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ABSTRACT: A geosynthetic drainage system was designed to relieve excess pore water pressure behind soil-
cement slope protection generated during drawdown. The drainage system includes geosynthetic strip drains
located mid-slope with outlets extending through the soil-cement and a continuous drain (geo-
net/geocomposite) extending below the toe of the soil-cement. Design considerations included the number of 
strip drains placed behind the soil-cement, the location of the drains and the orientation of the outlet (perpen-
dicular vs. horizontal). Three modes of failure were evaluated: i) uplift of the soil-cement due to the excess 
pore pressures, ii) local, or shallow, slope stability, and iii) global slope stability. Each mode of failure was
evaluated for two drawdown conditions. Transient finite-element analysis was used to simulate the drawdown 
conditions and obtain the pore pressures acting on the soil-cement. Limit equilibrium analysis was used to 
evaluate the stability of the slope during drawdown. Analysis results were used to develop the final design of 
a drainage system that produced desired performance for uplift and slope stability. Final design used combi-
nation of strip drains and fill placement; however, the alternative system using strip drains and the geocompo-
site also met minimum design criteria. 
 
 
1 INTRODUCTION 

The slope of an embankment can be protected from 
erosion due to fluctuating water levels and wave ac-
tion through the placement of layered soil-cement 
(Adaska 1985). However, pore water pressure can 
build up behind the soil-cement during a drawdown 
event unless drainage is provided to relieve the 
excess pressure (Huzjack et al. 2008). The excess 
water pressure can cause the soil-cement to crack 
and could potentially affect the global stability of the 
slope being protected by the soil-cement. A geosyn-
thetic drainage system is one possible solution to re-
duce the pressure build-up be-hind the soil-cement 
due to fluctuating water levels. 

The design of the geosynthetic drainage system, 
which included multiple geosynthetic strip drains 
and a geocomposite (geotextile/geonet), involved fi-
nite-element and limit equilibrium analyses to eva-
luate the effectiveness of the drainage system and 
the stability of the slope. Specifically, the number of 
strip drains, the orientation of the strip drain outlets 
and the placement of the geocomposite were the va-
riables considered in the analysis. The results of the 
analyses were used to select the most effective sys-

tem configuration, including the drainage features, 
of those evaluated as part of this study.   

Three modes of failure were evaluated: i) uplift of 
the soil-cement due to the excess pore pressures, ii) 
local, or shallow, slope stability, and iii) global slope 
stability. Each mode of failure was evaluated for two 
drawdown conditions. 

2 DESIGN ALTERNATIVES 

Three embankment and drainage system configura-
tions were evaluated to identify the most effective 
alternative design.  For all three configurations, the 
geosynthetic strip drains run parallel to the crest of 
the embankment between elevations 13 m and 17 m. 
Each strip drain has outlets that extend up through 
the soil-cement, daylighting in the impoundment. 

2.1 Alternative A 
A 0.46-m thick layer of soil-cement covers the 
3H:1V slope from elevation 19.7 m to 13.0 m. A 
0.23-m thick layer of soil-cement covers the slope 
from elevation 13.0 m to 11.0 m. A 1.2-m thick 
layer of backfill lies at the toe of the soil-cement. A 
continuous drain (geonet) runs along the 0.23-m 
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thick soil-cement, between embankment fill and the 
soil-cement, and extends beneath the backfill into 
the impoundment. 

2.2 Alternative B 
A 0.46-m thick layer of soil-cement covers the 
3H:1V slope from elevation 19.7 m to 11.0 m. The 
toe of the lower 0.6 m of the soil-cement is embed-
ded into a 1.2-m thick layer of backfill. A conti-
nuous drain (geonet) runs along the soil-cement, be-
tween embankment fill and the soil-cement, from 
elevation 13.0 m to 10.4 m. The geonet extends be-
neath the backfill into the impoundment. 

2.3 Alternative C 
A 0.46-m thick layer of soil-cement covers the 
3H:1V slope from elevation 19.7 m to 13.0 m. A 
berm, with a crest width of 3 m at an elevation of 
13.9 m and a 6H:1V slope, of embankment fill ma-
terial provides a buttress the soil-cement. The toe of 
the soil-cement is embedded 0.6 m in the berm.  The 
geonet is not included in this design alternative re-
moved from the design. 

3 SEEPAGE ANALYSIS 

Differential pressures, or the change in pressure act-
ing on the soil-cement from hydrostatic conditions, 
are generated as the drawdown occurs when excess 
pore pressure does not dissipate as quickly as the 
water level is drawn down. The strip drains and the 
continuous drain (geocomposite/geonet) enhance the 
dissipation of the differential pressures at the base of 
the soil-cement during drawdown. However, even 
with the drains, there could be a potential for uplift 
of the soil-cement due to the differential pressures. 
The differential pressures from the seepage analyses 
were compared with the weight of the soil-cement to 
evaluate the potential for uplift of the upstream slope 
protection layer during drawdown. 

