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w_..
d-soil (4)

Vd-re = m

where Ve, =total volume of all reinforcement layers,
which was evaluated as

ny

Vio =3 Y1 (5)
i=1

where d is the diameter of the reinforcement layer
(101.6 mm); i and n, are ordinal number and total
number of reinforcement layers in reinforced specimens,
respectively; and ¢; is the actual thickness of reinforcement
layer 7 in compacted specimens.

The actual thickness of the reinforcement layer ¢; is
reduced significantly compared to the undeformed thick-
ness ¢r=1.78 mm. During compaction, the rammer
applies dynamic forces perpendicularly to the planar
plane of the geotextile layer through its drops. As a result,
the thickness of the geotextile layer decreases as it is
compressed under the impact forces and then the elastic
deformation recovers after each drop of the rammer.
This process is repeated until the compaction process
is finished. Subsequently, the geotextile layer is com-
pressed slightly by the overburden pressure of the soil
layer above. The method to estimate #; is discussed in
Section 2.5.

2.4. Technique for measuring reinforcement water content

The water content of reinforcement layers was determined
using a high-precision water content determination
technique. Before the compaction test, geotextile speci-
mens were cut into 101.6 mm-diameter circular discs and
oven dried, and their dry weight, Wy_,., was measured
using a high-precision balance. After the compaction test
of reinforced specimens was complete, the reinforcement
layers were carefully retrieved from the specimens. Owing
to the compaction force, the wet clay and water adhered
into the reinforcement layers (Figure 2). The water content
of the reinforcement layers was determined as the wet
weight of the tested geotextile discs retrieved from the
dismantled reinforced specimens (i.e. weight of reinforce-
ment and included soil) immediately after compaction
tests and the dry weight of the tested geotextile discs
after being oven dried, Wiy tested geo aNd Wi tested_geos
respectively.

(1 + W) Wd.tested,geo B Ww,tested,geo
Wd-geo

Weeo = W — (6)

Due to the small difference between the water content
of reinforced and unreinforced specimens (less than 0.3%),
the water content of the geotextile layers wge, could be
evaluated using the water content of unreinforced speci-
mens without inducing a significant error.

2.5. Estimating the actual thickness of the geotextile layer
in compacted specimens

The thicknesses of geotextile layers were reduced from
their undeformed thicknesses due to the dynamic com-
paction force and overburden pressure in the compacted
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specimens. Due to the difficulty in measuring the actual
thickness of geotextile layers in the compacted specimens,
this was determined from the upper bound value 7.,
(i.e. maximum thickness value) and lower bound value
tmin (1.e. minimum thickness value). The upper bound
value was the thickness of geotextile layers under the
overburden pressure, gy, of the soil layer above without any
compaction. The lower bound value was the thickness
under o, after performing the compaction test on
geotextile layers alone (without soil). The number of
rammer drops onto the reinforcement layer depended on
its location and the compaction energy required for the
compacted specimen (Figure 2b). The impact force from
rammer drops onto the geotextile layers is higher than that
onto geotextile layers with soil. This is because the
distance that the rammer travels to the reinforcement
layers during impact is smaller than that which it travels
to the reinforced specimens (for the same potential
energy). As a result, the thickness of the geotextile layer
compacted without soil was smaller, as expected, than the
actual thickness of the geotextile in the compacted
specimens.

The overburden pressure acting on a geotextile layer,
o, 1s evaluated as

oy = hyey (7)

where /. is the depth of the geotextile layer in compacted
specimens, and y is the bulk unit weight of the compacted
soil, which varies from 15.1 to 20.7 kN/m°.

The thickness of the geotextile was determined under
normal pressure following ISO 9863-1:2016(E) (ISO
2016). Because the range of normal pressure is small
(i.e. 0.25-1.75 kPa), a 10 cm-diameter circular presser
foot was used (instead of 5 cm, as specified by ISO
9863-1:2016(E) (ISO 2016)) to magnify the compression
force. The specified normal pressure was applied for 30 s
before measuring the thickness of the geotextile layer. For
each level of axial pressure, the mean thickness was
evaluated with less than 1% coefficient of variation from
the testing results of 10 geotextile specimens.

Figure 4 shows that the average thickness of the
geotextile specimens reduced when increasing either
the applied normal force or the number of drops of the
compaction rammer. The actual thickness of reinforce-
ment layer i in reinforced compacted specimens was
determined as the average value of 7, and #n.

Imax + Imin
{=——"_ 7
== ®)

The error of the dry unit weight of soil due to the
evaluation of ¢; was assessed from the standard deviation
of the geotextile thickness oy;.

