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Abstract Geosynthetics can be effectively used as rein-
forcement of low fills on weak subgrades, as is the case of
unpaved roads. They can reduce fill deformation and
increase its life. This paper investigates the performance of
unreinforced and reinforced low fills on a loose sand sub-
grade, with particular emphasis on the behaviour of the fills
after surface maintenance. Different types of geosynthetics
(12 geogrids and a woven geotextile) were tested in a large
equipment where the fills were subjected to cyclic loading.
The results obtained showed that the presence of the
reinforcement improved the performance of the fill during
the first and second (after surface maintenance) loading
stages. The gain in performance depended on the rein-
forcement type and characteristics. Optimum ranges for the
ratio between geogrid aperture dimension and fill particle
diameter were identified for which less fill particle break-
age and greater load spreading angles were obtained. The
results show that the specification of a geogrid reinforce-
ment for applications such as in unpaved roads or railway
tracks based on its tensile stiffness is necessary but not
sufficient to obtain maximum efficiency from the
reinforcement.
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List of symbols

Geq Equivalent geogrid aperture dimension

[=(amracw)'] (mm)

Geogrid aperture width along the cross machine

direction (mm)

am Geogrid aperture width along the machine
direction (mm)

dcm

ASM  Geogrid aperture stability modulus (N-m/degree)

B Diameter of the loading plate (mm)

B, Percentage by weight of broken gravel particles
(dimensionless)

D, Particle diameter for which n% in mass of the
remaining particles are smaller than that diameter
(mm)

Dpnax  Maximum fill particle diameter (mm)

fup  Reduction factor for the influence of the ratio aeq/
Dmax

GPF  Geogrid property factor (dimensionless)

J Reinforcement tensile stiffness (kN/m)

Jsq, Reinforcement secant tensile stiffness at 5 % strain
(kN/m)

N Number of load repetitions during cyclic loading
(dimensionless)

p Pressure on the fill surface (kPa)

TBR  Traffic benefit ratio (dimensionless)

M Average thickness of the grid members parallel to

the machine direction (mm)
tem Average thickness of the grid members parallel to
the cross-machine direction (mm)

Tmax  Reinforcement tensile strength (kN/m)

o Fraction of grid members’ lateral area available for
bearing in the grid aperture (dimensionless)

Ol Fraction of grid area which is solid in plan
(dimensionless)
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AW,, Final fraction of the sample weight corresponding
to a given range of gravel particles after breakage

AW,; Initial fraction of the sample weight corresponding
to a given range of gravel particles sizes before
breakage

&max ~ Maximum reinforcement strain (%)

0 Load spreading angle (°)

4 Correction factor for the influence of the
reinforcement on soil properties (dimensionless)

Introduction

Geosynthetics have been extensively used as reinforcement
in different geotechnical engineering works, such as
embankments on soft soils, steep slopes and retaining
structures, pavements and unpaved roads. For the latter,
significant benefits can be brought about by the use of
geosynthetic to reinforce roads on weak subgrades. The
presence of the reinforcement reduces lateral spreading of
the fill material, reduces the stresses transmitted to the
subgrade and, in case large deformations of the system are
allowed, the reinforcement membrane effect improves even
further the performance of the road. The practical conse-
quences are the reduction of fill material consumption,
reduction of road deformation, increased road life and less
maintenance requirement. The reduction of maintenance is
an important contribution from the reinforcement that is
usually neglected in the design of such works and in the
cost-effectiveness analysis of the solution [1].

The use of geosynthetic to reinforce low fill layers on
weak subgrades, such as in unpaved roads, railways or
shallow foundations, has been investigated by many
researchers in the last decades [2-8]. In the 70s and early
80s geotextiles (woven and nonwoven) were used as
reinforcement [2, 3] and they combined the functions of
reinforcement, separation and drainage. Geogrids started to
gain ground with respect to geotextiles in such applications
because of their greater interaction with granular fill
materials and larger values of tensile stiffness.

