
1 INTRODUCTION  

Anchorage of geogrids in soil, as it occurs e.g. in reinforced retaining structures or surface-parallel 
systems, is described in many standards or recommendations regarding the ultimate limit state (e.g. 
German EBGEO, Deutsche Gesellschaft für Geotechnik, 2011; British Standard 8006, 2010; 
FHWA-NHI-00-043, US Department of Transportation, 2001), but serviceability limit states are 
not defined. Additionally, on the one hand, all of the guidelines assume a constant interaction coef-
ficient along the anchorage length of a geogrid. At the same time, it is known that, due to the flexi-
bility of the tensile geogrid products and the displacement-dependent load transfer mechanisms (i.e. 
friction and mobilized earth pressure in front of transverse tensile members), the mobilization of in-
teraction varies along the geogrid anchorage length. In fact, the shear stresses in the front anchor-
age part can be disproportionately high, which has to be compatible with all geogrid components 
(see e.g. Palmeira, 2009; Ezzein & Bathurst, 2014). On the other hand, considerable, presumably 
positive effects caused by the deviations in a typical alignment of a geogrid in an anchorage trench 
are neglected (Briançon et al. 2000). The existence of a multitude of safe structures designed with 
these two simplifications might show that they neutralize each other. But as the failure mode ge-
ogrid pullout is actually decisive for the design of geogrid anchorages with low overburden, e.g., as 
part of liner systems of waste disposals, geogrid anchorage within trenches should be examined in 
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more detail, including explicit consideration of both load transfer mechanisms (Müller, 2014). In 
addition, with increasing requested service life durations up to 100 years (e.g., German Landfill 
Ordinance, Bundesanzeiger Verlag 2009), the required accuracy of the predicted material loading 
for all geogrid components increases as well. 

Therefore, an interaction model has been developed at RWTH Aachen University, which takes 
into account these two load transfer mechanisms. With a total of more than 120 pullout tests, the 
following influential parameters were investigated: soil type (sand and gravel), soil density, geogrid 
tensile strength and stiffness, geogrid aperture size and overburden pressure. 

In this paper, first, the interaction model with an exemplary calibration result and its validation 
using results from pullout tests in a large box is presented. Second, an approach for the considera-
tion of deviation effects in anchorage trenches is developed and then validated with field measure-
ments from a geogrid anchorage trench of a liner system of a waste disposal. 

2 INTERACTION MODEL GEOGRID/SOIL 

The interaction model described below has been developed with more than 120 pullout tests, vary-
ing the following influential parameters: soil type (sand and two types of gravel), soil density, ge-
ogrid tensile strength and stiffness, geogrid aperture size and overburden pressure. Due to the lim-
ited space in this paper, only exemplary results can be shown and therefore it is forgone to give the 
entire test program and all exact material properties. The full study will be published elsewhere 
soon. 

2.1 Model development  

Within the model, the planar geogrid is modeled as one-dimensional and discretized into a finite 
number of elements along its main tensile direction as it is shown in Figure 1a (bottom). These el-
ements are either pure frictional elements or frictional elements including a junction to a transverse 
tensile member where the bearing resistance in front of such a transverse tensile member is trans-
ferred to the longitudinal tensile member. Horizontal equilibrium at a longitudinal element with 
connected transverse tensile member as in Figure 1a (bottom) leads to the tensile force Ti at ele-
ment i: 

    i i 1 e 1 n i 1 n g xmd,i i 1 nT T 2 L W tan u , n T u ,                  (1)  

where Le = element length, W1 = width of longitudinal tensile member, σn = normal pressure on 
geogrid, δ(ui-1,σn) = mobilized contact friction angle between longitudinal tensile member and soil, 
ui-1 = displacement of element i-1, ng = number of longitudinal geogrid tensile members per unit 
width, and Txmd(ui-1,σn) = mobilized bearing resistance in front of transverse tensile member. 

 
The displacement of element i is calculated by: 

 i i 1 i eu u T L         (2)  

where ε(Ti) = strain of longitudinal geogrid tensile member. 
 
