
lable at ScienceDirect

Geotextiles and Geomembranes 43 (2015) 97e106
Contents lists avai
Geotextiles and Geomembranes

journal homepage: www.elsevier .com/locate/geotexmem
Effect of polypropylene fibres on the compressive and tensile strength
of a soft soil, artificially stabilised with binders

Ant�onio A.S. Correia a, *, Paulo J. Venda Oliveira a, Dione G. Cust�odio b

a Department of Civil Engineering, University of Coimbra, R. Luís Reis Santos, 3030-788 Coimbra, Portugal
b Quinta das Lameiras, Lt13A, 3500-794 Viseu, Portugal
a r t i c l e i n f o

Article history:
Received 29 July 2014
Received in revised form
22 November 2014
Accepted 23 November 2014
Available online 18 December 2014

Keywords:
Geosynthetics
Polypropylene fibres
Compressive strength
Tensile strength
Flexural strength test
Split tensile strength test
* Corresponding author. Tel.: þ351 239 797 277; fa
E-mail addresses: aalberto@dec.uc.pt (A.A.S. Correi

Oliveira), dionecustodio@hotmail.com (D.G. Cust�odio)
1 A soft soil is normally characterized by a high wa

and usually exhibits low strength (cu < 50 kPa) and
et al., 1987).

http://dx.doi.org/10.1016/j.geotexmem.2014.11.008
0266-1144/© 2014 Elsevier Ltd. All rights reserved.
a b s t r a c t

This work studies the effect of binder and fibre quantity on the mechanical behaviour of “Baixo Mon-
dego” soft soil, chemically stabilised with binders and reinforced/non-reinforced with short poly-
propylene fibres. The experimental programme was comprised by four types of tests, one to evaluate
compressive strength (unconfined compressive strength test) and three to evaluate tensile strength
(direct tensile strength test, split tensile strength test and flexural strength test). The results indicate that
increases in binder content cause an increment in the stiffness, the compressive and tensile strength, but
have a lower impact on the specimens reinforced with fibres. In general, the addition of a low quantity of
fibres to the stabilised soft soil originates a decrease in the stiffness, compressive and direct tensile
strength, a reduction of the loss of strength after peak and a change in behaviour, from brittle to more
ductile. The results also reveal that the impact of the addition of fibres on the strength depends on the
strain mechanism used in each test. Therefore, in flexural strength tests the impact of the fibres is sig-
nificant, while in the direct tensile strength tests the inclusion of fibres has a negligible effect. Re-
lationships between the compressive and tensile strength are presented at the end of this study, as well
as between the tensile strengths evaluated from the direct tensile strength test, split tensile strength test
and flexural strength test.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Using the deep mixing method to improve the mechanical
characteristics of soft soils1 has spread very quickly over the last
few decades. Nowadays, this method is used in various countries
around the world and its application has become so widespread
that it now includes improving: embankments and the foundations
of structures, the stability of slopes, the reduction of the vibration of
high-speed trains, the mitigation of liquefaction, deep-mixed soil
walls (Terashi, 2005; Holm, 2005; Terashi and Kitazume, 2009) and
the stabilisation/solidification of contaminated soils (Al-Tabbaa,
2009; Hernandez-Martinez et al., 2009), among others.
x: þ351 239 797 123.
a), pjvo@dec.uc.pt (P.J. Venda
.
ter content, low permeability
high compressibility (Hight
In general, cement-based stabilised soils showa good compressive
strength but poor tensile andflexural strength and a brittle behaviour
(Sukontasukkul and Jamsawang, 2012). When the stabilised soil is
subjected to seismic loads, either horizontal displacements (as in the
case of columns installed under the sides of embankments and in
slopes) or lateral earth pressures (as for deep-mixed soil walls), the
material needs to have some flexural strength to withstand the
bending moment applied, otherwise the stabilised material tends to
fail under tension, due to its brittleness (Sukontasukkul and
Jamsawang, 2012). When deep mixing columns (DMCs) are used in
excavated walls, these columns are usually reinforced by steel H-
beams in order to obtain the required flexural strength to withstand
the lateral earth pressures. An alternative method to improve the
flexural and tensile behaviour is to add short fibres into the soil-
binder-water mixture, as is usually used in concrete.

Various studies have been published about the effect of synthetic
fibres on the behaviour of stabilised soils, fundamentally based on the
results of unconfined compressive strength tests (Kaniraj and
Havanagi, 2001; Cai et al., 2006; Khattak and Alrashidi, 2006; Tang
et al., 2007; Consoli et al., 2010, 2011a, 2012, 2013a, 2013b, 2013c;
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Table 1
Composition and specific surface of the binders.

