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Abstract. Often, the design and construction of unpaved forest roads makes
use of locally available soils. The road cross section consists of a base layer
formed by locally available soil, good-quality aggregate or a mixture of
these materials. To decrease the quantity of good-quality aggregates
required for building such layer, using locally sourced soils is favoured.
Including layers of geosynthetic reinforcements will contribute to reducing
the quantities of granular material forming the base layer and/or increase its
mechanical properties. This paper studied the influence of single pocket
geocells on the mechanical response of a locally sourced soil (well-graded
sand with gravel) close to an unpaved forest road (Aveiro, Portugal). The
geocells were 3D printed, to define a reinforcement geometry adjusted to the
soil characteristics, namely in terms of particle size distribution. The
mechanical response of the composite material was characterised using
triaxial tests. This allowed assessing its stress-strain response and any
changes relatively to the unreinforced soil. The strength parameters of the
composite material were estimated using equations from the literature. The
study demonstrates that the inclusion of single pocket geocells enhanced the
mechanical properties of the soil. These geocells increased the soil’s peak
friction angle and provided additional confining stresses.

1 Introduction

Unpaved forest roads play a crucial role in forest management, providing essential access for
activities such as harvesting, transportation, and conservation. These roads are typically
constructed using locally available materials, which often include soils of varying quality.
While cost-effective, the reliance on such materials can lead to performance issues,
particularly under repeated loading and challenging environmental conditions. Addressing
these limitations through sustainable and innovative solutions is vital for ensuring the
durability and functionality of forest road networks.

Sustainable construction and maintenance of unpaved roads has gained increasing
attention in recent years. Reducing the environmental footprint of these infrastructures
requires minimizing the use of high-quality aggregates and incorporating locally sourced
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materials wherever possible. Reinforcing these materials offers an opportunity to achieve this
goal, while improving the mechanical properties of the unpaved roads layers.

Geosynthetic reinforcements, such as geocells, have emerged as effective solutions for
enhancing the performance of unpaved roads. Geocells confine soil particles, increase load-
bearing capacity, and reduce deformation under stress. While traditionally manufactured,
geocells have shown promising results [1-3]. Recent advances in product development
processes, in particular 3D printing, enable the development of customized reinforcement
geometries tailored to specific soil characteristics [e.g., 4-6]. This approach offers a pathway
to explore new designs and optimize reinforcement performance.

This is an exploratory study that aims to investigate the stress-strain response of a locally
sourced soil reinforced with 3D printed single pocket geocells, via triaxial tests. The
objectives include evaluating the mechanical performance of the reinforced soil, comparing
the effects of different geocell geometries, and analysing their potential to reduce reliance on
high-quality aggregates. To achieve these objectives, an experimental program was
conducted, including the characterization of soil properties, the design and fabrication of
geocells using 3D printing, and triaxial testing of unreinforced and reinforced soil specimens.

2 Materials and methods

2.1 Experimental programme

The experimental programme implemented in this study includes the characterization of
some relevant properties of the materials: soil; reinforcement; and composite material formed
by the soil with the reinforcement (3D printed geocells). Particular attention was given to the
stress-strain behaviour of the unreinforced and reinforced soil, assessed using triaxial tests,
to analyse and compare the influence of the inclusion of two different geocells.

2.2 Materials

2.2.1 Soil

The soil studied was collected from an unpaved road located in the region of Sever do Vouga,
Aveiro (Portugal) (Fig. 1). According to the Unified Soil Classification System (ASTM
D2487-11 [7]), the soil is SW-SM, well-graded sand with silt and gravel and is formed by
~39% of gravel, =52% of sand, and ~9% of fine particles (< 0.075 mm). The particle size
distribution was assessed according to EN ISO 933-1: 2012 [8], Fig. 1. Its average particle
size (Dso) is 2.80 mm and the 10%, 30%, and 60% effective particle size diameters (D10, D30,
and Dgo) are, respectively, 0.11, 0.81 and 4.20 mm. The curvature coefficient (Cc) is 1 and
the uniformity coefficient (Cu) is 38. The fine fraction of the soil exhibits non-plastic
behaviour, as its plastic limit (wp) is not quantifiable; its liquid limit (wy) is 31.0% (tests
carried out as described in ISO/TS 17892-12: 2004 [9]). The maximum dry density (Ydmax)
and optimum water content (wop;) obtained from modified Proctor tests (ASTM D1557-07
[10] method C), are 19.15 kN.m™ and 4.5%, respectively. The soil particle density (ps),
quantified following the pycnometer method (ISO/TS 17892-3: 2004 [11]), is 2.676 g.cm™.
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Fig. 1. Soil used in the study: a) a sample of soil; b) grain size distribution.