Decisive for a geogrid-soil interaction model is its description of the bearing resistance of trans-
verse tensile members. Here, the model from Ziegler & Timmers (2004), as also proposed by Mül-
ler (2014), was chosen. As shown in Figure 1c, it assumes the displacement-dependent develop-
ment of an earth pressure zone in front of each transverse tensile member with the length mob L. 
The bearing resistance Txmd follows from the integrated shear stress above and below this mobilized 
zone: 

 
xmd,i S g n S gA A

n S O,1 i 1 g

T 2 dA n 2 tan dA n

2 tan d mob L u n

         

      

       (3)  

where A = mobilized area of passive earth resistance, φS = mobilized internal friction angle of the 
soil, dO,1 = aperture width between two longitudinal tensile members, and mob L(ui-1) = mobilized 
length of passive earth resistance. 
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The model was programmed using the software Matlab (version R2013b) and basically consists of 
two loops, an inner loop for the integration along the geogrid and an outer loop for modeling of dif-
ferent deformation states k. During the activation phase, in each step an additional element is 
switched on along the geogrid. Once the entire geogrid is activated, for each step, the displacement 
of the last element n at the free end is increased by an incremental displacement uinc. Integration is 
then carried out from the free end, as both, displacement (uk+1,n = uk,n + uinc) and force (Tk,n = 0), 
boundary conditions are known there, to the loaded end,. This has the particular advantage that the 
simulations can be carried out without using test results, e.g. force and displacement at clamp (of 
course using input functions evaluated from special tests as described in the next section).  

2.2 Input functions 

To solve Equations 1 to 3 some input functions are necessary, which are described in this section. 
The first input function describes the geogrid load-strain behavior, if necessary, including its creep 
characteristics by using isochronous curves and its strain-rate dependency. For modeling pullout 
tests with PET geogrids, it was found to be sufficient to use piecewise linear approximations of 
short-term tensile test results, as shown in Figure 1b (top). Additionally, the junction strength has to 
be defined as input for the model. For modeling laid geogrids with welded junctions, the junction 
strength was determined by tests according to GRI-GG2 (2005) with constrained rotation. 

For the development of the other necessary input functions, pullout tests on modified geogrid 
specimens were carried out in the pullout test device shown in Figure 1a (top) with dimensions of 
43.5 × 30 × 20 cm (L × B × H). The mobilization of the stress-dependent contact friction angle be-
tween longitudinal tensile members and soil has been evaluated using specimens without any trans-
verse tensile members, so-called S0 tests. Besides the stress dependency, it has been found that the 
contact friction angle strongly depends on the soil density. 

To determine the mobilization of the bearing resistance in front of transverse tensile members, 
results from pullout tests using specimens with one (S1) and without any transverse tensile mem-
bers (S0) have been compared. Thereby, the development of a passive earth pressure zone with 
length mob L as in Figure 1c has been evaluated. To be used in Equation 3 with regular geogrid 
specimens (SV), this function of mobilized length has to be limited by the distance to the next 
transverse member, accounting for the interference between consecutive transverse members. This 
method from Ziegler & Timmers (2004) has the advantage that the bearing resistance is not regard-
ed as an isolated mechanism (as e.g. by Teixeira et al. 2007), but includes its interaction with the 
mobilized friction on longitudinal tensile members. While the mobilized length is approximately 
independent of normal stress, it highly depends on the soil density. 
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Figure 1: a) Interaction model with b) its input functions (after Jacobs et al. 2014) and c) its bearing model (after Zieg-
ler & Timmers 2004). 
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2.3 Model calibration with standard pullout tests 

As stated above, after having provided the input functions, each simulation of a pullout test runs in-
dependently of the results of the specific modeled test. Only the form of the function of mobiliza-
tion length for regular specimens (see Equation 3) needs to be calibrated with the test results. 

Figure 2a illustrates exemplarily model and test results of three test configurations with different 
normal pressures, but same soil (sand 0/2 with relative density Dr = 31 %) and same geogrid prod-
uct (PET geogrid with tensile strength Tf = 433 kN/m and tensile stiffness J0-2% = 8500 kN/m). The 
curves represent the characteristic result of a pullout test, which is the measured force at the clamp 
Tclamp (i.e. the pullout resistance) versus the displacement at the clamp uclamp. 

