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Abstract Soil-geosynthetic interaction is a complex
subject, particularly in geogrid reinforced structures.
Geosynthetic reinforcement can be used to improve the
performance of granular layers on compressible subgrades
in situations such as paved and unpaved roads and in
reinforced foundations. This paper presents results of large
scale cyclic loading tests on reinforced and unreinforced
granular layers on a compressible subgrade. A woven
geotextile and different geogrids were used as reinforce-
ment. The geogrids were chosen aiming at achieving a
wide range of values of some physical and mechanical
properties to allow the investigation of the influence of
some relevant properties related to soil-reinforcement
interaction on the geogrid performance. The results
obtained showed that geogrid reinforcement tensile stiff-
ness and some of its physical properties such as aperture—
fill particle diameter ratio, thickness and fraction of grid
area available for bearing are important properties for grid
performance as reinforcement in granular layers. A
dimensionless parameter taking into account several geo-
grid properties has been introduced and shows good cor-
relation with test results. On the other hand, no correlation
was noted between geogrid aperture stability modulus and
granular layer performance for the conditions of the tests
carried out. The results show that a geogrid reinforcement
should not be specified based only on its tensile stiffness
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and strength, since other properties play important roles in
the gravel layer performance. This is particularly relevant
for reinforced unpaved roads and railway tracks.
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interaction - Unpaved roads

List of Symbols

a Geogrid aperture dimension (mm)

Aeq Equivalent geogrid aperture dimension

(=(amracw)'"?) (mm)

Geogrid aperture width along the cross machine

direction (mm)

am Geogrid aperture width along the machine
direction (mm)

acm

ASM Geogrid aperture stability modulus (N m/°)
B Diameter of the loading plate (mm)
D, Particle diameter for which n % in mass of the

remaining particles are smaller than that
diameter (mm)
D; Representative fill particle diameter (mm)

Dax Maximum fill particle diameter (mm)

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

Gy Fill material shear modulus (kPa)

G, Subgrade material shear modulus (kPa)

GPF Geogrid property factor (dimensionless)

H Fill thickness (m)

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)

N; Number of load cycles for a given surface rut

depth in the reinforced fill (dimensionless)
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Ny Number of load cycles for a given surface rut
depth in the unreinforced fill (dimensionless)

p Pressure on the fill surface (kPa)

TBR Traffic benefit ratio (=N,/N,)) (dimensionless)

TBR,.x Maximum value of TBR (dimensionless)

GG Average geogrid thickness (m)

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)

Tnax Reinforcement tensile strength (kIN/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)

0 Vertical settlement of the loading plate or rut
depth (mm)

o Fill material friction angle (°)

s Subgrade friction angle (°)

Vg Fill material unit weight (kN/rn3 )

Vs Subgrade unit weight (kN/m?)

Emax Maximum reinforcement strain (%)

T Shear strength of the subgrade (kPa)

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

Introduction

The use of geosynthetics can be very effective to reinforce
gravel layers on compressible and weak subgrades, par-
ticularly in the case of unpaved roads. These roads repre-
sent typically over 70 % of the road network of a country
such as Brazil and are extremely important for the econ-
omy of the country as they allow the transportation of
products from agricultural, mining and forestry industries,
for instance, as well as for security reasons. They are also
present in construction sites and parking areas and can be
very important for providing access for isolated commu-
nities to educational and health services.

When built over weak subgrades the traffic of heavy
vehicles and climatic factors can accelerate the degradation
of the road, requiring constant maintenance works to avoid
or minimize traffic disruption and economic losses.
Geosynthetics can be used in this type of work in different
functions, such as drainage, filtration, protection, separa-
tion and reinforcement. Some types of geosynthetics can
fulfill more than one function in an unpaved road or a
railway track, like nonwoven geotextiles, which can pro-
vide drainage and separation between a good quality fill
material and a fine grained subgrade. Although being
capable of also functioning as reinforcement, geotextiles
are less effective than geogrids as reinforcement because of
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their usually lower tensile stiffness (typically in the case of
nonwoven geotextiles) or less interaction with the sur-
rounding soils.

Over the past four decades several researchers have
investigated the beneficial effects of geosynthetic rein-
forcement in low reinforced fills on weak subgrades in the
field and in laboratory experiments with particular refer-
ence to unpaved roads [1-9]. Several design approaches for
unreinforced and reinforced unpaved roads on weak sub-
grades are available in the literature, particularly for roads
on soft and saturated fine grained soils ([10-15], for
instance). Most of the current design methods are based on
limit equilibrium analysis, some degree of empiricism and
simplifying assumptions. As a consequence, the influence
of the limitations inherent to such assumptions on the
method accuracy cannot be avoided. The available meth-
ods may consider, in different degrees, the influence of
relevant factors related to the problem, such as type and
properties of the reinforcement, the effects of traffic,
degradation of the materials under repeated loading and
membrane effect, for instance. However, the execution of
an unpaved road on a weak subgrade is generally far from
being as controlled as assumed in design methods or as in
the case of paved roads or railways. Less construction
control usually leads to significant road deformations and
forces in the reinforcement being mobilised already during
construction, which will influence road performance and
that are still not considered in current design methods [5].