Property Binder

Portland Cement I 42.5R Slag

CaO (%) 63.02 37.02
SiO2 (%) 19.70 38.74
Al2O3 (%) 5.23 11.59
Fe2O3 (%) 2.99 0.85
MgO (%) 2.38 6.75
Specific surface, S (m2/kg) 321.5 363.0

A.A.S. Correia et al. / Geotextiles and Geomembranes 43 (2015) 97e10698
Park, 2009, 2011; Estabragh et al., 2012; Olgun, 2013) and split tensile
strength tests (KhattakandAlrashidi, 2006;Consoli et al., 2011b, 2012,
2013a, 2013b, 2013c; Olgun, 2013). A few authors have studied this
theme based on triaxial tests (Consoli et al., 2009; Hamidi and
Hooresfand, 2013), direct shear tests (Cai et al., 2006; Tang et al.,
2007), flexural tests (Sukontasukkul and Jamsawang, 2012),
isotropic compression tests (Santos et al., 2010) and cyclic shear tests
(Chauhan et al., 2008; Festugato et al., 2013). In general, these studies
have been performed with sandy or clayey soils stabilised with a low
binder content (less than about 10%), and they have shown that an
increment in the amount of fibres induces: increases in compressive
and tensile strength (Kaniraj and Havanagi, 2001; Cai et al., 2006;
Khattak and Alrashidi, 2006; Tang et al., 2007; Consoli et al., 2010,
2011a; Park, 2011; Estabragh et al., 2012; Olgun, 2013), increases in
residual strength (Tang et al., 2007; Sukontasukkul and Jamsawang,
2012), reductions in stiffness (Tang et al., 2007) and changes the
behaviourof the stabilised soil fromabrittle one to amore ductile one
(Tang et al., 2007; Estabragh et al., 2012). However, Consoli et al.
(2009) showed that the reinforcing effect of polypropylene fibres
becomes less effective for high cement contents for a stabilised sandy
soil, i.e., the peak strength only increases until 4% of cement content
and after that the effect of the fibre reinforcement has the opposite
effect. In fact, when the cement content is high, the stiffness of the
stabilised soil is fundamentally governed by the high stiffness of the
cementandthepolypropylenefibresare, therefore,unable tomobilize
the tensile strength before peak failure, since the deformations
reached are very low. Thus, increasing the amount of fibres for high
cement contents does not have repercussions on the increase of the
strength (Consoli et al., 2009). A similar behaviour was also reported
by Kaniraj and Havanaji (2001) when studying the indirect tensile
behaviour of high plasticity clays stabilized with 10% of cement and
reinforced with a fibre amount higher than 0.3%. On the other hand,
Sukontasukkul and Jamsawang (2012), using a stabilised soft soilwith
a cement content of 10e20%, obtained a slight increase in the flexural
strengthanda significant increment in the residual strengthwhen the
fibres were added to the soil-cement paste.

When soft soils are stabilised with binders, a high binder con-
tent is usually required to obtain a suitable strength for the stabi-
lised material. The scientific community has largely ignored the
effect of fibres in soft soils stabilised with a high binder content
probably because the stabilised soil becomes very stiff with such
amounts of binder, which, in theory, is not suitable for reinforce-
ment with polypropylene fibres.

2. Scope of present study

This work is intended to make a contribution to the study of the
compressive and tensile behaviour of stabilised soft soils with a
high binder content and reinforcedwith short polypropylene fibres.
To this end, four types of tests were carried out: unconfined
compressive strength (UCS) tests, split tensile strength (STS) tests,
direct tensile strength (DTS) tests and flexural strength (FS) tests.
The study focuses on the analysis of the effect of the binder quantity
both with and without fibres and the effect of the fibre quantity on
the compressive and tensile behaviour of the composite material.
Additionally, relationships between the compressive strength and
the tensile strength are addressed, as well as between the tensile
strength evaluated from the STS, DTS and FS tests.

3. Description of the experimental work

3.1. Characteristics of the soft soil

This study was carried out using a Portuguese soft soil, from the
“Baixo Mondego” area, located in the centre of Portugal. The soil
was collected from one site and depth (2.5 m), with the purpose of
reducing the soil's natural inherent variability (Coelho, 2000;
Venda Oliveira et al., 2010). The natural soil has a predominantly
silty grain size distribution (sand ¼ 14%; silt ¼ 61%; clay ¼ 25%), a
low unit weight (14.6 kN/m3), a high void ratio (>2.0) and a high
natural water content (80.9%). The soil exhibits a high organic
matter content (13.1%), which affects its general behaviour by
inducing a low undrained shear strength (<25 kPa) and a high
compressibility and plasticity (wL ¼ 68.0%; wP ¼ 41.9%) (Coelho,
2000; Venda Oliveira et al., 2010; Correia, 2011; Cust�odio, 2013).
This clayey-silt organic soil with a high plasticity is classified by
USCS as OH (ASTM D 2487, 1998). The chemical composition of the
soil reveals a high content of silica (SiO2 ¼ 62%) and alumina
(Al2O3 ¼ 16%), which confers pozzolanic properties to the soil (Janz
and Johansson, 2002). The soil exhibits a reduced pH value (3.5),
which can restrain and/or delay some reactions during the chem-
ical stabilization (Edil and Staab, 2005; Correia, 2011; Kitazume and
Terashi, 2013).

3.2. Characteristics of the binders

The soft soil was chemically stabilised with a binder mixture
composed by Portland cement Type I 42.5 R (EN 197-1, 2000) and
blast furnace granulated slag, with a dry weight proportion of 75/
25, which was defined in a laboratory optimization study (Correia,
2011). The main characteristics of the binders are presented in
Table 1. The Portland cement reacts spontaneously with water
(hydraulic material) producing a high quantity of reaction products
in a short time. The high content of silica (SiO2 ¼ 38.7%) and
alumina (Al2O3 ¼ 11.6%) that exists in the slag potentiates the
development of the pozzolanic reactions, which are responsible for
improving the mechanical properties in the long-term (Taylor,
1997; Janz and Johansson, 2002).

