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Prediction of piezometric surfaces and drain spacing
for horizontal drain design

Abstract Horizontal drains, used independently or as part of a
more complex remediation scheme, are frequently installed to
mitigate the effects of increased groundwater in slope stabilization
projects. Due to a general trial and error approach to their design,
the need for improved design practices has been recognized. The
procedures established by Crenshaw and Santi in 2004 made some
advances in this direction, but did not account for slopes with
drains that were not horizontal or for sloping low-permeability
layers underneath the slide mass. Furthermore, the method out-
lined by Crenshaw and Santi is time-consuming and requires some
trial and error calculations to achieve convergence. Therefore, the
method has been modified to account for nonhorizontal elements,
and a horizontal drain spreadsheet has been developed to stream-
line the design for projects where horizontal drains will be in-
stalled. The horizontal drain spreadsheet may be used to: (1)
predict a conservative piezometric profile in a drained slope for
use in slope stability analyses, (2) predict piezometric heads in any
single piezometer in a drainage field, and (3) predict drain spacing
for design purposes. This document explains the revisions to
Crenshaw and Santi’s procedures and provides instructions for
applying the method. The instructions may be used for hand
calculations, but are specifically intended for use with the hori-
zontal drain spreadsheet. The spreadsheet may be used for slopes
composed of silty or clayey sands, silts, and silty or sandy clays.
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Introduction
Landslides are a common geologic hazard throughout the world
and are often initiated through an increase in pore water pres-
sures. The removal of groundwater from the subsurface is there-
fore one of the most widespread remediation practices in slope
stabilization, and horizontal drains have often proved to be an
efficient and economical dewatering option. However, historically,
horizontal drain design practices have been characterized by very
rough guidelines. In addition, slope stability analyses of drained
slopes have generally been performed without accurately accounting
for the effects of drainage on the piezometric surface within a slope.
Slope stability analyses performed with a piezometric surface accu-
rately reflecting the effects of drainage have been shown to influence
the factor of safety of a slope by as much as 10% over typical
assumptions for drained groundwater levels (Santi et al. 2003).

The procedures developed by Crenshaw and Santi (2004) for
predicting piezometric surfaces in drained slopes were modified to
improve the design of horizontal drain systems (Cook 2009). The
modifications were based on a field-testing program (Cook et al.
2008b), which indicated the need for further testing of the method
using inclined drains and low-permeability layers. The field-scale
testing results were used to calibrate a computer-modeling program
that was then employed to evaluate the predictive capabilities of the
method for various combinations of drain and underlying low-
permeability layer angles (Cook 2009). The final modifications to

Crenshaw and Santi’s method were based on the field-testing and
computer modeling results. Modifications to their procedures allow
for variable drain and underlying low-permeability layer angles. The
revised method was developed into a horizontal drain spreadsheet
usingMicrosoft Excel. The horizontal drain spreadsheetmay be used
to quickly: (1) predict a conservative piezometric profile in a drained
slope for use in slope stability analyses, (2) predict piezometric heads
in any single piezometer in a drainage field, and (3) predict drain
spacing for design purposes. The purpose of this document is to
provide detailed instructions on Crenshaw and Santi’s Method, as
modified according to Cook (2009), for use with the horizontal drain
spreadsheet. The horizontal drain spreadsheet is available in metric
and English units. In addition, examples are available for each. The
spreadsheets are available at the following links:

& http://inside.mines.edu/~psanti/draindesigneng.xls

& http://inside.mines.edu/~psanti/draindesignmetric.xls

& http://inside.mines.edu/~psanti/exampleeng.xls

& http://inside.mines.edu/~psanti/examplemetric.xls

Method verification
The field testing and computer modeling programs used to verify
the method contained in the horizontal drain spreadsheet are
briefly summarized in this section. For more detail, the reader
should refer to Cook et al. (2008b) and Cook (2009) for field
testing and computer modeling descriptions, respectively.

Field testing
Field testing was conducted on two soil slopes constructed at the
Blackhawk Geologic Hazard Abatement District test site near Dan-
ville, CA, USA. The two slopes were constructed consecutively and
were composed of (1) a sandy clay (CL) and (2) a clayey sand (SC).
The slopes were outfitted with two horizontal wick drains and 50
piezometers and were built above perforated water pipes used to
simulate recharge. The constructed slopes were used to observe
the effects of recharge and drainage on groundwater profiles
within shallow soil slopes. Data generated during field testing were
used to provide a comparison of field-measured groundwater
levels and profile shapes with those calculated using equations
established by Crenshaw (Crenshaw 2003) and Crenshaw and
Santi (2004).