Imax — Imin

5 = fnin ©)

From Equations 4 and 5, by considering the thickness
of each reinforcement as a variable in the function of dry
density of soil in reinforced specimens, y4..., and applying
the derivation of the function of y4_, the error of 4., can
be presented using the fractional error.
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The results of fractional error ¢,4.re/yd-re show that for all
cases, the values are less than 0.6%. The error increases for
specimens reinforced by a higher number of reinforcement
layers (Figure 5). The error analysis showed that the
proposed method was applicable for evaluating the
thickness of reinforcement layers in reinforced soil after
compaction.

(10)

3. RESULTS AND DISCUSSION

This section discusses the experimental results from the
compaction tests of reinforced and unreinforced clay
specimens.

3.1. Influence of lift thickness on the compacted
density of clay

Soil samples were compacted in two, three, five, and
six layers under the standard compaction energy
(i.e. 600 kJ/m?) to evaluate the influence of lift thickness
on the dry unit weight of unreinforced clay specimens. The
test results shown in Figure 6 revealed that for the same
compaction energy, the thickness of each compaction
layer insignificantly influenced the optimum water
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Figure 5. Fractional error with different dry unit weights of soil
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Figure 6. Variation of the dry unit weight of clay specimens when
compacting at different water contents and compaction layers

content, OMC (W~ 31.5%), but not their dry density
(Figures 6). The higher the number of compaction layers,
the higher was the dry unit weight of specimens. Turnbull
and Foster (1956) reported a similar finding when
evaluating the effect of lift thickness on the density
gradient versus depth in a low-plasticity clay (CL).

When specimens were compacted at the dry side of
OMC, a significant increase in the dry unit weight of clay
specimens was achieved with an increase in the number
of compaction layers (i.e. a decrease in lift thickness). By
contrast, the increase in dry density was less pronounced
for specimens compacted at the wet side of OMC.

The effects of lift thickness on the improvement in the
dry unit weight of compacted soil were evaluated using the
percentage of dry unit weight difference, %DD;. This is
defined as the difference in percentage difference of dry
unit weight between the dry unit weight of soil compacted
by n. compaction layers and two compaction layers,
Yd-nclayers and Vd-2layers reSpeCtiVely-

%DDL _ Yd-nclayers — Yd-2layers % 100% (1 1)
yd-2layers

The lift thickness / was defined as the thickness of each
compaction layer (Figure 2)
H

l:
ne+ 1

(12)

where H is the total height of the compacted specimen
(=11.66 cm).
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Figure 7. Effects of thickness lift and water content on the
percentage of dry unit weight difference (a) specimens compacted
on the dry side of OMC; and (b) specimens compacted on the wet
side of OMC

Figure 7 shows that the dry unit weight difference
increased as the lift thickness / was decreased (i.e. as
the number of compaction layers was increased). At the
optimum water content, the density of the specimen
increased up to 7.1% when the lift thickness was reduced
from 58.3 to 19.4 mm. In general, the greater the
difference in compaction water content from wgp, the
less the dry density improvement of the samples. However,
the compaction behavior of clay specimens on the dry side
of OMC was different from that on the wet side of OMC.
For a ~10% lower water content than we, the dry
unit weight improvement of specimens compacted at
[=19.4 mm was approximately 4%. The dry density of
compacted specimens decreased dramatically at a water
content higher than w,p. At an 8.5% higher water content
than e, less than 1% dry density improvement was
observed, even when the lift thickness value was tripled.

3.2. Compaction behavior of nonwoven
geotextile-reinforced clay

Figure 8 summarizes the compaction results of nonwoven
geotextile-reinforced clay that was compacted in six
compaction layers combined with various reinforcement
layers under different compaction energies. As the dry unit
weight y4 was evaluated for considering soil only, the

23
& 15.0 4
£ —o—Five reinforcement layers
E 14.5 1 ——Two reinforcement layers
© 14.0 { —o—One reinforcement layer
= —¥—Unreinforced e?p
5 13.51 %,
‘D (J
o
2 13.0 |
S 125
jal
o 12.0 v v v v v T T )
10 15 20 25 30 35 40 45 50
Water content of soil, w (%)
(a)
o 164
£
é 15 4
F s e%%
ey
k=)
g 13 { —e—Five reinforcement layers
= —A—Two reinforcement layers
g 12 4 —5—0ne reinforcement layer
> .
8 11 +Unr'e|nforced' i i i i i X
10 15 20 25 30 35 40 45 50
Water content of soil, w (%)
(b)
18 -
ég —6-Five reinforcement layers
> 174 ——Two reinforcement layers
=3 <, —6—One reinf I
- ///7 ne reinforcement ayer
=T J
= 16 —%-Unreinforced
ey
2
9] J
2 15
S 14/
>
o
13 T T T T T )
10 15 20 25 30 35 40
Water content of soil, w (%)
(c)
& 194
£ —o—Five reinforcement layers
g 181 —A—Two reinforcement layers
T 17 4 5 4 5 —©—One reinforcement layer
_—S’ 16 4
]
2 15 1
S 14
e
a 13 T T T T T T |
5 10 15 20 25 30 35 40

