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Abstract

This study investigated the effect of fibre reinforcement on the large strain behaviour of
compacted clay samples tested using large triaxial test equipment. A novel specimen preparation
method was proposed where peds of clay are compacted to closely simulate the in-situ
compaction. A large number of 100 x 200 mm triaxial tests and one-dimensional compression
tests were performed using reinforced and unreinforced samples. The behaviour of unreinforced
samples was observed to be similar to highly fissured clays; ped compaction generated a random
fissure pattern due to the contact between peds. The addition of fibres to the compacted samples
created fissures with higher mobility at lower friction than those in the unreinforced samples;
hence, the state boundary surface of reinforced clay was below that of the unreinforced clay. With
the addition of fibres, the failure mechanism changed from the formation of a shear plane to
barrelling, demonstrating that the fibres transferred stresses further away from the shear plane,
producing a more homogeneous stress distribution. The preparation method proposed here
produced a fissure pattern in the clay that introduced transitional behaviour, which was drastically
reduced with addition of the fibres, allowing better normalisation and the definition of a unique

boundary surface.
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List of notations

OoMC

MDD

NCL

iso-NCL

INCL*

CSL

SBS

SBS*

LBS

Pes

Pe*

optimum moisture content

maximum dry density

normal compression line

isotropic normal compression line

isotropic normal compression line of the reconstituted clay

critical state line

state boundary surface

intrinsic state boundary surface

local boundary surface

specific volume

mean effective stress

specific volume on the NCL for p’= 1 kPa

gradient of the NCL in the v-Iny’ space

critical state stress ratio

equivalent pressure on the CSL

equivalent pressure on the INCL* of the reconstituted samples
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1. Introduction

Embankment slope failure, due to desiccation cracks, stress relaxation and pore pressure
increase is one of the major problems frequently encountered on the road networks around the
world. The remediation works cause congestion and delays that, in turn, cause financial loss.
Traditionally adopted chemical stabilisation methods such as lime, cement, ash and others, cause
health problems and great environmental impact. To reduce maintenance costs associated with
delays caused by the reinstatement of failed slopes, the use of fibres is proposed as a more
sustainable and environmentally friendly approach.

It is textbook knowledge that soil reinforcement works for dilative soils (usually granular soils),
and not conventionally considered effective for clays with low apparent friction angle. However
due to the ease of application and reduced environmental impact, the use of fibres in cohesive
soils is attracting interest of many researchers. Li and Zornberg (2019, 2013, 2003) reported that
the fibre treatment substantially increase the peak shear strength and reduced the residual
strength loss. Li (2005), Freilich et al. (2010) and Mirzababaei et al. (2017) evaluated the
undrained shear behaviour of fibre-reinforced clay and reported that fibres restrict dilation, leading
to an increase in the excess pore pressure. Authors attributed this observation to the fibres
distributing stresses more uniformly within the soil matrix. Similar conclusions were reached by
Ekinci and Ferreira (2012), Tang et al. (2007), Ozkul and Baykal (2007), Freilich et al. (2010),
Botero et al. (2015) and Yi et al. (2015) when investigating the deformation modes of different fine
grained soils. All authors reported the development of distinct slip planes on unreinforced
samples, while reinforced specimens showed a barrelling type failure. As an influence on such
observed behaviour, Ekinci and Ferreira, (2012) and Diambra et al. (2007), studied the orientation
of fibres after preparation of samples and reported that the vast majority of the fibres are aligned
horizontally that contributes to change in failure mode from district slip plane to barrelling. In a
more recent study Mirzababaei et. al. (2020) statistically quantified the re-orientation of fibres
during shearing with the aid of X-Ray computed tomography imaging technique. In agreement
with earlier studies, authors reported that most fibres, in a randomly fibre reinforced clays, will
align near-horizontally once subjected to vertical loading. In addition, Maher and Gray (1990); Li
and Zornberg (2005); Ozkul and Baykal (2007), Dos Santos et al. (2010), Yi et al. (2015) and

Anggraini et al. (2016) studied the effect of the confining pressure on the response of discrete
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fibre-reinforced soils under static loading, concluding that inclusion of fibres increases friction
angle of fiber-reinforced soil at low confining pressures. When confining pressures increases
beyond a 'critical' value, the friction angle of fiber reinforced soil becomes close to that of
unreinforced soil, but the shear strength was still higher than that of unreinforced soil because of
the increased apparent cohesion. Ayeldeen and Kitazume (2017); Jamsawang et al. (2018) and
Tang et al. (2016) reported that fibre surface roughness is another important aspect that defines
the mechanical performance of fibre reinforced soils. Li et al. (2005) and Valadez-Gonzalez et
al. (1999) proposed fibre surface treatment methods to increase surface roughness and provide
better mechanical interlocking and interfacial load transfer efficiency.