Giroud and Han [15] developed a comprehensive design
method for unreinforced and geosynthetic reinforced
unpaved roads that takes into account the strength of the
subgrade and of the fill material, the number of load rep-
etitions (truck axle loads) and reinforcement type and
mechanical properties for prescribed values of road surface
rut depths at the end of the road life. The innovative aspect
of the method was the introduction of the geogrid aperture
stability modulus (ASM) [16] as the geogrid mechanical
property to be considered in design. ASM has been pro-
posed as an index test to measure in-plane stiffness of a
geogrid based on a torsional load applied to a grid junction.
As torsion of the grid junction will cause bending of the
adjacent grid members, it is likely that ASM and the grid
tensile stiffness (J) are related to some extent, particularly
under elastic load conditions. However, most of the
available grids are composed of slender longitudinal and
transverse members and interaction between gravel parti-
cles and grid members in an unpaved road is likely to result
in loading conditions far from elastic in the field. Simac
et al. [17] criticized the adoption of ASM as the only
performance property of a geogrid and suggested that the
design method would be significantly more generic and
applicable if calibrated to average tensile strengths at
2-5 % strain. Results reported by Sprague [18], Tang [19],
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Tang et al. [20], Gongora and Palmeira [9] and Cuelho
et al. [21] have shown very poor or no correlation between
ASM and pavement rutting intensity. On the other hand,
other numerical and experimental studies in the literature
have indicated the relevance of the reinforcement tensile
stiffness on the performance of reinforced unpaved roads
and railway ballasts [22-28, for instance].

Geosynthetic reinforcement can also be used in rein-
forced low fills on loose sandy soils or on collapsible soil
deposits. Different assumptions to those applied to satu-
rated fine grain soil foundations must be assumed for those
subgrades. The use of geocells or ground improvement
techniques can be considered for such loose subgrades.
However, in general these solutions can be significantly
more expensive and time consuming than using a single
reinforcement layer at the base of the road fill. Although
bearing some similarities to the conventional case of roads
on soft ground, to the knowledge of the authors design
methods for geosynthetic reinforced low fills on loose
subgrades have not been developed.

Interaction between soil and reinforcement is of utmost
importance for the performance of low fills on compress-
ible subgrades. Thus, this paper addresses soil-reinforce-
ment interaction by presenting a study aimed at identifying
relevant soil-reinforcement interaction properties with
regard to the reinforcement of low fills on weak subgrades,
with particular reference to unpaved roads. However, some
results and conclusions obtained may be extended to other
similar situations. The geogrid reinforcements were selec-
ted or assembled in the laboratory so that a sensitivity
analysis could be made, with the influence of a specific
parameter being enhanced or attenuated with respect to
those of the others trying to quantify its relevance to the
road performance. The test methodology, results and dis-
cussions are presented in the following items. Additional
benefits brought by reinforcement such as improvement in
fill performance after surface repair and less fill particle
breakage are presented and discussed in a companion paper
[29].

Experiments
Equipment

A large apparatus was used in the tests on reinforced and
unreinforced fill layers on compressible subgrade. The
equipment consisted of a rigid tank 1200 mm in diameter
and 520 mm high, as shown in Fig. 1. The internal smooth
walls of the tank were lubricated with double layers of
plastic film and oil to minimize friction with soils. The fill
was loaded at its surface by a 200 mm diameter steel plate.
A cylinder connected to a hydraulic system provided the

vertical cyclic load on the loading plate with a frequency of
1 Hz and a maximum vertical stress transferred to the road
surface equal to 560 kPa. A load cell measured the vertical
load applied on the plate and displacement transducers
allowed for the measurement of platen vertical displace-
ments and vertical displacements at points on the fill
material surface (Fig. 1). Total pressure cells (55 mm
diameter, 6 mm thick) were installed at two different
depths in the subgrade layer, i.e., at 50 and 150 mm from
the fill-subgrade interface, on the axis of the loading plate.
The cells were calibrated buried in the same subgrade soil
and with the same properties as those employed in the tests.
A data logger Lynx ADS 2000 and a microcomputer were
used to acquire and process the instrumentation readings.
The tests were interrupted when the vertical displacement
of the loading platen reached 75 mm.

Materials

The cross-section of the unpaved road consisted of a gravel
fill 300 mm thick on a 220 mm thick loose sand subgrade.
All tests were carried out under dried conditions. The
authors acknowledge that mainly because of the low
thickness of the subgrade, such geometrical conditions do
not represent accurately some typical problems involving
the use of low reinforced fills, such as in unpaved roads,
because in the field the subgrade layer would be much
thicker. However, the main objective of the research was to
investigate the influence of soil-reinforcement interaction
properties on the performance of low reinforced fills on
compressible ground, for which unpaved roads can be
considered as similar structures. In this context, a loose
sand subgrade was chosen just as a compressible layer
underneath the gravel capable of subjecting the latter layer
to deformations similar to those found in situations, such as
in unpaved roads or railway tracks on compressible ground.
In addition, it allowed quicker and simpler test prepara-
tions, with comparisons between the performance of sev-
eral reinforced and unreinforced systems under the same
subgrade conditions. The results obtained should also be
relevant for situations where low fills are indeed built on
loose granular deposits, as commented in the previous
section of this paper. A loose sandy subgrade was also
employed in tests on reinforced and unreinforced roads
carried out by Cancelli et al. [30]. Similar test arrange-
ments regarding subgrade material thickness and boundary
conditions were employed by Brown et al. [26] and Hus-
saini [27] in studies on the influence of geogrid rein-
forcement on the performance of railway ballasts.
Therefore, to some extent different results than those
obtained in the tests reported in this paper might be
expected had the subgrade material been thicker, but the
authors believe that the identification and correlation
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Fig. 1 View of the equipment
during one of the tests

system

between relevant reinforcement properties and parameters
influencing the performance of reinforced gravels on
compressible ground will still be valid. In addition, dif-
ferent results, but probably similar conclusions, would be
obtained if the subgrade consisted of a soft fine grained
soil.