3.3. Characteristics of the polypropylene fibres

The polypropylene fibres used in this study are 12 mm in length,
32 mm in diameter and exhibit: a great flexibility, a high specific
surface (134 m2/kg), a density of 905 kg/m3, a tensile strength of
250 N/mm2 and a Young's modulus of 3500e3900 N/mm2 (in
accordance with the product datasheet supplied by the
manufacturer).

3.4. Specimen preparation and testing

Remoulded samples were used to reduce the variability of the
natural soil, without changing its mineralogical and granulometric
composition. The samples of stabilized soft soil with fibres were
prepared in accordance with EuroSoilStab (2001) with the modi-
fications proposed by Correia (2011), described in the following
steps: (i) the specified amount of binder was mixed with the
quantity of distilled water necessary to increase the natural water
content of the soil to 113%, producing a slurry (the water content
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increase was defined by Correia (2011) in order to ensure the best
compromise between the strength and quality of the samples); (ii)
the destructured soft soil, the slurry and fibres were thoroughly
mixed using a mechanical mixer at a speed of 142 rpm for 4 min, in
order to obtain a homogeneous soil-water-binder-fibre paste; (iii)
this paste was introduced and compacted directly into specific
moulds for each test (cylindrical, 70 mm diameter PVC moulds for
the UCS, STS and DTS tests; metallic, 250 � 70 � 70 mm parallel-
epipedmoulds for the FS tests) in 2 layers (the STS and FS tests) or 3
layers (the UCS and DTS tests); (iv) each layer was lightly tapped by
hand, subjected to vibrations by the application of a hand drill with
a steel bar near the inner surface of the mould, and compacted with
100 kPa for 10 s; (v) the surface was lightly scarified and another
layer was introduced; (vi) the samples were cured for 28 days in-
side a room with both the temperature (20 ± 2 �C) and humidity
(95 ± 5%) controlled; (vii) the samples were removed from the
moulds after the curing period; (viii) both surfaces of the cylindrical
samples were trimmed in order to obtain specimens of a height of
140 mm (the UCS and DTS tests) or 70 mm (the STS tests); (ix) the
electronic devices (load cell and strain gauge transducer) were set
up and adjusted; (x) finally, the tests could start and the data were
recorded by an automatic data acquisition system; all the testswere
carried out under a constant strain rate of 1%/min.

All the tests were repeated at least twice, in order to guarantee
the reliability of the work. Therefore, in general, for each aspect
studied (binder quantity and fibre content), a minimum of eight
samples were prepared to carry out two UCS tests, two STS tests,
two DTS tests and two FS tests.
Table 2
Effect of the binder quantity e soil stabilised without fibres (Cust�odio, 2013).

Type of test Property Binder quantit

125

T1 T2

Fibre quantity (kg/m3) 0
Binder content, aw (%) 17.9

UCS test Unconfined compressive strength, qu (kPa) 196.1 222
[209.2]

Deformability modulus for 0.5qu, Eu50 (MPa) 27.7 35.
[31.8]

Unit weight, g (kN/m3) 14.50 14.
[14.51]

Final water content, wf (%) 94.0 94.
[94.1]

STS test Split tensile strength, fct-ST (kPa) 46.5 46.
[46.5]

Vertical displacement at failure, dv (mm) 2.23 2.2
[2.24]

Unit weight, g (kN/m3) 14.59 14.
[14.59]

Final water content, wf (%) 90.6 90.
[90.7]

DTS test Direct tensile strength, fct-DT (kPa) (*)

Deformability modulus for 0.5fct-DT, Eu50 (MPa)

Unit weight, g (kN/m3)

Final water content, wf (%)

FS test Flexural strength, fcf-F (kPa) (*)

Deflection, dv (mm)

Unit weight, g (kN/m3)

Final water content, wf (%)

[…] e Average value; (*) Test not carried out; (**) Data lost; Ti e Test i.
Three sets of tests were performed in this work: (i) the first set
analyses the effect of the binder quantity (BQ), for four different
amounts (125, 250, 375 and 500 kg/m3), on the stabilised soil
without fibres (Table 2); (ii) the second set studies the effect of the
BQ (125, 250, 375 and 500 kg/m3) on the stabilised soil reinforced
with a constant quantity of fibres, 50 kg/m3 (Table 3); (iii) and in the
third set of tests, the effect of the fibre quantity (FQ) is analysed for
five different amounts (0, 25, 50, 75 and 100 kg/m3) for a constant
BQ of 375 kg/m3 (Table 4). For the first two sets of tests (studying
the effect of BQ), the DTS and FS tests were carried out only for a BQ
of 375 and 500 kg/m3. The first set of tests (without fibres) was
intended to establish reference values, thus allowing the evaluation
of the effect of the addition of fibres on the mechanical properties
(strength and stiffness) of the reinforced stabilized soil. Tables 2e4
present the three sets of tests carried out, as well as a summary of
the main results obtained.