Several numerical studies [9-13, for instance] have con-
tributed to a better understanding of the influence of
geosynthetic reinforcement on performance of low fills on
weak subgrades. In the case of unpaved roads, design
methods have also been proposed by several researchers
throughout the last 4 decades [14-18]. Despite the impor-
tance and relevance of these contributions, an accurate pre-
diction of the behaviour of low fill layers, either reinforced or
not, on weak ground is still a challenge because of the
complex nature of such works. These complexities are
related to conditions such as cyclic loading and its influence
on soil properties and mechanical behaviour, large defor-
mations, interaction between soils and reinforcement, low
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strength and high compressibility of the subgrade, con-
struction practices and control, etc. On the other hand, much
lower deformations are allowed for other low fill applica-
tions as bearing layers, such as in railways and shallow
foundations. However, soil-geosynthetic interaction remains
as a complex and extremely important phenomenon in such
cases as well.

The influence of the presence of reinforcement on the
reduction of maintenance services in low fills (unpaved
roads and railway tracks, for instance) has been very little
investigated. Palmeira and Cunha [19] and Palmeira and
Ferreira [20] carried out model tests on reinforced and
unreinforced unpaved roads subjected to surface mainte-
nance after a target rut depth had been reached. The results
showed that after maintenance the presence of the rein-
forcement continued to improve road performance very
significantly. Palmeira and Antunes [1] presented and dis-
cussed contributions brought by the reinforcement to the
road performance after surface maintenance in large scale
laboratory tests. These authors also showed that an initially
more expensive geosynthetic, but being more efficient as
reinforcement, can prove more economically attractive
after a few road surface maintenance cycles. Palmeira [21]
presented a limit equilibrium approach to estimate the
gains in load capacities of reinforced and unreinforced
roads after surface maintenance.

Most research on problems involving low reinforced
fills has studied the behaviour of such works on soft satu-
rated subgrades. However, the presence of the reinforce-
ment can be also beneficial in the cases of fills on
collapsible soils and on subgrades consisting of loose
sands. Although soil improvement techniques or geocells
can be employed in these situations, these solutions are
usually significantly more expensive or time consuming
than the use of a geosynthetic reinforcement layer at the
base of the fill. This paper investigates some physical,
mechanical and interaction properties of geosynthetic
reinforcement on the behaviour of low fills built on loose
subgrades and subjected to surface maintenance. The
authors believe the study is particularly relevant to unpaved
roads, but some results and conclusions obtained may be
extended to some extent to other low reinforced fill
applications such as in paved roads and railways, for
instance. The experimental methodology adopted, results
and discussions are presented in the following items.

Experiments

Equipment

The apparatus used in the experiments consisted of a rigid
tank 1200 mm in diameter and 520 mm high, as shown in
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Fig. 1 [22]. A 300 mm thick gravel fill simulated a bearing
layer on a compressible subgrade consisting of a 220 mm
thick loose sand layer. It is acknowledged that under field
conditions in unpaved roads, for instance, much thicker
subgrade layers would occur. However, the main objective
of the study was to identify and quantify the influence of soil-
reinforcement interaction parameters and of relevant rein-
forcement properties on fill performance. So, the use of a
smaller thickness was intended to allow a faster test prepa-
ration and testing of a significant number of reinforcement
materials, but still resembling practical situations such as
those found in unpaved roads and railway tracks on com-
pressible ground. Although the results obtained might be
somewhat different had a thicker subgrade been used,
unreinforced and reinforced test results were obtained under
the same subgrade conditions and the authors believe that in
comparative terms the conclusions obtained are valid. Sim-
ilar subgrade types (sand) and/or thicknesses were also
employed in large scale tests carried out by Cancelli et al.
[23], Brown et al. [24] and Hussaini [25], for instance.

The cyclic vertical load was applied to the fill surface by a
200 mm diameter steel plate with a frequency of 1 Hz. The
load was provided by a jack connected to a hydraulic system
so that a vertical stress of 560 kPa was applied to the fill
surface. Load on the plate and its vertical displacements were
measured by a load cell and displacement transducers,
respectively. Displacement transducers were also installed
along the surface of the fill to allow the measurement of fill
surface profile during the test. The signals from the instru-
mentation were acquired and processed by a Lynx ADS 2000
data logger and a microcomputer.