2.2.2 Reinforcement

The reinforcements used to improve the behaviour of the soil were 3D printed geocells, each
formed by a single pocket with circular shape (Fig. 2). The main goal for the use of single
pocket geocells was to evaluate the influence of their main geometrical aspects. The geocells
were designed to optimise their dimensions relative to the infill soil analysed.

The two geocells prototyped (designated as GCO075 and GC150) had different
dimensions: height (h); diameter (d); and thickness (t). The geometry of both geocells was
defined using aspect ratios from the literature and considering the dimensions of the triaxial
test specimens tested (diameter, D =150 mm; height, H=300 mm) and the grain size
distribution of the soil. The two geocells had the same height to diameter ratio, h/d =0.36,
and thickness to diameter ratio, t/d = 0.005. The ratios adopted are similar to those reported
by Lei et al. [5] and in the range of values used in other studies (e.g., [1, 2, 4]).

The diameter of the geocell pocket was defined considering the infill soil studied,
represented by the ratios of the maximum particle size (Dmax) and the average particle
diameter (Dso) to the geocell pocket diameter (d): Dmax/d and Dso/d. Note that for carrying
out triaxial tests, Dmax must be less than D/6, i.e., 25 mm for the soil studied herein; thus,
larger soil particles were removed from the soil specimens. To define the geocells
dimensions, corrected values of the maximum particle size and average particle diameter
(Dmax,c and Dso ¢, respectively) were used, referring to the soil tested (after removing particles
larger than 25 mm). To study the influence of these ratios on the behaviour of the reinforced
soil, they differed for both geocells: Dmax/d =0.34 and Dso/d =0.03, for GCO75;
Dmmax,¢/d = 0.17 and Dso/d = 0.02, for GC150. The values of these ratios for the original soil,
would be larger than these, as Dmax and Dso were higher than Daxc and Dsoc. The values of
Dmax/d and Dso/d reported in the literature usually refer to uniform sand [1,2]; herein, as the
soil analysed (after the correction mentioned) had a wide particle siOze distribution (Cy=44),
the values for Dmax/d and Dso/d adopted are ~10 times larger.

These design aspects led to two different reinforcement solutions (Fig. 2), placed at mid-
height of the triaxial specimens. Geocell GC0O75 was customised to provide confinement only
to the core of the specimen's cross-section, with: h = 27 mm; d = 74 mm; t = 0.4 mm. Geocell
GC150 was designed to provide confinement to the entire cross-section of the triaxial test
specimen (d = D), with h = 54 mm; d = 148 mm; and t = 0.8 mm (double of those for GC075).

The two geocells prototyped were manufactured using 3D printing with thin fused
filament fabrication and the equipment Creality Ender-3 V3 KE (Fig. 2a). Thermoplastic
Polyurethane, TPU, was the selected polymer as the desired elastic behaviour of
commercially available geocells can be replicated. The properties of the TPU filament used
are: specific density 1.13 g.cm?; melting temperature 160 °C, tear strength 115 kN.m!;
tensile strength at break 28.0 MPa; and elongation at break 700%. Thin fused filament
fabrication includes three essential steps: 1) draw the desired digital 3D model, 2) convert



E3S Web of Conferences 644, 02004 (2025)

EUROGEO 8

the geometry model into printing instructions (known as slice), and finally 3) print the model.
Computer-Aided Design (CAD) software was used to create the digital 3D models for the
geocells designed. The slice was done using a free-software, UltiMaker Cura version 5.5.0.
All geocells were printed using the same nozzle diameter (0.4 mm), bed and nozzle
temperature (respectively, 70°C and 230°C), layer thickness and height (respectively, 0.4 and
0.2 mm) and printing velocity 30 mm.min"'. To ensure good printing quality, before each
printing job, the printer bed was levelled automatically.

b) c)
Fig. 2. Prototyping of geocells: a) 3D printer; b) 3D printed geocells GC075 and GC150; ¢)
geocells inside the triaxial specimens.