4. Analysis of results

4.1. Effect of binder quantity

Fig. 1, Tables 2 and 3 show the effect of the binder quantity
without and with fibres (FQ ¼ 50 kg/m3), in terms of the stress-
strain or loadedisplacement behaviour evaluated from the UCS,
STS, DTS and FS tests. It may be seen that with the increment of BQ
there is a slight increase in the unit weight as a consequence of the
production of a greater amount of cementitious products. As ex-
pected, the increment of the binder quantity (BQ) or binder content
y (kg/m3)

250 375 500

T1 T2 T1 T2 T1 T2

0 0 0
35.7 53.6 71.5

.3 1531.1 1600.9 2761.0 2485.9 3348.7 3104.5
[1566..0] [2623.4] [3226.6]

9 139.7 164.0 193.5 187.1 425.6 363.4
[151.9] [190.3] [394.5]

51 14.69 14.71 15.43 15.49 15.50 15.59
[14.70] [15.46] [15.55]

3 80.0 80.0 68.7 68.7 58.9 59.9
[80.0] [68.7] [59.4]

5 249.3 272.7 342.2 338.5 582.3 545.1
[261.0] [340.4] [563.7]

4 1.35 1.48 1.12 1.22 0.85 0.85
[1.37] [1.17] [0.85]

59 14.94 14.98 15.32 15.22 15.86 15.56
[14.96] [15.27] [15.71]

8 77.9 78.4 67.2 67.0 58.8 58.7
[78.2] [67.1] [58.8]
(*) 411.2 345.9 539.3 516.2

[378.6] [527.8]
1413.6 1655.3 1620.4 1669.4
[1534.4] [1644.9]
15.45 15.43 (**) (**)
[15.44]
70.7 70.0 59.9 60.5
[70.4] [60.2]

(*) 760.5 787.5 1170.0 1354.4
[774.0] [1262.2]
0.09 0.11 0.09 0.12
[0.10] [0.11]
15.11 14.97 15.50 15.41
[15.04] [15.46]
66.2 66.0 60.4 59.4
[66.1] [59.9]



Table 3
Effect of the binder quantity e soil stabilised and reinforced with a constant quantity of fibres of 50 kg/m3 (Cust�odio, 2013).

Type of test Property Binder quantity (kg/m3)

125 250 375 500

T1 T2 T1 T2 T1 T2 T1 T2

Fibre quantity (kg/m3) 50 50 50 50
Binder content, aw (%) 17.9 35.7 53.6 71.5

UCS test Unconfined compressive strength, qu (kPa) 487.3 412.1 1628.3 1551.4 2173.0 2049.0 2929.6 3137.0
[449.7] [1589.8] [2111.0] [3033.3]

Deformability modulus for 0.5qu, Eu50 (MPa) 24.2 24.9 151.4 113.1 231.0 193.7 267.1 206.8
[24.5] [132.2] [212.4] [237.0]

Unit weight, g (kN/m3) 14.49 14.44 14.96 14.73 15.45 15.43 15.83 15.87
[14.47] [14.85] [15.44] [15.85]

Final water content, wf (%) 85.8 91.3 75.9 77.2 70.0 71.1 59.7 58.7
[88.5] [76.6] [70.5] [59.2]

STS test Split tensile strength, fct-ST (kPa) 118.8 100.8 448.6 435.7 353.3 454.8 676.9 597.5
[109.8] [442.1] [404.1] [637.2]

Vertical displacement at failure, dv (mm) 12.59 12.80 4.94 12.58 3.81 5.95 3.52 4.56
[12.70] [8.76] [4.88] [4.04]

Unit weight, g (kN/m3) 14.36 14.47 14.90 14.85 15.19 15.67 15.70 15.37
[14.42] [14.88] [15.43] [15.54]

Final water content, wf (%) 87.5 91.1 65.1 64.0 68.1 68.4 54.9 55.5
[89.3] [64.5] [68.2] [55.2]

DTS test Direct tensile strength, fct-DT (kPa) (*) (*) 257.2 234.1 130.1 411.2
[245.6] [270.7]

Deformability modulus for 0.5fct-DT, Eu50 (MPa) 1212.7 757.6 267.7 1538.5
[985.2] [907.6]

Unit weight, g (kN/m3) (**) (**) 15.11 15.18
[15.15]

Final water content, wf (%) 68.8 67.3 60.0 60.1
[68.1] [60.0]

FS test Flexural strength, fcf-F(kPa) (*) (*) 1983.7 1845.9 2277.6 2112.2
[1914.8] [2194.9]

Deflection, dv (mm) 0.46 0.46 1.60 1.66
[0.46] [1.63]

Unit weight, g (kN/m3) 14.90 14.87 15.09 15.20
[14.89] [15.15]

Final water content, wf (%) 65.6 64.8 53.8 54.8
[65.2] [54.3]

[…] e Average value; (*) Test not carried out; (**) Data lost; Ti e Test i.
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(aw, ratio of the dry weight of binder to the dry weight of the soil)
induces the increases of the compressive (UCS tests) and tensile
strength (STS and FS tests) due to the increment in the cement
reactions, creating stronger cementation bonds between the soil
particles. These data are corroborated by the decreases in the final
water content (Tables 2 and 3) due to the water consumed in the
cement reactions. This beneficial impact of the BQ on the strength
has also been reported by several other researchers, for example
Kaniraj and Havanagi (2001), Kumar et al. (2007), Correia (2011)
and Olgun (2013).