Water content of soil, w (%)

(d)

Figure 8. Variation of dry unit weight of unreinforced and
reinforced riverbed clay with the water content of soil under
different energy energies (a) 600 kJ/m>; (b) 960 kJ/m?;

(¢) 1920 kJ/m>; and (d) 2700 kJ/m>

test results revealed that, compared with the unreinforced
specimen, the density of clay in reinforced specimens
increased significantly. The greater the number of
reinforcement layers, the higher the increase in the
density of the reinforced specimens, especially for
reinforced clay specimens with five reinforcement layers.
This finding agrees with the results of several studies
(Indraratna et al. 1991; Keskin et al. 2009). This is
because the geotextile layers enhanced the dissipation of
air and excess pore water pressure during compaction,
thereby improving the reduction in porosity of reinforced
specimens. The effect of the water dissipation of
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reinforcement layers on improving the compaction of
reinforced specimens is further evaluated in the next
section.

The enhancement of the dry density of reinforced
clay was also reduced by the extra confinement generated
by the tensile mobilization of reinforcement during
compaction. Due to the interface interaction between
the reinforcement and the soil, the shear flow of soil
is restrained in the lateral direction. As a result, the
compaction force compresses the soil more efficiently to
expel the void from the soil. As shown in Figure 9,
a similar lateral restraint mechanism in geosynthetic-
reinforced flexible pavements was proposed in several
studies (Holtz et al. 1998; Perkins 1999; Zornberg 2011).
When vehicle loads are supported, the shear interaction
developing between the aggregate and the geosynthetic
induces tension in the reinforcement and, in turn, a
reduction in the lateral spreading (i.e. increased horizontal
stress o, and decreased horizontal strain, ¢,) of the base
aggregate.

A similar reinforcement deformation behavior was
observed in the compaction of reinforced clay specimens.
The expansion of reinforcement layers in the reinforced
specimens indicated the development of tension in the
reinforcement layers due to a soil-reinforcement inter-
action under compaction forces (Figure 10a). As a result,
the compacted soil was restrained laterally by the
reinforcement layers, and the density of the reinforced
soil increased accordingly. Figure 10b shows that geotex-
tile discs not only expanded in plane but also concavely
under the dynamic force from compaction. The defor-
mation shapes of the reinforcement layers were also
different when the water content of soil and compaction
energies were changed. The higher the water content of the
soil, the softer it became. As a result, the rammer
penetrated the soil more deeply during compaction.
Reinforcement layers would be deformed more concavely
in specimens with higher water content. Some reinforce-
ment layers broke under the compaction force of the
dropping rammer, especially in specimens with a water

Surcharge

“\{ Base course Reduced g, &,

Geosynthetic

Increased oy,
Reduced g,

A

Geosynthetic
tensile strain

Reduced o,, ¢,

~— Reduced 7

\- Subgrade

N

Figure 9. Shear-resisting interface mechanism of reinforcement
due to vehicle load (after Perkins 1999)

Nguyen, Yang and Yalew

(b)

Figure 10. Undeformed (left) and deformed post-test (centre)
geotextile disc in specimens reinforced by two layers under
1920 kJ/m® of compaction energy (a) w =20.6% and

(b) w=38.4%; dismantled specimen (right) with geotextile disc

content of over 38% and high compaction energy
(Figure 10b).

In Figure 8§, it is also observed that the optimum water
content W,y changed only marginally between unrein-
forced and reinforced specimens. Indraratna et al. (1991)
reported a similar observation when investigating the
compaction behavior of soft marine clay reinforced with
woven and nonwoven geotextiles. This can be explained
as the soil structure remaining unchanged despite the
presence of reinforcement inclusions. The geotextile layers
only helped to increase the soil density by enhancing air
and water pressure dissipation and confinement from
mobilizing reinforcement tension. In addition, due to the
insignificant difference (i.e. <0.3%) between the water
content of unreinforced and reinforced specimens, the
presence of geotextile layers also did not significantly
influence the wyy value. By contrast, changes in the
optimum water content of soil reinforced by various types
of fibers have been reported differently in previous studies.
Several studies (Ramesh et al. 2010; Chaple and Dhatrak
2013; Devdatt et al. 2015; Tilak et al. 2015) reported the
Wopt Of fiber-reinforced specimens to be slightly higher
than that of unreinforced specimens, but some studies
reported that the added fiber causes a decrease in the woy,
of reinforced fiber soil (Maher and Ho 1994; Nataraj and
McManis 1997; Plé and Lé 2012). Changes in wep of
reinforced fiber soil are caused by the different structure
of the fiber-soil mixture. Furthermore, the we, of
fiber-reinforced specimens was varied because the dry
unit weight of soil reinforced with fiber was evaluated
from the entire weight of the soil-fiber mixture without
separating the dry weight and volume of reinforcement
layers from the reinforced specimens.