The maintenance of the fill surface was carried out when
a loading plate vertical displacement of 75 mm was
reached and consisted of filling the rut with the same fill
material and under the same initial conditions. After rut
repair the test was restarted for a new loading phase.

I Reaction frame

Data acquisition
system

Load cell

Hydraulic |
system

Rigid tank

>

Fig. 1 View of the equipment used during one of the tests [22]

Materials

The fill consisted of a 300 mm thick gravel layer with
particle diameters ranging from 1.5 to 21 mm, with an
average particle diameter (Dsg) of 10.5 mm and a coeffi-
cient of uniformity (CU) equal to 7.7. The fill was com-
pacted (static compaction) to a dense state in three layers,
100 mm each, to achieve a relative density of 83 %. Under
such conditions, the gravel friction angle obtained in a
medium size (300 mm x 300 mm x 200 mm specimens)
direct shear test equipment was equal to 43°. Table 1
presents additional information on the geotechnical prop-
erties of the fill material.

A clean uniform sand with particle diameters varying
between 0.2 and 2.0 mm was used to prepare the subgrade
layer. The average particle diameter of the sand was equal
to 1.01 mm and its coefficient of uniformity was equal to
2.6. The subgrade layer was prepared using the sand rain
technique with particles falling from height of 100 mm,
which yielded a relative density of 30 %. For such relative
density the sand friction angle obtained in direct shear tests
was equal to 31° and the California bearing ratio (CBR)
was equal to 1.6 %. Table 1 also presents additional
information on the sand used in the subgrade.

Geosynthetics

Twelve geogrids and a woven geotextile were used as
reinforcement. Table 2 presents the main properties of the
reinforcements. In all test the reinforcement layer was
installed at the fill-subgrade interface. The tensile stiffness
of the geogrids tested varied between 72 and 1165 kN/m,

Table 1 Properties of the soils

Property Fill Subgrade
Djo (mm)?* 1.49 0.46
Dso (mm) 10.51 1.01
Dgs (mm) 16.0 1.63
Coefficient of uniformity (Dgo/D10) 7.7 2.6
Unit weight (kN/m®) 17.3 16.7
Specific gravity of soil solids 2.65 2.69
Relative density (%) 83 30
Cohesion (kPa)® 0 0
Friction angle (degrees)b 43 31
California bearing ratio (%) NA 1.6
Los Angeles abrasion (%) 34 NA®

4 D, = soil particle diameter for which n % in mass of the remaining
particles are smaller than that diameter

® From medium size direct shear tests (300 mm x 300 mm x
200 mm specimens)

¢ Not applicable or not available
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as per the ASTM D6637 test method. Note that geogrids
Gl and G4 are uniaxial products, whereas the others are
biaxial ones. Although similar to squares in shape in most
cases, the dimensions of the apertures of the geogrids tested
were measured and the values of equivalent aperture (aeq),
defined as the geometric mean of the dimensions of the
aperture [24], are presented in Table 2. The equivalent
aperture dimension of the geogrids varied between 12.8
and 32.8 mm. The values of geogrid aperture stability
modulus (ASM, as per Kinney and Xiaolin [26]) are also
presented in that table. Geogrids G1, G2 and G4 were
manufactured with polyester fibers, whereas the others
were made with polypropylene fibers. Geogrids G1 to G6
are commercially available products, whereas geogrids G7
to GI12 were assembled in the laboratory using
polypropylene stripes. The latter were intended to allow
variations of specific geogrid properties (aperture dimen-
sions, for instance) while keeping other properties (tensile
stiffness or ASM, for instance) constant. The woven geo-
textile was made with polyester fibers and presented a
secant tensile stiffness at 5 % strain (J54) equal to
1022 kN/m, which is close to the tensile stiffness of the
stiffest geogrid tested (G1, Js¢, = 1165 kN/m). Additional
information on materials and testing methodology can be
found in Goéngora [22] and in a companion paper by Pal-
meira and Gongora [27].

