
Optimization of anchor trench design for solar evaporation ponds 

Thiel, R. 
Thiel Engineering, Oregon House, CA, USA, Richard@rthiel.com 

Keywords: anchor trench, wind forces, pullout, exposed geomembrane

ABSTRACT: Ponds with exposed geomembranes on their sideslopes will be susceptible to wind forces, 
which must be resisted by properly designed anchorages at the slope crest.  The most common anchorage is 
an earth-filled anchor trench.  This paper describes improved methods used to optimize the anchor trench de-
sign to conserve material and minimize earthwork for a V-shaped anchor trench.    

1 INTRODUCTION 

A series of 10 hectare (ha) geomembrane-lined 
ponds were planned to evaporate potash salt.  The 
ponds were designed with 1(V):2(H) side slopes 
ranging in height from 2 to 12 m.   The side slopes 
would have the geomembrane exposed. 

One of the value-engineering goals was to design 
the anchor trenches to involve minimal construction 
effort while resisting pullout due to possible wind 
forces.  The estimated wind forces were calculated 
using the Giroud et al. (1995) method for a 145 
km/hr wind speed. 

Most simple design models that could be used for 
determining the required dimension of the anchor 
trench to resist wind pullout forces would result in 
overly-conservative large dimensions because they 
ignore corner resistance forces.  Since there would 
be over 16 km of anchor trench on the project, there 
was a desire to optimize the sizing of the anchor 
trench so as to avoid overbuilding it from a cost 
point of view. 

Existing design methodologies were reviewed, 
and recommendations were developed in this project 
to evaluate economical anchor trench sizes for V-
shaped trenches.  As a result of the methodology 
used in this project, a cost-effective schedule of V-
shaped anchor trenches was prepared that varied the 
required size of the V-trench with the height of the 
slope.  The design parameters for the anchor trench, 
shown in Figure 1, are as follows: D (anchor trench 
depth); B (trench width); L (runout length);  H (soil 
depth above runout);  γ (soil unit weight); δ1 and δ2 
(soil/geomembrane friction angle on upper and low-
er interfaces, respectively); ψ1, ψ2, and ψ3 (geomem-

brane angles); β (pond slope); T (geomembrane ten-
sion due to wind); and θ (tension pullout angle).  

 
 
 
 
 
 
 
 
 

Figure 1. Geometry of V-shaped anchor trench. (After Villard 
and Chareyre, 2004) 

2 ANCHOR TRENCH MODELS  

The fundamental resistances to tension pullout are 
derived from shear resistance between the geomem-
brane, and the soils above and below the geomem-
brane.  Most textbook methods for evaluating anchor 
trench pullout only consider the shear resistance 
along the planar surfaces of the anchor trench (e.g. 
the trench walls), and they assume “frictionless roll-
ers” at the corners.  The most common approaches 
as suggested by Koerner (1998) and Qian et al. 
(2002) were perceived as providing inadequate con-
sideration for pullout resistance around corners in 
the anchor trench. There is no reason to neglect slip-
ping resistance around corners, however, and the ap-
proach described in this paper provides a method to 
account for that.  It is intuitive that the more corners 
there are in an anchor trench, the more difficult it 
will be to pull out the membrane.  Thus, to optimize 
anchor trench design on large projects the corner re-
sistance should be accounted for. 
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The most comprehensive anchor trench design 
methodology presented in the literature was found to 
be Villard and Chareyre (2004).  Villard and Cha-
reyre (2004) used a combination of analytical rea-
soning, finite element modeling, and laboratory test-
ing to recommend a design approach for L- and V-
shaped anchor trenches.  The analytical methodolo-
gy proposed by Villard and Chareyre (2004) was 
consider by the current author to be far superior to 
any other methodologies previously proposed, and 
was used as the basis for this case study.   

There are two methods proposed by Villard and 
Chareyre (2004) to consider slip resistance around a 
corner.  The first method is based on the 18th-century 
Euler-Eytelwein equation for friction of a belt slip-
ping around a curved cylinder.  This equation, illu-
strated in Figure 2, is commonly used in the con-
veyor belt industry and in the electrical and welding 
industries where wire is pulled through conduits.   