The main geotechnical properties of the soils used in the
experiments are listed in Table 1. The fill consisted of
gravel with 90 % of the mass of its particles with diameters
varying between 1.5 and 21 mm, with average particle
diameter (Dso) equal to 10.5 mm. The fill material was

Table 1 Properties of the soils tested

Properties Gravel Sand
Dgs (mm)* 16.0 1.63
Dsy (mm) 10.51 1.01
Do (mm) 1.49 0.46
Coefficient of uniformity (Dgy/D10) 7.7 2.6
Specific gravity of soil solids 2.65 2.69
Unit weight (kN/m®) 17.3 16.7
Relative density (%) 83 30
Friction angle (°)° 43 31
Cohesion (kPa)® 0 0
Los Angeles abrasion (%) 34 NA
California bearing ratio (%) NA 1.6

NA not applicable or not available

% D, particle diameter for which n % in mass of the remaining par-
ticles are smaller than that diameter

® Obtained from medium size (300 mm x 300 mm x 200 mm
specimens) direct shear tests
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compacted in three layers (100 mm each) using static
compaction to achieve a dense state, for which a friction

angle of 43° was obtained in medium size
(300 mm x 300 mm x 200 mm specimens) direct shear
tests. The sand used in the subgrade had particle diameters
varying between 0.2 and 2 mm (Dsy of 1.4 mm). The
subgrade layer was prepared using the sand rain technique
with a height of fall of particles of 100 mm, in order to
achieve a uniform and loose subgrade layer (relative den-
sity of 30 %). Under such conditions, a friction angle of
31° was obtained for the sand in direct shear tests. Despite
being considered by many as an old fashioned testing
technique, soil California bearing ratio (CBR) is still
widely used in pavement related designs. For the sand used
in the subgrade of the tests the value of CBR was equal to
1.6 %.

Table 2 presents the main physical and mechanical
properties of the reinforcements used in the test pro-
gramme. Twelve geogrids and a woven geotextile were
employed in the tests. Six geogrids (codes G1-6) and the
geotextile (code GT) are commercially available products
in the geosynthetic market, whereas the other geogrids
(codes G7-12) were assembled in the laboratory with
polypropylene strips. Although being presented by manu-
facturers as products with square apertures, the average
aperture dimensions of geogrids G1-6 were measured
before testing and the average values obtained are pre-
sented in Table 2. The dimensions of the apertures of these
geogrids varied between 11 and 40 mm, with equivalent
aperture dimensions (for rectangular apertures) varying
between 12.9 and 32.3 mm. The equivalent aperture
dimension is defined as the geometric mean of the sizes of
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a rectangular aperture or the diameter of the largest circle
inscribed in a triangular aperture [27]. Good correlation
between reinforced ballast performance and the ratio
between geogrid equivalent aperture dimension and ballast
particle diameter was obtained by Hussaini [27].

The commercial geogrids tested were biaxial products
with the exception of grids G1 and G4. The secant tensile
stiffness at 5 % tensile strain (Js54, as per ASTM D6637
tensile test method) of geogrids G1-6 varied between 417
and 1135 kN/m and their fraction of solid area in plan
(ag = fraction of the total grid area available for friction—
one side of the grid layer only, Table 2) varied between
0.32 and 0.37. The thickness of the grid members depended
on the direction considered (machine or cross-machine
directions) and average values varied between 0.6 and
2.0 mm. Values of ASM (as per ASTM WK24635 test
method-standardization of this test method is in progress)
for grids G1-6 varied between 0.029 and 0.107 N m/°.
Table 2 also presents the fraction () of the lateral internal
area of the grid aperture available for bearing, calculated as
shown in the drawing in that table. The value of oy, varies
little (between 0.8 and 0.83) for geogrids G1-6.

As mentioned above, biaxial grids G7-12 were assem-
bled in the laboratory using polypropylene strips. The
manufacture of these grids was intended to allow the
variation of some specific grid properties while others
would remain constant, or nearly constant, which would be
very difficult to achieve with commercial grids. This pro-
cedure allowed a better evaluation of the influence of a
specific grid property. Different conditions were adopted at
the grid junctions (intersection between longitudinal and
transverse grid members) in the assembling process of
grids G7-12 (Table 2). In grids G7, G9, G11 and G12 each
longitudinal and transverse member was fixed by a flat
headed pin at the junction to favour rotation between these
members. Grids G8 and G10 had the transverse and lon-
gitudinal members fixed with epoxy glue, which can be
considered as a close approximation to the junction con-
dition found in commercially available geogrids. All the
other characteristics (raw material, spacing between
members and member thickness and width) of grids G7 and
G8 and of G9 and G10 were the same (Table 2), but the
glue between transverse and longitudinal members influ-
enced a little some of the properties. These different
junction conditions were adopted to allow variation of grid
ASM, keeping other geogrid physical and mechanical
properties constant such as the ratio between fill particle
size and grid aperture size, for instance. Values of Jsq,
(ASTM D6637 [31]) for the geogrids G7-12 were in the
range 72-416 kN/m (Table 2). The ASM (ASTM
WK24635 [32]) values for these grids varied between
0.043 and 0.133 N m/° and the value of g (between 0.36
and 0.65) in some cases was considerably greater than
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those of geogrids G1-6. The thickness of the grid members
varied between 0.4 and 1.2 mm for geogrids G7-12 and
their area available for bearing (oy,) varied between 0.59
and 0.8.

The woven geotextile tested was used for comparison
purposes and consisted of a polyester product with a secant
tensile stiffness at 5 % strain of 1022 kN/m. This value of
stiffness is close to that of the stiffest geogrid tested
(geogrid G4, Jsq = 1165 kN/m: machine direction).
Additional information on the geotextile properties is pre-
sented in Table 2.

All reinforcements had their extremities folded in the fill
material to improve anchorage conditions. No reinforce-
ment anchorage failure was noticed during the experi-
mental programme.