Table 2 Properties of the geosynthetics

Results
Load-Displacement Behaviour

Figure 2 shows results for unreinforced and reinforced fills
in terms of loading plate vertical displacement versus
number of load repetition (V) for the two loading stages
considered (before and after surface maintenance) for the
tests with the woven geotextile and geogrids G1 to G12.
The results obtained during the first loading stage are
shown in Fig. 2a, b and are discussed in detail in Palmeira
and Goéngora [27]. The best performance in terms of
number of load repetitions for the target 75 mm plate
vertical displacement to be reached was obtained for the
fills reinforced with grids G1, G2 and G4. The number of
load repetitions varied between 3755 (for grid G7) and
340,068 (for grid G1). The value obtained for the unrein-
forced fill was considerably smaller (N = 2810). The value
of N for the test with the geotextile was equal to 11,437,
which is considerably larger than that for the unreinforced
fill, although smaller than the values of N obtained in the
tests with geogrids G1, G2, G3 and G4.

The results of plate vertical displacement versus number
of load repetitions for the second loading stage, after sur-
face repair, are depicted in Fig. 2c, d. In this loading stage
the fills reinforced with grids G1, G2 and G4 continued to

Reinf. Tinax (KN/m) Emax (%) Js9 (KN/m) ASM (N-m/°) /2y (mm) a/alyy (mm) Geq oL o, TBR®
G1¢ 100/30° 8.0 893/300° 0.033 1.8/1.2 18.4/21 19.7 037 0.80 121.0
G2 80 13 811 0.074 2.0/1.0 23/35 284 032 0383 78.1
G3 18 10 417 0.040 1.2/0.6 15/11.6 13.2 0.37 0.83 6.5
G4¢ 110/30° 12 1165/300° 0.036 1.9/1.4 18.5/14.1 16.2 0.35 0.81 72.6
G5 38 10 474 0.107 1.6/1.0 26/40 32.2 0.31 0.83 2.9
G6 43 8 474 0.029 1.3/0.8 11/15 12.8 0.35 0.81 4.0
G7 15 14 72 0.043 0.4/0.4 30/30 300 0.65 0.59 1.3
G8 15 14 117 0.067 0.6/0.6 30/30 300 0.65 0.59 1.3
G9 15 14 164 0.095 1.0/1.0 60/60 60.0 045 0.74 2.1
G10 15 14 300 0.103 1.2/1.2 60/60 60.0 0.45 0.74 2.3
Gl11 21 12 416 0.133 1.0/1.0 30/30 30.0 0.56 0.67 1.7
G12 11.5 12 261 0.054 1.0/1.0 60/60 60.0 0.36 0.80 1.4
GT® 103/50° 10 1022 NA 0.5 NA NA 1.00 NA 4.1

Tmax» tensile strength; &.,., maximum tensile strain, Jsq,, secant tensile stiffness at 5 % tensile strain; ASM, aperture stability modulus (or
torsional rigidity); ty;, average thickness of the grid members parallel to the machine direction; 7cyy, average thickness of the grid members
parallel to the cross-machine direction; ay;, average aperture width along the machine direction; acy, average aperture width along the cross-
machine direction, a.q, equivalent aperture dimension [=(aM~aCM)”2]; oy, fraction of the grid area in plan which is solid; o, fraction of the
aperture area available for bearing; TBR, traffic benefit ratio for the 1st loading stage (before surface maintenance); NA, not applicable

% Geogrid tensile properties obtained as per ASTM D6637

b Figure on the left is the property value along machine direction and on the right along cross-machine direction