Without being able to present all test and model results here, it can be stated that, after calibra-
tion of the mobilized length function for regular specimens, the interaction model matched all test 
results from the vast test program reasonably well. Only few tests in medium-dense and dense 
gravel (highly dilative) required the introduction of an additional calibration parameter to account 
for the constrained horizontal dilation within the standard pullout box. 
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Figure 2: Results of a) model calibration with standard pullout tests and b) model validation with large pullout tests (af-
ter Jacobs et al. 2014). 

2.4 Model validation with large pullout tests 

The developed interaction model has been validated with results from tests, which were carried out 
with the same materials as for the model development but in a large pullout box at the Technical 
University of Clausthal, Germany (Meyer & Holm, 2012). This pullout box had dimensions of 150 
× 60 × 60 cm (L × W × H) and allowed for a geogrid anchorage length of 120 cm. All tests were 
conducted with a gravel (particle diameters 0/32 and Dr = 73 %) and with a geogrid (regular PET 
geogrid with tensile strength Tf = 233 kN/m and tensile stiffness J0-2% = 4300 kN/m), which had al-
so been used for development of the model input functions. Figure 2b shows the resulting develop-
ment of the pullout resistance with increasing pullout displacement of various tests at three differ-
ent normal pressures σn and the corresponding model results. In spite of some variance in results of 
repeated tests (20 and 50 kPa) due to the large test box, on average, the model has reproduced the 
test results well, for both, mobilization and maximum pullout resistance. Furthermore, the model 
could be validated by strain and displacement distributions, measured with strain gauges and dis-
placement transducers connected to the geogrid using tell-tails, respectively, as presented in Jacobs 
et al. (2014). 

Overall, the interaction model has successfully been validated with results from tests in a large 
pullout box, using input parameters derived from tests in a small test box. Therefore, the model has 
been ready to be transferred to the boundary value problem of geogrid pullout within anchorage 
trenches. 
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3 MODEL UPGRADE FOR ANCHORAGE TRENCHES 

Wherever geogrids as reinforcement take up loads, these loads have to be transferred to the sur-
rounding soil, i.e. the geogrids have to be anchored. Especially within reinforced veneer cover sys-
tems, e.g. as shown in Figure 3a for a surface sealing of a waste disposal site, high tensile geogrid 
loads occur that have to be anchored at the crest of the slope. To achieve anchorage of high loads 
while covering a small horizontal area, so-called anchorage trenches are used, as in the right of the 
photograph in Figure 3a and as sketched in Figure 3b. In such trenches, the geogrid alignment is 
not horizontal but deviated, which, in contrast to the boundary value problem of a pullout test, 
causes non-uniform stress distributions and deviation effects. Therefore, to be able to model the in-
teraction of geogrid and soil within an anchorage trench, the developed interaction model had to be 
upgraded accordingly as follows. 

3.1 Incorporation of non-uniform normal stress distribution 

Figure 3b shows that the overburden along the geogrid within an anchorage trench varies, which re-
sults in a non-uniform vertical stress distribution σv(x). The inclination of the geogrid varies as well 
so that, according to e.g. Koerner (2012) or EBGEO (Deutsche Gesellschaft für Geotechnik 2011) 
the normal pressure on the geogrid is calculated by: 

     n vx x cos x          (4)  

where β(x) = geogrid inclination along the anchorage length. 

3.2 Incorporation of deviation forces 

At the points of change in inclination along a geogrid, deviation effects occur. Up to date, deviation 
forces are neglected in the design of geogrid anchorage. For anchorage of geomembranes, Koerner 
(2012) proposed an increased normal pressure on the bottom side of the geomembrane along the 
first horizontal stretch (see Figure 3b) to take into account the vertical fraction of the tensile force 
at the crest, but only regarding the first deviation. For anchorage of geomembranes and geotextiles, 
SETRA & LCPC (2000) and Villard & Chareyre (2004) used Euler’s and Eytelwein’s equation of 
rope friction to reduce the tensile force at each deviation, which however, according to the 
experimental results of Briançon et al. (2000) led to an overestimation of the deviation effect. 
Therefore, in this study, a new model has been developed, which calculates the deviation forces 
from equilibrium, similarly as for a steel tendon within a prestressed concrete beam and which then 
defines an influence length for each deviation. 
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Figure 3: a) Geogrid reinforced veneer cover system and b) sketch of a geogrid anchorage trench. 

