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1 INTRODUCTION 

1.1 History of geosynthetic reinforcement 

The idea of reinforcing structures and soil with reinforcing elements is more than 3500 years old. The an-
cient Babylonians used reed mats as reinforcement elements in the temple complexes of Aqar Quf (Figure 
1). This technique has proven itself, because the temple complexes can still be visited today in an impres-
sive preserved condition.  
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Temple Ziggurat in Aqar Quf

(Mesopotamia, near Bagdad) 1500-1300 B.C.

 
Figure 1. Stabilisation of foundation and brick walls with reet mats 

Today, geosynthetics have replaced reed mats. They have been used successfully as reinforcement 
products for more than 40 years. In the beginning, mainly nonwovens were used to separate and reinforce 
road and railway lines (Figure 2). 

 

 
Figure 2. First application of nonwovens in East-Germany (Lieberenz & Mängel, 2012) 

Soon the first steep slopes were built as wrapped-around walls with nonwovens or wovens. Even then 
it was recognized that the construction method was space-saving and resource-saving and could be real-
ized with simple means and standard earth-moving equipment (Figure 2). 

1.2 Today ś applications 

1.2.1 Steep slopes and walls 

The nonwovens initially used were then increasingly replaced by high-strength geogrids or composite 
products made of grids and nonwovens. This makes it possible today to build structures of imposing size, 
as shown by the examples in (Figure 3) with a high motorway embankment and with an impressive stabi-
lization of a steep slope. 

 

Courtesy Tensar

Courtesy Huesker
 

Figure 3. Huge geogrid reinforced structures: a) Highway-project Fujairah in the UAE; b) slope stabilization in 
Trento (Italy) 
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1.2.2 Geogrid reinforced bridge abutments 

In addition to the stabilization of trafficked structures and the construction of steep slopes and walls, 
geosynthetics are used in many other applications. As an extension of the reinforced walls, geosynthetic 
reinforced walls are increasingly being used for the construction of bridge abutments. Initially it was 
mainly abutments for temporary bridges, but today geosynthetic-reinforced constructions are increasingly 
used for permanent structures (Figure 4). They are particularly advantageous if the subsoil is prone to set-
tlement. Especially when the bridge girders are supported directly by the reinforced structure, vertical 
misalignments in the roadway can be avoided by reducing differential settlement between the actual 
bridge structure and the soil embankment. 

 

 
Figure 4. Geogrid reinforced bridge abutments: a) temporary bridge; b) permanent bridge 

1.2.3 Embankment on soft soil 

Another area of application is the foundation of embankments and trafficked areas on soft ground, which 
is dealt with in more detail in Chapter 4.5. In the simplest case, a floating foundation is used, in which the 
underside of the fill is reinforced with a wrap-around geogrid reinforcement. The settlements of the soft 
soil will continue to be considerable due to the consolidation of the subsoil, but they will be evened out 
overall and local bearing failure will be effectively countered. 

 

 
Figure 5. Floating foundation of an embankment on soft ground with a base support layer in a wrap-around method 

If the bearing capacity of the subsoil is not sufficient or if the expected settlements are greater than 
overall tolerable, pile-like supporting elements must be used. Very often vibrated stone columns are used 
Due to their higher stiffness, they attract larger parts of the load and reduce total settlement. However, the 
surrounding soil must have a minimum shear strength in order to support the crushed-stone column and to 
avoid lateral penetration of the crushed stone into the weak soil. In even softer soils, geosynthetic-encased 
sand columns are used. 

Foundations on concrete piles are used where loads are high and only slight settlements are tolerable. 
Most of the load is carried by the piles. Only the area between the piles has to be bridged by a heavily re-
inforced base layer, which in extreme cases has to bear the entire weight of the soil on it (Figure 6). 
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Figure 6. Embankment foundation on piles (Huesker) 

1.2.4 Bridging of sinkholes 

A task similar to the bridging between pile-like elements in soft ground is the bridging of sinkholes. Sink-
holes can develop in karst areas, or areas of former mining activities. Their size can vary between some 
decimeters and several meters (Figure 7). 

 

 
Figure 7: Collapse sink phenomena and bridging of a sinkhole area (Huesker) 

If such areas need to be crossed by roads or railways, the major task here is to prevent collapse of the 
base course if a sinkhole develops. In conjunction with an early-warning system, this allows serious acci-
dents to be prevented (Alexiew, 1997). Usually, the road or railway will no longer be serviceable after a 
collapse, and repairs will have to be carried out before it is again fully usable. 

1.2.5 Covering of tailings ponds 

Very similar to the bridging of sinkholes is the covering of tailings ponds with geogrids and coarse mate-
rial in order to allow access and to prevent further emissions, as such ponds often contain contaminated or 
radioactive materials from mining activities (Figure 8). Here, access is often only possible after a high-
strength geogrid laminated to a nonwoven has first been installed. This is initially only possible over 
wooden planks, which can enable movement of a light drill rig. With this, the prefabricated vertical drains 
(PVD) are installed which serve to accelerate the consolidation process of the material in the pond. Once 
sufficient bearing capacity is achieved, compactible sub-base material is back-dumped onto the rein-
forcement layer so that it can then safely carry personnel and vehicles. 

 

tailings - pond
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Courtesy Naue
 

Figure 8: Covering of a tailings-pond with a combined grid and nonwoven 
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1.3 Design of geosynthetic reinforced constructions 

A number of standards and recommendations exist for the design of geosynthetic-reinforced construc-
tions. In Europe, Eurocode 7 is the primary set of rules for the design of geotechnical constructions. How-
ever, it contains hardly any regulations for geosynthetic-reinforced constructions. In Germany, the rec-
ommendations for the design and analysis of earth structures using geosynthetic reinforcements (EBGEO 
2012) have therefore created a comprehensive set of rules for this purpose. However, like many regula-
tions in other countries, some of them are rather conservative. 

We know from many applications that the final failure load is much higher than calculated and the ob-
served deformations are much lower than expected. 

For example, Figure 9 shows a temporary bridge abutment that was tested before being dismantled. In 
the large-scale test, the maximum load could not be reached, not because the construction failed, but be-
cause the anchors for applying the test load had previously yielded (Bräu and Floss, 2000). 

 

Field test at a temporary abutment

highway A8 (Germany)

(Bräu a. Floss, 2000)

Stability analysis:

measured: h >> 1,4

calculated: h = 1,4
 

Figure 9. Testing of a temporary bridge abutment with a high bearing capacity 

2 INTERACTION MECHANISM BETWEEN GEOGRIDS AND SOIL 

2.1 Interaction of geogrid and soil on a micro scale 

2.1.1 General remarks 

The construction method "Reinforced earth" originally goes back to a patent by Henri Vidal (1969). The 
reinforced construction is made of interlocking prefabricated concrete elements with galvanized smooth 
steel strips as reinforcement elements. The transmission of force between the reinforcement element and 
the soil is almost exclusively by friction. 

Today, different types of geogrids are used as reinforcement elements when geosynthetics are used. A 
main distinction can be made between woven grids with high tensile strengths but relatively lower-
strength nodes, strip grids with welded nodes, and punched and drawn grids with high torsional stiffness 
in the junctions. The first type is also called form-flexible, while the other two belong to the rigid grids 
(Müller 2011). 