Silva Dos Santos et al. (2010) were among the few who performed high pressure laboratory
studies on fibre-sand mixtures and adopted a critical state framework to describe its mechanical
behaviour. Li et al. (2017) conducted dynamic and monotonic triaxial testing to study the
behaviour of carbon fibre-reinforced recycled concrete aggregates by focusing on the very small
and large strain ranges. Authors reported that, at large strains, reinforced and unreinforced
specimens showed comparative stress-strain response and volumetric behaviour with very similar
critical state parameters, with fibre reinforced specimens having slightly higher critical state angle
of shear strength. More recently Fu et al. (2018) utilised critical state framework to compare the
performance of polypropylene and rubber fibres in well-graded decomposed granite. In a similar
study Madhusudhan et al. (2017) examined the effect of adding fibres to a completely
decomposed granite (CDG) in light of critical state framework. Authors reported that while
unreinforced CDG is sensitive to sample preparation, the reinforced soil is not sensitive to the
method of material or sample preparation. In a more recent attempt Mirzababaei et al. (2018)
performed consolidated undrained triaxial tests to study the shear strength of fibre-reinforced
clays using waste carpet fibres and proposed a nonlinear regression model to predict the
relationship between effective shear stress ratio, deviator stress, axial strain, and the fibre
content. The developed model worked well to predict the shear strength of fibre-reinforced clays.
It is evidential from earlier studies that, until now, not many have attempted to highlight the
influence of the fibre induced structure on cohesive soils, with respect to a well-established

framework.
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To determine the properties of compacted heavily overconsolidated clays samples are prepared
using a traditional sample preparation method that: a) destructure completely the clay to achieve
the required moisture content and b) reuse the soil. This may be adequate to normally and lightly
overconsolidated clays but do not represent adequately the in-situ response of compacted soil.
This becomes even more problematic when reinforcement is added to the soil. In this article, the
effect of fibre reinforcement on the large strain behaviour of compacted clay samples, tested using
large triaxial equipment is investigated. A novel specimen preparation method is proposed, where
peds of clay are compacted to closely simulate the in-situ compaction procedure observed. A
large number of 100 x 200 mm triaxial tests and one-dimensional compression tests were
performed on compacted reinforced and unreinforced samples. The results have been discussed
in three separate sections: the first section evaluates the effect of sample preparation and their
proposed procedure (reconstituted versus unreinforced); the second section highlights the sole
effect of fibres (unreinforced versus reinforced) and a final discussion section where the effect of
the preparation methods and the addition of fibres were further examined. This paper also
discusses the structural role of fibres during isotropic compression, and the 'metastable’ nature of

this structure once it yields upon shearing.

2. Materials

The soil used in this study was sampled from a site adjacent to the slip road onto the northbound
carriageway of the A1(M) motorway, near the junction with the M25 motorway, in London, UK.
The site consisted of a 5-m-high cut with a slope angle of approximately 15°, bounded at the top
by a field and at the bottom by the slip road. The soil is described as soft-to-firm fissured greenish
grey mottled yellowish brown and red over-consolidated clay, pertaining to the Undivided Reading
Formation from the Lambeth Group Clays. In their extensive study of Lambeth group clays Hight
et al. (2004) reported that a large amount of the formation comprises of largely unbedded, mottled
silty clay and clay alone. Authors added that during the deposition of the Lambeth group, fissures
with polished and slickensided surfaces have developed due to desiccation throughout seasonal
changes in ground moisture.

Soil classification tests were performed in accordance with BS 1377-2:1990.The liquid and plastic

limits of the clay were 72% and 33%, respectively. Grain size distribution analysis indicated that
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the clay size content was around 47%. According to USCS classification (ASTM 1993), the clay
was classified as inorganic clay with high plasticity (CH). The average particle density (ps) was
2.65 g/ml.
Polypropylene tape type fibres, 4 mm wide, 63 mm long and 0.021mm thick, supplied by Fibre
Soils, were mixed at contents of 0.2% of the dry weight of soil. The physical, chemical, and
mechanical properties of the fibres, provided by the manufacturer, are presented in Table 1.
3. Sample preparation procedure and testing program

3.1. Unreinforced reconstituted samples
Reconstituted samples were created from a slurry prepared at 1.25 times the liquid limit (Burland,
1990) and consolidated to a vertical effective stress of 88 kPa using a consolidometer. This was
the lowest possible pressure to obtain a specimen with sufficient consistency for testing in the
triaxial equipment. The samples were extracted from the consolidometer, trimmed to the desired
height and diameter (76 x 38 mm) and transferred to the triaxial equipment where an isotropic
effective stress of 40 kPa was applied and maintained during saturation with a 40 kPa back
pressure. Since soil reconstitution erases the effect of structure, the test results obtained from
these samples form a reference point to evaluate the effect of fibre reinforced and unreinforced
ped compaction. All samples prepared via consolidometer were isotropically consolidated;
normally consolidated samples allowed the determination of the Roscoe surface whilst samples
REC-450-200 and REC-500-125 were over-consolidated to define the Hvorslev surface to
determine the reconstituted state boundary surface (SBS*).