¢ First loading stage, before surface repair
4 Uniaxial grids

e

Woven geotextile (code GT)
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<«Fig. 2 Plate settlement versus number of load repetitions. a 1st

loading stage—geogrids G1 to G6 and GT (Palmeira and Gdongora
[27]). b Ist loading stage—geogrids G7 to G12 (Palmeira and
Goéngora [27]). ¢ 2nd loading stage, after surface repair—geogrids G1
to G6 and GT. d 2nd loading stage, after surface repair—geogrids G7
to G12

present the best performance and their tests together with
the tests with grids G5, G6 and G10 were interrupted at
N = 270,000. This was done because of the expected long
duration of these tests until the target plate vertical dis-
placement could be reached. In the second loading stage a
value of N equal to 84,042 was obtained for the unrein-
forced fill, which is considerably larger than that obtained
in the first loading stage. One of the reasons for larger
values of N in unreinforced and reinforced fills in the
second loading stage was the compaction of the subgrade
soil during the first loading stage. In addition, reinforce-
ment membrane effect must have also played an important
role due to larger settlements at the fill-subgrade interface.
It should also be noted that during the earlier part of the
second loading stage the unreinforced fill presented a
stiffer response in terms of vertical displacement versus
N in comparison with the reinforced ones. This behaviour
can be attributed to more intense compaction of the sub-
grade soil in the unreinforced test, because the stresses
transferred to that layer in the reinforced tests were con-
siderably smaller than those in the unreinforced test [22,
27]. In addition, after the end of the first loading stage and
before the start of the second loading stage the tensioned
geogrid reinforcement probably pushed fill particles
upwards due to the reduction of its tensile loads under
unloaded conditions, which is likely to have loosened the
fill layer to some extent. The breakage of fill particles may
have also influenced the results of vertical displacements in
the beginning of the 2nd loading stage. The intensity of fill
particle breakage was only assessed at the end of the 2nd
loading stage, as will be discussed later in this paper.

A sharp increase in the plate displacement for a value of
N of approximately 40,000 can be noted in Fig. 2c in the
unreinforced fill test. This behavior was a consequence of
more intense fill particle breakage in the unreinforced fill,
as will be discussed later in this paper.

Geogrids G7 to G12, assembled in the laboratory, were
less effective in reinforcing the fill than G1 to G6. For the
former case, the values of N at the end of the first loading
stage varied between 3755 (for grid G7) and 6532 (for grid
G10), as shown in Fig. 2b. Regarding the second loading
stage (Fig. 2d), the values of N in tests with geogrids G7 to
G12 varied between 129,300 (for grid G9) and 270,000 (for
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grid G10). For tests with these grids the best performance
was obtained in the road reinforced with geogrid G10,
whose test was interrupted at N = 270,000, at a plate
vertical displacement of 38.3 mm, approximately half the
target value (Fig. 2d).

Figure 3a—d show the profiles of vertical displacements
along the fill surface for tests with geogrids G1 to G12 and
geotextile GT for both loading stages for the number of
load repetitions obtained at the end of the first and second
loading stages of the unreinforced test (N = 2810 and
84,042, respectively). Negligible vertical displacements
can be noted for values of distance (x) from the loading
plate center normalized by the plate diameter (d) greater
than 1. Less vertical displacements can be observed in the
tests with geogrids G1 to G6 in comparison with those in
the unreinforced test in both loading stages (Fig. 3a, c). For
the tests with geogrids G7 to G12 greater differences
among fill surface profiles can be noted depending on the
geogrid considered (Fig. 3d), in comparison with the
results obtained in the first loading stage (Fig. 3b).

Traffic Benefit Ratio

The traffic benefit ratio (TBR) provides a measure of the
benefit of the presence of the reinforcement with respect to
the increase in the number of load repetitions supported by
the fill for a given rut depth. TBR is defined as the number of
load repetitions for a given vertical displacement at the
reinforced fill surface divided by the number of load repe-
titions for the same vertical displacement in the unreinforced
fill. Because the final loading plate settlement value was not
reached in some reinforced tests during the second loading
stage, the expected values of N for a settlement of 75 mm in
these tests were estimated by extrapolation. In all tests
interrupted before the final settlement a linear trend of
variation of plate settlement with N was observed at the later
stages of the test, with values of R? obtained in the linear
regression fitting process greater than 0.985 (greater than
0.990 in most cases). It is acknowledged that this procedure
may be subject to criticism. It is not necessarily true that
linear trend would persist had the test been carried out until
the final plate settlement of 75 mm was reached, because
breakage of particles or fatigue of materials might increase
plate settlement development. However, the results in Fig. 2
show that the linear trends of variation of settlement with Nin
the later stages of the tests persisted until the final settlement
was reached in most cases. Bearing in mind the aforemen-
tioned limitations, the procedure adopted in extrapolating
test results allowed comparisons between different rein-
forcements under similar conditions.