Each of these grids has its specific advantages and disadvantages. Depending on the application and 
the grid used, other mechanisms for the transmission of force between geogrid and soil are used on the 
microscale in addition to the pure frictional effect, which will be explained below. 

2.1.2 Direct activating of geogrids 

As soon as a relative movement between geogrid and ground occurs, friction occurs between the two ele-
ments, which is called skin friction effect. If a shear surface forms between the geogrid and the soil, fric-
tion also occurs in the ground surface between the bars, which is called soil friction effect. Particularly in 
the case of node- and torsionally rigid grids, a considerable resistance can develop in front of the cross 
bars during pullout, which is referred to as a bearing effect. 
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Bearing EffectSkin Friction Effect Soil Friction Effect

 
Figure 10. Local direct interaction mechanism: a) skin friction; b) soil friction; c) bearing effect 

The aforementioned mechanisms occur in particular with a direct activation of the geogrid, in which 
the force is introduced into the soil via the grid displacement and in which the grid displacement is always 
greater than or at most equal to the soil displacement, as is the case, for example, with the classical 
pullout tests. During evaluation, however, the various effects mentioned are usually not recorded separate-
ly; instead, an integral reduction factor  is specified when specifying the pullout resistance. 

2.1.3 Indirect activating of geogrids 

In contrast to applications in which the extraction behaviour of the geogrid is decisive, there are applica-
tions in which the load originates from the soil and the geogrid is only activated by its deformation. This 
is the case, for example, with foundation layers, where the soil wants to expand horizontally to the side as 
the vertical load increases, but is at least partially prevented from doing so by the successively activated 
reinforcement grids. Especially when coarse material is used, the so-called interlocking effect can occur, 
in which the grains interlock completely between the grid elements and support each other, so that hori-
zontal deformation of the soil in the area of the grid scarcely occurs. The interlocking effect is qualitative-
ly described by Izvolt & Kardos (2010), Konietzky (2006), Lackner (2012), Matys & Baslik (2004), 
McDowell et al. (2004) and Rakowski (2017) amongst others.  

 
Interlocking Effect Alignment Effect
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Figure 11. Local indirect interaction mechanism 

With shape-flexible grids, the individual reinforcement elements can geometrically adapt to the sur-
rounding soil structure, which is referred to as the alignment effect and increases the reinforcement effect 
of these grids. The same applies to the single string effect, in which individual soil particles get caught be-
tween the individual elements of the longitudinal and transverse tensile members (Lackner, 2012). 

2.1.4 Other interaction effects 

Besides the described interaction mechanisms, Izvolt & Kardos (2010) also mention the arching effect, in 
which load-distributing arches with random positions of the vault supports between the tensile members 
and the nodes of the reinforcement elements are created. Furthermore, the same authors, but also 
Nernheim & Meyer (2006), report that additional bracing can occur between the soil particles and the 
cross bars of the geogrid under cyclic loading (Figure 11). 

2.2 Interaction of geogrids and soil on a macro scale 

2.2.1 Pullout 

During pullout, the reinforcement is pulled out of the soil. A typical example is a steep slope or a rein-
forced wall, in which the slipping active earth wedge is anchored and retained in the passive part by the 
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reinforcement. The reinforcement element actively exerts a force on the soil in the passive earth wedge. 
The deformation of the geogrid and the introduction of force from the geogrid into the soil take place here 
parallel to the geogrid. 
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Figure 12 Geogrid reinforced wall with active and passive wedge 

When a tensile force is applied, the geogrid is strained as a reinforcement element. As soon as the shear 
strength between geogrid and soil is exceeded, the grid is increasingly pulled out. The displacement and 
also the force introduced into the geogrid are at their greatest at the point of transmission in the shear in-
terface between the active and passive part. Both gradually decrease until the force in the geogrid has 
dropped to zero. The force introduced into the soil by the geogrid shows jumps at the joints of the cross 
bars with the longitudinal bars, which correspond to the resistance built up in front of the cross bar. The 
movement of the geogrid is in the direction of the introduced force and is always greater than that of the 
surrounding soil. If the introduced force is reduced to zero within the anchoring length of the geogrid, the 
displacement of the geogrid at this point also decreases to zero. However, as soon as the displacement of 
the geogrid has reached the free end with a further increase in load, the pullout force can no longer be in-
creased. The grid is then pulled completely out of the soil. 

2.2.2 Constrainimg effect 

The main mechanism in the composite behaviour of geogrid reinforcement and soil is the constraining ef-
fect, under which the interlocking effect can be subsumed. In contrast to pulling out, this involves a force 
being transferred from the soil into the reinforcement. A further contrasting feature to pullout is that this 
is perpendicular to the applied force. This is demonstrated by the reinforced foundation layer in Figure 13. 

The vertical centre line through the foundation represents an axis of symmetry under purely vertical 
load, which is why the horizontal displacement in the centre of the foundation is zero. The lateral stresses 
resulting from transverse expansion must be reduced towards the outer end of the geogrid. In this area the 
soil glides over the geogrid and introduces shear stresses into the grid via the mechanisms bearing-, skin- 
and soil-friction. In contrast to the pullout, the soil displacement here is greater than the grid deformation. 

The force thus generated in the geogrid is in turn transmitted into the soil via shear stresses, which 
leads to an increase in the horizontal normal stress, which acts at 90° to the applied compressive stress. 
This results in a stronger isotropic stress state, which is more favourable for the load-bearing and defor-
mation behaviour. This is discussed in detail in Section 3.3. 
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Figure 13. Reinforced foundation pad 

2.2.3 Membrane effect 

The membrane effect is the third important interaction mechanism on a macroscale. It is the most im-
portant mechanism, e.g. for pile foundations in soft soil, which is considered in Section 4.5.4. Another 
application in which the membrane effect is the determining mechanism is the bridging of sink holes. If, 
for example, in karst areas or in regions with former but meanwhile abandoned mining activities, a cavity 
suddenly forms in deeper layers, the ground above may collapse. When a vehicle crosses the surface, the 
soil column above the cavity, including the base layer, can fall into the cavity. This can be prevented if a 
geogrid with sufficient tensile strength is attached to the base layer to support the weight of the soil col-
umn on the diagonal minus the lateral shear stresses. In this case, in contrast to the pullout and the con-
straining effect, the geogrid is activated by a soil displacement perpendicular to the geogrid. Since the grid 
is laterally non-displaceably anchored, the geogrid must be strained. It therefore behaves like the suspen-
sion cable of a suspension bridge. The carried load then depends on the sag of the geogrid. 
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Figure 14. Combined pullout and membrane effect at a sinkhole 

The force generated in the geogrid must be anchored laterally in such a way that the grid is not pulled 
out. Thus, a combined functional mechanism exists, since the pullout behaviour of the geogrid must also 
be taken into account. The computation of the membrane effect is very challenging and depends on the re-
spective boundary conditions. For example, by deflecting the force in the geogrid, additional compressive 
stresses are created at the edges of a sinkhole, which increase friction at the underside of the grid and thus 
change the pullout behaviour. Here there are similarities with the anchoring of a geogrid in a landfill 
trench, in which the geogrid is bent several times. 
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3 INTERACTION MECHANISM COMBINING MICRO AND MACRO SCALE 

3.1 General remarks 

In the following we will explain how the individual interaction mechanisms on the microscale interact 
with the interaction mechanisms on the macro level shown in Figure 23. Included with each mechanism 
are the main applications for geosynthetic reinforced structures. The applications in bold are described in 
more detail below. However, the membrane effect is only discussed in the application examples in Chap-
ter 4.5.4. 
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Figure 15. Differences between the main interaction mechanisms 

3.2 Pullout behavior 

3.2.1 Experimental tests 

The pullout behaviour of geogrids has already been studied by many researchers (Jewell et al. (1984), 
Palmeira (1987), Ziegler & Timmers (2004), Sieira et al. (2009)). A good compilation can be found 
among others in (Bathurst, 2014). In all these tests it was found that the pullout resistance is greater than 
the resistance corresponding to pure friction on the geogrid surfaces. This means that an additional re-
sistance is being activated in front of the cross bars in order to explain this greater pullout resistance. To 
study this effect in detail, extensive pullout tests were performed at our institute with the objective of dif-
ferentiating the individual load-transfer shares during pullout, and of quantifying these. 