3.2. Unreinforced ped-compacted samples
On the area where the soil was collected, a failed slope was being reinstated using fibre
reinforcement (Highways England approved departure from standards), when traditionally lime
would be used. The procedure followed by the contractor can be seen on Fig. 1; to create
reinforced layers, soil was spread over the required area with fibres manually spread on top. A
rotovator was used to break the large soil lumps into 5-10 cm diameter pieces and mix the fibres
in the mass, before compaction. This procedure created 20 cm thick compacted layers and was
followed to top of the slope. It is not the scope of this paper to analyse the reinstated slope,
however the simplified procedure described above is relevant because of the heavily

overconsolidated nature of the Lambeth group clays. It is likely that the compacted soil retains
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some of the original clay structure but may not behave in the same way as the intact soil. By
observing what happened in-situ, a new sample preparation technique was developed to closely
simulate the structure created on site at the laboratory environment. This procedure was adapted
from O’Connor (1994), after a model proposed by Brackley (1975) that considered that the
unsaturated clay existed as packets of saturated soil particles and the inter-pocket voids were
filled with air. By assuming that the packets were saturated, Brackley (1975) developed the idea
that the individual pockets retain the properties of the natural soil and the total volume change of
the soil mass is due to the sum of the effects of swelling or compression of the pockets of air and
shear behaviour of the clay packets. Yong & Warkentin (1975) identified “peds” as fabric units
that can be identified visually with the naked eye and consist of an finite aggregation of packets
and pockets. In a more recent study on marine clays, Ekinci (2019) reported that, to some extent,
peds retain the in-situ structure and produce strengths close to in-situ unconfined compressive
strength.

During the preparation of unreinforced ped-compacted samples in the laboratory, the undisturbed
soil was chopped into pieces of 10—-15 mm in diameter (called peds) and stored in sealed barrels
(Fig. 2). To achieve the desired moisture content (MC), the peds were either dried by leaving the
barrel open and allowing the moisture to evaporate or moistened by spraying water on the ped
surfaces. To ensure that the moisture was uniformly distributed within the peds, distilled water
was sprayed at regular intervals over a period of 24 h, while the barrel was rolled on the ground
to mix the aggregates and help the exchange of moisture. During this process, samples from
three different locations in the barrel were collected and their MC determined. Care was taken to
keep the difference in MC contents at various positions below 0.5%. An initial triaxial test on a
sample compacted at the optimum moisture content (OMC) proved extremely difficult to saturate,
therefore, to help with the saturation, all samples were compacted near the saturation line, or 2%
wet of the optimum, according to the compaction curve determined previously (Ekinci and Ferreira
2012). The compaction tests showed that the fibres had a small effect on OMC and the maximum
dry density (MDD) of the soil: 21.5% and 1.68 g/cm? for the compacted soil with fibres, and 20.5%
and 1.70 g/cm? for the compacted samples without fibres.

Once the MC of the peds was considered homogeneous, they were compacted in a 100 mm

diameter and 200 mm in height, using light compaction (BS 1377-4:1990), where the sample was
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built in 5 layers with 25 blows per layer. After compaction, samples were trimmed down to 38 mm
in diameter and 76 mm in height. Testing small samples was necessary in order to drastically
reduce the duration of the tests. Specimens prepared under the same conditions have been
tested on triaxial equipment and confirmed that there is no effect of specimen size on the
mechanical response of the prepared samples (Ekinci, 2016).

3.3. Fibre reinforced ped-compacted samples
The fibre reinforced ped-compacted samples were prepares in a similar way as unreinforced ped-
compacted samples. Only difference in the process was the fibre addition part. Fibres were added
by mixing, in a sealed zip-lock bag the necessary weight in clay peds and fibres. To avoid fibre
agglomeration, considerable care was taken to mix the peds and the fibres by revolving the zip-
lock bag in all directions for approximately 5 min or until a visually uniformity was achieve.
Furthermore, during triaxial testing all tested specimens were saturated until a B-value above
95% was reached. Table 2 shows a summary of all triaxial tests and define the sample names
used in the paper.

3.4. Oedometer samples
Oedometer samples of reinforced and unreinforced ped-compacted specimens with 75 mm
diameter were prepared in a similar way as triaxial samples; the soil was compacted into a
compaction mould that contained the oedometer ring inside, maintaining a similar compaction
energy. The oedometer ring was placed at the bottom of the first layer and the soil was carefully
inserted without moving the ring from its central position. Afterwards, the sample was extruded
from the mould and trimmed for testing. In order to test the reinforced samples, an oedometer
ring with 40 mm in height was used to accommodate the fibres. Table 3 shows a summary of all
oedometer tests and define the sample names used in the paper.
The void ratio of all tested specimens were calculated using four methods, considering the initial
and final moisture content, along with the initial bulk and dry unit weights and the specific gravity
of the fibres; the average value for each sample is reported. Despite the careful preparation and
measurement of MC, variations in the initial MC of the compacted samples resulted in
uncertainties in the initial void ratio of £0.01-0.02.

4. Effect of sample preparation via ped compaction
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Fig. 3 shows the paths followed during the isotropic compression of the unreinforced reconstituted
and ped-compacted samples on the v versus log p’ space. The REC500 and REC 450 200
reconstituted specimens that have consolidated to high stresses have followed a unique intrinsic
normal compression line (INCL*), characterised by equation 1, where N=2.51 and A=0.165. It is
not possible to estimate a distinct isotropic normal compression line (iso-NCL) for the unreinforced
ped-compacted specimens, where even at high stresses the compression lines seem to stay
parallel and do not reach a single NCL. The gradient of the compression lines of the unreinforced
ped-compacted samples was calculated as A=0.092, by using equation 2, the value of Cc can be
transferred to the v versus Inp’ space and the value determined is 0.095, similar to the value of
0.092 determined later from one-dimensional compression of unreinforced ped-compacted
specimens.

v=N—Alnp’ (1)

Cc
= 2
A 2.303 @)

The unreinforced ped-compacted specimens showed an extensive yielding zone, where yielding
occurred on much higher stresses than reconstituted samples, closer to the INCL*. The gradient
of the iso-NCL of both specimens was smaller than that of the INCL*. This response is similar to
the behaviour reported by Vitone and Cotecchia (2011) for scaly clays and Hight et al. (2007) for
natural London Clay and was possibly dependent on the sample preparation. It can be initially
thought that due to the sample preparation method, where natural samples are chopped into 10
to 15 mm peds, the fissures were destroyed. However, due to the compaction technique and the
presence of peds, it was monitored that the peds deformed and filled the gaps between other

peds, creating a heterogeneous structure similar to a randomly fissured sample.