Calculated heads between drains (at the location where the
water profile meets the drain, according to the method) generally
compared favorably with measured values, indicating the validity
of the method for calculating average piezometric heads for the
conditions tested (short, high-angle sub-horizontal drains in a
shallow landslide). Values calculated for the CL slope varied by
<0.09 m (0.3 ft) from heads measured in the field. Values calculated
for the SC slope varied by <0.11 m (0.35 ft) from heads measured in
the field. These values corresponded to <20 % of the total variation
in piezometric height between the drains.
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Despite reasonably good agreement between measured piezomet-
ric heads and calculated piezometric heads, it was concluded that the
steepness of the drains and the orientation of the low-permeability
layer at the site (approximately 25 and 27 ° from horizontal, respective-
ly) contributed to variations between anticipated piezometric profiles
along the drains and actual piezometric profiles, particularly higher in
the slopes where the drains terminate. As opposed to a water profile
increasing above the drains in the back of the slope, the ends of the
drains were dry. Crenshaw and Santi’s method, as published in 2004,
does not account for drain angle or low-permeability layer orientation.
Further testing of themethodwas required before it could be applied to
a wide range of slope and drain geometries.

Numerical modeling
In order to address the need for further testing of Crenshaw and
Santi’s 2004 method, a numerical groundwater modeling code was
employed to assess the predictive capabilities of the method for
various combinations of two parameters: the drain angle and the
orientation of the nearest low-permeability layer underlying a
drain system. The project consisted of three main objectives: (1)
computer modeling to verify the need for modifications to Cren-
shaw and Santi’s method, (2) calculation of expected piezometric
heads and surfaces using Crenshaw and Santi’s method and

comparison to those acquired using computer modeling, and (3)
modification of the method to reduce the error between calculated
and computer model results.

Models with drain or low-permeability layer angles at 0 °
exhibited good agreement with values calculated using Crenshaw
and Santi’s method; calculated piezometric head values were with-
in 0.3 m (1 ft) or less of the computer-generated piezometric heads.
This result was expected, as the geometry matched the assump-
tions used to formulate the original method. However, the results
also showed that the more the drain angles and low-permeability
orientations differed from those used to formulate Crenshaw and
Santi’s method, the more the calculated piezometric surfaces var-
ied from the model surfaces. It was concluded that the method
required modification for such cases.

The modifications employed improve the method by provid-
ing a means of calculating piezometric surfaces for a greater variety
of slope geometries. These modifications directly relate the method
to changes in drain and low-permeability layer angle and also
require the use of multipliers based on hydraulic conductivity,
drain angle, and low-permeability layer angle. The modifications
are described in Cook (2009) and included in the procedures
contained herein. Figures 1 and 2 show a comparison of a nu-
merically modeled water profile and calculated water profiles

Fig. 1 Comparison of computer-
modeled piezometric surfaces with
predicted surfaces for drain and
low-permeability layer angles
greater than horizontal
(1 m=3.28 ft)

Fig. 2 Predicted piezometric surface
from Fig. 1 following application
of method modifications
(1 m=3.28 ft)
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using the original method and the modified method, respec-
tively. The modified method provides a much closer estima-
tion of the numerically modeled water profile.

Spreadsheet format
The horizontal drain spreadsheet is comprised of five sections,
each one of which has a separate tabbed page. These sections are:

& Instructions page

& Multiplier page

& Input page

& Calculation page

& Output page

Since the horizontal drain spreadsheet is intended for use
with this document, the instructions page provides only very
general guidelines and tips. The multiplier page provides a
graph (Fig. 3) that is used to estimate a corrective multiplier
that is required as an input parameter for drain and low-
permeability layer inclinations above horizontal. The Input
page is where all input parameters are entered into the
spreadsheet. Special instructions and reminders about the
input parameters are briefly noted on this page as well. The
Calculation page is where all calculations are carried out. In
general, the user should not need to alter the cells on this
page. However, this page may be used to view profile data.
The Output page includes the average maximum head along a
profile at the midpoint between drains (Hmax), the head for a
piezometer (Hp) located between two drains, and a graph
showing a profile view of a drain, the low-permeability layer,
and the piezometric profile at the midpoint between two
drains. It is important to note that the piezometric profile
shown in the graph is not directly above the drain, but is at
the midpoint between two drains. The drain is plotted so that
the user may see how the piezometric profile relates to the
vertical location and angle of the drain.