Regarding the influence of compaction energy, the dry
densities of specimens increased with the applied compac-
tion energy for both unreinforced and reinforced speci-
mens. The w,p, value of specimens reduced from 31.6% to
18.4% when the compaction energy was increased from
600 kJ/m* to 2700 kN/m?, respectively. Similar findings
were reported in numerous studies on the compaction
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behavior of clay (Attom 1997; Drew and White 2005; Bera
2014; Sabat and Moharana 2015; Vinod et al. 2015;
Hussain 2017).

3.3. Compaction effectiveness improvement and
compaction energy saving

The compaction improvement of reinforced soil was
further analyzed using the maximum dry unit weight,
Yd-max- As shown in Figure 11, compared with unrein-
forced soil, the y4.max value of reinforced soil was higher
and increased with the compaction energy E and number
of reinforcement layers. As discussed previously, the
density of reinforced soil improved due to water and
air dissipation through the reinforcement layers and
enhanced confinement from the soil and reinforcement
interaction.

The improvement in maximum dry unit weight of
compacted soil due to the inclusion was also quantified
using the percentage of maximum dry unit weight
improvement as

yre _ yunre
%DD, = W x 100%
d-max

(13)

in which ygnax and yimax are the maximum dry unit

weight of reinforced and unreinforced soil specimens
(compacted under the same compaction energy),
respectively.

The results revealed that the improvement in maximum
dry unit weight of reinforced clay decreased with an
increase in reinforcement spacing, /1 (Figure 12) which was
defined as

H
= 14
| (14)
where n.=number of reinforcement layers in the

reinforced specimen.

Compared to the influence of %, the influence of
compaction energy on %DD,. is minor. The improved
density of reinforced soil increased when the reinforce-
ment spacing was reduced. For /4=19.43 mm, the
improvement density of reinforced soil reached the
maximum value of 4.3-5.3% regardless of the compaction
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Figure 11. Variation of maximum dry unit weight of unreinforced
and reinforced clay under different compaction energies
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Figure 12. Variation of percentage of dry unit weight improve-
ment with reinforcement spacing. The unreinforced specimens were
equivalent to a reinforcement spacing of 116.6 mm

energy level. The variation of %DD,, was small (less than
1%) when the compaction energy was changed from 600
to 2700 kJ/m®.

The test result showed that for the same compaction
energy, the maximum density of reinforced clay was higher
than that of unreinforced soil. In other words, to reach the
same maximum dry unit weight of compacted soil, the
compaction energy applied to unreinforced soil specimens
was higher than that applied to reinforced soil specimens.
In order to evaluate the level of reduction of compaction
due to reinforcement, the value of compaction energy of
unreinforced and reinforced soil to achieve the same
maximum dry unit weight was calculated using the data
shown in Figure 11. At a maximum dry unit weight of
unreinforced specimens, yd'max. the value of E)g'.x were
determined as 600, 960, 1920 or 2700 kJ/m>. The values
of E q.max Were evaluated by interpolating the compaction
energy of reinforced specimens with the value of y§imax.
Besides, for a maximum dry unit weight of reinforced
specimens, 74.max €quivalent to a compaction energy level
(i.e. Ejq.max), the value of E)j.x was interpolated using
the value of g max. Since the compaction energy in the test
was varied from 600 to 2700 kJ/m>, the evaluated
compaction energy should also be limited in that range
of values. The reduction in compaction energy due to
reinforcement was then evaluated using the percentage of

compaction energy saving %FE:
unre re
Eyd-max - Eyd-max

Eunre

yd-max

%Es = (15)

As shown in Figure 13, the larger the number of
reinforcement layers, the higher the compaction energy
saving. The level of compaction energy saving generally
reduced when the compaction energy was increased from
600 kJ/m*® (i.e. standard compaction) to 2700 kJ/m®
(i.e. modified compaction). At standard compaction
energy, the compaction energy could be reduced by up
to 10.4% and 27.0% when compacting clay with one and
two reinforcement layers, respectively. In particular, when
using five reinforcement layers during compaction at
600 kJ/m®, almost half of the compaction energy
(i.e. 49.9%) can be saved. At the modified compaction
energy E=2700 kJ/m®, the compaction energy saving
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Figure 13. Effect of number of reinforcement layers on the percent
of compaction energy saving

reduced to 3.1%, 6.2%, and 14.9% when one, two, and five
reinforcement layers were used to compact the clay
specimens, respectively.