2.3 Triaxial tests

Herein, the stress-strain behaviour of the soil, both unreinforced and reinforced, was assessed
using triaxial tests. Fully saturated specimens were subjected to consolidated-drained (CD)
compression triaxial tests according to the procedure described in ISO/TS 17892-9: 2004
[12]. Cylindrical specimens (Fig. 3; 150 mm diameter and 300 mm height) were subjected to
confining stresses of 12, 25 and 50 kPa and sheared at an axial strain rate of 0.2 mm.min™,
Due to equipment constraints, the specimens reached a maximum axial strain of 15%. For
this reason, the critical state of the specimens was not reached.

e T N
- — e 7_ S
Soil Soil Soil
150 mm 150 mm
-
— -
300 mm 300 mm I 27 mm 300 mm I 54 mm
\‘;7_0(:]5"_/
148 mm
__ _—— — _— — _
150 mm 150 mm 130 mm
a) b) c)

Fig. 3. Triaxial test specimens: a) unreinforced; b) reinforced with geocell GC075; c) reinforced
with geocell GC150.

Each specimen was prepared with 5 layers (60 mm height each) of soil compacted
manually, by vibrating the soil and applying cyclic normal forces to each layer. All specimens
(unreinforced and reinforced) were prepared with soil compacted to a dry unit weight of
17.24 kN.m™ (corresponding to 90% of Yamax Obtained in the modified Proctor test). The
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reinforced soil specimens included the geocell reinforcement placed in the central layer (as
shown in Fig. 3). The mass of soil used to prepare the reinforced soil specimens was adjusted;
the volume of the soil occupied by the geocell was removed.

The particles of soil with sizes larger than 25 mm were removed from the specimens used
in the triaxial tests. This is because ISO/TS 17892-12: 2004 [12] mentioned that for
nonuniform materials the largest particle size may be up to D/6, i.e., 25 mm for this soil.

2.4 Prediction of equivalent cohesion due to geocell

The effect of including geocells in the soil has been explored by Bathurst and Karpurapu [2],
who reference the earlier work of Henkel and Gilbert [13]. This earlier research is frequently
employed to estimate the additional confining pressure resulting from membrane action in
standard triaxial tests. Fig. 4 illustrates a model that associates the Mohr-Coulomb failure
envelope of a soil reinforced with a geocell to that of the corresponding unreinforced soil. In
Fig. 4 the enhanced strength of the soil due to geocell confinement is represented in two
different ways: i) assuming a homogeneous composite material and, thus, as an equivalent
cohesion (cr), equation 1; ii) as a soil, with the shear strength of the unreinforced soil, and
representing the effect of the geocell as an additional confining pressure (Acs3). The model
assumes that the strength envelopes of both, soil and reinforced soil, are parallel (i.e., ¢ = ¢r)
and the translation on the y-axis is equal to cr. The parameters mentioned are: major principal
stress (o1), minor principal stress (o3), major principal stress for the specimens of soil
reinforced (oir), increased confining stress (Acs), and friction angle for the soil (¢) (all
parameter is in effective stresses).

The peak friction angle (¢p) was calculated from the results using a linear failure
envelope (zero intercept) obtained using the two-dimensional stress invariants, i.e., plotted
on a s'-t space. Critical state was not reached, for both unreinforced and reinforced specimens.

Aos (T[ (D)
cg = —tan(-+- 1
R™ 7 42 M
Soil
- - - Soil reinforced with geocell _-
----- Effect of Aoy on unreinforced soil 77 0y
@ Pt - [0
g L
@ PESatuy -
- AN
3 P e >
P - /7 N
- / / N
- . W
- D / N
I ‘,’ \
cRI Aoy \|
O3 O3tAcy (1) O R

Normal stress

Fig. 4. Model to calculate equivalent cohesion for soil-geocell composites using the Mohr circles
(adapted from: Bathurst and Karpurapu [2])

3 Results and discussion

Herein the results are presented and discussed. First, the specimens stress-strain behaviour is
presented. The discussion highlights differences in performance between soil and reinforced
soil specimens, as well as changes in their failure modes. Strength parameters derived from
the test results are then presented. Differences between the peak friction angle of both
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unreinforced and reinforced soil specimens are examined, alongside an evaluation of the
equivalent cohesion (cr) and the increase in confining stress (Aocs) representing the
reinforcement effect. The discussion includes theoretical and practical explanations for the
evolution of the behaviour of the materials and the different parameters analysed. Finally, the
effect of the aspect ratios considered for modelling the two geocells is discussed.