The stress—strain relationships of the reconstituted and ped-compacted unreinforced specimens
are compared in Fig. 4a. Two reconstituted samples were over-consolidated (ratios of 4 and 2) to
allow the definition of the full SBS*. The unreinforced ped-compacted samples sustained much
higher deviatoric stresses for all confining pressures, particularly since the samples were created
by compaction of peds; these are likely to be due to the compaction effort and lower initial void

ratios, allowing the soil to reach higher shear strengths.

10
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In Fig. 4b, unreinforced reconstituted and ped-compacted samples with the same confining
pressures, e.g. 150 and 500 kPa, experienced identical increases in excess pore pressures up to
2% strain. At higher strains, stabilisation or reduction in pore pressure was observed for the
unreinforced ped-compacted soils, whilst the reconstituted sample either stabilised or showed a
slight increase in pore pressure. The over-consolidated samples showed a similar response to
the unreinforced ped-compacted samples, where similar pore pressures were measured at similar

confining stresses.

To understand the pore pressure responses, the failure mechanism of the samples after shearing
was analysed. The barrelling failure mode of the reconstituted specimens resulted in
homogeneous pore pressure distribution throughout the sample, indicated by the constant
change in pore pressure from medium- to high-strain levels. In the unreinforced ped-compacted
specimens, strain localisation was observed in some samples, causing excess water to drain
towards the shear plane, reducing the global pore pressure in the sample. Furthermore, a
reduction in the deviatoric stress due to an increase in pore pressure was observed for the

samples tested at high confinements.

The increase in the pore pressure of the reconstituted specimens was more pronounced for
specimens tested at high confinement stresses (500 kPa), resulting in a reduction in the effective
stresses acting on the soil, causing the stress path to bend to the left, producing lower shear
strength. This behaviour was observed for the curves shown in Fig. 5 for the reconstituted and
ped-compacted unreinforced specimens. In addition, the critical state stress ratio (M) values of
the reconstituted samples (0.85) were lower than that of the unreinforced ped-compacted samples

(0.89).

Fig. 6 shows the results of the consolidation stage, together with data points from the end of the
triaxial tests, or, in the case of the reconstituted samples, when the samples reached a critical
state. The arrows indicate the path the samples were following at the end of the test, when a
critical state was not reached. The least complete tests are of samples with the lowest confining
stresses (REC-150 and REC-500-125), which were still experiencing further increases in stress

and reduction in pore water pressure. Samples REC-500 and REC-450-200 reached a critical

11
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state indicated by a constant shear strength and constant excess pore pressure. In addition, a
single drained test was performed with a reconstituted sample (D-REC-150), where the end of
the test defined a CSL parallel to the previously determined NCL, with parameters of A = 0.165
and I = 2.498. Furthermore, the INCL* of this reconstituted soil seams to be parallel to the INCL*
of London clay.

Fig. 7 shows v vs. Inp’ plots for the unreinforced ped-compacted samples during isotropic
consolidation and the last points from the triaxial tests. The results of the unreinforced ped-
compacted specimens seem to show that the CSL is not unique but proportional to the initial void
ratio of the samples tested as shown previously by Ferreira and Bica (2006) and Ponzoni et al.
(2014). Since there seems to be a multiple number of parallel NCLs, which depended on the initial
void ratio of the specimens, two CSLs were introduced, similar to that proposed by Ferreira and
Bica (2006).

Samples U-NF-150, 300, and 500 are clearly on the CSLi. For sample U-NF-100, the stresses
were not stable, but the test seemed to be moving towards a CSLi. Samples U-NF-50, D-NF-
100, and D-NF-300 were on the wet side of the CSL: and were moving away from the CSL..
Therefore CSL2 was introduced that has the same slope as CSL: and the NCLs. The slopes of
the iso-NCLs for the unreinforced ped-compacted specimens were determined according to the
isotropic compression behaviour discussed earlier (Figure 3), where the parameters defining the
CSL: and CSL: for the unreinforced soil are A = 0.092, 1 = 2.071, and I, = 2.157. It is important
to note that the excess porewater generation trends (Fig 4b) of two different types of specimens
(reconstituted and ped-compacted) would work as an attractor during shearing and influences the

location of the CSL in the v-Inp” plane.

5. Effect of discrete fibre incorporation

The effect of discrete fibre addition has been assessed in one dimensional compression by testing
unreinforced ped-compacted samples to determine a reference behaviour that will be used to
understand the effects of reinforcement in one-dimensional compression (Table 3). As can be
seen on Fig. 8, both reinforced and unreinforced ped-compacted samples are not following
identical compression lines. Unreinforced samples seem to reach a set of parallel lines, that are
dependent of the initial void ratio, whilst the reinforced samples seem to continue and converge

to an area where an NCL could be defined. It is also important to mention that the current stress

12
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levels are not enough to reach a unique NCL, particularly in the case of the unreinforced
specimens, where an NCL could be reached at void ratios as low as 0.30, where the NCL would
start becoming flatter.