For this purpose a 30 cm x 40 cm modified shear box was used to conduct pullout tests on a polyester 
geogrid of high tensile stiffness (Secugrid 40/40 Q6 by Naue) and additionally on welded steel grids with 
a similar geometry. Several samples with differing numbers and spacing of transverse elements were used. 
A very dense sand was used as the fill soil (Ziegler & Timmers, 2004). Figure 16 shows a sketch of the 
experimental set-up. 
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Figure 16. Experimental set-up: a) sketch; b) rear side of pullout box (Ziegler & Timmers, 2004) 

The normal stresses were applied by a rigid loading plate and were held constant by readjustment dur-
ing the pullout process. Normal stresses from 50 - 200 kN/m² were selected, as these are applicable to 
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structures of customary height. A pullout rate of v = 1 mm/min was selected, although the relevance of 
this parameter for the results of pullout tests is seen as slight (Lopes, M.J. & Lopes M.L., 1999) 

The grid samples are led out of the pullout box through milled frame slits. The slits used in the prelim-
inary tests were only a few millimetres high, and it was observed that individual soil particles could 
wedge between the grid and the slit, resulting in significant increases in the measured resistances. The 
slits were therefore enlarged to eight millimetres, which is a multiple of the grid-bar thickness. In order to 
prevent fill soil trickling out through the larger slits during pullout, special sleeves were installed around 
the slits on the inner sides of the box. 

The sample is also led out through a slit at the back of the pullout box, and protrudes some cm beyond 
the box (Figure 16). Thus, the reinforcement-member area pulled out on the clamp side is pulled in from 
the rear of the box, so that grid area subjected to normal stress remains constant during the pullout pro-
cess. 

The pullout force Z, the pullout displacement uk at the clamp and at the rear end of the grid ur were 
recorded with an electronic data-acquisition system. All experiments were conducted several times and 
their results averaged. 

To quantify the grid bar’s bearing effect, systematic pullout experiments using 1,2 and 3 cross bars (S1, 
S2 and S3 configurations) were conducted. The measured tensile forces on grids without cross bars (S0) 
served as a reference. 

Figure 17 displays a characteristic test result for a grid without cross bars (S0 sample) and a grid with 
two cross bars (S2 samples) for pullout distances uk at the clamp up to 50 mm. With the S0 samples, the 
normal-stress dependent maximum pullout force was reached after a few millimetres. Later, a slight de-
crease in the subsequently constant pullout force occurred. 
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Figure 17. Typical test result with S0 (dashed) and S2 samples (solid), (Ziegler & Timmers, 2004) 

The tensile-force curves of the S2 sample were initially just as steep. However, no distinctive maxima 
could be identified thereafter; the curves tend upwards with a lower gradient. The steady increase in force 
from that point onwards was only limited for greater pullout distances if the grid’s tensile strength or the 
bearing capacity of the nodes were exceeded. However, when conducting the pullout test, the force was 
increased again due to the redistribution onto neighbouring bars, indicating a ductile behaviour of the con-
struction. 

As seen in Figure 17, a few cross bars are sufficient to bring about a significant increase in pullout 
force. Apparently, this is due to the fact that the cross bars and the fill soil in front of them contribute to 
the load distribution. Permanent deformations on exhumed transverse elements are a clear sign of consid-
erable stress on these construction elements confirming this assumption  

3.2.2 Mechanical model of pullout 

To explain the large transverse-element bearing effects observed, a mechanical model was designed in 
which the element is treated as a beam on two pillars (Figure 18). A slight cross-bar displacement uQSt 
causes the fill soil to rub against the upper and lower faces of the bar. Were the movement to be contin-
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ued, the soil particles in front of the cross bar would wedge, being pushed ahead of the bar as if by a 
plough. The effect of the plough is somewhat greater than the friction between the geogrid and the sur-
rounding soil. The earth pressure acting on the transverse elements is transferred to the longitudinal mem-
bers at the nodes, where it leads to an abrupt increase in tensile force in the longitudinal members. 

For the calculation of earth resistance EpQ the soil area actually mobilised at a given pullout distance 
will be represented by a rectangle of the same area with dimensions mob AeyB · mob L(u) (Figure 18) 
where eyB is the mesh opening size transverse to the pullout direction.  
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Figure 18. Mechanical model: friction interface and mobilised soil area (Ziegler & Timmers, 2004) 

In a first simplified model the normal stress n acting on this surface is assumed constant, neglecting 
the previously described dilatancy effect. The shear stresses B calculated using Eq. (2) are therefore also 
constant, so that the sudden steps in tensile force can be expressed as:  

 uLmobe2dAZ
yBB

Amob

Bi
   (1) 

 uLmobetan2Z
yBBni
  (2) 

The factor 2 represents the friction occurring on both the top and the bottom sides of the rectangle. As 
the pullout displacement increases, the only variable component in this equation is mob L. Therefore, the 
mobilised length mob L is a proportional dimension for the soil resistance absorbed by each transverse el-
ement and thus also for the step increases in tensile force Zi. 

Increasing transverse-element displacement results in an increase in the contributing length mob L. 
However, this area cannot increase after it reaches the neighbouring cross bar. Therefore, the bearing ca-
pacity of a single cross bar is limited by its distance to the adjacent bar. If pulled out further, the cross bars 
and the mobilised soil would slip through the surrounding fill soil. 

The displacement in front of a transverse member is smaller than the displacement at the clamp, since 
friction on the longitudinal members has already removed part of the tensile force on the clamp. Through 
the step-increase in the tensile force on the first cross bar, the force in the grid decreases further, so that 
the second transverse member is displaced less than the first. Thus the earth resistance built up in front of 
the second cross bar, which in turn corresponds to the tensile-force increase at the second node of the lon-
gitudinal member, is again lower. And the reduction of induced tensile force continues in like manner 
(Figure 19). If the geogrid is adequately anchored in the soil, the tensile force is reduced to zero before ac-
tivation has reached the end of the grid. Only when the grid is actually pulled out of the soil will all the 
cross bars be activated. 
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Figure 19. Distribution of tensile force along a geogrid (Ziegler & Timmers, 2004) 

Since the displacement of cross members is successively reduced towards the end of the grid on ac-
count of the friction induced via the longitudinal members, and since the steps in tensile force induced at 
the cross members also decrease, the distribution of tensile force is necessarily non-linear along a geogrid. 
This is exacerbated by the fact that the mobilisation of earth resistance in front of a cross member depends 
in a non-linear manner on the cross-member displacement. Here, the actual displacement of the cross 
member must be considered; this is the clamp displacement corrected for the grid's own strain in length 
direction (grey arrows in Figure 20). This correction is greater at higher normal stress, since this increases 
the friction on the longitudinal members. As a first approximation, the mobilisation curves thus deter-
mined for the various normal stresses merge together (Figure 20), so that a single mobilisation function 
can be used for a given soil and geogrid type. However, this simplification need not necessarily be re-
tained in the calculation model described below. 
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Figure 20. Mobilised area in front of a transverse member as a function of the member displacement  

(Ziegler & Timmers, 2004) 

In addition, the stress-strain relationship of the geosynthetic itself, obtained from a tensile test in air, is 
non-linear. A simplified bilinear approximation is usually used as a characteristic curve of a longitudinal 
member. 