Results
Load-Displacement Behaviour

Figure 2a, b show results of vertical loading plate dis-
placement versus number of load repetitions for reinforced
and unreinforced fills. The unreinforced fill reached the
maximum plate vertical displacement (75 mm) after a
number (N,) of load repetitions of 2810. The number of
load repetitions for reinforced tests varied between 3755
and 340,068, depending on the reinforcement considered.
In general, the commercial geogrids (G1-6) yielded larger
values of N at maximum plate displacement (Fig. 2a) than
the laboratory assembled geogrids (G7-12, Fig. 2b), par-
ticularly in the case of the fill reinforced with G1. Com-
pared with the performance of most of the commercial
geogrids, that of the geotextile was quite poor, with max-
imum plate displacement having been reached with a value
of N equal to 11,437, but still well above the value obtained
for the unreinforced fill. It should be pointed out that some
unreinforced and reinforced tests were repeated to assess
the repeatability of the testing methodology and the dif-
ferences between test results were less than 6 %, which can
be considered quite satisfactory.

The values of traffic benefit ratio (TBR) for the fills
tested are presented in Fig. 3a, b and in Table 2. TBR is
commonly used to evaluate the beneficial effects of rein-
forcement in paved and unpaved roads and is defined as the
number of load repetitions in a reinforced fill divided by
the number of load repetitions in the unreinforced fill for
the same rut depth at fill surface. The TBR values obtained
varied between 1.34 and 121, with smaller values being
observed for the tests with geogrids G7-12. For the geo-
textile reinforced fill the value of TBR was equal to 4.1,
which is greater than the values obtained in the tests with
the laboratory assembled grids G7-12 (TBR between 1.3
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Fig. 2 Plate vertical displacement versus number of load repetitions

and 2.3) and in tests with grids G5 and G6 (TBR = 2.9 and
4.0, respectively). The largest TBR value (=121) was
obtained for the fill reinforced with geogrid G1. This value
is considerably larger than the usual values obtained in
tests on unpaved roads on fine grained saturated soils
(usually less than 15). The larger values obtained in the
present work are due not only to the reinforcement pres-
ence but also because of the increase in shear strength due
to compaction of the initially loose sand subgrade caused
by the repetitive loading. In this sense, it would be
expected that better interlock between geogrid and fill
particles would enhance reinforcement performance and
improve subgrade compaction conditions during cyclic
loading. In addition, adherence between a geogrid and a
granular subgrade is generally greater than with a saturated
fine grained subgrade. Much larger values of TBR were
obtained by Cancelli et al. [30] in tests on reinforced roads
on a similar sandy subgrade. It should also be pointed out
that even in tests with fine grained subgrade soils large
values of TBR have been reported. For instance, Perkins

et al. [33] report a reinforced test of a road on a subgrade
with CBR equal to 1.5 % that was interrupted at a value of
N; of approximately 330,000 and a plate vertical dis-
placement of 13 mm, because a stable and very low plate
displacement to N, ratio had been reached. Extrapolation of
the test result to the target rut depth of 25 mm under such
rate would yield a value of TBR of the order of 106.
A TBR value above 100 for a rut depth of 25 mm would
also have been obtained by Palmeira and Antunes [8] in a
geogrid reinforced road on a subgrade with CBR of 8 %
had the fill gravel particles not been broken after a value of
N; of 243,000. Results presented by Cancelli and Mon-
tanelli [34] show a TBR value of approximately 160 for a
rut depth of 20 mm in tests on reinforced and unreinforced
roads on a silty clay subgrade. Other examples of large
values of TBR are reported by Perkins [35].

From the results in Table 2 it can be noted that geogrids
with similar values of ASM (like grids G1, G3 and G4)
yielded very different TBR values. The same happened in
tests with geogrids with similar values of Jsq, (like G5, G6
and G11), but to a lesser extent. This shows that rein-
forcement mechanical properties are not the only relevant
parameters for reinforcement performance, as will be dis-
cussed later in this paper.

Figure 4a, b show vertical displacement profiles along
the fill surface for the different systems tested for the value
of N at the end of the unreinforced test. It can be noted that
for distances from the loading plate centre greater than 1.3
plate diameters the vertical displacements were negligible.
Geogrids G1-6 reduced fill surface displacements between
33 and 85 % with respect to the unreinforced test (Fig. 4a),
depending on the geogrid considered. The presence of the
woven geotextile reduced the vertical displacements by
23 %. The reductions obtained for the fills reinforced with
geogrids G7-12 were smaller, ranging from 4 to 23 %
(Fig. 4b).

Vertical Stresses in the Subgrade

The total vertical stresses at depths equal to 50 and
150 mm from the subgrade surface are depicted in Fig. 5
for a value of N equal to that at the end of the unreinforced
test (N = 2810). As expected, larger vertical stresses
occurred closer to the fill-subgrade interface and the
stress intensity depended on the presence and type of
reinforcement. Figure 5a shows that the presence of
geogrids G1-6 caused a significant reduction in vertical
stresses transferred to the subgrade, particularly closer to
the fill-subgrade interface (depth of 50 mm). The best
results were obtained for tests with the stiffest geogrids
(G1, G2 and G4), although the results for G2 seem too
low. It should be noted that the accuracy of pressure cell
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measurements can be influenced by several factors, par-
ticularly in tests under cyclic loading. Displacement or
rotation of the cell from its original position and changes
in density of the surrounding soil during the test may
affect its readings. Although factors such as these may
explain some discrepancies among vertical stress values
in Fig. 5a, the results suggest a consistent pattern of stress
reduction in the subgrade as a function of geogrid tensile
stiffness and geometry.

Figure 5b presents vertical stresses 50 and 150 mm deep
in the subgrade for tests with geogrids G7-12 for N equal
to the value obtained at the end of the unreinforced test. In
this case the best result in terms of vertical stress reduction
was obtained in the test with geogrid G10, which is the grid
with the second highest tensile stiffness and the thickest
one among geogrids G7-12. The results obtained for grids
G8 and G12 were similar to those of the unreinforced test,
which can be explained by the fact that G8 is very exten-
sible and thin and G12, although stiffer than G8, is very
open (large apertures).