4. WATER ABSORPTION IN THE
REINFORCEMENT LAYERS

The influence of reinforcement on improving the effec-
tiveness of soil compaction was further assessed by
investigating the degree of saturation of soil specimens
and water absorption in the reinforcement layers.

4.1. Degree of saturation of unreinforced and
reinforced specimens

As discussed previously, the optimum degree of saturation
of compacted specimens is an important parameter for
ensuring the maximum saturated stiffness/strength of a
given soil type. The degree of saturation of specimens was
evaluated as

Gsw
e

S (16)
in which G; is the specific gravity of clay (=2.75); w and
e are the water content and void ratio of soil in both
unreinforced and reinforced specimens, respectively.

The variation of the degree of saturation of unrein-
forced and reinforced specimens, S;, with the value
of W—Wep is shown in Figures 14-17. In general,
S, increases with an increase in the water content of soil,
w. In particular, S; is less than 70% when w is smaller than
Wopt by 5%. On the wet side of the optimum water content,
the compacted specimens were relatively saturated
(8:>90%) when w was 5% higher than wq.

The degree of saturation S, of reinforced specimens
increases with the number of reinforcement layers. It can
be explained as the improvement of the density of
the reinforced specimens (i.e. lower void ratio e) over the
unreinforced specimens, which reduced the void volume
(including water and air) in the soil specimens. The
reduction of air voids apparently dominated the total void
reduction because the water content of soil does not
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Figure 14. Variation of (a) degree of saturation and water content
of geotextile layers in specimens reinforced with (b) single
reinforcement layer; (c) two reinforcement layers; and (d) five
reinforcement layers under 600 kJ/m> of compaction energy

change significantly over the unreinforced and reinforced
specimens, as discussed previously.

In addition, the degree of saturation S; slightly
decreases when w — 1w, is over 5-10%. Because the clay
was too wet and soft, it was difficult to further expel air
voids under compaction forces.

Tatsuoka and Correia (2016) defined the optimum
degree of saturation of compacted specimens Sy(opy) as S;
at which the maximum dry unit weight is obtained.
In other words, Sy(py) is determined from the specimen at
its optimum water content w,p,.. Figure 18 shows the S;(opy)
value of unreinforced and reinforced specimens with
different levels of compaction energy. The result shows
that Sy varies marginally with the compaction energy
level E. The average Syopy) value of unreinforced soil is
81.3%, which is close to the average Sypt) value of 82%
proposed by Tatsuoka and Correia (2016). The average
Siopy value increases with the number of reinforcement
layers, and it is 82.7%, 85.0%, and 90.6% for specimens
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Figure 15. Variation of (a) degree of saturation and water content
of geotextile layers in specimens reinforced with (b) single
reinforcement layer; (c) two reinforcement layers; and (d) five
reinforcement layers under 1200 kJ/m® of compaction energy

reinforced with one, two, and five layers, respectively
(Table 4).

4.2. Water content of reinforcement layers

The water contents of geotextile layers wy, in specimens
reinforced with one, two, and five reinforcement layers are
shown in Figures 14-17. In general, the water content of
the geotextile layer increases with the water content of soil
specimens.

Two water drainage mechanisms were used to explain
the test results observed: (1) direct contact between
reinforcement and wet soil and (2) dissipation of water
pressure into the permeable reinforcement under dynamic
compaction forces. Figures 14-17 show that when the
water content of the soil sample is less than its OMC, the
water content of geotextile layers wgc, is small (less than
4%) and increases slightly even with 10% increment of the
water content of soil. The water content of reinforcement
layers also did not increase when the compaction energy
was increased. It seems that at this water content range,
the amount of water was not sufficient to fill voids fully in
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Figure 16. Variation of (a) degree of saturation and water content
of geotextile layers in specimens reinforced with (b) single
reinforcement layer; (c) two reinforcement layers; and (d) five
reinforcement layers under 1920 kJ/m®> of compaction energy

soil specimens (i.e. less than a 90% degree of saturation of
soil specimens). As a result, the excess pore water pressure
did not increase and dissipated into the geotextile discs
during compaction. Therefore, only a small amount of
water was observed in the geotextile layers due to direct
contact between the reinforcement and wet soil.