The results from the UCS (Fig. 1a), STS (Fig. 1b) and FS tests
(Fig. 1d) are consistent with each other and illustrate the signifi-
cant impact that the addition of polypropylene fibres to the soil-
binder paste has, in terms of the stress-strain (UCS test) or
loadedisplacement (STS and FS tests) behaviour, namely: (i) in
general the tests show the decreasing of the stiffness with the
addition of fibres, due to the inclusion of a more deformable
material (fibres) into the soil-binder matrix; (ii) in general, the
inclusion of fibres tends to decrease the peak compressive
strength, which is explained by two cumulative effects: the pres-
ence of the fibres, which does not allow the creation of some
cementation bonds between the soil particles; while the high
binder content induces a very stiff composite material, with low
deformations at peak, which are not enough to mobilize the ten-
sile strength of the polypropylene fibres (extensible fibres), and
consequently, these do not contribute to the increment of the
strength; (iii) the inclusion of fibres in the stabilised soil changes
its behaviour, from a brittle behaviour, with a significant reduction
of strength after peak for the non-reinforced material, to a ductile
behaviour without apparent loss of strength after peak, which is a
consequence of the mobilization of the tensile strength of the fi-
bres for higher deformations, as illustrated in Fig. 1. Although the
effect of the fibres, in terms of ductility improvement, is corrob-
orated by the generality of the works published (Consoli et al.,
2009; Olgun, 2013), the detrimental effect of the inclusion of the
fibres in terms of compressive strength, is only reported in a few
works. Consoli et al. (2009) obtained the same trend for the
compressive strength by using a high binder content in a sandy
soil, while Khattak and Alrashidi (2006) observed a reduction of
tensile strength (STS tests) for high plasticity clays stabilized with
10% of cement and reinforced with fibre contents higher than 0.3%.
As the stabilization of the soft soil under study requires a high
binder content to achieve a significant level of improvement, the
effect of the fibres is detrimental in terms of peak compressive
strength.

The loadedisplacement behaviour from the DTS tests (Fig. 1c)
does not match that observed in the remaining tests, since the
stiffness is not affected by the presence of fibres and it continues to
be brittle, although the loss of strength after peak is lower with the
inclusion of fibres. This behaviour is explained by the fact that the
reduced deformation at peak (less than 0.03%) does not allow the
tensile strength of the fibres, thus the stiffness is almost unaltered.
After failure, the residual strength observed is only due to the
mobilization of the tensile strength of the fibres and as the fibre
content in both specimens is constant, the residual strength is
naturally the same.



Table 4
Effect of the fibre quantity e soil stabilised with a constant binder quantity of 375 kg/m3 (Cust�odio, 2013).

Type of test Property Fibre quantity (kg/m3)

0 25 50 75 100

T1 T2 T1 T2 T1 T2 T1 T2 T1 T2

Binder quantity, BQ (kg/m3) 375 375 375 375 375
Binder content, aw (%) 53.6 53.6 53.6 53.6 53.6

UCS test Unconfined compressive strength, qu (kPa) 2761.0 2485.9 2115.5 2095.4 2173.0 2049.0 2482.0 2350.6 3167.2 2711.1
[2623.4] [2105.5] [2111.0] [2416.3] [2939.2]

Deformability modulus for 0.5qu, Eu50 (MPa) 193.5 187.1 155.4 190.1 231.0 193.7 157.6 215.4 236.6 193.6
[190.3] [172.7] [212.4] [186.5] [215.1]

Unit weight, g (kN/m3) 15.43 15.49 15.76 15.88 15.45 15.43 15.27 15.33 14.75 14.70
[15.46] [15.82] [15.44] [15.30] [14.73]

Final water content, wf (%) 68.7 68.7 70.8 71.3 70.0 71.1 70.3 73.6 71.7 72.0
[68.7] [71.0] [70.5] [72.0] [71.9]

STS test Split tensile strength, fct-ST (kPa) 342.2 338.5 408.8 439.0 454.8 454.8 618.8 561.1 607.0 550.8
[340.4] [423.9] [454.8] [590.0] [578.9]

Vertical displacement at failure, dv (mm) 1.12 1.22 3.85 4.32 3.81 5.95 12.50 2.90 12.32 12.50
[1.17] [4.09] [4.88] [7.70] [12.41]

Unit weight, g (kN/m3) 15.32 15.22 15.07 15.46 15.19 15.67 15.77 15.67 15.41 14.90
[15.27] [15.27] [15.43] [15.72] [15.16]

Final water content, wf (%) 67.2 67.0 65.5 67.0 68.1 68.4 65.5 68.4 64.4 66.0
[67.1] [66.3] [68.2] [66.99] [65.2]

DTS test Direct tensile strength, fct-DT (kPa) 411.2 345.9 171.8 218.6 257.2 234.2 218.8 86.4 163.8 171.7
[378.6] [195.2] [245.7] [152.6] [167.7]