Figure 6 shows the vertical stress at a depth from the
subgrade surface equal to 50 mm in reinforced tests

1000+

100+

TBR

Gl G2 G3 G4 G5 G6 GT
Reinforcement

(a) Geogrids G1 to G6and geotextile (GT).

TBR

G7 G8 G9 G10 G111  G12
Reinforcement

(b)Geogrids G7 to G12.

Fig. 3 Values of traffic benefit ratio (TBR)
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normalized by the vertical stress measured in the unrein-
forced test at the same depth for N equal to the value at the
end of the unreinforced test. This figure shows clearly that
the vertical stresses obtained in tests with the stiffest grids
(Jsq, between 811 and 1165 kN/m) were less than 37 % of
the value obtained in the unreinforced test. For most of the
laboratory assembled grids (G7-12) the vertical stresses
were 66—100 % (between 57 and 87 kPa, Fig. 5) of that of
the unreinforced test. It should be noted that differences
among results are due not only to differences in tensile
stiffness but also in aperture size, surface roughness and
grid members shape and thickness.

The greatest reductions in vertical stress were obtained
in tests with the stiffest geogrids (G1, G2 and G4) which
were also the ones with ratios between grid aperture and fill
particle sizes close to the optimum value, as will be seen
later in this paper. The results obtained in the roads rein-
forced with geogrids G7-12 are also consistent in this
regard. These grids have aperture—fill particle diameter
ratios outside the most efficient range and low tensile
stiffness (Table 2).
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Road Performance Versus Reinforcement
Properties

Influence of Geogrid Geometrical Characteristics

Figure 7a presents the variation of TBR with the ratio
between geogrid equivalent aperture dimension (a.q) and
fill average particle diameter (Dsg). For comparison pur-
poses this figure also shows results obtained from Cuelho
et al. [21] (TBR vs. a.q/Dsp), Brown et al. [26] (p vs. deqf
Dsg, where p is the plate settlement for a number of load
repetitions of 3000) and Hussaini [27] (LRSI vs. a.y/Dsp,
where LRSI is the lateral spread reduction index, defined as
the ratio of the difference in lateral displacement of unre-
inforced and reinforced ballast to the lateral displacement
of unreinforced ballast). The results in Fig. 7a provide a
measure of the efficiency of the reinforcement in improv-
ing road performance, but it should be noted that Brown
et al. [26] and Hussaini [27] investigated the performance
of reinforced and unreinforced railway ballasts and asses-
sed reinforcement beneficial effects in terms of reductions
in displacements. The results in Fig. 7a show that the most
efficient a.q/Ds ratio is approximately equal to 2 for the
fill material used in the present work. A significant drop in
the value of TBR takes place for a.s/Dso values smaller
than 1.5 or greater than 2.7. The data from Brown et al.
[26] yielded to an optimum aperture size ratio of 1.8, which
is close to the one obtained in the present work. The
optimum aperture size obtained by Hussaini [27] was equal
to 1.2, which is smaller than the previous values. For the
broad graded fill material (coefficient of uniformity,
CU = 123) used by Cuelho et al. [21] the most efficient
aeq/Dsg ratio was considerably larger (=3.9). The results in
Fig. 7a highlight the influence of the type of fill material on
the optimum aperture size and suggest that for uniform or
close to uniform fill materials the optimum a.q/Ds, ratio
falls in the range 1.2-2.

A narrower range of variation of the optimum aperture—
particle diameter ratio can be observed in Fig. 7b, where
the results are plotted in terms of aperture equivalent
dimension—fill material maximum particle diameter ratio
(@eg/Dmax)- In this case, the optimum deq/Dyyax value varied
between 0.7 and 1.35 for fill materials with very different
CU values, including the broad graded material used by
Cuelho et al. [21]. The optimum @eq/Dmax for the grids
tested in the present work was equal to 0.94, obtained for
geogrid G1. Fernandes et al. [36] report very good per-
formance of a geogrid reinforced railway sub-ballast for an
Aeq/Dmax 1atio of 1.25. Numerical simulations of pull-out
tests using the discrete element method (DEM) conducted
by McDowell et al. [37] indicated that for low (less than
5 mm) pull-out displacements the highest pull-out forces

were mobilized for a grid aperture—maximum ballast par-
ticle diameter ratio of 0.9, whereas for higher pull-out
displacements (close to 30 mm) the optimum ratio was
equal to 1.4. The values reported by Fernandes et al. [36]
and those found in the DEM simulations are consistent
with the range presented in Fig. 7b. Despite the narrower
range of variation of the optimum ratio deq/Dnax for the fill
materials in Fig. 7b with respect to that of a.y/Ds, the
steep decline in TBR values (at different rates depending
on the soil considered) for slight changes in that ratio
cannot be neglected. Other factors certainly must influence
to some extent the optimum @eq/Dimax (O aeq/Dso) value,
such as shape and surface characteristics of the fill parti-
cles, geogrid and fill particles interaction with the subgrade
soil and mechanical properties of geogrid longitudinal and
transverse members, for instance.

It should be noted that the results in Fig. 7a, b were
obtained in tests on grids with different values of tensile
stiffness, which may have also influenced the results
obtained. However, from those figures and Table 2 it can
be noted that even among grids with similar values of
tensile stiffness (grids G1, G2 and G4) the best perfor-
mance was achieved by geogrid G1, which despite being
less stiff than G4 (deq/Dmax = 0.77, TBR = 72.6) had a
Aeq/Dmax Tatio (=0.94) closer to the optimum value and
presented a greater TBR value (=121). Similar results for
tests with the same geogrid or with geogrids with similar
values of tensile stiffness were obtained by Brown et al.
[26], Cuelho et al. [21] and McDowell et al. [37] in labo-
ratory, field and numerical studies, respectively.