Modified method for predicting piezometric surfaces in a drained slope
The method detailed below is organized in a similar manner to the
format used in the horizontal drain spreadsheet. First, a statement
of the method assumptions is provided. Next, guidelines for esti-
mating each input parameter are given. The calculated parameters
and their respective equations are then provided, followed by a
brief summary of the main output elements.

Assumptions
In its original form, Crenshaw (2003) and Crenshaw and Santi
(2004) method is based on Hooghoudt’s (1940) equations for
calculating piezometric surfaces in drained agricultural fields, as
translated by Luthin (1966). The original assumptions were:

1. The soil is homogenous with respect to hydraulic conductivity,K.
2. The drains are evenly spaced at a distance, S.
3. The Dupuit–Forchheimer assumptions and Darcy’s law are

valid.
4. An “impermeable” layer underlies the drain at an equivalent

depth, d.
5. Water is entering the system at a constant rate, and exiting the

system at the same rate (i.e., the system is at steady state).
6. The origin of the coordinate system is taken at the depth of the

equivalent impermeable layer beneath one of the drains.

These assumptions still apply with two exceptions. First, the
Dupuit–Forchheimer assumptions do not apply to angled drains,
so the method developed by Crenshaw and Santi (2004) requires
some modification to allow for drains at an orientation greater
than horizontal. Second, the “origin of the coordinate system”
requires further clarification. The origin (Fig. 4) is taken as the
elevation of the underlying low-permeability layer at the location
where the drain exits the slope (drain outlet), though it should be
noted that the underlying low-permeability layer is not required to
pass through the toe of the slope. As shown in Fig. 4, the x-axis is

Fig. 3 Multiplier for use with the
head correction factor, Hf. The drain
inclination is “α,” and the low-
permeability layer inclination
is “φ.” Both inclinations should
be measured in degrees
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increasing perpendicular to the drains, the y-axis is increasing
parallel to the drains, and the z-axis is increasing vertically with
increasing elevation.

Required input parameters
In order to calculate an average piezometric profile in a drained
slope for slope-stability analyses, or to estimate a drain spacing
using a predetermined, desired piezometric surface, a number of
input parameters need to be measured or estimated, as described
in the following subsections. Several of the main parameters are
shown in Fig. 4.

Hydraulic conductivity (K)
Estimate the hydraulic conductivity (K) of the slope material
through lab testing, field testing, or with general values reported
in pertinent literature. The spreadsheet limits the input values to
between 6.0E−08 m/s (2.0E−07 ft/s) and 9.8E−07 m/s (3.2E−06 ft/
s). These limits will generally correspond to silty or clayey sands,
silts, and silty or sandy clays. The method has not been verified for
values outside this range, and if a value outside this range is
entered into the spreadsheet Input page, a warning will appear in
the “Special instructions” column. In addition, horizontal drains
will likely not work well for values outside this range; for low K
values, the drains are not likely to keep up with typical recharge

values (Crenshaw 2003), and for high K values, the piezometric
surface will likely be below the level of the drains at steady state
(Cook 2009).

Recharge and normalized recharge rate, ν and νn, and discharge flow Q
Recharge rate (ν) is defined as the rate at which water is entering
the drain field, either through vertical percolation of precipitation
or through horizontal groundwater flow. It may be estimated in
one of two ways:

First, use the average discharge rate from a drain (Q), the
average drain spacing (S), and the average length of the
drains in the drainage field (L), to calculate the recharge rate
(ν) using Eq. 2 (“Recharge and normalized recharge (ν and
νn)”). If a Q value is entered into the horizontal drain
spreadsheet, the recharge rate is calculated automatically. Es-
timation of a Q value requires direct measurement of dis-
charge rates in a drainage field already containing drains, or
an estimate for an average discharge rate based on prior
experience and/or records of flow rates from similar projects.
A summation of the total discharge from all drains in a drain
field divided by the total drainage area may also be used to
calculate an average recharge rate. In this case, the field for Q
in the spreadsheet should be left blank, and the calculated
recharge rate entered instead.

