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INTRODUCTION
The most common approach to numerical modelling at the present time is the use of continuum mechanical
methods such as finite element method (FEM). The reliability of numerical simulations depends on the accuracy with
which each material within the structure can be modelled, the way the materials interact as well as the numerical
model that is used to describe individual material properties. It may be necessary to adopt different material models
and numerical approaches depending on the application and the expected response. Geogrid-reinforced soil structures
are constructed by an alternating sequence of geogrids and soil; both of which have different stress-strain properties.
The geogrids are represented by a perforated tension membrane which, dependent on the aperture size and shape,
conducts different interactions with the soil. Interactions take place within the geogrid plane as soil – soil contact in
the apertures or geogrid – soil contact at the geogrid transverse and longitudinal bars.
There are different material models that can be used to describe the properties of geogrids and soil and all have
advantages and disadvantages. A linear elastic description of the soil results in a significant overestimation of
structural deformation when compared with in-situ measurements of real structures (Coffey Geotechnics, 2009).
Bathurst and Hatami (2005) reported that by using a hyperbolic stress-strain approach, for the soil model, it is possible
to achieve significant improvements in the back analysis of full scale structures. The geogrid elements within the
structure are mostly modelled as tension elements with elastic-plastic material properties. As calculations are made by
assuming plane strain conditions, the geogrids are modelled as sheets which separate the soil layers, above and below.
Specific properties resulting from the interaction of soil with a perforated tension element are neglected due to
modelling limitations. The connection of the sheet type geogrid and the soil is achieved by interface elements with
specific material properties and thicknesses, or by sharing of nodal elements. The fact that interface elements are
strain dependent and non-uniform is neglected as they represent special conditions (Hayashi et al, 1999) which cannot
be generalised. No laboratory test is available to determine interface element material properties. Sharing of nodal
elements, however, results in a direct dependency of geogrid stiffness and soil deformation. The use of a high geogrid
stiffness prevents geogrid strain and soil deformation and results in structural deformation close to the measured
values, but the consequence is that tensile forces are generated that are in excess of design values and many times
larger than the values measured in the field. In contrast, a reduction in geogrid stiffness may result in comparable
geogrid strains but leads to significant increased structural deformations in excess of measured and allowable values.
Geogrid strains and soil stresses in the serviceability limit state, SLS, are not compatible when the results of individual
physical tests of the materials are adopted in calculations. The background to recent research is therefore the need to
investigate the presence, the influencing factors and the impact of the soil – geogrid interaction on the deformation and
structural capacity of reinforced structures.
GEOGRID – SOIL INTERACTION
The analysis of existing structures causes difficulties in specifying appropriate material laws for soils and geogrids
and hence it is virtually impossible to use the derived properties from one particular analysis for the prediction of
expected structural deformation or determination, of load carrying capacity, of other structures. The usual way is to
adapt the interface elements between geogrid and soil to match measured and modelled values instead of an intensive
investigation of the mechanical principle. As the contact area of soil and geogrid is non uniform and soil particles can
penetrate through the geogrid, the geogrid and soil interaction needs to be investigated to specify or at least formulate
a better representation of current unknowns:
• The effect of particle interlock in the geogrid apertures and the mechanical properties of the confined soil
• The effect of soil properties, such as particle shape, particle size distribution and friction angle, on the
interaction
• The influence of geogrid properties such as stiffness, dimensions and shape of transverse and longitudinal
bars, aperture geometry, stability and size as well as junction type and strength on the residual stresses
• The influence of compaction energy on the activated geogrid strains and interlock achieved
• The activated residual stresses in the soil due to particle confinement
• The layer spacing at which soil between the grid layers is unaffected by the geogrid
• The stress transfer within the composite, and the structural capacity in SLS and ULS.
Several attempts have been made in the past to identify the mechanical properties of the composite material which
is developed by the interaction of geogrid and soil (e.g. Bussert, 2006). These indicated that the interaction is mainly a
function of aperture geometry and stability, transverse rib height and geogrid tensile stiffness. Different mechanical
properties are activated, when these parameters are changed. This results in a significant reduction in the anticipated
deformations and a significant increase in load carrying capacity. It has been shown that geogrid tensile strength and