Figure 7a, b show that the particle size to aperture ratios
of grids G7-12 (assembled in the laboratory with thin
plastic strips) fell outside the most effective deq/Dmax
range. This explains to some extent the poor performance
of those grids in comparison with some of the commercial
grids tested.

Figure 8a, b depict the relation between TBR and differ-
ent parameters related to the geogrid geometry. Figure 8a
presents TBR versus the fraction of the geogrid which is solid
in plan (a). This is the area (one geogrid side only) available
for skin friction along the geogrid surface. Despite the sig-
nificant scatter (likely to be due to the influence of other
concurrent factors), the results in Fig. 8a show a trend of
TBR reduction with the increase of . For grids with smooth
surfaces larger values of o, may be detrimental because the
area available for bearing decreases with the increase of «.
Figure 8a suggests a threshold value of 0.4 for «g beyond
which greater reductions in the value of TBR were observed
for the geogrids tested. It can be demonstrated that for a
uniform grid with square apertures, constant thickness and
transverse and longitudinal members with the same width the
values of oy, and o are related by

@ Springer



1 Page 10 of 17

Int. J. of Geosynth. and Ground Eng. (2016) 2:1

Fig. 5 Vertical stress in the
subgrade
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Fig. 6 Normalized vertical stress in the subgrade: z = 50 mm,
N = 2810
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It should also be pointed out that for typical commercial
grids the contribution of skin friction to granular soil—-

@ Springer

geogrid bond strength is significantly smaller than the
contribution from the mobilized bearing forces along grid
members [38—40].

The variation of TBR with the fraction of the grid
aperture lateral area available for bearing (o) is shown in
Fig. 8b, where a threshold value of ay, of the order of 0.75
can be noted beyond which greater increases in TBR were
obtained. Contrary to what was observed for the fraction of
the grid area in plan available for friction, the increase of
available bearing area increased the value of TBR, partic-
ularly for values of oy, greater than 0.7.

Figure 9a, b show the relation between geogrid thick-
ness and TBR in terms of average geogrid thickness (fgg)
normalized by the geogrid equivalent aperture dimension
(aeq) and average geogrid thickness normalized by the fill
material average particle diameter (Dsg), respectively.
Again, despite the significant scatter the results show a
trend of TBR increase with 7gG/Dsg or tGg/aeq, With less
scatter for the variation of TBR with tgg/Dso. Geogrid
thickness influences bearing capacity of grid members. The
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thicker the member and the greater the area available for
bearing, the larger will be the bearing forces mobilized by
grid members. The results in Figs. 7, 8 and 9 show the
importance of grid geometrical characteristics and how
they relate to fill material particle size with regard to the
performance of low geogrid reinforced fills.

Discussion on Possible Correlations Between
Geogrid Properties and Fill Performance

Figure 10a presents TBR versus ASM (geogrid ASM or
torsional rigidity). No correlation can be noted between
TBR and ASM for the geogrids tested, suggesting that the
latter was not a relevant mechanical parameter regarding
the performance of the reinforced fills tested. Table 2 and
Fig. 2a show that the value of ASM for grid Gl
(ASM = 0.033) was almost half the value for grid G2
(ASM = 0.076), but the performance of Gl was

significantly better than that of G2. The value of ASM for
geogrid G5 (ASM = 0.105) was significantly greater than
those of G1 and G2, but the fill reinforced with G5 per-
formed worse than those reinforced with G1 and G2. This
lack of correlation between TBR and ASM is corroborated
by the results obtained by Cuelho et al. [21], which are
plotted in Fig. 10b. These authors performed real scale
tests on experimental road sections on a fine grained sub-
grade (55 % passing the #200 sieve) using different types
of commercially available geogrids with ASM and Jsq,
values ranging from 0.25 to 1.57 N m/° and 52 to 592 kN/
m, respectively. The TBR values in Fig. 10b are those for a
road surface depth of 62.6 mm (2.5 in.). No clear corre-
lation can be seen between TBR and ASM in Fig. 10b
either.

Figure 11a shows the variation of TBR with geogrid
tensile stiffness (Js¢,). Despite some scatter, there is a clear
trend of TBR increasing with Js¢,. The results also suggest
that better fill performance was observed for values of Jsq,
greater than 400 kN/m. It is interesting to note that the best
fill performance was achieved with geogrid G1, which is a
uniaxial grid with values of tensile stiffness of 893 and 300
kN/m in each direction. The latter stiffness value is slightly
smaller than 400 kN and the excellent performance of
geogrid Gl is certainly due to a favourable combination of
other properties, as will be quantified later in this paper.
The same comments apply to the other uniaxial geogrid
G4.

The results obtained by Cuelho et al. [21] are plotted in
Fig. 11b where, despite the large scatter, an overall trend of
TBR increase with the increase of geogrid tensile stiffness
can be identified. It should be noted that the study reported
by Cuelho et al. [21] was carried out under field conditions.
So, a larger scatter would be expected in comparison with
results obtained in the laboratory, where several factors that
may influence test results can be better controlled.

From the results presented in Figs. 7, 8,9, 10 and 11 one
can conclude that the performance of a geogrid reinforce-
ment depends on its physical and mechanical properties.
The reinforcement tensile stiffness seems to be one of the
key factors influencing the performance of the reinforced
fill, but unfavourable combinations of other factors (tgg/
Ds, Geq/Dsp OF aeq/Diax ratios, for instance) may reduce
the influence of the reinforcement stiffness. On the other
hand, a rather low value of tensile stiffness can be com-
pensated to some extent by appropriate combinations of
other geogrid parameters. This can be better visualized in
Fig. 12, where the values of TBR and of several physical
and mechanical properties of the geogrids tested were
plotted with geogrids with increasing values of TBR on the
horizontal axis. In this figure it is clear that larger values of
TBR were obtained for favourable combinations of geogrid
properties. Greatest values of TBR are associated with
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large values of tGG/Dso and o, lower values of o, and a.q/
Dnax in or closer to the range 0.7-1.35. For instance, this is
the case for geogrids Gl, G2 and G4. Note that the
reduction of TBR for G3 is a consequence of reductions in
Jsq and tga/Dso and aeq/Dimax outside the optimum range.
Similar comments apply to the other geogrids tested.