Figure 4 shows the values of TBR for each fill tested for
both the first and the second loading stages. It can be noted
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[ 1st Loading stage ¥4 After surface repair

Fig. 4 Traffic benefit ratio (TBR) for each fill tested

that the best performances in both stages were obtained by
the roads reinforced with geogrids G1 and G2. It can be
noticed that in several cases the value of TBR was greater
in the second loading stage, which was a consequence of
the compaction of the subgrade soil during the first loading
stage. Values of TBR between 1.34 (for grid G7) and 121
(for grid G1) were obtained in the first loading stage,
whereas TBR values in the range 1.54 (grid G9) to 48.1
(grid G2) can be noted in the second loading stage. The
values of TBR obtained for the fill reinforced with the
woven geotextile (GT) in the first and second loading
stages were approximately equal to 4. Similar large or even
larger values of TBR for fills on granular subgrades have
also been found by Cancelli et al. [23] and even for fills on
fine grained subgrades [28-30]. The results in Fig. 4 show
that the presence of the reinforcement -consistently
improves road performance both under the first loading
stage and after surface maintenance, corroborating the
results obtained in other works [I, 19, 21] regarding
unpaved roads on fine grained subgrades.

The variation of TBR with geogrid secant tensile stiff-
ness at 5 % strain (Js¢,) is presented in Fig. 5a for the first
loading stage [27] and in Fig. 5b for the second loading
stage. A clear trend of TBR increase with Js¢, can be noted
in both loading stages, with less scatter for the first one.
That is not the case when the values of TBR are plotted
against the geogrid ASM, as shown in Fig. 6a, b. In this
case no clear trend can be observed, suggesting that for the
test conditions ASM was not a relevant geogrid property
with regard to fill performance. Poor or zero correlation
between fill performance and ASM was also observed by
other researchers [8, 31-34].

Influence of Reinforcement Properties

It is very difficult to accept that the performance of a
reinforced road in terms of TBR can be expressed as a
function of a single reinforcement property, such as Jsq,
despite its importance. Other grid properties or parameters
such as geometrical characteristics and soil-grid interaction
parameters certainly play important roles. Palmeira and
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Fig. 5 TBR versus geogrid tensile stiffness. a 1st loading stage
(Palmeira and Géngora [27]). b 2nd loading stage, after surface repair

Gongora [27] found good correlation between TBR values
and a geogrid dimensionless property factor (GPF) for the
first loading stage of the tests reported in this paper. The
geogrid property factor was defined as:

Iso

GPF =
pB

GG .
. . . 1
%p Dso fa/D S (1)

where J5¢, is the geogrid secant tensile stiffness at5 % tensile
strain, p is the vertical stress on the fill surface, B is the
diameter of the loaded area on the fill surface, o, is the
fraction of the total lateral area of the geogrid members
available for bearing (passive resistance), fgg is the geogrid
thickness, Ds is the average diameter of the fill material
particles, f,p is a correction factor to account for the influ-
ence of the ratio between fill particles diameter and geogrid
aperture dimensions and £ is a correction factor to account
for the influence of the reinforcement presence on soil
properties. Further information and details on the compo-
nents of Eq. 1 can be found in Palmeira and Gongora [27].

Figure 7 shows the correlation between TBR and GPF
for & equal to 1 (no influence of the reinforcement on the
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Fig. 6 TBR versus geogrid ASM. a 1st loading stage (Palmeira and
Gongora [27]). b 2nd loading stage, after surface repair

surrounding soils properties). Although the general trend is
TBR increasing with GPF, a large scatter of results can be
noted in the second loading stage in comparison with the
range of variation of TBR with GPF obtained by Palmeira
and Gongora [27] for the first loading stage, which is also
shown in Fig. 7 for comparison. This large scatter may be a
consequence of the materials being submitted to much
higher strains in the second loading stage, whose influences
are not entirely captured by the definition of GPF. For
instance, it would be expected that under larger strains the
grid members might be bent or twisted, yielding to other
soil-grid interaction mechanisms not present (at least at the
same intensity) during the first loading stage. Increasing
breakage of fill particles may also influence the accuracy of
the proposed correlation.