3.1 Model 
A transient, two-dimensional finite-element seepage 
analysis was conducted to model the differential 
pressures acting on the soil-cement during two 
drawdown events: i) operational drawdown (approx-
imately 0.1 m/day), and ii) extreme drawdown (ap-
proximately 0.23 m/day). The total change in water 
level from the beginning to the end of drawdown is 
approximately 8.5 m. 

To evaluate the effect of the two drawdown 
events on the pore pressures beneath the soil-
cement, each drawdown condition was modeled by 
applying a time-dependent head boundary condition 
along the face of the soil-cement. The geosynthetic 
drains (strip drains and geocomposite) were modeled 

using a variable head boundary condition equivalent 
to the change in water level during drawdown. A 
single node represented an outlet for the strip drain, 
with each node placed at the location of the strip 
drain at the interface of the soil-cement and the em-
bankment fill. 

3.2 Strip Drain Outlets 
A critical transition phase was identified in the cal-
culated pressure imbalance that could occur as the 
water level is drawn down from the drain outlet ele-
vation to the bottom of the soil-cement at the drain 
location (i.e. the thickness of the soil-cement layer at 
the drain outlet) (Figure 1). One of the primary sim-
plifying assumptions for the initial analysis was that 
the boundary condition applied at the drain would be 
equal to the water level in the impoundment since 
losses through the outlet pipe are small for the flows 
expected. This condition is valid for any orientation 
of the drain under submerged conditions. However, 
this assumption does not model a transition interval 
in potential differential head that could occur as the 
strip drain outlet pipe transitions from a submerged 
condition unless the pipe is horizontal or sloped 
downward. The application of this simplifying 
boundary condition to the analysis effectively mod-
els a drain outlet situated horizontally, but does not 
model changes in drainage condition for a pipe out-
let higher than the strip drain (i.e. a perpendicular 
drain outlet configuration) as the water level passes 
below the pipe outlet invert. Therefore, the factor of 
safety (FoS) would be lower with the drain outlet ex-
tending up through the soil-cement perpendicular to 
the strip drain, versus a horizontal outlet.   

Pre-fabricated drains with outlets that extend ho-
rizontally from the drain for the 3H:1V slope are not 
readily available. Installation of drain outlets extend-
ing horizontally from the drain through the flat plate 
soil-cement would be difficult to construct. There-
fore, additional seepage analysis was performed to 
model the outlets for the drains at an elevation 
0.46 m higher than the elevation of the bottom of the 
drain.  

Figure 1. Illustration of the strip drain and outlet with respect to 
the water level during drawdown. 

3.3 Uplift of the Soil-Cement 
The FoS against uplift of the soil-cement was calcu-
lated considering the dead weight of the soil-cement 
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(Wsc) divided by the pressure differential (Δh) acting 
on the soil-cement, as expressed by the following 
equation: 

h
W

FOS sc

Δ
=  

When the water level, ht > [elevation of a given 
point (he) – vertical projection of the thickness of the 
soil-cement (tsc,vp)], 

  ( )vpscchydrostatipdrawdownp thhh ,,, −−=Δ  
where: 

etchydrostatip hhh −=,  
When ht < (he –tsc,vp),  

  drawdownphh ,=Δ  
where hp,drawdown is the pressure head obtained at a 
point along the base of the soil-cement from the see-
page analysis, and hp,hydrostatic is the hydrostatic pres-
sure head at the same point.   

The vertical projection of the soil-cement is cal-
culated by the following: 

βcos, scvpsc tt =  
where β is the embankment slope angle. The vertical 
projection for the 0.46-m soil-cement is about 0.43 
m and the vertical projection of the 0.23-m soil-
cement is about 0.21 m.  A free body diagram of the 
pressure heads acting on the soil-cement is shown in 
Figure 2. 

Figure 2. Free body diagram for pressure heads acting on a dis-
crete point of the soil-cement 
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where γsc is the unit weight of the soil-cement, γw is 
the unit weight of water, and z is the vertical height 
of the soil-cement.  A free body diagram for the cal-
culation of forces acting on the system is shown on 
Figure 3. The weight of the berm at the toe of the 
soil-cement for Alternative C also contributes to the 
resisting forces in the system. The pressure head act-
ing along the interface of the soil-cement and the 
embankment during each drawdown event were ob-

tained from seepage analysis for each design alterna-
tive. The effectiveness of the geocomposite drain 
and the strip drains in reducing the uplift pressures 
acting on the soil-cement during each drawdown 
condition was evaluated based on the calculated 
FoS. 

Figure 3. Free body diagram for calculation of factor of safety 
against uplift of soil-cement 
 

The equations for calculating the FoS against up-
lift of the soil-cement are for discrete points along 
the soil-cement. However, the soil-cement will act as 
a structural element with 3 dimensions. The pressure 
imbalance, which is continually changing as the wa-
ter level is drawn-down and drainage occurs, would 
have a varying pressure imbalance beneath any 
structural element. In addition to the weight of the 
soil-cement over 3 dimensions, significant frictional 
resistance would also occur along the irregular 
cracks that would form along the edges of a structur-
al element. Therefore, the FoS for each structural 
composite element would be the weight of the soil-
cement element resisting the composite pressure im-
balance acting at the base of the element, plus the 
side shear also resisting uplift. The composite FoS 
was calculated assuming only the weight of the soil 
cement for resistance (i.e. no side shear resistance) 
and assuming tensile cracking occurs in the soil-
cement about every 3 m, with the weight of a 3-m 
long portion of the soil-cement centered over the 
point being considered to resist uplift. 