TBR Versus Some Geogrid Mechanical
and Geometrical Properties

From dimensional analysis, the number (&V,) of load cycles
on a low unreinforced fill on compressible subgrade for a
given plate settlement (J) to be reached can be expressed
as:

0 H © 1 Gt G

vt
M~fl=-, =, —, -, —, —, — 2
u f<B7B7nyap7Gsa Ty'))s,()bf’ ¢s)a ()
where N, is the number of load cycles in the unreinforced
case, 0 is the vertical settlement of the surface load (rut

depth), B is the diameter of the loaded area, H is the
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thickness of the fill, 7 is a measure of the shear strength of
the subgrade (undrained strength in soft saturated ground,
for instance), y¢ is the fill material unit weight, p is the
pressure on the fill surface, Gy is the fill shear modulus, G,
is the subgrade shear modulus, 7y, is the subgrade unit
weight and ¢ and ¢y are fill and subgrade friction angles,
respectively. It should be pointed out that some of the
parameters in Eq. 2 may be irrelevant depending on the
conditions under which ¢ is reached (elastic vs. plastic
state, undrained vs. drained condition, etc.) or may vary
during road deformation.

For a reinforced fill, the number of load repetitions to
reach a surface settlement d can be expressed as

0 H © 1t Gy G 1 J a GG
Nl'zf<7777h 177!727#7¢ﬁ ¢s77777ab7 Xs, )7
BB yB p G 1t pB  D; Dsg
(3)

where N, is the number of load repetitions in the reinforced
case, J is the reinforcement tensile stiffness, a is the grid
aperture dimension, D; is a representative fill particle
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diameter, oy, is the fraction of grid members’ lateral area
available for bearing in the grid aperture, o is the fraction
of the total grid area which is solid in plan, tgg is the
geogrid average thickness and Ds is the average fill par-
ticle diameter.

Besides the parameters that would influence the number
of load repetitions in the unreinforced road, Eq. 3 includes
mechanical and physical properties of the geogrid, whose
influences on fill performance have been discussed in
previous sections of this paper. It should be noted that not
only the value of o, influences the magnitude of the passive
resistance of the grid transverse members, but also the
thickness (fgg) of these members, because a grid can have
a value of oy, equal or close to one but thin members (case
of geogrids G7-12, for instance), which would yield to
lower bearing strength and less efficiency in restraining the
lateral deformation of the fill layer. Thus, the term ¢gg/Dso
is intended to take into account the influence of the geogrid
thickness in Eq. 3. The ratio fgg/a.q could be equally
employed for that matter; it was observed to yield similar
results. However, the ratio tgg/Dsy was preferred because
of less scatter in the correlation with TBR (Fig. 9b) and

due to the fact that the influence of a had already been
considered to some extent in the value of the ratio a/D;.
Grid member bending stiffness is also likely to influence
the performance of the grid as a reinforcement to some
extent [26, 41], but this influence has not been addressed in
Eq. 3 because of the similar characteristics of flexibility of
grid members for the geogrids tested, besides the difficul-
ties in determining accurately the bending stiffness of the
members of such geogrids.

The presence and type of reinforcement may influence
differently some parameters in Eqs. 2 and 3. For instance,
the reinforcement may reduce breakage of the fill gravel
particles [8, 29, 36], which will delay the development of
fill surface rutting in comparison with the unreinforced fill.
Also, smaller vertical stresses are transferred to the sub-
grade for reinforced fills and hence different stress states
will occur in reinforced and in unreinforced fill layers.
Therefore, some stress dependent parameters in those
equations (like shear modulus and friction angles) may
have different values in Eqs. 2 and 3. As TBR is the ratio
between N, and N,, assuming that a correction factor (&)
will take into account the influences of the reinforcement
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Fig. 12 Influence of different

geogrid properties
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on soil properties as discussed above (actually a different
value of & should multiply each soil parameter in Eq. 3)
one may expect that
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Taking D; equal to the maximum fill particle diameter
(Dax, uniform fill materials) and the equivalent geogrid
aperture value (acq), Eq. 4 can be rewritten as
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The value of o was omitted in Eq. 5 because for a
geogrid with square apertures and constant thickness and
member width, the values of o, and o, are related to each
other (Eq. 1). Some of the grids tested in this work do not
have exactly square apertures, uniform thickness or mem-
ber width. However, for the purposes of this analysis the
comparisons between results from Eq. 1 and values of o,
and oy for the grids tested yielded reasonably good agree-
ment, as depicted in Fig. 13.

Figure 7a, b showed that the performance of the fill in
terms of TBR can be influenced by the ratio deq/Dmax.
Taking the maximum fill particle diameter (D, = 21
mm) as a reference, for the conditions of the tests per-
formed in this work there was a significant reduction in
TBR values for aeq/Dpmax <0.6 or >1.5 (Fig. 7b). The most
effective @eq/Dmax values are in the range 0.7-1.35, with
optimum value of 0.94 (for grid G1). From Fig. 7b and
Table 2 it can be seen that grids G5 to G12 have values of
Aeq/Dimax close to the limits of that range or well outside it
(some of those grids with similar values of Js¢,, Fig. 12;
Table 2) and they were the grids that presented smaller
TBR values, although not necessarily negligible (TBR
varying between 1.3 and 3.9).
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As shown in Fig. 7, there is a nonlinear relation between
TBR and the geogrid aperture dimension—fill particle
diameter ratio. In this preliminary analysis, a simple way to
take into account the influence of a.q/Dpm.x on the geogrid
performance in the present work is to define a correction
factor to be applied to TBR as a function of the value of
Aeq/Dmax given by

TBR (D—q)

Jap = m, (6)

where f,,p is the correction factor for a given value of a.q/
Dy, TBR is the traffic benefit ratio for deq/Dmax and
TBR,,,.x is the maximum value of TBR obtained in the test
for the optimum d.q/Dpax value. In Eq. 6 f;p is maximum
(=1) for acy/Dmax equal to 0.94 (optimum value).