 
 
 
 
 
 
 
 
 

Figure 2. Schematic of Euler-Eytelwein belt-friction model. 
 
Predictions of the belt-to-cylinder friction force 

using this equation have been recognized to over- 
and under-estimate actual tension ratios, but have 
generally proven to be acceptable in engineering ap-
plications, with errors in the range of 15% [Padilla et 
al. (2003) and Belofsky (1973)].  The simplifying er-
rors of the equation have generally been offset by er-
rors in the assumed friction values. 

Villard and Chareyre (2004) noted that the Euler-
Eytelwein equation correlated well with experimen-
tal and finite-element predictions for anchor trench 
pullout resistance in stiff soils that have small de-
formations at the anchor trench corners.  The Euler-
Eytelwein equation appears to overpredict pullout 
resistance, however, compared with experimental 
and finite-element results for loose sandy soils that 
have relatively large deformations at the anchor 
trench corners.  The second analytical method pro-
posed by Villard and Chareyre (2004) to account for 
corner resistance was for “loose sands”, and was 
based on limit equilibrium statics for a rigid body.   
Their “loose-sand” model, which is not reviewed in 
detail in this paper for lack of space, is questionable, 
however, because it frequently indicates unrealistic 
trends of a decreasing tension ratio with an increas-
ing corner angle, and unrealistic tension ratios of 
less than one.  They conclude that a minimum con-
servative tension ratio for T2/ T1 is obtained by set-
ting the normal force perpendicular to the tight-side 

tension, with a minimum allowable tension-ratio 
equal to unity.  If the ratio were indeed equal to uni-
ty, then there would be zero friction loss around the 
corner, and statics would dictate that the normal 
force generated against the soil corner would bisect 
the angle between the two tension forces, contrary to 
their assumption that it would be perpendicular to 
the tight-side tension.   

The current author would suggest that for any 
project where an optimal anchorage design is de-
sired, the backfill soil should be well compacted.  
For stiff/dense well-compacted soils the Euler-
Eytelwein equation is deemed to be an appropriate 
model to estimate the sliding resistance around a 
corner, and will be used in the remainder of this pa-
per.  Further refinements of the Euler-Eytelwein eq-
uation could be considered, and have been proposed 
in other industries (e.g. Belofsky, 1973; Padilla et al. 
2003).  These refinements may be of secondary im-
portance compared to the level of approximation 
used in the estimation of the friction angle between 
the geomembrane and the adjacent soils. 

3 FORCE DIAGRAMS AND EQUATIONS 

The free-body diagrams shown in Figures 3-5 are 
used to derive the analytical model for a V-shaped 
anchor trench pullout resistance.  This approach was 
also performed by Villard and Chareyre (2004), but 
the consideration of all of the forces is considered 
more complete in the current paper. 

A free-body diagram (FBD) of the forces acting 
on the geomembrane in the anchor trench is shown 
in Figure 3.  The goal is to calculate the pullout re-
sistance, T1, of the geomembrane.  This is accom-
plished by analyzing from the back of the anchor 
trench to the front.  The following nomenclature is 
used with the free-body diagrams and force  poly-
gons: 
• Wi = weight of overlying soil 
• Si = Nitanδi =  shear force along geomembrane 

interface at location i 
• Ri = resultant force at a corner 
• Ni = normal force along a geomembrane side 
• Ti = tension in a geomembrane segment 

An expression for the tension T3 in the tail end of 
the anchor trench can be written in terms of N3 as:  

T’3 = S31 + S32 = N3 (tanδ1 + tanδ2) (1) 
It is tempting to consider that N3 can be directly 

calculated from the weight of soil block no. 2, and 
that N3 =N2.  If that were the case, then the remaind-
er of the calculations would be fairly straightfor-
ward.  This is an incorrect assumption that is made 
in other over-simplified methods presented in the li-
terature.  A more rigorous evaluation of the static 
equilibrium, as described in this paper, reveals a 
more complex relationship.  The validity of the me-
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thod described herein is validated by finite-element 
modeling presented by Villard and Chareyre (2004). 