By contrast, in this study, when the water content
was higher than w,,. by 5-10%, the water content of the
geotextile layer increased significantly with an increase in
the water content of soil and compaction energy level. The
water content of the geotextile layer increased sharply
when soil specimens had a degree of saturation of over
90% (i.e. almost fully saturated). Under dynamic compac-
tion forces, the pores between the aggregate were reduced
and became small, soil pores were filled with water, and
pore water pressure increased. Earlier studies have already
reported and approved an increase in pore water pressure
when compacting saturated and partially saturated soil.
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Figure 18. Variation of optimum degree of saturation of
unreinforced and reinforced compacted specimens under different
compaction energy

Other studies have reported similar observations.
Table 5 shows changes in the degree of saturation of
partially saturated clay under isotropic compression with

Nguyen, Yang and Yalew

air drainage, as evaluated from test data by Lins and
Sandroni (1994). This reveals that S; increased signifi-
cantly after applying isotropic compression pressure on
unsaturated clay specimens. Furthermore, excess pore
water pressure occurred when the degree of saturation of
soil specimens was over ~90%. Li et al. (2011) noted
excess pore water pressure when clay was compacted
below ground water level (i.e. saturated soil). Under
ramming strike compaction, the excess pore water
pressure increased with an increase in the compaction
number and decrease in strata depth.

In summary, when the water content was lower than the
optimum moisture content, less than 4% of the water
content of the reinforcement layers in reinforced soil
specimens was observed due to water absorption from the
direct contact between wet soil and dry reinforcement
layers. When the water content of soil was higher than the
Wopt by 5-10%, which was equivalent to a degree of
saturation of over 90%, excess pore water pressure
occurred during compaction. As a result, the water
content of reinforcement layers increased significantly,
indicating that the permeable reinforcement dissipated
excess pore water in compacted clay.

4.3. Improvement of soil void ratio by reinforcement

Apart from dry unit weight, void ratio is also used to
evaluate the compaction effectiveness of soil, as suggested
by Walker and Chong (1986). The void ratio of unrein-
forced and reinforced specimens was evaluated based on
their dry unit weight.

Gsyw

e=—""—-1 17
’ (17)

The effect of reinforcement on reducing the void ratio of
reinforced soil was evaluated using the void ratio
reduction percentage %oAe:

%he = e~ Cr o 100% (18)
eunre
where ey and e, are the void ratio of unreinforced and
reinforced specimens compacted at the same initial water
content, respectively.

Figure 19 shows the improvement of the void ratio of
reinforced soil at the optimum water content. In general,
when increasing the compaction energy from 600 to
2700 kJ/m?, the void ratio reduction percentage increased.
The greater the number of reinforcement layers, the higher
the void ratio improvement and the denser the compacted
soil. When reinforced by a single layer, only 0.9-2.5% of
void ratio reduction of reinforced clay was observed. For
specimens reinforced with two and five reinforcement
layers, void ratio reductions showed a significant improve-
ment of 3.0-5.0% and 8.3-13.1%, respectively.

Furthermore, to quantify the effect of water absorption
of reinforcement layers on the void ratio improvement of
compacted soil, air and water voids were evaluated
separately within the total voids in compacted soil. The
air void ratio e, was defined as the ratio of the volume of
air to the volume of solid soil. The water void ratio e, was
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Table 4. Values of optimum degree of saturation of unreinforced and reinforced specimens

Specimens Compaction energy level, (kJ/m?) Average Sy(opy), (%0)

600 960 1920 2700

Unreinforced 87.3 77.1 81.7 79.2 81.3

Reinforced — 1 layer 88.1 78.3 83.2 81.2 82.7

Reinforced — 2 layers 90.0 81.3 85.4 83.3 85.0

Reinforced — 5 layers 95.2 85.7 90.4 91.0 90.6
Table 5. Changes (.)f void ratio a{ld degree of satl.lration of partia! AoY — Waeo Wa-geo G (20)
saturated clayey soil analyzed using data from Lins and Sandroni e =

(1994)

Water Test case At the beginning | When excess pore
content, (%) of test water pressure
occurs
Void S, Void S,

ratio, e (%) ratio, e (%)?
30.2 Wopt +2.4 0.97 83.0 0.90 89.1
27.5 Wopt — 0.3 0.89 84.7 0.83 90.9
25.4 Wopt — 2.4 0.93 75.0 0.80 86.8
24.3 Wopt — 3.5 0.94 71.0 0.75 89.6
233 Wopt —4.5 0.98 65.2 0.72 89.0

#Estimated values from Lins and Sandroni 1994.
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Figure 19. Percentage of void ratio reduction of reinforced soil
compacted at the optimum water content OMC under different
compaction energy, E

defined as the ratio of the volume of water to the volume
of soil particles. The water void ratio of both unreinforced
and reinforced specimens was evaluated from the water
content w.

ew = wGs (19)

where G is the specific gravity of the soil.