In order to make a precise calculation of the tensile force distribution along the geogrid under these 
conditions, an iterative calculation is necessary. The following design diagram (Figure 21) was developed 
for that purpose. 



Proceedings of the 11th International Conference on Geosynthetics 

 16-21 September 2018, Seoul, Korea 

ui+1

u(x);

e(x)

x 

strain e

ui)1(

0
u

displacement

50 kN/m²

100 kN/m²

200 kN/m²

Zi

Zi+1

i                             i+1
crossbar-

distance ex

MD 
ex

mob L(ucb)

ey

tensile force

Z(x)

Z(x);

Z(x) 

transmission-

functions

 
Figure 21. Design diagram (Ziegler & Timmers, 2004) 

The left part of the nomogram represents the longitudinal axis of the grid. The undetermined displace-
ment u(x) and the strain ex(x) are displayed in the upper left, the grid tensile force Z(x) in the lower left 
part. 

Zi(x) starts at zero and its gradient between the transverse elements is given by the known interface 
shear stress. Its distribution can thus be calculated and displayed up to the first cross bar (i=1). The asso-
ciated strains ex(x) can be taken from the characteristic geogrid stress-strain curve and are displayed in the 
upper left part of the nomogram. They also start at zero at the rear end of the grid. 

In order to determine the grid-displacement distribution u(x), the strains must be integrated, with the 
grid-end displacement u0 = u(x=0) still being an undetermined boundary condition. If u0 is set to 0, the 
grid is subject to strain, but has not yet moved at its left end. For any given u0, the grid displacement u1 of 
the first cross bar can be determined. 

The right part of the nomogram shows the soil mechanical correlations between the mobilised length 
mob L on the abscissa, the grid displacement u, and the step changes in tensile force Z. In the upper right 
part, the specific mobilisation function is applied over the actual cross-member displacement uQSt, the axis 
being switched in comparison to Figure 20. In the lower right part, the transmission function graphs ac-
cording to equation (4) are displayed, determining the step in tensile force Z corresponding to a given 
value mob L depending on the normal stress applied. 

The displacement u1 of the first cross member serves as an initial value for the mobilisation function. 
Its abscissa shows the soil area shifted by the first cross bar. 

Taking this mob L value, one goes down onto the graph of the transmission function corresponding to 
the actually occurring normal stress, reading off the respective tensile force step Z1 on the ordinate. This 
is attached to the tensile-force distribution below left. Having finished the first step of calculation, the 
three unknown values ex(x), u(x) and Z(x) are now determined for the area between end of the grid and 
the first cross bar. 

In the second step of calculation, the tensile-force distribution is extended to the second cross member 
with the slope determined from the interface friction. As shown in the upper left part of the nomogram, 
the strain and displacement curves can thus be applied up to the second cross bar, allowing determination 
of the bar’s displacement u2. This is larger than u1. Transferring this to the mobilisation function and the 
fitting transmission function determines the tensile-force step Z2 at the second cross member, which 
turns out to be larger than Z1 at the first one. 

To verify the experiment results, this method of calculation is repeated for every cross bar in place un-
til the front end of the grid, or the clamp, is reached. If the displacement at the open grid end is preselect-
ed for a given construction situation, either the grid length for a given force to be transferred or the trans-
ferrable force for a given grid length can be determined. 

The largest step in tensile force at the first cross bar can be determined from the tensile-force distribu-
tion obtained using the nomogram. Its size is equal to the force that must be induced at the node in the 
longitudinal bars (Figure 19). The nodes need to be designed only for this force. As can be seen in the ten-
sile-force distribution, this is only a fraction of the total tensile force applied at the clamp. The node 
strength is usually determined using the test method GG2 of the Geosynthetic Research Institute (GRI-
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GG2, 2005). These tests however are only performed in the context of production quality assurance 
(Kupec et al., 2004). To date there are no standardised specifications for the design of the nodes. It is of-
ten therefore simply required that the node must be so designed that it can transmit the entire induced 
maximum tensile force. As can be seen in the tensile-force distribution in Figure 19, this requirement is 
very much on the safe side, since the junction needs only to accommodate the largest step in tensile force 
at the point where the force is introduced. 

3.3 Constraining effect 

3.3.1 Influence of the constraining mechanism on the stress condition in geosynthetic-reinforced struc-
tures 

The composite behaviour of geogrids and soil is much more complicated than the stress-strain behaviour 
of steel. If we look at the small cube of metal in Figure 22a we can apply both tensile and compressive 
stresses at the same time. And it also does not matter whether only one force or more is acting on the cu-
be. 

But if we consider soil we know that the applicable stresses are not arbitrary. If there is no cohesion, all 
three principal stresses must be compressive stresses and they can only act at the same time. In the space 
of principal stresses the possible stress states are all located inside a curved cone. Approaching the enve-
lope of this cone the stress state reaches the limit state in which the deformations increase steadily where-
as the stresses remain unchanged. 

For reasons of simplicity, we consider for example a triaxial test where the stresses and strains can be 
described in a plane only due to the radial symmetry (Figure 22b). 

The limit surface then degrades into two lines which are straight if we assume the well-known Mohr-
Coulomb failure criterion. The green area indicates the possible stress states whereas in the red areas the 
limit state is exceeded. 
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Figure 22. Possible stress states in the principal stress space: a) 3D-stress-space and b) 2D-stress-plane 

If we perform a test following different stress paths starting from an isotropic stress state the response 
strongly depends on the direction of the applied stress path. If we follow for example the isotropic path 
(A-I) in Figure 22b, the stresses will increase significantly without noticeable deformations. This is not 
the case at all if we apply a deviator stress path (A-D). Here the increase of stresses diminishes by reach-
ing the limit condition whereas the deformations increase ad infinitum. This means that the effect of a re-
inforcement element would then be very effective if the stress path is bent to a line which is nearly paral-
lel to the isotropic line (A-F). In this case the limit state is theoretically never reached and the increase of 
deformations with increasing stresses is relatively low. Therefore, the effectiveness of soil reinforcement 
is generally linked to a soil-confining effect caused by the reinforcement element. 
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3.3.2 Constraining mechanism in experimental tests 

3.3.2.1 Triaxial tests 

This effect can be impressively demonstrated in a large triaxial test (Ruiken et al., 2010a,b). Figure 23 
shows a sample of angular gravel with a particle size 0 - 45 mm. The sample was 110 cm high and 50 cm 
in diameter. The tests were conducted unreinforced, and reinforced with up to five layers of geogrids. The 
confining pressure was applied using a vacuum, so that only low stress levels could be investigated, but 
these covered the range usually prevailing in sub-base layers. 
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Figure 23. Large triaxial test with geogrid-reinforced soil: test equipment; b) unreinforced; c) reinforced test 

Figure 23 shows an unreinforced sample and a reinforced one at the same stress level. We can clearly 
see that both the vertical compression and above all the radial elongation are much lower than in the test 
without reinforcement. This demonstrates that the main effect of the matrix of geosynthetic material and 
soil is a limitation of the deformations. But the ultimate load can also be significantly increased through 
geosynthetic reinforcement. 