Fig. 4 Schematic drained slope
showing parameters to be measured
for piezometric head calculations,
where L is the expected drain length,
Hmax is the height of the piezometric
surface at the midpoint between
drains, Havg is the average height of
the piezometric surface along the
drain, r0 is the drain radius, S is the
drain spacing, and D is the field
depth between the drain and
the low permeability layer
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Second, use normalized recharge rates (νn), where νn=ν/K
(Eq. 3). Based on previous computer modeling, physical labo-
ratory-scale modeling, and field-modeling, it is recommended
that a range of recharge rates be estimated using a minimum
normalized recharge rate of 0.01 and a maximum normalized
recharge rate of 0.4 (Crenshaw and Santi 2004; Cook et al.
2008b). Again, if the horizontal drain spreadsheet is used, this
calculated recharge value should be entered into the appro-
priate field, while the field for Q should be left blank.

Average drain length (L)
Calculate the average drain length (L) from a site map or from instal-
lation records. If drains have not already been installed, the expected
average drain length (L) should be based on the location of the slip
surface and the local geology. Generally, themost efficient length extends
no more than 3–5 m (10–16 ft) past the slip surface (Royster 1980).

Average drain spacing (S)
For uniform drain spacing (S), the average may be measured
directly on a site map. For drains in a fan configuration or with
varied spacing, refer to Fig. 5 for an example calculation of the
average spacing. If the drain spacing is the desired output, this
value may be changed in an iterative process until the desired
drawdown matches the predicted profile.

Some general guidelines that may be used to establish an
initial drain spacing are suggested by Cook et al. (2008a):

& For parallel drains in high permeability soils, initial drains
should be spaced at 8–15 m (26–49 ft) intervals.

& For parallel drains in fine-grained soils, initial drains should be
installed at 1–8 m (3–26 ft) intervals.

& Additional drains may be necessary depending on site condi-
tions and to tap zones that produce substantial amounts of
water.

& For fan configurations, enough drains should be installed to result
in an average spacing equivalent to the guidelines given for parallel
drains.

Average depth to underlying low-permeability layer (D)
The low-permeability layer is, by definition, an underlying unit
characterized by a hydraulic conductivity ≤1/10 the hydraulic con-
ductivity of the layer being drained (Luthin 1966). The vertical
distance from the ground surface, or the approximate elevation
where the drain will be daylighting in the slope, to this low-
permeability layer is the field depth value (D). The field depth
value (D) is used to calculate an equivalent depth value (d) (Eq. 1),
which accounts for variances from radial flow into the drains. For
D>1/4S, the value d calculated from Eq. 1 is constant (Prellwitz
1978), and the method in general is not very sensitive to changes in
this parameter. If the horizontal drain spreadsheet is used, the field
for the D value may be left blank as long as the angles and
elevations (at the location of the drain outlet) for the drain and
the low-permeability layer are filled in. The horizontal drain
spreadsheet will automatically calculate an average D value. If
the calculations are performed by hand, this value may be esti-
mated through the use of drill-hole logs in the area of drain
installation or from interpretation of regional geology or engineer-
ing geology maps. If the low-permeability layer is dipping at an
angle, an average field depth may be obtained by averaging the
depths at different cross-section intervals up the slope. The
spreadsheet will automatically calculate an average value in this
situation.

Drain radius (r0)
The drain radius (r0) is directly measured from the drains that will
be used in the installation. For PVC pipes, the inner radius of the
pipe should be used. For wick drains that have been rolled and
tied, the drain radius is approximately 0.01 m (0.042 ft).

Fig. 5 Example calculation for
estimating average drain spacing for
drains in a fan configuration
(1 ft=0.3 m) (modified from
Crenshaw and Santi 2004)
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Drain angle (α)
The drain angle (α), measured from horizontal, may be estimated from
an average of the installation angles or, if the drains have yet to be
installed, based on the site geology, equipment capabilities and access,
etc. Drains are typically installed at an inclination between 2 and 10 °
from the horizontal, though installation at 25 ° or more is possible
(Cornforth 2005). Inclinations above 10 ° should be avoided unless a
specific perchedwater surface is the target of the drain installation. Low
angles are preferable because they will have higher hydraulic head as a
driving force at the backs of the drains and will eventually result in
lower piezometric surface elevations at the backs of the drains. This
increases the potential groundwater drawdown the drains may induce
(Santi et al. 2001a,b). In addition, for drains inclined above 5 °, there is a
greater potential for the drain to be dry along a significant portion of its
length (Cook 2009). This lowers the efficiency of the drain and is
uneconomical. The method allows for drain angles up to 15 °, but the
authors recommend that, when possible, and for the reasons listed
above, no more than 10 ° be used for the drain installations. If a value
larger than 15 ° is entered into the spreadsheet Input page, a warning
will appear in the “Special instructions” column.