The data acquired during the triaxial compression tests allows several parameters to be
related (such as, stresses, strains, mobilized friction angle, specific volume). The most
common way of representing the results obtained is in plots that include the curves deviatoric
stress (q) versus axial strain (€,) and volumetric strain (gyo1) versus axial strain. Fig. 5 shows
the curves obtained for the different specimens of soil and soil reinforced with geocells
GCO075 and GC150. The type of failure observed in the different specimens is illustrated in
Fig. 6. The aim is to show the impact of the geocells in the soil, represented by the change in
stress-strain behaviour and in the failure mode of the reinforced soil, compared to the soil.

The stress-strain curves obtained for the soil specimens are typical of loose materials; no
clear peak occurred. The positive volumetric strains, essentially due to volumetric contraction
of the specimens, are also in agreement with the above. This is expectable, since the minimum
void ratio of the soil, e =0.37, is considerably lower than the initial void ratio of the test
specimens, ¢ = 0.52. The observed failure also agrees with the above: the specimens failed
by bulging (typical of loose soils); no shear failure band was detected (Fig. 6a).
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Fig. 5. Stress-strain and volumetric-axial strain behaviour of the test specimens: a) unreinforced; b)
reinforced with geocell GCO75; c) reinforced with geocell GC150.

The stress-strain behaviour, volumetric deformation and failure mode of the soil were
altered by the inclusion of reinforcements, nevertheless in different proportions. Geocell
GCO075 caused small increments in deviator stress (+0.2% for 0s=12 kPa; +7.1% for 0:=25
kPa; +8.2% for 6:=50 kPa; greater for higher 63) and increased the contractile response (more
visible in the curve &y versus €, of the specimen tested with 6:=25 kPa). Such changes may
be due to the alteration in the soil's failure mode. These specimens showed a shear failure
band below their central zone, where the geocell was placed, i.e., outside the reinforced zone
(Fig. 6b). Geocell GC075 provided confinement only to the core of the specimen thus only a
small improvement in the soil behaviour was to be expected. In addition, during the assembly
of the specimens, the compaction of the soil is made more difficult by geocell, and it is
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expected that area of the specimen becomes weaker. This contributed to the change in failure
mode and prevented major improvement in the soil behaviour.

The effect of geocell GC150 was better than that of GC075. For GC150, the increments
in the deviator stress were greater when lower 63 were used (+58.4% for o:=12 kPa; +32.8%
for 6:=25 kPa; +6.6% for 0:=50 kPa); the peak strength of the specimens was reached for
larger axial strains; and the contraction of the specimens was more important. Geocell GC150
limited the development of radial strains in the central area of the specimen (Fig. 6¢). Because
of that, the failure occurred due to bulging of the unconfined portions of the specimen, above
and below the geocell. The additional confinement caused by the geocell allowed for an
increase in density in the confined zone and, as consequence, enhanced shear strength.

Fig. 6. Triaxial test specimens’ failure modes: a) unreinforced; b) reinforced with geocell GCO75;
¢) reinforced with geocell GC150.

The peak friction angle was calculated as the slope of the Mohr-Coulomb failure envelope
represented in an s'-t plot, with zero intercept. The parameters obtained for the soil and the
soil reinforced with each of the geocells are compiled in Table 1. The peak friction angle of
the soil (40.5°) was in accordance with the ranges of values presented, for example, by Budhu
[14] for mixtures of gravel and sand with fine-grained soils (¢, = 30-40°), sands (¢, = 32-50°)
and gravels (¢, = 35-50°). The peak friction angles obtained for the soil reinforced with
geocells GCO75 and GCI150 are 41.4° and 43.0° respectively. Including the geocells
increased the peak friction angle of the specimens, more importantly for geocell GC150.

The methodology considered by Bathurst and Karpurapu [2] described in section 2.4
assumes that the friction angle is constant (i.e., ¢ = ¢pr) and that the effect of the geocells in
the soil can be represented as an increase in confining stress or an equivalent cohesion. This
methodology was used and resulted in the estimated parameters shown in Table 1. The
importance of the increase in confining stress and, consequently, of the equivalent cohesion
depended on the geocell and on the confining stress considered in the test. The results showed
that the geocells had different effects on the soil. As mentioned, geocell GC075 merely
confined a small volume of soil at the core of the tested specimens. As expected, this led to
a small increase in confining stress. In addition, the increase in confinement was greater as
the test confining stress increased. As mentioned before, the compaction operations for these
specimens were affected by the inclusion of the geocell and may have caused a softer and
weaker region of the specimen. Before the shear phase, the specimens were saturated and
consolidated with volumetric strains (contraction) of the specimens. These deformations
increased with higher confining stress applied. This may have reduced the negative effect of
the compaction process on the specimens subjected to higher confining stress, improving the
stress-strain behaviour and the increase in confining stress due to the geocell.