Ponzoni et al., (2014) introduced the parameter “m” to provide a convenient way of quantifying
the degree of convergence and perhaps the transitional behaviour degree. Authors reported that
for soils that converge to a unique NCL m = 0, whilst for soils with perfectly parallel compression
paths m = 1. Figure 9 was used to quantify the degree of convergence of the data on Fig.8, the
initial specific volumes determined at 20kPa vertical stress (V20) were plotted against the final
specific volume at 1400kPa (V1400), the maximum stress reached in the tests. The gradient of the
best fit line through the points defines the “m” parameter. Fig. 9 confirms the difficulty to define a
unique NCL for the unreinforced, as indicated by the value m=0.96. However, for the reinforced
soil, the value m=0.14 indicate that a unique NCL can be determined.

Further comparison of the triaxial test results for reinforced and unreinforced ped-compacted soils
provided insight into the effect of fibre addition on the mechanical behaviour and failure
mechanism of the samples. As shown in Fig. 10a, all reinforced ped-compacted samples showed
strain-hardening behaviour for medium-to-high strain levels, while the unreinforced ped-
compacted samples tested at a confining stress of 150 kPa showed a small peak and a small
reduction in deviatoric stress at strains >14%. Similar behaviour was observed by Ozkul and
Baykal (2007), where this difference was attributed to the effect of fibres stretching across the
shearing area and restricting the development of a slip plane by transferring shear stress and
strains over wider areas. This behaviour was also similar to that observed by Maher and Gray
(1990), Li and Zornberg (2005), and Mirzababaei et al. (2018). At lower confining stresses (<100
kPa), the reinforced ped-compacted samples reached higher deviatoric stresses than the
unreinforced ped-compacted samples.

The pore water pressure generated by the reinforced ped-compacted samples during shearing
was consistently higher than that of the unreinforced ped-compacted samples (Fig. 10b) due to
the effect of the fibres on sample deformation. Li (2005) and Freilich et al. (2010) reported that
this is due to the fibres distributing stresses within the soil mass and increasing the contractive
deformations within the fibre-soil matrix. Reinforced ped-compacted soils tend not to contract

significantly during consolidation, however, generate higher pore pressures when sheared due to

13
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their higher volume reductions compared to unreinforced ped-compacted samples. It would thus
appear that the fibre reinforcement provides a form of macrostructure during compression that
allows it to attain volumetric state conditions that are impossible for the unreinforced soil.
However, this macrostructure is metastable due to the contractive response during shearing. This
phenomenon also allowed the fibres to transfer stresses over wider areas within the sample,
compared to the pure clay; even at 20% strain no single shear plane was observed for the
reinforced ped-compacted specimens. However, the unreinforced ped-compacted samples
showed a distinct shear plane for strains >5% (Ekinci and Ferreira, 2012). Both Table 2 and the
volumetric response graphs showed that these effects occurred regardless of the confinement
stress or pre-shear volumetric state. Visually, the results obtained here are similar to those
obtained by Freilich et al. (2010) and Ozkul and Baykal (2007).

The failure mechanisms agree with the pore water pressure distribution of the samples. In
unreinforced ped-compacted samples, at strains around which the shear plane was formed, the
pore water pressures started to drop slightly as the water drains towards the shear zone. Atkinson
and Richardson (1987) reported that flow of water towards the shear zone forms local drainage
conditions and influence measurements of undrained shear strength. For the reinforced ped-
compacted samples, a shear plane was not formed due to the tensile strength provided by the
fibres, which was in agreement with the results of measurements performed with the mid-height
probe and the MC data taken from five different height locations within the specimens after
shearing.

Fig. 11a shows the results of constant p’ drained tests performed on samples of reinforced and
unreinforced ped-compacted soil, where the unreinforced ped-compacted samples showed a
slight peak and subsequent decrease where the reinforced ped-compacted ones showed strain
hardening behaviour. It is not possible to identify any notable strength difference between fibre
reinforced and unreinforced ped-compacted samples as the observed difference is within the
expected experimental variability. Volumetric strain response of fibre reinforced and unreinforced
ped-compacted samples under drained conditions are shown in Fig. 11b. The reinforced and
unreinforced samples ped-compacted showed different volumetric changes under shearing. The
rate of dilation of the reinforced ped-compacted samples was consistently higher than the

unreinforced ped-compacted samples. At the end of the tests, the net volumetric strain was

14



©CO~NOOOTA~AWNPE

389
390

391
392
393
394
395
396
397

398
399
400
401
402
403
404
405
406

407

408
409
410
411
412
413
414

415

negative for all samples, where the reinforced samples showed greater dilation than the

unreinforced samples for similar effective stresses.

The representative drawing of the failure modes of each tested specimens can be seen on Fig.
12. These were drawn based on measurements taken at the end of each drained test. It is clear
that the reinforced ped-compacted specimens show a barrelling failure, whilst the unreinforced
ped-compacted have failed with formation of a shear plane. Reinforced samples were aided by
the near-horizontal aligned fibres due to compaction (Ekinci and Ferreira 2012) where the fibres
help to bridge the shear plane and result in localised shear bands rather than a large single shear

surface.