creep behaviour cannot be used as reliable indicator for structural deformations as they imply a continuous geogrid
strain over the whole geogrid length or a defined shear plane through the reinforced structure.
In dense granular materials the development of shear zones within the soil continuum prevents uniform
deformation. In these shear zones, which are around 10 particles thick, the particles are able to rotate and this leads to
an increase in mechanical roughness and prevention of further expansion of the zone (Gudehus, 2008). After
sufficient strain, soil dilatancy in these shear zones reduces the density to the critical density and the shear resistance is
equal to the constant volume friction angle. The development of a continuous shear zone in granular soil is disturbed
due to the presence of several geogrid layers and whilst the general formulation of the shear zone thickness in a
reinforced structure may remain unchanged, the actual resistance is changed as particle movement in the aperture is
restricted by the surrounding ribs. The degree of restriction depends on the ability to restrict particle movement within
the aperture, as typical geogrid aperture sizes are smaller than the minimum shear zone thickness for a typical particle
size distribution.
A main key to determine the structural capacity and deformation of a geogrid reinforced structure is to assess the
geogrid soil interaction in the vicinity of the geogrid and the increase in soil resistance that can be achieved due to
varying geogrid parameters. The mechanical relationship developed between geogrids and soil, as well as the
properties of the developed composite material, has to be fundamentally investigated as it cannot be derived by
traditional tests with external force and displacement measurements.
DEM MODELLING
In contrast to continuum mechanical approaches, discontinuum methods such as distinct element method (DEM) or
particle flow methods do not need defined interface elements and are able to model a physical particle penetration
through other elements. The interaction of particles is a function of the chosen contact law between distinct particles.
The development of contacts between particles, soil-soil and geogrid-soil, and the displacements and forces required
can therefore be studied on a micro-mechanical level. Additionally the macro-mechanical properties of the composite
can be derived through integration over multiple particles.
The contact forces between non-deformable particles are derived based on the mathematical particle overlap and
the specific contact model. The contacts can be specified as elasto-visco-plastic, which is valid for single particles as
well as for clumped particles that represent angularity, as shown in Fig. 1. The particles are incompressible although
overlap is mathematically possible as a function of particle stiffness and the contact law chosen.

Figure 1. Single and clumped particle
The calculation procedure for an arbitrary particle assembly is a repetition of contact force determination between
particles in contact with other particles or walls, based on the force-displacement law and applying Newton’s Laws of
motion to calculate new particle/wall positions. The micro-mechanical particle parameters of shear and normal
stiffness, surface friction and density have to be calibrated to represent specific macro-mechanical soil properties.
Tensile properties for the geogrid are modelled by contact bonds between particles. The particle generation for the
geogrid is based on defined geometrical particle positions while a random particle generation for the soil ensures a
unique mathematical solution even under similar boundary conditions.
Verification/ Calibration
Triaxial (10cm diameter) and shear tests (30x30cm) were modelled to verify that the micro-mechanical parameters
used to represent measured macro mechanical parameters obtained from laboratory tests. Measured and simulated
stress- strain curves are shown in Figs. 2a and b.

Figure 2a. σ−ε curves for triaxial test

Figure 2b. Shear displacement curves

The geogrid properties were calibrated by tensile tests of single and multiple elements of longitudinal and
transverse bars according to EN ISO 10319 (1996) wide width test for geosynthetics. To determine the influence of
aperture stability, tensile tests at 45º orientation were modelled. As the investigation focussed on small strains
(<1.0%) a linear contact model was used for the parallel-bonds connecting the geogrid particles. Figs. 3a and 3b
shows the laboratory stress-strain curves representing the upper and lower boundaries of numerous tests by the black
lines while the red lines indicate the exact numerical solution for the specific geogrid modelled. The contact model
chosen results in a negligible difference between the properties tested in the laboratory and therefore the interaction
and composite material properties can be investigated using the individual calibrated material properties.