Although being compacted at the same water content,
the water content of reinforced soil was lower than that of
unreinforced soil due to water absorption by the reinforce-
ment layers. As a result, the reduction in water void ratio
due to permeable reinforcement can be calculated based
on the difference between the water content of reinforced
and unreinforced soil after compaction.

s
Wd—soil

The water drainage effect of reinforcement during
compaction was assessed using the void ratio improve-
ment percentage from water absorption %Ae ", which was
defined as the ratio of water void ratio reduction to void
ratio reduction between reinforced soil and unreinforced
soil under the same water content and compaction energy.

W
_ A 00y

€unre — Cre

%oAe” = (21)

Figure 20 shows that the void ratio improvement
percentage from water absorption %Ae™ increased with
the water content of reinforced soil. Equations 21 and 22
indicate that the value of Ae" strongly correlated with the
water absorption in reinforcement layers during compac-
tion. Therefore, the variation of Ae™ with the water
content of reinforced soil in Figure 20 was similar to that
of Wgeo shown in Figures 14-17. With the increment in the
water content of soil, the water content of the reinforce-
ment layers also increased, which induced the higher Ae".
Besides, a water content of soil higher than w,, by 5-10%
is also the threshold value at which the void ratio
improvement percentage from water absorption increased
dramatically due to the dissipation of excess pore water
pressure by the reinforcement layers (Figure 20).

In general, for the same difference between the water
content of reinforced soil and the w,, value, the higher the
compaction energy, the lower the void ratio improvement
from the absorption of water by reinforcement layers.
Under standard compaction energy E =600 kJ/m?,
%Ae" could be 4.5-5.6% when w — Wopt Was ~6.7%. To
reach this %Ae™ value, w — Wopt Must be approximately
12-13% for reinforced soil under compaction energy
E=960 kJ/m’. For E=1920 and 2700 kJ/m’, to
increase %Ae™ by 2-3%, the difference between w and
Wopt Should be larger than 10%.

The number of reinforcement layers in soil specimens
did not seem to influence %Ae". Under a given com-
paction energy value, the variation of %AeY of clay
reinforced by different numbers of reinforcement layers
was less than 2% and increased with an increase in the
water content of reinforced soil specimens (Figure 20).

Finally, as shown in Figure 21, for the same water
content of reinforced soil, an increase in compaction
energy led to an increase in %Ae". This is because more
water content was absorbed into the reinforcement
layer due to the higher dynamic compaction force.
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Figure 20. Variation of percentage of water void ratio reduction
with water content of soil in reinforced specimens using

(a) standard compaction energy, E = 600 kJ/m>, and modified
compaction energy (b) E =960 kJ/m>; (c) E=1920 kJ/m>; and
(d) E=2700 kJ/m®

The difference markedly increased for reinforced soil with
higher water content.

5. CONCLUSIONS

In this study, a series of compaction tests were conducted
with clay specimens reinforced with nonwoven geotextiles.
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Figure 21. Variation of percentage of water void ratio reduction
with water content of soil specimens reinforced by (a) single
reinforcement layer; (b) two reinforcement layers; and (c) five
reinforcement layers

This study aimed to assess the effect of permeable
reinforcement on the improvement of compaction
behavior of reinforced clay. The following conclusions
are drawn from this study.

(1) For the unreinforced soil under the same
compaction energy, the lift thickness of each
compaction layer changed the optimum water
content Wy, only slightly. The smaller the spacing
among compaction layers, the higher the dry unit
weight of specimens. At the optimum water
content, the dry unit weight improvement was
highest, and it decreased with an increase in the
W — Wop Value.

(2) The compaction behavior of reinforced specimens
was assessed from the soil alone between
reinforcement layers. The results revealed that the
optimum water content of reinforced clay qp
changed marginally compared with that of
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unreinforced specimens due to the small difference
(i.e. <0.3%) between the water content of
unreinforced and reinforced specimens. For both
unreinforced and reinforced specimens, the increase
in compaction energy induced higher dry densities
and lower wqp of specimens.

(3) Under dynamic forces during compaction, the
reinforcement discs not only deformed significantly
in plane but also concavely in the cross-plane
direction, indicating the mobilization of tensile force
in the reinforcement layers. The density of reinforced
soil was enhanced, which was attributed to the
restrained expansion of soil between reinforcement
layers under compaction forces. Compared with that
of unreinforced specimens, reinforcement improved
the maximum dry unit weight by up to 4.5-5.3%
when soil specimens were reinforced by five
reinforcement layers.

(4) The use of nonwoven geotextile layers during
compaction of clay could significantly reduce
compaction energy. The greater the number of
reinforcement layers, the greater the compaction
energy saving. The compaction energy saving
percentage reached up to 50% when clay was
compacted with five reinforcement layers under
standard compaction energy. It was reduced to 14.9%
when the compaction energy was increased to
2700 kJ/m’.