 

 

In Figure 3b a typical geogrid alignment within an anchorage trench is shown. The opening angle θj 
of each deviation j can be calculated by: 
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j j j' 180            (5)  

j j'    for θ'j < 180°    (6)  

j j360 '     for θ'j > 180°    (7)  

where j
 and j

  = geogrid inclination from deviation j towards the slope and towards the free end, 
respectively. 

 
For θ'j < 180°, the opening angle is directed downwards leading to a downward-directed deviation 
force and therefore called deviation thrust, while for θ'j > 180° an upward-directed deviation force 
is caused, being called deviation uplift. 

Cutting the geogrid left and right of a deviation as drawn in Figure 4a for the downward-directed 
deviation or in Figure 5a for the upward-directed deviation, force equilibrium gives the deviation 
force vector: 

D, j j jF T T        (8)  

where jT  and jT  = tensile geogrid force vector from deviation j towards the slope and towards the 
free end, respectively. 

 
Using the law of cosines with the tensile force values and its directions, the deviation force value is 
calculated by: 

 2 2
D, j j j j j j jF T T 2 T T cos                  (9)  

The deviation force surely does not act at a discrete point but spreads across a certain length. In ac-
cordance with the theory for steel tendons and with the membrane theory (e.g. Giroud & Noiray 
1981) a circular arc is assumed, where a constant deviation stress acts. Division of the deviation 
force by the arc length, called deviation influence length LD,j, gives the additional average stress 
caused by the deviation: 

D, j
D, j

D, j

F

L
       (10)  

Regarding the determination of the influence length and the effect of the deviation stress for the in-
teraction, the two cases of deviation thrust and deviation uplift have to be differentiated. 

3.2.1 Deviation thrust 

For the deviation thrust, the tensioned geogrid deforms towards the underlying soil, which is as-
sumed to occur linearly with deviation stress σD,j and the subgrade modulus ks. This assumption to-
gether with some geometric calculations (which are not shown here due to limited space) leads to a 
non-closed solution for the deviation stress: 

 

j
D, j s

D, j
j j

D, j j j

F k 1 sin 2

cos sin 1802 2


    
  

           
 

     (11)  

where j
  = angle between jT  and FD,j as in Figure 4a. 

 
After having solved Equation 11 iteratively, the influence length can be calculated using Equa-
tion 10. Finally, the normal fraction of the deviation stress is added to the normal pressure on the 
bottom side of the geogrid along the determined influence length as in Figure 4b and similar as by 
Koerner (2012) for geomembranes. 
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Figure 4: Downward-directed a) deviation force from equilibrium and b) deviation stress along circular influence 

length. 

 

 

3.2.2 Deviation uplift 

For the deviation uplift, the upward directed deviation force acts against the weight of the overlying 
soil block. The influence length LD,j from Equation 10 can therefore be derived from vertical equi-
librium as in Figure 5b: 

     D,v, j j D, j s, j D, j s, j D, jF W L T L T L         (12)  

where FD,v,j = vertical portion of the deviation force FD,j, Wj(LD,j) = weight of overlying soil block, 
depending on influence length LD,j, and s, jT  and s, jT  = shear forces on lifted soil block as in Fig-
ure 5b, also depending on influence length LD,j. 

 
Along the resulting influence length LD,j, the overlying soil block is lifted and accordingly no con-
tact is set on the bottom side of the geogrid to the underlying soil, again in accordance with mem-
brane theory (e.g. Espinoza 1994). 
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Figure 5: a) Upward-directed deviation force from equilibrium and b) vertical force equilibrium  

for determination of circular influence length. 