Figure 24a shows the noticeable increase of the bearing capacity which can be achieved with only one 
reinforcing layer. The difference becomes even greater with two or more reinforcing layers. If three rein-
forcing layers are used, corresponding to a layer interval of around 30 cm, the force that can be absorbed 
rises by more than 200 % compared to the unreinforced case. Figure 24b shows the radial elongation over 
the height of the sample at 90 % of the ultimate load in the unreinforced case. The significant bulging in 
the middle becomes very apparent. This deformation can be significantly reduced with only one reinforc-
ing layer in the middle. The deformation becomes less and less with each subsequent reinforcing layer un-
til an almost equal radial elongation over the height is reached. 

 

a) b)

 
Figure 24. Large triaxial test: a) normalised load over vertical strain; b) radial elongation over height of the sample 

(Ruiken et al., 2010a) 

In order to understand the observed confining effect we consider the stress paths in a triaxial test firstly 
in an unreinforced test. Initially, there is a consolidation under an equal pressure from all sides (point 0 in 
Figure 25). After reaching the consolidation stress 3=c, the lateral pressure 3 is kept constant and the 
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vertical stress 1 rises continuously to the critical limit (point 1). Once the critical limit is reached the de-
formations increase disproportionately with no further increase in the stresses. 

The test is repeated for at least two other lateral pressures. With a purely friction soil, joining the criti-
cal limit points produces a straight line through the origin whose slope is proportionate to the angle of 
friction.  

If we now consider the same test but with reinforcing layers in the soil, we find that when the former 
critical limit is reached, the vertical stress can be increased even further until the critical limit is also 
reached at a much higher vertical stress than in the unreinforced case (point 2 in Figure 25b). The load in-
crease determined is due to the fact that the geogrid reinforcement is activated. Stresses are transferred by 
soil friction and the interlocking of the coarse soil particles within the individual grid meshes during the 
radial elongation of the samples, leading to tensile forces in the geogrid. These tensile forces are in turn 
transferred into the soil as a reactive force. They hereby act like an extra reaction applied from outside 
(Figure 25a).  
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Figure 25. Reinforced triaxial test: a) additional confining stress; b) stress path 

The actual effective stress path does not run vertically upwards but bends to the right. The additional 
reaction to be added increases with increasing load, as the grids are more and more activated. The stress 
curve shown here is only qualitative, since the exact introduction of forces into the sample is initially un-
known and above all not constant over the sample cross-section. But we see that the critical limit line is 
reached at a higher stress level (point 3) than that corresponding to the actual externally applied reaction. 
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Figure 26.Adjustment of the Mohr-circles due to an additional confining pressure by the reinforcement 

Considering the Mohr-circles in Figure 26 we see that the additional lateral pressure moves the corre-
sponding circle to the right so that the diameter of the Mohr circle increases and the failure point is 
reached at a higher stress level. This confining effect in triaxial tests has already been reported by other 
authors, e.g. (Eiksund et al., 2004). 
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4 GEOSYNTHETIC REINFORCEMENTS IN GEOTECHNICAL APPLICATIONS – HOW THEY 
WORK 

4.1 Steep slopes 

One of the classic applications of geosynthetics is the construction of very steep slopes. One of the design 
rules in EBGEO (2011) proposes that the slope be built with a slight inclination and with a reinforcement 
length of around 70% of the height of the wall. In the classic design case, the external stability must first 
be verified by considering the reinforced earth body as a gravity wall. In analogy with this, the stability 
against overturning, sliding, bearing capacity and the overall stability must also be verified. In conven-
tional design, the classic active earth pressure is taken as the predominant action. 

When considering the overall stability, soil bodies whose failure planes cut the reinforcement layers 
must be considered in addition to those bodies which include the reinforced earth body (Figure 27). The 
tensile forces required for the overall stability thus obtained represent one of the limits for the stressing of 
the geosynthetic reinforcement. The second limit is determined by distributing the classic active earth 
pressure pro rata among the respective reinforcement layers. When checking the internal stability, the 
greater of the two values is then assumed to be the decisive load. 
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Figure 27. Slip planes for the verification of overall stability: a) outside and/or along the reinforcement layers; (b) 

which intersect the reinforcement layers 

When verifying the internal stability, both the tensile strength of the material Rm and the resistance 
against pullout Ra must be greater than the previously calculated stress. To determine the design value of 
the strength of the material, the short-term strength of the geosynthetic must be reduced to the long-term 
strength. In accordance with e.g. EBGEO (2011), this is done by dividing by a total of 5 factors: 
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 (5) 

where  
A1 = reduction factor for creep-rupture behaviour (3.5 - 6.9 depending on the material),  
A2 = Reduction factor for transportation and installation damage (1.5 - 2.0 depending on the soil),  
A3 = Reduction factor for joints, seams and connections to other structural elements (1.0), 
A4 = Reduction factor for environmental chemical impacts (2.0 - 3.3 depending on the material), 
A5 = Reduction factor for predominantly dynamic actions (1.0). 
The figures in brackets indicate the specified minimum values of EBGEO if no product- or site-

specific values are determined. If the EBGEO values are multiplied out, a factor for the reduction from the 
short-term to the long-term tensile strength of between 10.5 and 42.9 is obtained, which makes it clear 
that the proposals of the EBGEO are really "penalty values" which are on the safe side, and that these 
should encourage manufacturers to carry out appropriate product-specific testing. If this is done, the re-
duction can easily be cut to half, or less. The design value of the material strength is obtained by dividing 
the characteristic long-term strength by the safety coefficient m, which is 1.4 according to EBGEO for the 
persistent design situation. 

mk,md,m
RR 


 (6) 
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In the conventional calculation, the pullout resistance is calculated with a constant application of shear 
stress, which as mean friction stress (factor k) is dependent on the overburden pressure v= z and the 
anchor length LA of the geogrid. The factor B in equation (7) is in turn the safety coefficient according to 
EBGEO, which also amounts to 1.4. 

BakiBk,ad,a
Ltanz2RR   (7) 

The tensile-force curve determined according to equation (7) is linear and is thus a simplification of the 
step-like plot shown in Figure 19. For the following considerations, however, this is relatively unim-
portant.  

If only the proportional earth pressure is assumed as the predominate action of a single geogrid layer, 
the design action is calculated from 

GviahiGkidi
lKzFF   (8) 

where lvi is the spacing of the geogrid layers. Since for the verification of stability the design load in (8) 
must be less than the design tensile strength according to (6), and lower than the design value of the 
pullout resistance. The required greatest short-term material strength, which is depth-dependent, is ob-
tained by equating and re-calculation. The greatest value is obtained for the bottom layer for zu = h as 
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 (9) 

For the pullout resistance, the required anchor length results from 
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 (10) 

In contrast to the required material strength, the anchor length LA is independent of depth; in this sim-
plified consideration, both the earth pressure (action) and the pullout resistance (reaction) increase linearly 
with depth and the effect of depth is thus cancelled out. 