From the Euler-Eytelwein equation presented in 
Figure 2, we have the corner force relationship: 

ଷܶ ൌ ܶԢଷ݁ሺటమାటయሻ ୲ୟ୬ఋభ (2)  
Defining K3= ݁ሺటమାటయሻ ୲ୟ୬ఋభ we have 

T3 = K3T’3  (3) 
 

 
 
 
 
 
 
 
 

Figure 3. Free-body diagram of forces acting on individual 
segments of the anchored geomembrane. 

 
Figure 4 presents a free-body diagram (FBD) and 

a force polygon of the bottom trench corner. 
 
 
 
 
 
 
 
 
 
 

Figure 4. FBD and force polygon at lower corner of anchorage. 
 
The resultant force R3 can be solved using the law 

of cosines as: 

ܴଷ ൌ ܶԢଷܥଷ (4) 
Where: 

ଷܥ ൌ ሾ1  ଷଶܭ െ ଷܭ2 cosሺ߰ଶ  ߰ଷሻሿ.ହ (5) 
The angle b can be solved using the law of sines 

as: 

ܾ ൌ sinିଵ sinሺ߰ଶ  ߰ଷሻ
ଷൗܥ ൩ (6) 

The x- and y- directions for R3 can now be re-
solved as: 

R3x = T’3C3 sin(90-b-ψ2)  (7) 

R3y = T’3C3 cos(90-b-ψ2)  (8) 
Referring to Figure 5, and summing forces in the 

x and y directions yields the following: 

N2sinψ2=S21cosψ2+S31cosψ3+N3sinψ3+R3x (9) 

N2cosψ2+N3cosψ3+R3y+S21sinψ2=W2+S31sinψ3 (10) 

Rearranging Eqn (9) yields the following (all the 
steps are not shown to save space): 
N2 = T’3C5 (11) 

Where: 

ହܥ ൌ ቀ ଵ
ୱ୧୬టమି୲ୟ୬ఋభ ୡ୭ୱటమ

ቁ ቂቀ ୲ୟ୬ఋభ ୡ୭ୱటయ
୲ୟ୬ఋభା୲ୟ୬ఋమ

ቁ 

ቀ ୱ୧୬టయ
୲ୟ୬ఋభା୲ୟ୬ఋమ

ቁ  ଷܥ sinሺ90 െ ܾ െ ߰ଶሻቃ  (12) 

Rearranging Eqn (10) yields the following: 

ܶԢଷ ൌ ଶܹܥ (13) 
Where W2 can easily be calculated from the unit 

weight and geometry, and where: 

ܥ ൌ ቂܥହ cos߰ଶ 
ୡ୭ୱటయ

ሺ୲ୟ୬ఋభା୲ୟ୬ఋమሻ
 ଷܥ cosሺ90 െ ܾ െ

߰ଶሻ  ହܥ tan ଵߜ sin߰ଶ െ ቀ ୲ୟ୬ఋభ ୱ୧୬టయ
୲ୟ୬ఋభା୲ୟ୬ఋమ

ቁቃ
ିଵ

  (14) 

 
 
 
 
 
 
 
 
 
 
 

Figure 5. Free-body diagram of soil block 2. 
 

Having solved for T’3 in Eqn (13) allows for cal-
culation of T3 and N2 (and therefore S21 and S22, as 
well) using Eqns (2) and (11), respectively.  This 
then allows calculation of T’2 as: 
T’2 = T3+S21+S22 (15) 

Using Eqns (2) and (3) in a similar fashion for 
corner no. 2 as was used for corner no. 3, and defin-
ing K2= ݁ሺటభሻ ୲ୟ୬ఋమ we obtain 
T2 = K2T’2  (16) 

This now allows for the calculation of T1 as: 

T1 = T2+S1 = T2+W1tanδ2 (17) 
The weight of soil block no. 1, W1, is easily cal-

culated using the soil unit weight and geometry.  
Note that soil block no. 1 is assumed to slide with 
the geomembrane.  If T1 is pulling at an angle that 
would cause a corner resistance with the outer edge 
of the slope, then one additional calculation, similar 
in nature to Eqns (3) or (16), could be performed. 