4 VALIDATION OF MODEL WITH FIELD MEASUREMENTS IN ANCHORAGE TRENCH 

During the redevelopment of the waste disposal site Pochsandhalde Zellerfelder Tal, Clausthal-
Zellerfeld, Germany in 2010, a geogrid reinforced surface sealing system was constructed. In the 
course of construction, as shown in Figure 6, one geogrid roll was instrumented with strain gauges 
within the anchorage trench by the Technical University of Clausthal, Germany (Meyer and Holm 
2010) to record the load transfer from geogrid to surrounding soil. The measurements have been 
used to validate the developed interaction model, including the deviation force approach, within an 
anchorage trench as described in this section. 

The sketch in Figure 6 shows the geometry and the used soils of the instrumented anchorage 
trench. The Pochsand was installed with a comparable density and a similar geogrid was used as in 
the pullout test shown in Figure 2a. Therefore, after considering a reduced geogrid stiffness due to 
creep, the developed input functions could be used for modeling pullout within this anchorage 
trench. To take into account the effect of the first deviation at x' = 0 m, some part of the slope has 
been included into the anchorage trench model as shown by the sketch in Figure 6. 
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Figure 6: Instrumented geogrid anchorage trench at waste disposal Pochsandhalde Zellerfelder Tal, Germany. 

 

 

In Figure 7, the measured geogrid strains are shown for three loading states along the anchorage 
length of the geogrid. The first two states were recorded during construction of the slope, while the 
last measurement at 1080 min after termination of the anchorage trench was recorded after termina-
tion of the entire slope construction at maximum loading (Vollmert et al. 2012). The strain curves 
resulting from the modeled anchorage trench are also illustrated in Figure 7. They are in good 
agreement with the measured strains, what was reached without changing any of the parameters de-
rived from the laboratory tests but including the approach for the deviation effects. These effects 
can be seen clearly in the strain distributions. The first two deviations as deviation thrusts have 
caused an additional pressure on the bottom side of the geogrid, leading to more load transfer, 
which is equal to higher gradients in the strain distributions. At the third deviation, for the last load-
ing state, a small soil block has been lifted so that there is no contact between the bottom side of the 
geogrid and the soil, leading to a smaller gradient in the strain distribution. 
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Figure 7: Measured and modeled geogrid strains of instrumented anchorage trench. 
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5 SUMMARY AND CONCLUSIONS 

It was described that the current design of geogrid anchorage under the assumption of a constant in-
teraction coefficient along the entire anchorage length and neglecting effects of deviations as in 
trenches is simplifying the real behavior. Against the background of a required proof of service life 
greater than 100 years e.g. for structures on waste disposal sites in Germany, it is necessary to ex-
plicitly take into account the complex interaction behavior and deviation effects, when regarding 
anchorage trenches with low overburden. 

 
Therefore, a geogrid anchorage trench model was developed taking the followings steps: 
 Development of an interaction model with its input functions and model calibration varying 

soil type (sand and gravel), soil density, geogrid tensile strength and stiffness, geogrid aper-
ture size and overburden pressure. 

 Model validation with large pullout tests without observation of any size effects. 
 Formulation of an approach to account for deviation effects and incorporation into interac-

tion model. 
 Validation of entire model using in situ measurements from an instrumented anchorage 

trench. 
 

With the presented interaction model, it is possible to solve the statically indetermined geogrid an-
chorage taking into account the displacement boundary conditions and the nonlinear interaction. 
The model calculates the displacement, strain and force distributions as well as the junction loads 
along the geogrid for any input geogrid action, enabling a direct comparison of the loading of all 
geogrid components with their material resistances. Therefore, with the model, not only the ulti-
mate limit state, but also all statically and deformation compatible serviceability limit states can be 
regarded. 

In a next step, an extensive parameter study is carried out comparing modeled anchorage trench 
resistances with resistances from current design codes. Depending on the resulting differences, lim-
its will be formulated for a safe use of current codes or a new design approach will be developed 
for either safe or more efficient design of geogrid anchorage with trenches.  
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