Breakage of Fill Particles
The development of rut depth at a fill surface can be

accelerated because of fill particle breakage. In this work
samples of fill material were collected from two locations
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along the fill height after the end of the tests. The locations
were at the fill top, just below the loading plate, and at the
fill-subgrade interface or fill-reinforcement interface. The
intensity of particle breakage can be quantified as per
Marsal [35], as the percentage by weight of particles that
have undergone breakage, given by:

n

B, = Z (AWy — AW,s)  for values of AW); — AWy > 0

1
(2)

where B, is the percentage by weight of the fill particles
that have undergone breakage, AWy; is the initial fraction
of the sample weight corresponding to a given range of fill
particle dimensions before breakage, AWj, is final fraction
of the sample weight corresponding to a given range of fill
particles after breakage and n is the number of ranges of
particle dimensions for which AW,; — AW,,> 0.

Figure 8 shows the values of B, obtained at the top and
bottom of the fill layer in all tests performed. In general, the
breakage of fill particles was more intense at the base of the
fill, but marginally larger than at the top in most reinforced
tests. It can be noted that particle breakage was significantly
greater in the unreinforced test in comparison with the
reinforced ones. The roads reinforced with geogrids G1, G2,
G4 and G7 were the ones with least particle breakage.
Particle breakage in the fill reinforced with the woven
geotextile was greater than in most geogrid reinforced fills,
but still significantly less than that in the unreinforced fill.

The variation of B, with geogrid tensile stiffness is
depicted in Fig. 9. Despite the significant scatter, the
results suggest some trend of reduction of B, with the
increase of Jsq,. However, the tensile stiffness is certainly
not the only geogrid parameter influencing particle break-
age in this type of problem, as suggested by the scatter of
results in the 80-500 kN/m range of Jsq, in Fig. 9.

Figure 10 presents the variation of B, with the ratio
between the equivalent geogrid aperture dimension (a.4) and
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fill material maximum particle diameter (D,.x). The results
in this figure show that less breakage took place for values of
Geq/Dmax between 0.7 and 1.35. Palmeira and Géngora [27]
observed that geogrids with aeq/Dyay in this range performed
best regarding TBR values for the first loading stage. This
was also the case for the second loading stage, as shown in
Fig. 11, where the variation of TBR with aeq/Dyy,x is plotted

10007
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Fig. 12 Load spreading angle versus normalised equivalent aperture
dimension

for the first (Palmeira and Gongora [27]) and second loading
stages. Despite the greater scatter in the results for the sec-
ond loading stage, the optimum range of deq/Dmax in terms of
largest values of TBR is similar to the one obtained in the
first loading stage. The results in Fig. 10 seem to indicate
another benefit in choosing the most efficient relation
between fill particles and grid aperture dimensions, which is
less particle breakage. This reduced breakage may be
associated with a better interlock between particles and grid
apertures, which reduces the mobility of the particles and
consequently their degradation by abrasion and breakage.
Roughness of the grid members is also likely to influence the
breakage level to an unknown extent.

Load Spreading Angles

After the end of the tests careful excavation of the fill
material allowed the estimate of the load spreading angles in
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Fig. 13 Load spreading angle versus geogrid mechanical properties.
a 0 versus Jsq. b 0 versus ASM