The equivalent cohesion obtained for specimens reinforced with geocell GC150 was more
pronounced than that obtained with geocell GC075. GC150 enclosed the entire cross-section
of the specimen and, therefore, the increases in confining stress were greater. In the opposite
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direction to that described for geocell GCO75, this effect seems to decrease as the confining
stress increases. These results are in accordance with expectations because the effect of
geocells is more significant in poorly or moderately confined materials. The results
demonstrated that these geocells may be a viable option for reinforcement in applications
where soil confinement is relatively low, as is the case of unpaved roads. However, in
situations where soil confinement is high, geocells may not be as effective or may even prove
detrimental.

Table 1. Strength parameters for the soil and soil reinforced with the geocells G075 e G150.

Parameter o3 (kPa) Soil Soil with GC075 | Soil with GC150
Friction angle, ¢ (°) - 40.5 41.4 43.0
. 12 - 0.31 6.17
Increase in
confining stress, 25 - 2.31 7.40
Acs (kPa)
50 - 3.05 1.88
12 - 0.34 6.69
Equivalent 25 - 2.51 8.03

cohesion, cr (kPa)

50 - 3.31 2.05

The increase in confining stress and equivalent cohesion obtained were lower than those
observed in other studies (e.g., [1, 2]). Several possible explanations for these results are
hypothesised next. On the one hand, the tensile strength and stiffness of the geocells
prototyped (which are not quantified in this study) may be lower than in other studies. These
properties have a significant effect on the ability of the geocell to confine the soil (stiffer
geocells provide higher confinement and vice versa). In the same way, the geocells could
only confine a small portion of soil in the middle of the specimens so their confining effect
was limited to this region. The soil beyond the influence of the geocells tended to behave like
the unreinforced material. On the other hand, the ratio between the opening of the geocell
pocket and the soil particles size must also play a key role. As mentioned, Dmax,c/d and Dso/d
are ~10 times larger than the values reported in literature (mainly because of the type of soil
considered, SW-SM). Geocells with high ratios can hinder the installation process, which in
turn can have a significant impact on their performance. These ratios must be low enough to
ensure that: i) the particles’ arrangement within the soil skeleton is adequate; ii) no voids
form in the vicinity of the geocell; iii) the location and geometry of the geocell within the
soil is not altered during installation; iv) and the geocell is not an obstacle to water drainage
or does not create preferential paths for water percolation. The results suggest that the
laboratory studies presented in the literature, mainly using geocells with small openings and
sands, may not be representative of the behaviour of the majority of commercially available
geocells (with larger pocket openings) and of infill materials used in unpaved roads.

Finally, it should be noted that the results obtained for geocell GC075 must be read with
caution and considering the limitations mentioned below. The results obtained with this
geocell are affected by the fact that the test specimen is considerably larger than the opening
of the geocell pocket. In practice, geocells are made up of several adjacent and connected
pockets. This study aims to compare the effect of a single pocket geocell on the behaviour of
the soil. The results show that this geocell is not efficient because it does not confine the
entire cross-section of the specimen. To show its true potential, the tests needed to be carried
out on a smaller specimen (with diameter equal to the aperture of the geocell). However, in
such case, additional particles would have to be removed from the soil.
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4 Conclusions

This study aimed to investigate the stress-strain response of a locally sourced soil reinforced
with 3D printed single pocket geocells, under triaxial conditions. An experimental program
was conducted, including the characterization of soil properties, the design and fabrication
of single pocket geocells using 3D printing, and triaxial testing of unreinforced and reinforced
soil specimens.

The study showed that the inclusion of 3D printed single pocket geocells enhanced the
mechanical properties of the soil. These geocells increased the soil’s peak friction angle,
which can be compared to an additional confining stress, i.e., improved stress-strain
performance. While both reinforcement configurations evaluated improved soil strength,
geocell GC150 showed significantly greater effects, particularly under low confining stress
conditions (such as those in unpaved roads). However, it must be noted that the results
suggest limitations in using geocells under high-confinement scenarios due to reduced
incremental benefits.

The practical implementation of 3D printing technology could optimize material usage
and improve the sustainability of forest road construction. Further research is recommended
to explore the durability and field performance of geocells in diverse soil and environmental
conditions (including, large-scale laboratory and field tests with multiple pocket geocells).
By integrating sustainability principles with advanced material technologies, this research
contributes to the development of more durable, cost-effective, and environmentally friendly
solutions for unpaved forest road construction.
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