Eq. (10) will now be applied to a common set of input parameters. These are: 

 safety factor for effect of actions: G = 1.35 

 safety factor for pullout resistance: B = 1.40 

 soil friction angle: k = 25° - 35° 

 coefficient of earth pressure: Kah = 0.29 – 0.18 (slope inclination  = 80°) 
 reduction factor:  = 0.5 (EBGEO) – 0.9 (strip grid) 

 spacing of reinforcement layers: lV = 0.6 m – 0.8 m 

If the highest and lowest values are input into Eq. (10), a minimum anchor length is obtained of 0.16 m 
for the most favourable combination of parameters, and a maximum of 0.66 m for the least favourable. 
When the maximum required anchor length is entered behind the slip plane of the active earth-pressure 
wedge, it becomes apparent that at the bottom there are still large areas in which the geogrids, at least on 
paper, are not used at all (Figure 28). 
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Figure 28. Reinforced steep slope with anchorage reserves 

Since there are large anchorage reserves it is a tempting idea to shorten the geogrid layers. In Figure 29 
this is done for various anchor lengths. Starting with just 30% of the wall height, a steep slip circle is ob-
tained which only intersects a part of the reinforcement layers in the lower region. The global factor of 
safety, for comparison purposes, is however only 1.0. As a consequence, the geogrids are lengthened, alt-
hough from a purely computational point of view sufficient anchorage length would already exist. The ef-
fect of the lengthened geogrids is that they flatten the decisive slip circle, because the increase in length 
means that additional grids in the upper part would have to be cut, which is apparently more energy-
intensive than the adoption of the per se more favourable flat arrangement. 
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Figure 29. Decisive slip circles for different lengths of geogrids with associated safety factors h 

This cycle is repeated until the grid length reaches 8 m, which for a 10 m high wall represents 80 % of 
the wall height. But at a grid length of 9 m the decisive slip circle jump forward again, as the slip circle, 
steep once more, is apparently less favourable than the increasingly flat circle, despite the many cut rein-
forcement layers. As of a length of 9 m, lengthening the geogrid does not provide any safety benefit. If the 
old global safety level of h = 1.4 is taken as a basis, an anchor length of 7 m is required, and this is exact-
ly in line with the EBGEO recommendation of 70 % of the wall height. However, this length is not re-
quired in order to mobilize the pullout resistance in the soil, but rather to kinematically restrict the deci-
sive slip circle. For the design of a high wall in compliance with the 70 % rule, the material resistance will 
in any case always be the determining element because this increases linearly with depth and the pullout 
resistance is not activated over the full length. The pull-out resistance can only be decisive in the upper-
most layer, as the vertical load is still relatively low there. This must be taken into account, for example, 
when designing an anchor trench at landfills. 

4.2 Reinforced walls – stressing of facing elements 

In contrast to the considerations of the previous section, in which the reinforcement was pulled out of the 
passive area, which is characterized in that the grid is displaced more than the soil and the force is trans-
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ferred from the grid into the soil (see Figure 12), we now consider the actively slipping wedge that deter-
mines the load on the front elements (see Figure 30). In this case, the soil slides over the grid and the force 
is transferred from the soil into the grid. The shear stresses that are now reversed reduce the maximum 
force still acting in the shear surface with the result that only part of the earth pressure load arrives at the 
front elements or is even reduced to zero for particularly flexible wall panels. According to the EBGEO 
(2011) rules, the maximum force Fi,k from the earth pressure load is reduced by a reduction factor  to de-
termine the load on the front elements. The size of the reduction factor depends on the deformability of 
the front elements and is staggered over the height. No reduction is made in the case of very rigid front 
panels for safety reasons. 
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Figure 30. Reduced connection load at the front elements 

The reduction of the earth pressure load at the front elements is impressively confirmed by tests in a 
large biaxial device (Figure 31). In this case, one side wall is held immobile in the large biaxial device, 
while the one opposite is slowly pushed away from the soil. A thick glass plate is attached to the front 
side, through which the displacement of the soil particles can be observed. This is done with a high-
resolution camera and corresponding evaluation software (DIC-method). 

 

 
Figure 31. Biaxial test device for plain strain tests Foundation on soft soil 

The test results of the displacement-dependent earth pressure development are shown in Figure 32 for 
unreinforced and reinforced soil without a connection of the geogrids (J0-2% = 700 kN/m) to the facing. 
The results indicate a significant reduction in the lateral pressure on the back of the facing of the model 
wall if geogrids are used. This effect increases with an increasing number of reinforcement layers. Espe-
cially remarkable are the activation of the geogrids and the corresponding reduction in earth pressure even 
at very small facing displacements. 
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Figure 32. Earth pressure of geogrid-reinforced soil without connection of the geogrids at the facing  

(Ruiken et al. 2011) 

The particle rotations given in Figure 33a after 10 mm facing displacement indicate a relative move-
ment between certain sections within the specimens and therefore the location of failure planes. The fail-
ure planes have been visualized for an unreinforced specimen as well as for specimens reinforced with 
two and five geogrids not connected to the facing. 

It can clearly be seen that an increasing degree of reinforcement results in a decreasing distance be-
tween slip surface and facing. Furthermore, whereas one distinct failure plane developed within the unre-
inforced soil, the geogrids led to the development of various failure planes, resulting in shear “zones” 
where the strength of the soil is reached. 

The corresponding horizontal particle displacements are given in Figure 33b. In this plot the confine-
ment effect becomes very obvious, i.e. horizontal soil movement is clearly reduced, especially at the level 
of the reinforcement layers, an observation already described by (Peng, 2000). As a result, vault-like re-
gions develop near the front facing elements which lead to a reduction in the earth pressure acting on the-
se elements. A major part of the force generated by the active-pressure wedge – which would otherwise 
provoke lateral movement – is held back by the geogrids. This is therefore clearly a constraining effect. 

 

 
Figure 33. a) Particle rotations and b) horizontal displacements in unreinforced and geogrid-reinforced specimens 

(Ruiken et al., 2011) 

4.3 Foundation on soft soil 

Figure 34 shows the comparison of an unreinforced and a reinforced bearing layer in a test under plane-
strain conditions. The load in this basic test is applied by a small rigid footing. The soft soil is realized in 
this case by a very loosely packed sand. 



Proceedings of the 11th International Conference on Geosynthetics 

 16-21 September 2018, Seoul, Korea 

unreinforced reinforced

soft soil soft soil

bearing layer bearing layer

geogrid

 
Figure 34. Comparison of an unreinforced and a reinforced bearing layer under a strip footing 

As indicated in Figure 34 on the left the footing punches like a piston into the soft soil in the unrein-
forced case whereas in the reinforced case on the right, the reinforcement leads to a spreading of the load, 
and thus to lower stresses and displacements. In this application, a combination of membrane and con-
straining effects is present. The bending of the geogrid allows part of the load on the strip foundation to be 
absorbed by the vertical component of the geogrid tensile force. The tensile force itself is transferred by 
friction into the surrounding soil. At the same time, this increases the horizontal compressive stress, thus 
creating a more isotropic and hence more favourable stress situation. When the soil is very soft, the mem-
brane effect increases, while on firmer soil the constraining effect outweighs. 