each test based on the position of the loading plate edge and
the deformed shape of the fill-subgrade interface. Table 3
presents the values of the spreading angle (0) obtained in
each test. The values obtained in reinforced tests varied
between 11° and 22° and were consistently greater than the
value obtained in the unreinforced test (10°). The largest
values of  where obtained in the tests with geogrids Gl
(19°), G3 (20°) and G4 (22°). The value obtained for the
geotextile reinforced road was equal to 14°. Larger values of
0 have been reported in the literature in tests with different
fill, reinforcement and subgrade materials [1, 19, 20].
Figure 12 shows the variation of load spreading angle
with the equivalent grid aperture dimension normalized by
the maximum fill particle diameter. It can be noted that the
largest values of 0 were obtained for deq/Dmax ranging from
0.7 to 1.0, with the maximum 0 being obtained for aq/
Dpax = 0.8. The aeq/Dimax range of 0.7 to 1.0 is close to
that which the largest values of TBR in the 1st loading
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Table 3 Load spreading angles

in reinforced and unreinforced Reinforcement o

tests Unreinforced 10
Gl 19
G2 13
G3 20
G4 22
G5 11
G6 14
G7 13
G8 14
G9 13
G10 17
Gl1 15
Gl12 14
GT 14

0 = load spreading angle
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Fig. 14 Load spreading angle versus GPF

stage and lowest values of B, were obtained (deq/Dmax in
the 0.7-1.35 range). These results suggest that an appro-
priate @eq/Dmax ratio favouring good interaction between
fill material and geogrid enhances the load spreading angle.
This is likely to be a consequence of less movable fill
particles in case of good interlocking between these parti-
cles and the geogrid apertures, but certainly also depending
on other grid and fill properties and characteristics. In the
present work it was not possible to assess whether 0 varied
during the entire test duration, including both the first and
second loading stages.

The variations of loading spread angles (0) with geogrid
tensile stiffness and geogrid ASM are depicted in Fig. 13a,
b. The general trend is of 0 increasing with Jsq,, but with
significant scatter (Fig. 13a). However, no clear trend can
be observed in the variation of § with ASM in Fig. 13b.
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Because GPF incorporates different geogrid properties,
a good exercise would be to verify how 0 would vary with
GPF. This variation is presented in Fig. 14, where a general
increase in 6 with GPF can be noted, but also with sig-
nificant scatter. This large scatter may be a consequence of
GPF not being capable of capturing all the influences on
the value of 0 as well as due to some level of inaccuracy in
the measurement of that angle.

Conclusions

This paper has investigated the influence of reinforcement
properties on the performance of low reinforced and unre-
inforced fills on a compressible subgrade with reference to
the behaviour of the fill after surface (rut) maintenance.
Geogrids with different geometrical and mechanical prop-
erties and a woven geotextile were tested. The main results
obtained are summarized below.

The presence of the geosynthetic reinforcement can
improve the performance of the fill in the first and second
(after maintenance) loading stages. Maximum values of
traffic benefit ratio (TBR) of 121 and 48 were obtained for
the first loading stage and after surface maintenance,
respectively.

The results obtained showed some correlation between
fill performance in terms of TBR after surface maintenance
and the reinforcement tensile stiffness, but no correlation
between the former and the geogrid ASM. Similar to what
was observed by Palmeira and Goéngora [27], correlation
was also found between TBR and a dimensionless geogrid
property factor (GPF) after surface maintenance, but with
larger scatter than that obtained for the first loading stage.

A general trend of less fill particle breakage and greater
load spreading angles with increasing geogrid tensile
stiffness was identified. It was also noticed that the inten-
sity of fill particle breakage and the value of the load
spreading angle depended on the ratio between geogrid
aperture dimension and fill particle diameter. Optimum
ranges of variation of the ratio between equivalent geogrid
aperture dimension and maximum fill particle diameter
were identified where less particle breakage and higher
load spreading angles were obtained.

The results presented in the present work suggest that
the specification of a geogrid reinforcement for a low fill
layer on compressible ground based on its tensile stiffness
is necessary but not sufficient. Geogrid thickness, fraction
of the grid transverse members available for bearing and
the ratio between grid aperture dimensions and fill particles
dimension may play important roles on fill performance,
life and costs associated with maintenance works. Due to
several similarities, the conclusions obtained in the present
work may be applicable to some extent to the case of

geogrid reinforced unpaved roads, railway tracks and
paved roads. However, further research is needed to give a
better understanding on the influence of soil-reinforcement
interaction on the performance of reinforced fills on com-
pressible subgrades.
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