3.4 Results 
The minimum design FoS for operational drawdown 
conditions is 1.3 and 1.2 for the extreme drawdown 
event. The calculated composite FoS against uplift 
of the soil-cement for the configurations evaluated 
are summarized in Table 1 and Table 2. 

As discussed in Section 3.2, the strip drains mod-
eled with horizontal outlets resulted in a higher FoS 
against uplift of the soil-cement than for the same 
configuration (i.e. Alternative A with 4 strip drains) 
with perpendicular outlets (Table 1). As the FoS for 
the 4-drain configuration with perpendicular drains 
for both drawdown conditions was less than the min-
imum recommended values, seepage analysis also 
included analysis with the addition of a fifth strip 
drain.   

As expected, the FoS increased with the addition 
of a fifth drain. The composite FoS of 3-dimensional 
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elements for each case analyzed were greater than or 
equal to the minimum design value (Table 2). How-
ever, the Alternative C configuration provided the 
highest FoS against uplift of the soil-cement. 

 
Table 1. FoS values for uplift of soil-cement for 4 strip drains 

Drawdown 
Condition 

4 Strip Drains 
(Horizontal 

Outlet) 

4 Strip Drains 
(Perpendicular Outlet) 

Alt A Alt A Alt B Alt C
Operational 1.7 1.2 1.2 1.2

Extreme 1.6 1.0 1.0 1.1 
 
Table 2. FoS values for uplift of soil-cement for 5 strip drains 

Drawdown 
Condition 

5 Strip Drains – Perpendicular Outlet 
Alt A Alt B Alt C

Operational 1.3 1.3 1.4
Extreme 1.2 1.2 1.2

4 SLOPE STABILITY ANALYSIS 

A limit-equilibrium stability analysis was performed 
using the Morgenstern and Price (1965) method to 
evaluate the effect of the differential pressures under 
drawdown conditions on the stability of the slope. 
The method satisfies both moment and force equili-
brium. Two modes of failure were considered: i) 
failure surface that occur near the face of the soil-
cement as a shallow failure, and ii) a deep-seated 
failure surface. Both types of failure surfaces coin-
cide with the time step when the differential pres-
sures are the most critical.   

The minimum acceptable factor of safety against 
global slope failure is 1.3 for both drawdown condi-
tions. Modeling was performed assuming a mini-
mum failure surface depth of 1.2 m (i.e. shallow 
failure surfaces that could occur just below the soil-
cement), that could damage the slope protection lo-
cally. For these shallow modes of failure that do not 
threaten global stability, the minimum acceptable 
factor of safety for the operational drawdown condi-
tion is 1.3 and 1.1 for the extreme drawdown condi-
tion. 

The FoS against slope failure for the three alter-
native designs for each of the drawdown conditions 
are summarized in Table 3 and Table 4. As with the 
FoS against uplift of the soil-cement discussed in 
Section 3.4, the FoS values for the 4-drain configu-
ration are below the minimum acceptable values. 
The addition of a fifth drain increased the FoS great-
er or equal to the minimum design value. Based on 
the results of the slope stability analysis, there does 
not appear to be a significant difference in the FoS 
with respect to the three alternative designs. 

 
 

Table 3. Slope stability FoS values – Shallow slip surfaces 

Drawdown 
Condition 

4 drains 
(Perpendicular  

Outlet)

5 drains 
(Perpendicular  

Outlet) 
Alt A Alt B Alt C Alt A Alt B Alt C 

Operational 1.3 1.3 1.3 1.4 1.4 1.4 
Extreme 1.0 1.1 1.0 1.1 1.1 1.1 

Table 4. Slope stability FoS values – Global stability 

Drawdown 
Condition 

4 drains 
(Perpendicular  

Outlet)

5 drains 
(Perpendicular  

Outlet) 
Alt A Alt B Alt C Alt A Alt B Alt C 

Operational 1.3 1.3 1.3 1.4 1.4 1.4 
Extreme 1.2 1.2 1.2 1.3 1.3 1.3 

5 CONCLUSIONS 

With a strip drain outlet oriented perpendicular to 
the slope, the pressure differential could temporarily 
increase as the drain outlet goes from a submerged 
condition (water level above the drain outlet) to at-
mospheric and result in a lower FoS than the original 
modeled drain outlet model. Four horizontal strip 
drain outlets would be equivalent to the 5-drain con-
figuration with perpendicular outlets.  

When considering the results of the analyses pre-
sented herein (resistance to uplift and slope stability) 
and the components of the drainage system, the Al-
ternative C configuration is the most robust slope 
protection system because of the increase in mass 
and increase in available seepage paths in the berm 
to relieve pressure, in contrast to the geonet as a sin-
gle drainage layer. However, the alternative systems 
using strip drains and the geocomposite also met the 
minimum design criteria. 
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