Curve fitting methods using known mathematical solu-
tions were investigated to fit the results in Fig. 7 in order to
obtain a more sophisticated equation for the correction
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factor presented in Eq. 6. Computing codes available for
this type of analysis can provide sinusoidal or polynomial
equations, for instance, with # values greater than 0.89, but
with limitations or inconsistencies for predictions for the
entire range of deq/Dpmax tested in the current study. For the
results in the range 0.6 < aeq/Dmax < 1.5 (range for the
commercial geogrids tested) equations (truncated Fourier
series, for instance) relating TBR t0 deq/Dimax can be
obtained with values of r* as high as 0.999, but with sig-
nificant deviations for predictions outside that range.
Therefore, a simple relation as the one shown in Eq. 6 was
preferred for the purposes of this study. Further investi-
gation is in progress to refine this type of analysis.

Thus, for a correlation between TBR and different
geogrids properties a geogrid property factor (GPF) is
proposed and defined as
% Olp % “fajp * €. (7)

50

GPF =
pB

Figure 14 shows the relation between TBR and GPF for
the geogrids tested in the present work for a value of ¢
equal to 1 (assuming no influence of the reinforcement on
surrounding soils properties), where a satisfactory corre-
lation can be observed. A greater rate of increase of TBR
can be noted for values of GPF greater than 5 x 107>, It
should be pointed out that Fig. 14 shows a consistent
dependency of the reinforced fill performance on some
physical and mechanical properties of the geogrid. Some
statistical methods can be employed to assess the correla-
tion between TBR and GPF. For instance, as an exercise
the following were obtained:

Linear model:

TBR =2.17 + 117.2GPF  with > = 0.958. (8)

Hoerl nonlinear model:

TBR = 73.418 - 1.6395PF . GPF*>*  with 2 = 0.960.
9)
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Fig. 14 Correlation between TBR and geogrid property factor

It should be stressed that the relationship in Eq. 7 was
developed for the conditions of the present study (vertical
displacement, fill and subgrade types, loading conditions,
etc.). It may be applicable to other situations, but probably
resulting in different TBR versus GPF curves than that in
Fig. 14. The value of f,;p to be used will also depend on the
properties and characteristics of the geogrid and fill mate-
rial used.

Conclusions

This paper presented results of large scale tests on rein-
forced and unreinforced fills on a compressible subgrade
aimed at studying the influence of some soil-reinforcement
interaction parameters on the fill performance as a bearing
layer. The main conclusions obtained in this study are
presented as follows.

Different levels of improvement in fill performance
were obtained depending on the reinforcement type and
properties. Although the woven geotextile tested resulted in
lower values of TBR than those obtained for some geo-
grids, it still provided significant improvement in fill per-
formance. Except for the case of two of the geogrids
assembled in the laboratory, the presence of the geogrid
caused significant reductions in the vertical stresses trans-
mitted to the subgrade.

The performance of a given geogrid reinforcement was
markedly influenced by a combination of its mechanical
and physical properties. The results obtained showed that
geogrid tensile stiffness is a very important property with
respect to reinforced fill performance. No correlation was
observed between reinforcement ASM and fill performance
for the conditions of the tests carried out. The ratio between
aperture size and fill particle diameter was another
important factor to reinforcement performance. It was also
noted that the area available for bearing in the grid aperture
and grid thickness were important physical parameters. On
the other hand, an increase in the fraction of the grid total
area available for friction in plan may be detrimental to its
performance, particularly for smooth grids. This may not
be the case for very rough geogrids and for geogrids
incorporating out-of-plane anchoring elements, which were
beyond the scope of this study.

The results obtained show that a geogrid reinforcement
for a low fill layer (unpaved road or railway track, for
instance) should be specified not only based on its tensile
stiffness and strength but also considering the influence of
other properties. The interaction between the geogrid and
the surrounding soils plays a very important role in the
reinforcement performance, and the results obtained
showed the relevance of factors such as geogrid thickness
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and aperture—fill particle diameter ratio. Regarding the
latter, the geogrid should be chosen with that ratio equal
or close to the optimum value. This is commonly
neglected when specifying geogrid reinforcement. For the
tests performed in this study the optimum value of the
ratio between geogrid equivalent aperture dimension and
maximum fill particle diameter was equal to 0.94 and the
optimum value of that ratio considering the average fill
particle diameter was equal to 1.8. It should be noted that
the range of values of aperture—maximum (or average) fill
particle diameter ratio within which large values of TBR
were obtained was very narrow. Based on results obtained
by other researchers it was also observed that the value of
the optimum aperture—particle diameter ratio for broadly
graded materials may vary significantly, depending on the
CU of the fill material.

A satisfactory correlation between TBR and a geogrid
property index defined as the product between various
geogrid mechanical and physical properties was obtained
for the geogrids and test conditions used in the present
study. Although not simulating exactly an unpaved road or
a railway track, the authors believe that the results obtained
in the present study are relevant in such works. However,
further research is required to improve the knowledge of
soil-reinforcement interaction on the performance of low
fills on compressible subgrades.
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