Stress paths of reinforced and unreinforced ped-compacted specimens together with their failure
envelopes can be seen on Fig. 13. It can be seen that reinforced ped-compacted specimens
tested at high confinement observed to have reduction in the effective stresses acting on the soil,
causing the stress path to bend to the left, leading to a lower shear strength. It is worth to mention
that U-NF-500-300 sample (plotted behind D-NF-300 in Fig. 13) tend to develop less excess pore
pressure when compared to U-NF-300 and reaches lower deviatoric stresses due to over
consolidation effect. This is expected effect of over-consolidation as increase in OCR courses
increase in deviatoric stress and reduction in excess pore water pressure development (Gu et. al.
2016). In addition, the critical state stress ratio (M) values of the reinforced samples (0.87) were

slightly lower than that of the unreinforced samples (0.89).

Furthermore, Fig. 14 shows the end of test points of the ped-compacted samples with fibres.
Specimens D-F-100, U-F-300 and U-F-500 reached a well-defined CSLs with parameters of A =
0.061 and I = 1.893 (i.e., a much lower slope than that of the unreinforced soil). The testing of
sample U-F-150 finished near the CSL, whilst samples D-F-50 and U-F-100 finished far from the
determined CSL. Nevertheless, unlike unreinforced specimens, reinforced specimens which are
not on the CSL are showing a tendency to reach a single critical state line whilst D-F-50 is

contracting towards the CSL.

6. Further insight on the mechanics of the ped compaction and fibre inclusion
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All the NCLs and CSLs determined for the different soil samples are plotted in Fig. 15, together
with the compression lines for reconstituted and natural London clay (Gasparre 2005). The INCL*
of this reconstituted soil was parallel to the INCL* of London clay. As discussed earlier these soils
belong to adjacent geological units and having similar characteristics. Therefore, it is not a
coincidence that they have parallel INCL*s. The figure also shows that the London clay iso-NCL
(Gasparre 2005) had a similar slope to the ped-compacted unreinforced specimens tested in this
study. All normal compression and critical state parameters determined from Fig. 15 are shown
in Table 4. According to authors such as Silva Dos Santos et al. (2010), the critical state line
(CSL) of the reinforced material coincided with the critical state line (CSL) of the unreinforced
material at larger stresses, however the results obtained here are clear when they show that a
constant strength state has been achieved in the triaxial equipment.

One can argue that the M values of the samples were close to each other, therefore it is not clear
whether or not there is an influence of the addition of fibres or the ped-compaction (preparation).
Moreover, to highlights the influence of the fibres and the ped-compaction induced structure on
the sail, all tests were normalised by the equivalent pressure on the intrinsic normal compression
line of the reconstituted samples (pe*), given that the reconstituted soil showed a unique NCL with

A =0.165 and N = 2.51. The value of pe* was calculated using equation 3 below.

pe = exp[(N —v)/2] 3
Fig. 16 presents the SBS* of the reconstituted soil and the normalised stress paths of the
unreinforced and reinforced ped-compacted samples. It was possible to determine a unique SBS*
with the CSL located at its apex. Since only undrained tests were used to determine this boundary,
it is likely that it is a local boundary surface (LBS); according to Gens (1982) and Jardine et al.
(2004) the LBS is a boundary surface that exists within the more extensive State Boundary
Surface (SBS), which provides the outermost boundary between permissible and non-permissible
normalised effective stress states. Zdravkovi¢ and Jardine (2001) stated that if the plasticity of
the reconstituted material is considered, the true SBS* is not expected to plot far above this LBS.
Therefore, the LBS identified here will be treated as the Roscoe-Rendulic surface of the
reconstituted set of tests. Additionally, only the dry side of the boundary surface of the reinforced

and unreinforced ped-compacted specimens were drawn as it was not possible to consolidate the
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samples to stresses that would bring the compacted samples to the NCL and define the Roscoe-
Rendulic surface.

Starting from the low pressures, the boundary surface of the unreinforced ped-compacted
specimens extended well above the SBS*, clearly indicating the effect of the existing structure
created by the compaction of the peds. It is worth mentioning that the intact and reconstituted
(intrinsic) London clay SBS presented by the peak states of the clay from different units plot
significantly above the state boundary surface from the reconstituted specimens (SBS*) for
isotropically consolidated samples; this was considered a feature of the natural structure of the
clay by Gasparre et al. (2007). It can be seen on Fig. 16 that the reconstituted Lambeth group
clays SBS is identical to the reconstituted London clay SBS. Similar conclusion can be achieved
when comparing the intact London clay SBS with the SBS defined by the unreinforced ped-
compacted specimens. Although this may be a coincidence, it could also indicate that the peds
present in the unreinforced ped-compacted samples retained part of their structure, even after
compaction, to warrant a difference between SBS* and SBS similar to the one found in London
clay. This is thought to be reasonable considering that both soil groups have a similar geological
history.