Figure 3a. σ−ε curves in machine direction

Figure 3b. σ−ε curves at 45º orientation

Initial compaction of composite material
Soil compaction above a geogrid results in initial strains in the geogrid which may be due to particles being forced
into the apertures in a wedging action. Geogrid strains measured during and after compaction can decrease or increase
with time, depending on the initial strain level. The final geogrid strains in one layer are therefore quite uniform
(Meyer et al, 2003). This has been observed to take place in several structures at small overburden pressure. At this
stage no structural deformation takes place and the geogrid strains are a result of compaction with the soil particles
forced into the apertures resulting in soil confinement and additional horizontal stresses in the soil. The strains are
therefore not a uniform geogrid elongation but a result of aperture distortion. In order to determine the effectiveness
of a geogrid, the level of stress that can be sustained and the influence zone around the geogrid needs to be
investigated.
The computation time required to simulate dynamic compaction of a geogrid soil composite with appropriate
model dimensions would be excessive with current computer capacity and an alternative approach has to be
considered to model the initial stage in order to develop an initial stress field from which the stresses within the
apertures as well as the influence zone around the geogrid can be derived. The procedure used was to strain the
geogrid initially to different strain levels before the soil particles were consolidated under a vertical pressure equal to
an overburden of 0.4m soil. After consolidation the geogrid was released and this lead to particle re-orientation and
confinement in the vicinity of the geogrid until equilibrium between tensile geogrid strains and compressive soil
stresses was achieved. As the impact of static compaction loads and the soil densification due to inter-particle shear
stress reduction from vibration is neglected this represents a lower bound value. Different tests with varying soil
densities and friction angles were conducted.
Stresses in geogrid apertures
The initial strains activated in tests with different model heights and dimensions varied from 0.1 to 5.0%. Strains
at equilibrium after the geogrids were released are of the order of 0.05-0.20% for all tests. The residual geogrid strains
are non-uniform over the geogrid length and independent of the initial strain level. Comparable values have been
reported from field (Abu-Hejleh et al, 2002; Meyer et al, 2003) and laboratory measurements (McGown et al, 1990).
Average values were calculated as the stresses in the apertures are non-uniform and significant variations were found
in individual apertures.
The results of two different soils but stabilised with the same geogrid are shown in Figs. 4a and 4b indicating the
average stress increase measured within the geogrid apertures and the influence zone around the geogrid. The max.
level of horizontal stress increase depends on the activated initial geogrid strain and the soil properties whilst the strain
increase depends on the particle movement and confinement in the geogrid apertures. If the release of the initial
geogrid strain, (rebound), causes particle movement in the apertures that exceeds the movements required to activate
max. soil resistance, the stresses could reach residual stress levels which may be smaller than the max. stress possible.
The level of stress increase that is possible depends on soil, especially angularity, and geogrid properties as rib height,
aperture size, stability, and shape as well as junction efficiency. Whilst only a small stress increase is measured at
initial strains < 0.8%, the influence zone is already fully activated. This indicates that the modelled geogrid rebound is
not sufficient to result in the particle rearrangement required to increase soil density and stresses in the apertures. In
the field, particle movement is activated due to compaction and hence the approach described to simulate the influence
of dynamic compaction results in a lower bound estimate of stresses activated in the aperture at small strains.

The influence zone height reaches a maximum value after small initial strains and remains constant afterwards.
The area influenced is therefore a function of the adhesion properties of the soil particles. For models reinforced with
more than one geogrid a larger area of influence has been observed as a result of interaction between geogrid layers
and the stabilising effect which can take place both above and below the geogrid.

Figure 4a. Horizontal stress increase vs. initial strain

Figure 4b. Influenced zone height vs. initial strain

Figure 5 indicates the contact forces between particles after the geogrid has been released. The thicker the lines,
the higher the contact forces between the particles and, integrated over an area, the higher the stresses. The stress
increase is calculated relative to the stresses in an unreinforced system. The stresses activated depend on particle size
distribution and the largest stresses do not occur necessarily directly in one aperture as bridging effects can result in
stresses interacting between the adjacent bars. Secondary effects due to bridging over multiple apertures lead to an
even larger additional horizontal stresses which result in increased resistance against deformation. Confining stresses
are also generated perpendicular to the initial strain direction due to three-dimensional load distribution between
particles. The additional stresses change the principal stress orientation in the vicinity of the geogrid.

Figure 5. Contact forces after initial strain release
The results from different tests indicate that the geogrid parameters already indicated have a significant effect on
the activated stresses in the vicinity of the geogrid. The residual horizontal stresses that can be activated improve the
stress-strain properties of the composite material. As shown, this mechanism depends on several geogrid factors that
cannot be specified in a FEM model. The mechanical properties of the influenced area need to be investigated to be
able to take advantage of this load carrying capacity.
IMPLICATIONS ON STRESS TRANSFER INSIDE THE COMPOSITE
Different tests were modelled to determine the importance of initial confinement on the composite material
behaviour. Figure 6 shows the contact forces of a shear test after a displacement of approximately 10mm. The
geogrid, initially strained to 0.6%, was placed in the upper shear box while the lower shear box was moved
horizontally. The vertical stress was constant in all tests and controlled by a servo mechanism of multiple top plates.
In an unreinforced model the contact forces would develop between the lower “shifted” side and the opposite upper
wall in an “S” shape with the main principal stress being horizontal in the shear plane.
A different stress transfer mechanism is observed in the reinforced system. The degree to which the horizontal
forces acting on the system are absorbed by the stabilised area around the geogrid depends on the geogrid properties.
They are transferred into small geogrid strains and vertical principal stresses within the soil on the other side of the
geogrid. Virtually no horizontal soil stresses remain in the composite material above the geogrid layer even at large
horizontal strains. Figure 7 indicates the particle displacements in the z-direction (vertical), blue circles indicate
upward movement while orange and red particles indicate settlement. An increased upward movement above the first
three apertures is observed near the load application. In contrast, particle downward movement is observed at the
opposite end of the box due to “loosening effects” and a lack of stress concentration. The shear plane is forced below