Low-permeability layer angle (8)
Similar to the field depth, D, the low-permeability layer angle (8),
measured from horizontal, may be estimated from geology or
engineering geology maps, field reconnaissance measurements,
or drill-hole logs. The method allows for low-permeability layer
angles of no more than 10 °. If a value larger than 10 ° is entered
into the spreadsheet Input page, a warning will appear in the
“Special instructions” column. If the low-permeability layer is
inclined at an angle >10 ° but is deep enough that it does not
intersect the drain, an angle of 0 ° may be assumed.

Corrective multiplier (M)
The multiplier (M) is needed to account for divergence from the
Dupuit–Forchheimer assumptions and should be estimated using
Fig. 3. The multiplier values account for variations in drain angle,
low-permeability layer angle, and hydraulic conductivity. The hydrau-
lic conductivities included on the figure are those that are considered
to allow sufficient drainage of a slope using horizontal drains. If the
hydraulic conductivity measured previously is outside this range,
alternate mitigation possibilities should be considered. The figure is
also limited to drain angles of 15 ° or less, and low-permeability layer
inclinations of 10 ° or less. As previously noted, if the low-permeability
layer is inclined at an angle >10 ° but is deep enough that it does not
intersect the drain, an angle of 0 ° may be assumed. Finally, the angles
shown in Fig. 3 are all multiples of 5. It is recommended that drain and
low-permeability angles be rounded to the nearest 5 ° when using Fig. 3
to estimate a multiplier value.

Initial piezometric head behind the drain field (Hi)
The initial piezometric head behind the drain field (Hi) (Fig. 6)
may be estimated from existing piezometers that have been in-
stalled beyond the slip surface at a distance of 6 m (20 ft). This
distance is recommended by Crenshaw (2003), who stated that 6 m
(20 ft) is generally far enough away from the drains that they will
have no effect on Hi. To the authors’ knowledge, this has not been
experimentally verified, although Crenshaw’s (2003) recommen-
dation was based on bench-scale testing and computer modeling.

Therefore, if possible, this parameter should be estimated by the
observational method, wherein a drain or two is installed in a
slope, the soil–water is allowed to equilibrate, and the Hi is inter-
polated or extrapolated to the proper location. Thus, even if Hi is
affected by the drains at this distance, the predicted piezometric
profile will match field conditions much more closely. If no piez-
ometers have been installed at the site or there is no time for an
observational approach, the initial piezometric surface may be
estimated based on drill-hole logs or previous knowledge of
groundwater conditions in the area. However, it should be noted
that the predictive method is highly sensitive to the Hi value used.
If a rough estimate is made initially, the design should be
rechecked following drain installation using a field-measured val-
ue. The Hi is measured vertically from the level of the low-perme-
ability layer at the drain outlet (Elp).

Elevation of the low-permeability layer at the drain outlet (Elp)
The elevation of the low-permeability layer (Elp), measured direct-
ly beneath the drain outlet, may be estimated from geologic maps
or drill-hole logs. Alternatively, since this elevation is assumed to
be the datum, a value of zero may be used.

Elevation of the drain outlet (Edo)
The elevation of the drain (Edo) outlet may be measured on a
topographic map, using survey equipment, or using a high-accu-
racy Ground Positioning System unit. The height above the Elp
may be used if the Elp is set to zero.

Piezometer location in terms of x and p
The x value is the distance to a single piezometer from the mid-
point between the two flanking drains and is measured perpen-
dicular to the slope axis. The value p is the distance along the slope
axis (y-axis on Fig. 4) between a drain outlet and the piezometer in
question.

Required calculations
The following equations and procedures were established by Cren-
shaw (2003) and Crenshaw and Santi (2004) based on Hoog-
houdt’s equations (as translated by Luthin 1966) for calculating
piezometric surfaces in drained agricultural fields. Corrections to
the location of drain contact (Lc) and the head correction factor
(Hf) were more recently applied by Cook (2009) to account for
variations in drain and low-permeability layer orientations.