Deformability modulus for 0.5fct-DT, Eu50 (MPa) 1413.6 1655.3 524.7 342.8 1212.7 757.6 364.7 93.6 131.1 150.9
[1534.4] [433.7] [985.2] [229.2] [141.0]

Unit weight, g (kN/m3) 15.45 15.43 14.78 14.51 (**) (**) (**) (**) 14.78 14.51
[14.44] [14.65] [14.65]

Final water content, wf (%) 70.7 70.0 67.1 67.6 68.8 67.3 69.9 68.9 70.4 68.4
[70.4] [67.4] [68.1] [69.4] [69.4]

FS test Flexural strength, fcf-F (kPa) 760.5 787.5 1515.3 1350.0 1983.7 1845.9 1735.7 2112.2 2084.7 1625.5
[774.0] [1432.7] [1914.8] [1924.0] [1855.1]

Deflection, dv (mm) 0.09 0.11 1.05 1.10 0.46 0.46 1.08 2.09 1.98 0.92
[0.10] [1.08] [0.46] [1.59] [1.45]

Unit weight, g (kN/m3) 15.11 14.97 (**) 15.30 14.90 14.87 15.11 15.06 14.99 14.94
[15.04] [15.30] [14.89] [15.09] [14.97]

Final water content, wf (%) 66.2 66.0 63.7 68.7 65.6 64.8 64.3 65.1 62.4 65.5
[66.1] [66.2] [65.2] [64.7] [63.9]

[…] e Average value; (**) Data lost; Ti e Test I.
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Fig. 2 depicts the evolution, with BQ, of the compressive
strength (qu), the tensile strength (STS: fct-STS; DTS: fct-DTS; FS: fct-FS)
and the Young's modulus evaluated for 50% of the compressive or
tensile strength (Eu50) for the four types of tests carried out, which
clarify some of the features previously described from the analysis
of Fig. 1. The results of the UCS (Fig. 2a) and STS tests (Fig. 2b)
without fibres reveal a quasi-linear increase in the strength with
BQ; the results of the DTS (Fig. 2c) and FS (Fig. 2d) tests also reveal
an increment in the strength when BQ increases from 375 to
500 kg/m3. The results also show that the inclusion of 50 kg/m3 of
fibres has a detrimental effect on qu (Fig. 2a) and fct-DTS (Fig. 2c);
this detrimental effect increases with the increment in BQ, in
relation to the case without fibres. In terms of stiffness, the in-
creases of the BQ promote the increment in the Eu50 (Fig. 2a, c),
which is lower in the presence of fibres. The stiffness evaluated
from the DTS tests (Fig. 2c) with the inclusion of fibres is almost
unchanged despite the high scattering of the data.

The evolution of the strength ratio (Rqu ¼ qu[FQs0]/qu[FQ¼0];
Rfct ¼ fct[FQs0]/fct[FQ¼0]) and the stiffness ratio (REu ¼ Eu50[FQs0]/Eu50
[FQ¼0]) with BQ is illustrated in Fig. 3. In general, the strength ratio
(Fig. 3a) varies between 2.5 (FS test) and 0.5 (DTS test), and tends to
decreasewith the increment of BQ, that is, the addition of fibres has
a beneficial impact on the peak compressive strength for a BQ of
lower than 250 kg/m3, while for a higher BQ the impact of the
presence of fibres is slightly detrimental (UCS and DTS tests). The
stiffness ratio (Fig. 3b) evaluated from the UCS tests varies between
0.60 and 1.12, with a significant scattering of data, which does not
show a clear tendency, i.e., this ratio has a maximum for a BQ of
375 kg/m3, decreasing for higher and lower values of BQ. Addi-
tionally, the average REu evaluated from the DTS tests is lower than
that obtained from the UCS tests. However, the comparison be-
tween the stiffness of the UCS and DTS tests should only be done in
qualitative terms because the strain level used to evaluate the
stiffness for both tests is completely different, as observed in Fig. 1.

Fig. 4 depicts the effect of the BQ on the variation of some re-
lationships between the compressive and tensile strength (fct-DTS/
qu, fct-DTS/fct-STS, fct-DTS/fct-FS, fct-STS/qu), which could be helpful at a
pre-design stage. In general, Fig. 4a shows the decrease of the fct-
DTS/qu, fct-DTS/fct-STS and fct-DTS/fct-FS with BQ, with a more significant
reduction for fct-DTS/fct-STS, mainly with the addition of 50 kg/m3 of
fibres. The ratio fct-DTS/fct-STS varies between 0.94 and 1.11 without
fibres and between 0.42 and 0.61 for an FQ of 50 kg/m3; on the
other hand fct-DTS/fct-FS changes between 0.42 and 0.49 for tests
without fibres, but becomes almost constant (fct-DTS/fct-FSy 0.11)
when 50 kg/m3 of fibres is added to the mixture. It should be
pointed out that these relationships are very different from those
reported for concrete (fct-DTS/fct-STS ¼ 0.9; fct-DTS/fct-FS ¼ 0.65) (NP
EN 1992-1-1, 2010). Fig. 4b shows that fct-STS/qu changes to be-
tween 0.13 and 0.22 without fibres, but changes to 0.19e0.28 with
the inclusion of 50 kg/m3 of fibres. These values are slightly higher
than those obtained by Consoli et al. (2013c) with a stabilised sandy
soil reinforced with fibres, fct-STS/qu ¼ 0.14, which is explained by
the different natures of the soils and the lower binder content used
by Consoli et al. (2013c).