4.4 Base course layer 

One of the most widely used applications is the stabilization of a base course over soft ground. The effect 
of the use of a geogrid combined with a nonwoven can clearly be seen in (Figure 35), where deep ruts on-
ly form in the unreinforced case. In this case the effect of the reinforcement is mainly based on the con-
straining effect. It is obvious that the cost for maintaining an unreinforced site road over a long period can 
easily exceed the relatively minor investment of an additional geogrid layer. The effect is similar to the 
application of geosynthetic reinforcement in weak ground under a footing (Figure 34). 

 
a) b)

 
Figure 35. Stabilization of a site road: a) without and b) with geogrids in combination with a nonwoven fabric 

(Bräu/Naue) 

Similar to the previous example is a base course subjected to loading by a rolling wheel. Before being 
loaded by a rolling wheel, the stress condition approximates to the pressure-at-rest state, i.e., the vertical 
stress is the small surcharge stress applied by the relatively thin base course, and the horizontal stress is 
the earth pressure at rest, which is the product of vertical stress and the coefficient of earth pressure at 
rest, K0. As the wheel load approaches the load-application point, both the vertical and the horizontal 
stress increase. If the surcharge load becomes excessive, the sub-base material reaches the limit condition 
(point 2 in Figure 36, left-hand side) and visible rutting occurs. 

In the reinforced support layer, the surcharge load applied by the rolling wheel activates the reinforce-
ment, and this transfers a horizontal stress to the sub-base by friction, so that the actual effective stress 
path is more horizontally inclined and does not even reach the limit condition. Rut development is thus 
significantly reduced. 
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Figure 36. Development of stresses in a base-course under a rolling wheel: left) unreinforced, right) reinforced 
base course 

4.5 Embankment on soft soil 

4.5.1 General considerations 

Generally, embankments on soft soils experience large deformations and insufficient stability due to low 
stiffness and shear strength of the subsoil. Furthermore, failure mechanisms at the base of the embank-
ment can occur due to insufficient bearing capacity or lateral spreading forces. As embankments are often 
used in combination with rigid concrete structures like bridges or culverts, differences in settlements be-
tween the embankments and rigid structures should be minimized.  

In Figure 37 three feasible foundation systems for embankments on soft soils using geosynthetics are 
shown, which differ in load bearing and settlement behaviour.  

The simplest way is to reinforce the embankment base in order to obtain a floating foundation. The 
base reinforcement does not prevent, but confines settlements of the embankment. However, the subsoil 
needs sufficient bearing capacity in order to resist the embankment load. Otherwise, vertical bearing ele-
ments in form of geosynthetic encased soil columns (GEC ś) or piles are necessary to ensure adequate 
stability and to reduce settlements (see Figure 37). 
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Figure 37. Foundation systems on soft soils using geosynthetics 

The systems with vertical bearing members (GECs and piles) distribute the surcharge to both soft soil 
and bearing elements. The stiffness ratio of the column material and the surrounding soft soil is the deci-
sive factor for the load distribution (see Figure 38). Depending on the resulting stiffness ratios, the hori-
zontal reinforcement is required as a structural element or is designed for membrane forces. Thereby, 
three cases can be distinguished according to the EBGEO (2011).  



Proceedings of the 11th International Conference on Geosynthetics 

 16-21 September 2018, Seoul, Korea 

s
ym

m
e
tr

y

soft 

soil

scolumn ssoftsoil

σv,softsoil

σv,column

column

s
ym

m
e
tr

y

soft 

soil

scolumn ssoftsoil

σv,softsoil

σv,column

column

s
ym

m
e
tr

y

soft 

soil

scolumn
ssoftsoil

σv,softsoil

σv,column

column

structural

element
membrane

         
            

      
         
            

      
         
            

a) GECs c) piles

initial ground

surface

structural

element

b) transition zone

b)

 
Figure 38. Behavior of the system depending on stiffness ratio of column and soft soil 

In case a), the flexible foundation system shows self-regulating load behaviour leading to uniform set-
tlements of the columns (GECs) and the surrounding soil. In the transition zone b), the self-regulating 
load-bearing behaviour of the columns is remaining and uniform settlements can also be assumed. In 
cases a) and b), the horizontal reinforcement acts as a structural element in order to secure global stability 
and to improve the load distribution.  

In cases of stiffer columns such as piles, a significant difference in settlements between the bearing 
elements and the surrounding soft soil occurs. In order to ensure the effectiveness of the foundation sys-
tem, the horizontal reinforcement has to be designed additionally for membrane forces (see Figure 38c). 

4.5.2 Embankment on soft soil using geogrid reinforced base 

The stability of embankments on soft soils can be enhanced by the use of geosynthetic reinforcement in-
stalled in the embankment contact zone. The basal reinforcement acts as an additional resisting force pro-
viding global stability (see Figure 39). 
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Figure 39. Embankment on soft soil using geogrid reinforced base 

The global stability has to be verified for all possible circular and linearly bounded slip planes in the 
embankment, subsoil and a combination of both. Moreover, possible failure mechanisms, that do or do 
not intersect the reinforcement, have to be considered. Special investigations are necessary for the transi-
tion zone between embankment and soft soil. Here slip planes might occur between the geosynthetic and 
the fill material of the embankment as well as between the geosynthetic and the subsoil.  

The sliding stability can be significantly increased by wrapping the end of the reinforcement around at 
the embankment toe. In general, the lower value of the design strength, pullout and frictional resistances is 
decisive. 

In the range of the embankment slopes, additional spreading forces act on the reinforcement. The 
spreading action is calculated according to an active earth pressure accumulated between the top of the 
embankment and the basal reinforcement.  

In the initial state, the unconsolidated subsoil is very weak. Therefore, especially during installation, 
the soft soil might squeeze out at the toe due to the additional surcharge of the embankment.  
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Moreover, the bearing capacity of the embankment, which can be assumed as a quasi-monolith, has to 
be verified for slip planes that do not intersect with the reinforcement layer. However, the global failure 
analysis is usually decisive with regard to bearing capacity failure. 

4.5.3 Embankment foundation on Geosynthetic encased soil columns 

Geosynthetic encased columns (GEC ś) are installed as bearing elements in order to construct embank-
ments on very soft soils with an undrained shear strength less than 15 kPa (see Figure 40a).  

Due to the stiffer filling material compared to the surrounding soil (Es,filling > 10 · Es,soft soil), the load of 
the embankment is concentrated on the column heads. Circumferential tensile forces are activated in the 
geosynthetic encasement of the columns because of the radial deformation of the filling material. The ra-
dial increase of the column diameter directly influences both the settlement of the column itself and the 
surrounding subsoil.  

As a result, the flexible system shows a self-regulating load-bearing behaviour. In the final state, uni-
form settlements are assumed for the GEC ś and the surrounding subsoil, while the load of the embank-
ment is proportionally transmitted to the columns and the soft soil. In conclusion, a certain deformation is 
necessary to activate the bearing system.  

The interaction of the column and the surrounding soil as described above is the basis of the design 
method according to Raithel (1999) and EBGEO (2011). First, a load redistribution factor has to be as-
sumed, in order to describe the stress concentration above the column heads. Then, the resulting effective 
horizontal stress can be calculated as a result of the vertical surcharge stresses. The effective horizontal 
stress leads to radial horizontal deformation of the column edge. Depending on the increase in column di-
ameter, the settlements of column and surrounding soft soil can be calculated. If uniform settlements are 
given, the assumed redistribution factor is true. Otherwise, the analysis has to be repeated iteratively with 
different load distribution factors until the criterion of uniform settlements is met. 