Furthermore, the presence of fibres in the ped-compacted specimens produced an SBS slightly
smaller than that of the unreinforced ped-compacted samples. It appears that the compaction of
peds of reinforced samples introduced a fissure pattern created during compaction of peds plus
fibres. Hight et al. (2007) reported a similar phenomena that there are two state boundaries in
London clay where the upper bound is defined by the peak failure envelope of the intact clay
without fissures, while the lower bound is given by the parameters defining the strength of the
fissures. On a study with similar highly fissured and structured clay, Vitone and Cotecchia (2011)
reported that the SBS of the un-fissured clay is larger than that of the reconstituted clay, while the
SBS of a clay with a high fissure intensity is smaller than the same reconstituted clay. The authors
further suggested that the intense fissuring degrades the mechanical properties of the clay, with
respect to both the original unfissured material and the reconstituted soil.

Evaluation of the boundary surfaces in Fig. 16 also reveal a tendency to follow a parallel set of
NCLs, even though the initial densities of the samples were different. When transitional behaviour

is observed in dense clay specimens, normalising with respect to INCL* can be used to evaluating
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the effects of structure. Therefore, it can be summarised that the SBS is smaller due to the looser-

than-possible (quasi-structure permitted, after Leroueil and Vaughan, (1990) regarding weak

rocks) volumetric states resulting from the fibre reinforcement, but the yield surface is certainly

larger for the same reason.

7. Conclusions

From the results presented in this study, the following conclusions can be drawn:

Fibre reinforcement resulted in larger pore pressure developments in undrained testing
and relatively small gains in performance during drained testing with slight increments in
dilation rate.

Fibre reinforcement prevents the single-slip plane strain localisation observed in
unreinforced ped-compacted specimens but might have produced metastable contacts
between peds.

It is not possible to estimate a distinct NCL for the reinforced and unreinforced ped-
compacted clays. The unreinforced specimens followed different, but parallel,
compression lines for each initial void ratio, while the reinforced specimens converged to
a unique NCL, making the determination of Cc difficult. This was attributed to the induced
heterogeneity cause by the compaction method leading to a transitional behaviour.

The CSL was not unique for the reinforced and unreinforced ped-compacted specimens,
but proportional to the initial void ratio of the samples. Hence, there was strong evidence
that the sample preparation method generated a transitional material. However, it was
clear that the addition of reinforcement drastically reduced the transitional behaviour of
samples tested under both compression and shear.

Normalisation of all specimens using INCL* seams to effectively highlight the structural
role of fibres during isotropic compression, and the 'metastable' nature of this structure
once it yield upon shearing. It was possible to determine an SBS* for the reconstituted
samples, but not for the reinforced and unreinforced ped-compacted soils due to stresses
higher than the engineering stresses being required.

Observation of the boundary surfaces of the ped-compacted reinforced samples laid

below ped-compacted unreinforced specimens, is characteristic of fissured clays.
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Furthermore, the compaction of peds of reinforced samples introduced a fissure pattern,
where the fibres further introduce more intense fissuring created during compaction of
peds and fibres.

e |tisrecommended that a similar study be conducted by evaluating the in-situ undisturbed
natural samples of Lambert group and undisturbed fibre reinforced in-situ ped-compacted
specimens to concrete the hypothesis that peds are retaining the structure of the natural
specimen and further mimics the site compaction method respectively.

e  Furthermore, the reduced boundary surfaces of fibre reinforced ped-compacted samples
might be due to presence of the fibres introducing slickenside-like surfaces. Nevertheless,

such hypotheses should be carefully substantiated by experimental observation and data.
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Figure Captions

Fig. 1. Steps followed during slope treatment with fibre reinforcement.

Fig. 2. Photographs of chopped clay peds in the storage drum and the polypropylene fibres

used for reinforcement.

Fig. 3. Isotropic compression paths for the reconstituted and unreinforced specimens.

Fig. 4. (a) Stress—strain and (b) pore pressure response of unreinforced and reconstituted clay

samples.

Fig. 5. Stress paths of unreinforced, and reconstituted clay samples.

Fig. 6. End-of-test states for the reconstituted samples.

Fig. 7. End-of-test states for the drained and undrained unreinforced samples.

Fig. 8. One-dimensional compression data for fibre reinforced and unreinforced samples.
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Fig. 9. Calculation of m values for reinforced and un-reinforced specimens.

Fig. 10. (a) Stress-strain and (b) pore pressure response of reinforced and unreinforced clay

samples.

Fig. 11. (a) Stress-strain and (b) change in volumetric strain response of Lambeth Group clay

and fibre-reinforced clay samples under drained conditions.

Fig. 12. Shear plane characteristics for consolidated drained triaxial test of reinforced and

unreinforced specimens.

Fig. 13. Stress paths of unreinforced and reinforced clay samples.

Fig. 14. End-of-test states for the drained and undrained reinforced samples.

Fig. 15. Determined CSLs and NCLs of all tested samples.

Fig. 16. State boundary surfaces of all specimens normalised by iINCL*, along with data

from(Gasparre, 2005) for reconstituted and intact Unit A3 and B2&C clays.