Fig. 1. Stress-strain or loadedisplacement curves. Effect of binder quantity, both with and without fibres (FQ ¼ 50 kg/m3): (a) UCS test; (b) STS test; (c) DTS test; (d) FS test.
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4.2. Effect of fibre quantity

Fig. 5 and Table 4 show the results of the UCS, STS, DTS and FS
tests, which illustrate the effect of the fibre quantity on the stress-
Fig. 2. Effect of binder quantity, both with and without fibres, (FQ ¼ 50 kg/m3) on stiffnes
strain or loadedisplacement behaviour. In general, the unit weight
shows a tendency to decrease slightly with the increment of the
fibres, due to the addition of a lighter material (fibres) to the soil-
binder matrix. The results of the UCS (Fig. 5a), STS (Fig. 5b) and
s, compressive and tensile strength: (a) UCS test; (b) STS test; (c) DTS test; (d) FS test.



Fig. 3. Effect of binder quantity on: (a) strength ratio, Rqu; (b) stiffness ratio, REu.
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FS (Fig. 5d) tests indicate that the inclusion of an FQ of 25 kg/m3 is
sufficient to change the behaviour of the compositematerial, from a
brittle (without fibres) to a ductile behaviour, which is consistent
with the findings of Kaniraj and Havanaji (2001) and Olgun (2013).
This behaviour is not reproduced in the DTS tests; indeed all the
results (with and without fibres) indicate a brittle behaviour,
although the inclusion of fibres decreases the loss of strength after
peak, owing to the mobilization of the tensile strength of the fibres
after the generalised failure of the cementitious matrix, which oc-
curs for axial strains of 0.02%e0.03%.

Fig. 6 summarizes the effect of FQ in terms of the stiffness,
compressive and tensile strength, obtained from the four types of
tests. The results reveal some common features, namely: (i) a
decrease in the stiffness, the qu and the fct-DTS with the inclusion of
25 kg/m3 of fibres in relation to the unreinforced material, because
the presence of the fibres in the mixture prevents the formation of
some cementation bonds with the soil particles; (ii) there is also a
slight recovery of the strength and the stiffness with the increase in
FQ, inducing a peak of stiffness and strength when the amount of
fibres is between 50 and 75 kg/m3; the exception to this is shown
by the results of the UCS test, which indicate a slight continuous
recovery of qu with the increment of FQ; (iii) with the exception of
the results of the DTS tests and the results of the UCS for an FQ
lower than 100 kg/m3, the addition of fibres to the soil-binder
mixture increases the strength in relation to the non-reinforced
material. In fact, for any of the two tensile tests (STS and FS) the
tensile strength increases with the increment of fibre content,
Fig. 4. Effect of binder quantity on the ratio of peak streng
reaches a maximum value for an optimum fibre quantity of
50e75 kg/m3 and after that starts to decrease; this behaviour is in
line with the findings of Khattak and Alrashidi (2006) for STS tests.

In general, the results of UCS and DTS tests seem to indicate that,
for higher binder contents, the behaviour of the composite material
is fundamentally governed by the cementitious bonds which are
responsible for the high strength and stiffness of the composite
material, therefore the tensile strength of the polypropylene fibres
(more extensible) is not mobilized before the peak strength that
occurs for very low deformations. Accordingly, in UCS and DTS tests
the addition of fibres does not contribute to improving the me-
chanical behaviour of the composite material for such binder
contents.

Fig. 7 depicts the effect of the fibre quantity on the strength and
the stiffness ratios, which, in general, reveals a non-linear evolution
and a significant reduction of the Rqu, Rfct (DTS tests) and REu with
the inclusion of 25 kg/m3 of fibres, reflecting the abovementioned
behaviour. The FS tests lead to a higher Rfct (1.85e2.49), while the
lowest results are induced by the DTS test, with an Rfct of 0.40e0.64.
Despite the high level of scattering, REu also exhibits distinct ten-
dencies depending on the type of test (UCS or DTS); REu evaluated
by DTS tests decreases with FQ, while the UCS tests induce an
almost constant stiffness ratio. Thus, the results indicate that the
efficacy of the fibre reinforcement seems to be dependent on the
strain level induced by each test at failure, linked with the higher or
lower mobilization of the tensile strength of the fibres, which is
related with the binder content. In this way, the FS test originates a
th: (a) fct-DTS/qu, fct-DTS/fct-STS, fct-DTS/fct-FS; (b) fct-STS/qu.



Fig. 5. Stress-strain or loadedisplacement curves. Effect of fibre quantity: (a) UCS test; (b) STS test; (c) DTS test; (d) FS test.