The calculation of the settlements only represents the ground slab being considered. The total system 
settlement is given by adding respective settlements of all ground slabs. The maximum circumferential 
tensile stress of all ground slabs is the decisive design value for the column encasement. 

In the analysis of the global failure mechanisms, the columns lead to an increase in shear resistance 
along possible slip plane due to stress concentration on columns and the high friction angle of the fill ma-
terial (see Figure 40b). Special investigations are required to consider enhanced resistance (e.g. concept of 
equivalent cohesion (Hausmann & Lee (1976)) using equivalent values for unit weight, cohesion and fric-
tion angle for the assumed homogeneous soil. 

Besides providing consistent settlements and increased shear stability, the GEC´s act as “mega drains” 
accelerating the consolidation process of the soft subsoil. 

Due to uniform settlements of columns and surrounding soil, the membrane effect does not occur in 
the case of an embankment foundation on GEC ś. Consequently, the base reinforcement is designed in 
terms of ensuring global stability, improving load distribution and transferring lateral spreading forces. 
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Figure 40. Embankment foundation on geosynthetic encased soil columns 
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4.5.4 Embankment foundation on Piles 

If relatively small settlements of the embankment are required, a foundation on piles is a feasible solution. 
The foundation system consists of a reinforced earth structure over rigid bearing elements, which are em-
bedded into a deeper soil layer with adequate stability. Instead of point bearing elements, the use of linear 
bearing members is possible.  

Due to the considerably higher stiffness ratio compared to the system using GEC ś, uniform settle-
ments cannot be assumed for the pile and the surrounding soil. Therefore, the load on the horizontal rein-
forcement results from membrane action of the vertical surcharge between the bearing members. The 
geogrid is anchored in both directions perpendicular and parallel to the embankment axis in order to en-
able the membrane effect of the reinforced earth structure.  

The surcharge is reduced by arching and by a potential reaction force of the subsoil below the rein-
forcement. Depending on the stiffness conditions, the soft soil is unloaded partially or almost completely 
in case of consolidation processes, e.g. due to groundwater table lowering.  

The arching effect depends on the spacing between the piles and the arching height. In order to enable 
a more favourable arching, granular soils with an adequate friction angle are used for the reinforced earth 
structure. 

There is an interaction between the reinforcement sag and the reaction force of the soil between the 
bearing elements depending on the tensile strength of the reinforcement and the bedding modulus of the 
soil. If there is a gap between the reinforcement and the subsoil, the loss of subgrade reaction has to be 
considered. 

The resulting uniform stress between the piles is assigned as an external action on the horizontal rein-
forcement considering the load covering area. In order to calculate the membrane action of the reinforce-
ment, it is assumed that the resulting load acts as a triangular line load on strips between the piles. The 
strip width corresponds to the width of an equivalent rectangular pile head of the same area. Moreover, 
van Eekelen (2013) presented a concenctric arch model as a more advanced approach for the load distri-
bution. 

Finally, the maximum strain of the reinforcement can be calculated dependent on the resulting load, 
geogrid stiffness, strip width, subgrade reaction, clear spacing between the bearing members and the sag 
of the reinforcement.  

In conclusion, the effectiveness of the foundation system consists in bridging the soft soil between 
bearing elements by membrane action and transferring the load into a deeper soil layer.  

Moreover, lateral spreading forces act on the reinforcement in areas of embankment slopes as de-
scribed in section 0. Hereby, the maximum action due to the membrane effect and lateral spreading forces 
is the governing value for reinforcement design.  
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Figure 41. Embankment foundation on piles 
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5 FUTURE RESEARCH 

As Ferreira & Zornberg (2015) and Peng & Zornberg (2017) stated, there still is a lack of understanding 
the load transfer between soil and geogrid at low stress levels due to the difficulty in obtaining the com-
prehensive deformation behaviour of geogrid reinforced soil.  

In contrast to the pullout behaviour (see 2.2.1), which is well investigated on both the macro and micro 
scale, there exist a current need for research especially on the indirect activation of the reinforcement by 
the surrounding soil. There are basically two issues to be considered.  

First, the occurring interaction mechanisms need to be identified on the micro scale. Secondly, the 
global confining effect has to be analysed as an accumulation of the local mechanisms on micro scale 
(friction, bearing, interlocking). Here, the interaction mechanisms need to be considered depending on 
soil properties, geogrid types and stress stages. 

In order to investigate the real geogrid and soil interaction, a comprehensive insight into the interface is 
required without any disturbing influences due to measuring devices (e.g. strain gauges) or slight influ-
ences of the test apparatus. Therefore, compression tests with geogrid reinforced transparent soil will be 
an appropriate methodology to visualize the mechanisms acting immediately at the interface. In their re-
view of the past, present and future of modelling with transparent soils, Iskander et al. (2015) expect this 
methodology to become a powerful tool to explore geotechnical problems such as geogrid soil interaction. 

A natural soil is modelled as a transparent medium by a mixture of fused quartz particles and an oil 
with a matching refractive index as a pore fluid (see Figure 42). The transparency of the specimen is 
highly dependent on the refractive index of the pore fluid, which changes with temperature, and on the 
presence of air bubbles or impurities. According to Ezzein & Bathurst (2011) and other authors, the me-
chanical and geotechnical parameters of the transparent soil surrogate show a good agreement with natural 
non-cohesive soils based on shear, triaxial and compression tests. 

In contrast to previous studies (Jacobs & Ziegler (2015)) in which geogrid strain was measured at se-
lective points by strain gauges, the displacement and relative movement of both geogrid and surrounding 
soil can be recorded in transparent specimen from several perspectives using the digital image correlation 
(DIC) method. Therefore, the interaction mechanisms present can be visualized on micro scale. For in-
stance, Ferreira & Zornberg (2015) and Bathurst & Ezzein (2015) presented spatial deformation patterns 
of geogrids pulled out of a transparent soil. As result, Ferreira & Zornberg (2015) derived strain profiles 
along the reinforcement and observed a progressive mobilization of the transverse ribs through the trans-
parent surrogate.  
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Figure 42. Example of a transparent soil surrogate 

In Figure 43 the results of a preliminary test setup with a vertically loaded foundation embedded in a 
reinforced transparent soil specimen are shown. Here, lateral spreading forces occur in the displacement 
field of the side view. Comparing the vertical deformation above and beneath the grid, the improved per-
formance due to the reinforcement is evident. 
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Figure 43. Displacement field calculated in a preliminary test setup 

Once the main interaction mechanisms are identified, a mechanical model can be derived for the indi-
rect activation of geogrids by the surrounded soil on the micro scale. A first idea of an interaction model 
is illustrated qualitatively in Figure 44. 
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Figure 44. Idea of a model for indirect activation of the geogrid by the surrounding soil 

As explained before, horizontal and vertical soil stresses have to be considered besides geogrid tensile 
forces in order to take the effects of spreading, pullout and interlocking adequately into account. The 
model representation may be confirmed or will otherwise be adjusted in accordance with the new find-
ings. In summary, the objective of the interaction model is to explain the constraining effect as an accu-
mulation of the mechanisms on the micro scale. 

In conclusion, future research lead to a deeper understanding of the occurring interaction mechanism 
especially in the mode of indirect activation of the reinforcement. 
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