Equivalent depth to a low-permeability layer (d)
The equivalent depth to a low-permeability layer is calculated as
follows (Crenshaw 2003):

d ¼ D

1þ 8D
pS ln D

pr0

� �h i ð1Þ

Where:
where d is the equivalent depth to low-permeability layer

beneath the drainage field, developed by Hooghoudt to account
for variances created by radial flow to the drain, D is the field, or
actual, depth to low-permeability layer beneath the drainage field,
S is the average horizontal spacing between drains, and r0 is the
drain radius.
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Recharge and normalized recharge (ν and νn)
As mentioned previously, the recharge can be estimated in one of
two ways: using a discharge flow rate, Q, or using normalized
recharge, νn. The equations for each are as follows (Crenshaw
2003):

v ¼ Q
LS

or v ¼ Q
A

ð2Þ

where ν is the recharge rate, Q is the discharge flow from a drain, L
is the average drain length in the drainage field, S is the average
horizontal spacing between drains, and A is the plan area of drain
influence (L×S).

vn ¼ v=K ð3Þ

where νn is the normalized recharge rate, ν is the recharge rate,
and K is the hydraulic conductivity.

The normalized recharge rate (νn) is used indirectly to
calculate two other parameters, the height of the piezometric
surface at the back of the drain (Hd) and the location of
drain contact (Lc).

Location of drain contact (Lc)
Crenshaw and Santi (2004) showed that the piezometric surface
follows the drain closely near the drain outlet, but at some dis-
tance into the slope, it diverges and rises above the drain as it
transitions to the unaltered piezometric boundary behind the slide
(at the location where Hi is measured). This point of divergence,
called the location of drain contact, is measured at the distance Lc
from the drain outlet (L0) shown on Fig. 6. The relationship
between the distance to the location of drain contact as a percent
of the total drain length (Lc%) and the normalized recharge (νn) is
statistically significant (Crenshaw 2003) and is given as:

Lc% ¼ �99:642 vnð Þ þ 81:047 ð4Þ

Thus, the location of drain contact is:

Lc ¼ L� Lc%
100

ð5Þ

If the drains are oriented at an angle <5 ° from the horizontal,
this value may be used to formulate the recharge distribution
correction (RDC) equation (“Formulation of the RDC equation”),
which is used to define the piezometric boundary. If the drains are
oriented at 5 ° or more, this value will need to be corrected. These
corrections are made automatically in the spreadsheet, but if they
are made by hand, the procedure is as follows:

Lc corrected ¼ Lcc ¼ Lc ftð Þ � a þ ’ð Þ ð6Þ

This correlation is empirical and is comprised of parameters
with mismatched units. It was formulated using English units.
Thus, it is critical that Eq. 6 be used with an Lc in feet and α and
8 in degrees. Following application of this correction, the Lcc value
may be converted to metric units.

For drain angles above 10 ° with low-permeability layer angles of
5 ° or more and a K value≥9.8E−07 m/s (3.2E−06 ft/s) Lc is not
calculated. Instead, a value equal to the drain angle may be used to
approximate the location of drain contact.

Average maximum head (Hmax)
The average maximum head (Hmax) is an average of the heads
along the length (into the slope) of the piezometric surface at the
midpoint between drains and occurs at the location of drain

Fig. 6 Schematic drained slope showing the piezometric surface estimated using the RDC equation (1 m=3.28 ft)
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contact (Fig. 6). Previous versions of the method included an overall
average head (Havg) between two drains at any given drain spacing
(S). However, computermodeling showed that, even at low hydraulic
conductivity values, this value is typically within 0.3 m (1 ft) of the
Hmax (Cook 2009). In addition, because the difference between Havg

andHmax is typically small, the rise of the piezometric surface along a
drain in a drained slope is more useful for slope stability analyses
than a single head value such as Havg. Thus, only Hmax is used in the
current method to produce a piezometric profile. The Hmax value is
calculated as follows (Crenshaw 2003):

Hmax ¼
ffiffiffiffi
v
K

r ffiffiffiffiffi
S2

4

r� �
� d ð7Þ

whereHmax is the piezometric head above the drains at the midpoint
between two drains, K is the hydraulic conductivity, S is the average
horizontal spacing between drains, d is the equivalent depth to low-
permeability layer below the drains (Eq. 1), and ν is the recharge rate
(Eq. 2 or 3).