(5) The degree of saturation of reinforced specimens was
higher than that of unreinforced soil for the same
water content and compaction energy level. The
average value of optimum degree of saturation Syopy)
of unreinforced clay was 81.3%, and it varied
marginally with an increase in the compaction
energy level.

(6) The geotextile layers were observed to absorb
water during the compaction of reinforced clay.

At w <wgp, the degree of saturation of soil
specimens was less than 90%, and only a small
amount of water was absorbed in the geotextile
layers (i.e. <4% of water content in geotextile layers)
due to direct contact between the wet soil and the dry
reinforcement layers. When the w > wgp, by 5-10%,
and the S, >90%, the water content of the
reinforcement layer increased sharply, resulting in
excess pore water pressure in the soil mass and partial
dissipation through the permeable nonwoven
geotextile layers.

(7) The larger the number of reinforcement layers,
the higher the void ratio improvement
percentage. The inclusion reduced both the air
void ratio (through the air permeability of the
reinforcement layers) and the water void ratio
(as the water was absorbed into the permeable
reinforcement layers).

The presented findings are limited to the laboratory test
scale, which is different from the field condition. For
instance, the reinforcement spacing of specimens in the
laboratory compaction tests is smaller than that in the
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field. The field condition induces a higher reinforcing
effect on the compaction behavior of reinforced soil than
in the laboratory. In addition, due to the different
boundary conditions, the reinforcement in the field
appears to be more effective in restraining the lateral
expansion of soil than in the compaction mold in the
laboratory. Finally, the compaction energy, soil properties,
and applied water content in the field are likely less
uniform and homogeneous compared to the laboratory
condition.
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NOTATION

Basic SI units are given in parentheses.

%DD;  percentage of dry unit weight
difference (dimensionless)
%DD,. percentage of maximum dry unit

weight improvement (dimensionless)
d diameter of reinforcement layer (m)
E  compaction energy (J/m®)

%Es percentage of compaction energy
saving (dimensionless)
vdimaxs Eyd-max  compaction energy applied to

unreinforced soil and reinforced soil,
respectively (J/m?)

e void ratio of soil specimens
(dimensionless)

e,, e, air void ratio and water void ratio,

respectively (dimensionless)

Cunres €re  VOId ratio of unreinforced and
reinforced specimens, respectively
(dimensionless)

G, specific gravity (dimensionless)
H total height of compacted
specimen (m)
h  reinforcement spacing (m)
h. depth of geotextile layer in compacted
specimens (m)
i ordinal number (dimensionless)
k  cross-plane permeability
geotextile (m/sec)
ks saturated hydraulic conductivity
of clay (m/sec)
LL, PL, PI liquid limit, plastic limit, and

plasticity index, respectively
(dimensionless)
[ lift thickness (m)
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nC) nl'

OMC
Se

(Sr)opt

Bis tmin> fmax

Ww,tested_geoa

Wd,tested_geo
w

Weeo
Wopt
V> Vd
Yd-max

re unre
Yd-max> Yd-max

Yd-nclayers>
Yd-2layers

Yd-unres Vd-re

number of compacted layers and
number of reinforcement layers in
specimens, respectively (dimensionless)
optimum moisture content
(dimensionless)

degree of saturation of soil
(dimensionless)

optimum degree of saturation of

soil (dimensionless)

actual, minimum, and maximum
thickness of a geotextile layer,
respectively (m)

mold volume (m?)

total volume of all reinforcement
layers (m?)

dry weight of geotextile layers (N)
total weight of dry soil (N)

moisture weight of unreinforced
specimens and reinforced specimens,
respectively (N)

weight of wet and dry geotextile layers,
respectively (N)

water content of soil specimens
(dimensionless)

water content of geotextile layers
(dimensionless)

optimum moisture content
(dimensionless)

bulk and dry unit weight of soil,
respectively (N/m?®)

maximum dry unit weight of
compacted soil (N/m?)

maximum dry unit weight of
reinforced soil and unreinforced soil,
respectively (N/m?)

dry unit weight of soil compacted by 7,
and two compaction layers,
respectively (N/m?)

dry unit weight of unreinforced

and reinforced specimens,
respectively (N/m?)

unit weight of water (N/m>)

void ratio reduction percentage
(dimensionless)

reduction in water void ratio
(dimensionless)

percentage of void ratio improvement
from water absorption (dimensionless)
water content reduction
(dimensionless)

horizontal strain (dimensionless)
horizontal stress (Pa)

standard deviation of the geotextile
thickness (dimensionless)

overburden pressure (Pa)

standard deviation of dry unit weight
of reinforced soil specimen (N/m?)
the shear stress in the subgrade

soil (Nm?)

permittivity of geotextile (sec™)
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ABBREVIATIONS

ZAV  zero air voids
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