Note that the value for R2 could be determined 
using the procedure shown in Figure 4.  Although it 
is not needed for the solution of T1, it is useful to 
compute so that a check on the stability of the soil 
wedge under the anchor trench at the crest of the 
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slope can be performed.  Further explanation of this 
issue is beyond the scope of this short paper. 

4 CASE HISTORY RESULTS 

For this case history, the only variable was the anc-
hor trench depth, D (which also controls B, the 
trench width), which would be optimized for the var-
ious slope and wind-pullout conditions.  The other 
parameters were as follows:  L = 0.91m;  H = 0.15m;  
γ = 17.28 kN/m3; δ1=δ2= 20°; ψ1= ψ2= ψ3 = 45°; β  
= 22°; T  = values shown in Table 1 calculated using 
the Giroud et al. (1995) method for different slope 
conditions.  The tension pullout angle, θ, was as-
sumed equal to β in all conditions, thus offering no 
corner resistance at that location.  The results for the 
various slope heights with a factor of safety (FS) 
equal to unity are presented in Table 1. 
 
Table 1.  Design Results for Case History 
Slope 
height 
(m) 

Estimated 
geomembrane 
tension T 
(kN/m) 

Calculated val-
ue of D req’d 
for V-trench by 
method in this 
paper (m) 

Calculated value 
of D req’d by me-
thod of Villard 
and Chareyre 
(2004) (m)

2.44 7.25 0.497 0.504
4.57 10.7 0.641 0.645
11.6 18.6 0.896 0.900

 
It is interesting to note that the value calculated 

for N2 in this example is approximately 3 times the 
value of N3 for all slope heights.  Even though the 
geometry of the V-trench is symmetric relative to 
these two forces, the static equilibrium results in 
substantially different normal forces on the two 
flanks of the V.  This result is much different than 
other simplified methods presented in the literature. 

5 CONCLUSIONS AND DISCUSSION 

The objective of this paper is aimed towards opti-
mizing the anchor trench design on projects with ex-
posed geomembranes where efficiency in anchor 
trench construction is desired.  The analytic method 
proposed by Villard and Chareyre (2004) is consi-
dered by the current author to have been the best and 
most comprehensive evaluation of anchor trench de-
sign previously developed.  Although some changes 
were made by the current author to reflect his inter-
pretation of the appropriate equilibrium conditions, 
the new results compare very favorably with the re-
sults using the original Villard and Chareyre (2004) 
method.   

Given the premise that optimized anchor trench 
geometry is desired for exposed wind-resistant ap-
plications, one main conclusion is that the anchor 
trench subgrade and backfill materials should be 

well compacted as a basic requirement for an opti-
mized design.  

For critical applications, a factor-of-safety is rec-
ommended, whose value should be commensurate 
with the level of confidence in understanding the in-
terface shear strength parameters. 

It is interesting to compare the effect of different 
V-trench angles.  In general, a steeper angle on the 
slope side of the trench will provide more resistance.  
Figure 6 indicates that a 60°-30° V-trench can be 
slightly shallower and use about the same amount of 
geomembrane material to provide the same anchor-
age resistance as a 45°-45° V-trench.  It should be 
noted that a steeper angle on the front side of the 
trench will put more pressure on the soil wedge un-
der the leading edge of the anchor trench, and the 
stability of that wedge should be checked. 

 
 
 
 
 
 
 
 
 

Figure 6. Comparison of two V-trench geometries that provide 
equal pullout resistance. 

 
The approach described in this paper can be ex-

tended to other trench geometries, such an L-shaped 
trench, but additional considerations for lateral earth 
pressures on vertical or near-vertical surfaces would 
need to be evaluated.  

More work is needed to understand how different 
soil types, consistencies, and stiffnesses affect the 
anchor trench pullout response at corners. 
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