Head correction factor (Hf)
Due to the uneven distribution of recharge throughout the drain
field, application of a head correction factor to Hmax is required to
approximate the drained piezometric head at the back of the drain
(L100). Several calculations, performed automatically in the hori-
zontal drain spreadsheet, must bemade prior to calculation of the head
correction factor (Hf) (Fig. 6). The first calculation is that of the
piezometric head at the end of the drain (Hd), which is related to the
initial piezometric head behind the drain system (Hi). The relationship
between the piezometric head at the end of the drain as a percent of the
initial piezometric height (Hi%) and normalized recharge (νn) is statis-
tically significant (Crenshaw 2003), and is calculated as:

Hi% ¼ 95:509 vnð Þ þ 42:929 ð8Þ

The piezometric head at the end of the drain (Hd) is:

Hd ¼ Hi � Hi%
100

ð9Þ

The difference between Hd, located at L=L100, and the Hmax value
at the location of drain contact (Lc) is the head correction factor, Hf:

Hf ¼ Hd � Hmax ð10Þ

If the drains and/or the low-permeability layer are oriented at an
angle <5 ° from the horizontal, this Hf value may be used to formulate
the RDC equation (“Formulation of the RDC equation”). If the drains
and/or low-permeability layer are oriented at 5 ° ormore, this value will
need to be corrected. These corrections are made automatically in the
spreadsheet, but if they are made by hand, the correction is as follows:

Hf corrected ¼ Hfc ¼ Hf ftð Þ 1�M½ � ð11Þ

whereHf is the head correction factor, andM is the correctivemultiplier
(Fig. 3).

If the calculations are being carried out in metric units, the Hf

value should be converted to English units before it is corrected.
Following application of Eq. 11 in English units, the Hfc may be con-
verted to metric. Calculation of the Hf or Hfc value allows the formu-
lation of an RDC equation that can be used to estimate a piezometric
profile.

Formulation of the RDC equation
Similar to the head correction factor, the RDC is used to account
for the uneven distribution of recharge throughout the drain field.
The RDC equation is used to calculate an approximation of the
piezometric surface along the portion of the drain where it
diverges from Hmax and slopes upward (Fig. 6). Two points are
used to formulate the RDC equation: (Lcf, 0) and (L, Hfc). Since the
piezometric profile is averaged as a straight line, the general
equation is:

RDC ¼ m� Ln þ b ð12Þ

where

m ¼ Hfc

L� Lcfð Þ ð13Þ

b ¼ Hfc � m� Lð Þ ð14Þ

where Ln is any distance into the slope greater than Lcf but less
than L, Lcf is the final, corrected location of drain contact, L is the
average drain length, and Hfc is the head correction factor.

Formation of the piezometric profile
For any Ln value, the piezometric head at that distance (Pn) is
equal to the RDC at that distance (RDCn) plus Hmax and the drain
elevation at that distance (dn):

Pn ¼ RDCn þ Hmax þ dn ð15Þ

A series of these calculations at various distances into the
slope provide a piezometric profile at the midpoint between two
drains, where the piezometric surface will be highest. This maxi-
mum piezometric surface may be used as a conservative value in
slope stability analyses, as opposed to assuming the groundwater
surface in a drained slope is located at the drain level along the
entire length of the drain (this may be true for high K materials)
for all hydraulic conductivity values. If a desired piezometric
profile has been estimated from slope stability analyses, the meth-
od may also be used iteratively to estimate an average drain
spacing for a drain field.

Piezometric head in a specified piezometer (Hp)
In order to calculate the head in a specific piezometer, first the
head at the location of drain contact (Hc) is calculated. The same
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equation for Hmax (Eq. 7) is used here, except in this case an
x-value is required to define the distance of the piezometer(s)
from the midpoint of two drains, measured perpendicular to the
slope (x-axis in Fig. 4). This parameter was not shown in Eq. 7
because at Hmax, this value is zero.

Hc ¼
ffiffiffiffi
v
K

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2

4
� x2

r� �
� d ð16Þ

where Hc is the piezometric head above the drains at a distance x
from the midpoint between two drains, at the location of drain
contact, x is the horizontal distance from the midpoint of two
drains, K is the hydraulic conductivity, S is the average horizontal
spacing between drains, d is the equivalent depth to low-perme-
ability layer below the drains (Eq. 1), and ν is the recharge rate
(Eq. 2 or 3).