the geogrid, but it can be seen that the stabilised particles below the geogrid result in a further “shift” of the shear
plane where particles are less stabilised.
The distance between the shear plane and the geogrid was increased in subsequent tests to investigate the effect on
the stress transfer within the reinforced system. The height of the upper shear box was increased with the grid kept at
constant distance from the top plate and generally behaviour was similar to the initial configuration. It was only after
the distance between the geogrid position and shear plane reached around 40cm that the stress transfer was virtually
unaffected by the presence of the geogrid. Horizontal forces within the composite are the result of shear displacement
between particles. Therefore, if particle displacement is restricted due to the presence of a geogrid, horizontal forces
equal to those applied in the model shear test could not develop, and this would significantly increase the composite
material resistance compared to present design assumptions.

Figure 6. Contact force development in the composite after approx. 10mm shear displacement

Figure 7. Z-displacement (vertical) of particles after approx. 10mm shear displacement
Figure 8 indicates the geogrid strains measured during the shear test. The blue lines indicate strains in the
longitudinal direction of the middle apertures, indicated as 3 and 4, and the red lines indicate deformation of the
transverse bars for the same apertures. They therefore represent the influence of particle movement within the
aperture. The measured strains of the longitudinal bars increase at different strain rates with increasing horizontal
displacement and after a small maximum value is reached, virtually no further increase is observed.
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Figure 8. Change in geogrid strain during shearing
The deformation of the transverse bars shows significant differences. An increase in strain resulted in a decrease
in strain of the adjacent aperture as the deflection of the transverse bar takes place. Initially virtually no deflection
was measured for aperture 3, with only small strains apparent immediately in aperture 4. After 6 mm displacement, a
significant strain increase was observed for aperture 4 while the adjacent aperture 3 was compressed. This was the

effect of the deflection of the transverse bar. The two measurements are not exactly opposite due to the influence of
the second adjacent aperture and the additional strain of the longitudinal bar.
It is noticeable that significant deflections of the transverse bar are required to generate particle movement. After
the particles are displaced, relative to each other, the transverse bar moves back resulting in confinement of other
particles. This indicates that confinement due to geogrids can be considered to be constant instead of only being
present in the initial state whilst also showing the importance of the transverse bar to restrict particle movement. This
can be achieved by a certain bending moment resistance and indicates the importance of the aperture width as well as
transverse bar height as indicated by Bussert (2006).
If, during the shear test, the movement of the top plate is restricted then a dramatically increased shear resistance is
observed, while the unreinforced medium dense soil collapses, leading to a reduced shear resistance. This indicates
the need to investigate the composite material behaviour further to be able to take full advantage of the composite
material properties. It is proposed that the investigation focuses on the residual stresses that can be activated within
the system and a suitable test to determine composite material properties.
SUMMARY
It has been shown that a stress transfer mechanism which is different from classical soil mechanics can be
activated in a geogrid - soil composite, depending on the initial particle confinement. The initial geogrid confinement
potential induces a geogrid- soil specific principal stress orientation which reduces composite material deformation
and increases the structural capacity of the composite material to a substantial extent. As a result of this research the
confinement effect should be considered in the design of reinforced structures to achieve an improved design which
leads to SLS and ULS design of structures where the stresses and strains calculated in design correlate with field
measurements.
FUTURE RESEARCH
Current design methods and the incorporated soil mechanics concepts are not wholly appropriate for calculating
the stabilising effect of the geogrid on the load carrying capacity and the deformation behaviour. Further research is
required to be able to include the geogrid-soil composite material properties in structural design:
• Fundamental understanding of the geogrid – soil interaction
o Identification of the stabilising mechanism
o Determination of the physical geogrid and soil properties involved
o Horizontal stress that can be activated in geogrid apertures
o Extent of stabilised area around geogrid
o Mechanical properties of the stabilised soil
• Stress flow in the reinforced, stabilised system
• A design concept that incorporates the stabilising mechanism
This requires the development of laboratory tests which can incorporate soil confinement due to soil compaction
and can investigate the mechanical properties of the composite material. A modified shear test could allow shearing
through the reinforced soil at different inclinations e.g. Ochiai et al (1996).
In addition it requires the measurement of the stress-strain behaviour of the confined soil between geogrid layers.
By using composite material properties, and an approach to incorporate activated horizontal stresses in the composite,
structural capacity and deformations of reinforced structures can be considered in accordance with the requirements
by EC7. This could increase the use of reinforced structures for applications where the control of structure
deformation is essential (e.g. bridge abutments, structures under roads and railways).
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