Table Captions

Table 1. Properties of fibres

Table 2. Summary of all triaxial tests

Table 3. Specifications of 1-D Compression tests carried out for proposed study

Table 4. CSL and NCL parameters for the lines on Fig. 15
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Table

Table 1. Properties of fibres

Click here to access/download;Table;Tables_PF.doc 2

Properties Values
Specific gravity 0.91 g/cm?®
Denier 2610 (g/9000m)
Breaking tensile strength 350MPa
Modulus of elasticity 3500MPa
Melting point 165 °C
Burning point 590 °C
Acid and alkali resistance Very good
Dispensability Excellent
Moisture absorption 0%
Breaking elongation 18%
Thermal conductivity Low
Electrical conductivity Low
Colour Brown
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Table 2. Summary of all triaxial tests

Short Names | Diameter | INitial | Errorin | pqeq MR Density | Confinement | Prée-Shear
Void Void Content Volumetric
(mm) Ratio Ratio g (%) (kg/m3) (kPa) State
D-REC-150 38 1.01 0.010 144.66 40.96 17.39 150 Dry
REC-150 38 1 0.013 153 46.67 18.12 150 Dry
REC-450-200! 38 0.89 0.010 155 36.92 17.02 450 _200 Dry
REC-500-125! 38 0.86 0.011 154 35.92 18 500_125 Dry
REC-500 38 0.92 0.013 149.68 37.77 17.73 500 Wet
D-NF-50 37.62 0.56 0.017 174.63 23.3 19.56 50 Dry
D-NF-50a 39.21 0.62 0.017 183.57 26 19.21 50 Dry
D-NF-100 38.21 0.66 0.012 175.36 28.1 19.08 100 Dry
D-NF-300 37.8 0.58 0.008 177.54 27.95 20 300 Dry
U-NF-50 38.87 0.68 0.020 176.44 27.49 18.71 50 Dry
U-NF-100 39 0.59 0.014 183.08 24.26 19.27 100 Dry
U-NF-150 38.97 0.53 0.013 188.43 23 19.85 150 Dry
U-NF-300 38.2 0.55 0.013 185.36 25.3 19.96 300 Wet
U-NF-500-300? 37.59 0.59 0.021 172.15 27.36 19.76 500 300 Dry
U-NF-500a 38.99 0.63 0.009 181.92 24.28 18.85 500 Dry
D-F-50 105.68 0.69 0.014 3410 30.71 19.11 50 Wet
D-F-100 104.8 0.58 0.020 3455 25.1 19.64 100 Wet
D-F-300 104.96 0.65 0.012 3361 26.84 19.07 300 Wet
U-F-100 101.12 0.48 0.015 3455 26.47 21.09 100 Dry
U-F-150 101 0.42 0.011 3474.5 21.67 21.26 150 Dry
U-F-300 105 0.62 0.020 3400 25.85 19.25 300 Wet
U-F-500 105.22 0.55 0.016 3500 24.4 19.84 500 Wet
U-NF-100a 101.03 0.64 0.010 3207 29.61 19.61 100 Dry

D - Drained, U- Undrained, F - Fibres, NF - No Fibres, REC- Reconstituted, 100 — Confinement pressure

For example, D-NF-100 sample is prepared in laboratory, no fiber included, consolidated to 100 kPa and sheared in drained condition




1 REC-500-125 (or REC-450-200) specimen prepared in the laboratory, in reconstituted state, that was consolidated to 500 kPa initially and reduced to 125 kPa to
achieve over-consolidation (OCR>1) and sheared in undrained condition.

2 U-NF-500-300 sample is prepared in laboratory, no fiber included, consolidated to 500 kPa initially and reduced to 300 kPa to achieve over-consolidation (OCR>1)
and sheared in drained condition.

Table 3. Specifications of 1-D Compression tests carried out for proposed study

Moisture Initial

Sample Diameter | Height Mass Content Void
(mm) (mm) (9) (%) Ratio

Reinforced 1 74.60 19.95 178 24.03 0.63
Reinforced 2 74.83 39.03 361 22.70 0.56
Reinforced 3 74.82 39.03 346 24.69 0.67
Reinforced 4 74.83 39.02 357 24.80 0.61
Reinforced 5 74.82 39.04 354 24.80 0.62
Unreinforced 1 74.60 19.92 180 23.67 0.57
Unreinforced 2 74.60 19.93 180 23.32 0.61
Unreinforced 3 74.50 19.94 177 23.32 0.63
Unreinforced 4 74.83 39.04 347 28.30 0.66
Unreinforced 5 74.82 39.03 346 24.81 0.68
Unreinforced 6 74.84 39.04 352 28.14 0.65




Table 4. CSL and NCL parameters for the lines on Fig. 14

Soil N r A M
Reconstituted CSL - 0.165 0.85
Reconstituted NCL 251 2.498 0.165 -
Unreinforced CSL, - 2.071 0.092 0.89
Unreinforced CSL> - 2.157 0.092 0.89
Reinforced CSL - 1.893 0.061 0.87
Il?l\?éoLnftltuted London Clay 283 i 0.168 085
London Clay iso-NCL A2&C* - - 0.092 -

*(after. Gasparre 2005)




Highlights (for review)

THE MECHANICAL BEHAVIOUR OF COMPACTED LAMBETH-
GROUP CLAYS WITH AND WITHOUT FIBRE REINFORCEMENT

Highlights

o Discrete polypropylene fibres degraded the mechanical properties of the composite beyond a
critical confining pressure of 100 kPa.

e Addition of fibres changed the failure mechanism from the formation of a shear plane to
barreling.

e Preparation method produced a fissure pattern in the clay that introduced transitional behaviour,
which reduced with addition of the fibres.

e Behaviour of unreinforced samples was observed to be similar to highly fissured clays.

e Addition of fibres to the compacted samples created fissures with higher mobility at lower
friction than those in the unreinforced samples.