Fig. 6. Effect of fibre quantity on stiffness, compressive and tensile strength. (a) UCS test; (b) STS test; (c) DTS test; (d) FS test.
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Fig. 7. Effect of fibre quantity on: (a) strength ratio, Rqu; (b) stiffness ratio, REu.
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more deformable mechanism than the other three tests, thus the
fibres play a more relevant role. The DTS test contrast directly with
this since the failure occurs for very low deformations, which are
not enough to mobilize the tensile strength of the fibres and their
presence in the paste impedes the creation of some cementation
bonds.

The effect of the FQ on the variation of some relationships be-
tween the compressive and tensile strength (fct-DTS/qu, fct-DTS/fct-STS,
fct-DTS/fct-FS, fct-STS/qu) is illustrated in Fig. 8. The relationship fct-DTS/
fct-STS decreases greatly with the increment of FQ, while the
remaining relationships exhibit a small change with FQ, with the
following variations: fct-DTS/qu ¼ 0.06e0.12; fct-STS/qu ¼ 0.20e0.24;
fct-DTS/fct-FS ¼ 0.09e0.14. As seen previously, the ratio fct-STS/qu is
slightly higher than that obtained by Consoli et al. (2013c) for a
cemented sandy soil reinforced with polypropylene fibres, (fct-STS/
qu ¼ 0.14) and by Kumar et al. (2007) for ash-soil mixtures stabi-
lized with lime and reinforced with polypropylene fibres (fct-STS/
qu ¼ 0.14e0.17, increasing with the fibre content). As described
previously in the analysis of the effect of binder quantity, the fct-DTS/
fct-STS (with fibres) and fct-DTS/fct-FS relationships are much lower
from those stated for concrete (NP EN 1992-1-1, 2010), fct-DTS/fct-
STS ¼ 0.9 and fct-DTS/fct-FS ¼ 0.65, which is due to a different matrix.

5. Conclusions

Regarding the results of the unconfined compressive strength
(UCS) tests, split tensile strength (STS) tests, direct tensile strength
(DTS) tests and flexural strength (FS) tests carried out with stabi-
lised specimens of the “Baixo Mondego” soft soil, both reinforced
Fig. 8. Effect of fibre quantity on the ratio of peak strength: fct-DTS/qu, fct-STS/qu, fct-
DTS/fct-STS and fct-DTS/fct-FS.
and non-reinforced with polypropylene fibres, the following ob-
servations and conclusions can be drawn:

(i) The increment of binder quantity improves the mechanical
characteristics of the stabilisedmaterial (i.e., the stiffness, the
compressive and the tensile strength increase), however the
presence of fibres may reduce this beneficial effect (UCS and
DTS tests).

(ii) In general, the effect of the fibre quantity on the stiffness,
compressive and tensile strength exhibits a non-linear trend,
i.e., the mechanical properties are not proportional to the
amount of fibres added to the paste. In fact the inclusion of
25 kg/m3 of polypropylene fibres into the soil-binder mix-
tures tends to decrease the peak strength, both under
compression and tension (DTS tests), which is explained by
the fact that the fibres do not allow some cementation bonds
to be established with the soil particles. However, an addi-
tion of 50e75 kg/m3 of fibres leads to an improvement in the
mechanical characteristics, in relation to both lower and
higher quantities of fibres, indicating that this is the opti-
mum value.

(iii) With the exception of the DTS tests, the results of the other
tests indicate that the inclusion of fibres into the soil-binder
paste changes the behaviour of the material from brittle to
more ductile. In fact, the main repercussion of the inclusion
of fibres in the specimens submitted to DTS test is to reduce
the loss of strength after peak, now exhibiting a non-
negligible residual strength, which corresponds to the
mobilized tensile strength of the fibres.

(iv) The effect associated with the addition of fibres depends on
the type of the tests, namely, the strain level imposed by each
test at failure. Thus, the failure in the DTS test occurs for very
low deformations, which are insufficient to mobilize the
tensile strength of the fibres, so the impact of the fibres on
the peak strength is negligible. On the other hand, the FS test
imposes a more deformable mechanism, which allows the
mobilization of the tensile strength of the fibres, thus the
fibres have a more important effect on the strength.

(v) In general, the relationships fct-DTS/fct-FS, fct-DTS/fct-STS, fct-DTS/
qut and fct-STS/qu, show a decrease with the increment of the
binder and fibre quantities.
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Notation

The following symbols are used in this paper (basic SI units are given
in parentheses):
aw binder content (%)[ratio of the dry weight of binder to the

dry weight of the soil];
BQ binder quantity (kg/m3) [dry weight of binder per volume

of soil];
DTS direct tensile strength;
Eu50 secant Young's modulus for 0.5qu (Pa);
F force (N);
fct maximum tensile strength (Pa);
fct-DTS maximum tensile strength evaluated from DTS tests (Pa);
fct-FS maximum tensile strength evaluated from FS tests (Pa);
fct-STS maximum tensile strength evaluated from STS tests (Pa);
FQ fiber quantity (kg/m3) [weight of fibers per volume of

soil];
FS flexural strength;
qu maximum unconfined compressive strength (Pa);
Rqu strength ratio (qu[FQs0]/qu[FQ¼0]);
STS split tensile strength;
UCS unconfined compressive strength;
wf final water content (%);
wL Atterberg liquid limit (%);
wP Atterberg plastic limit (%);
D increment;
εax axial strain (%);
g unit weight (kN/m3);
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