Next, the RDC equation should be used to find the RDC head
corresponding to the distance of the piezometer from the drain
outlet (RDCp). For drains oriented above horizontal, a drain ele-
vation corresponding to the position of the piezometer (dp) in the
slope must be added to the Hc and RDCp values.

The head at a specified piezometer is therefore given as:

Hp ¼ RDCp þ Hc þ dp ð17Þ

Output
The main output parameters for this method are Hmax, Hp, S, and
the piezometric profile. On the spreadsheet, this information is
found on the Output page, with the exception of S. The drain
spacing, S, is found iteratively using a predetermined piezometric
surface. Thus, if S is the desired output, the value for S on the
Input page should be changed until the desired piezometric profile
is obtained on the Output page.

The profile on the Output page will automatically draw a
drain, low-permeability layer, and piezometric surface according
to the input parameters. However, the chart containing the profile
must be changed manually to reflect the correct drain length. This
can be achieved by following these instructions:

& On the Calculation page, note which cell in column A corre-
sponds to the maximum drain length, L.

& On the Output page, with the chart selected, right click the
chart with the computer mouse.

& Choose Select Data.

& Choose a series and select Edit.

& For each series, change the last cell for the X and Yvalue ranges
to match the cell number noted in column A previously.

& For example, the final default cell number in the metric
spreadsheet is 318. If the drain length for a project is 27 m,
the cell number corresponding to this length is 40. Thus, each
series range will require that the end-most number for the X
and Y value ranges be changed from 318 to 40.

Method limitations
The limitations related to hydraulic conductivity, drain angle, and
low-permeability layer angle have already been mentioned. This

section discusses other potential limitations to the method dis-
cussed above.

For some sites, negative heads may be calculated. The nega-
tive values, indicating heads below the level of the drains, reflect
both the tendency for drains in high permeability soils to become
dry once they reach steady state (inflow=outflow), and the ten-
dency for drains at angles >5 ° to be dry along portions of their
length. The impact of drains installed >10 ° will likely be more
localized, and therefore, the conditions may not closely match
those of a “drained” slope. Since the method assumes drained
conditions, it should be used with caution when the drain angle
is above 10 ° at high K values (9.8E−07 m/s (3.2E−06 ft/s) or
greater).

As stated, it is assumed that the slope mass is composed of
homogeneous soil materials. Low-permeability blocks or perched
water surfaces within a slope, if undrained, will therefore strongly
affect the “drained” piezometric surface of the slope mass. In such
cases, the predicted piezometric surface will most likely not match
field conditions.

The effects of drain systems installed at multiple levels within
a slope mass have not been evaluated. However, it seems reason-
able to assume that the corresponding piezometric surface would
be lower than that predicted for drains installed at one level. Thus,
the method may be used to evaluate a conservative surface. In
addition, if the drains for all levels are included when assessing an
average drain spacing, the piezometric surface predicted should
correspond fairly well to field values.

Example spreadsheet
Example spreadsheets, for both metric and English units, are
available at the following links:

& http://inside.mines.edu/~psanti/exampleeng.xls

& http://inside.mines.edu/~psanti/examplemetric.xls

Blank spreadsheets are available at the following links:

& http://inside.mines.edu/~psanti/draindesigneng.xls

& http://inside.mines.edu/~psanti/draindesignmetric.xls

The following explanation for the example spreadsheets pro-
vides the metric values used, as well as the English spreadsheet
values in parenthesis. The English values are not a direct conver-
sion of the metric units. The example spreadsheets are for a series
of drains installed at an average drain spacing of 5 m (16 ft), with
an average drain length of 27 m (90 ft). A hydraulic conductivity of
1.6E−07 m/s (5.10E−07 ft/s), typical for a silty sand, was used for
this slope. A recharge rate of 9.75E−09 m/s (3.20E−08 ft/s) was
assumed. Since a recharge rate is given, a flow, Q, was not entered
into the spreadsheet. The average depth to the underlying low-
permeability layer was also not entered, as this is autocalculated
on the Calculation page when a specific value is not entered on the
Input page. A typical drain radius of 0.013 m (0.042 ft) was used in
the example. The drain system is assumed to contain drains at an
average angle of 10 °, over a low-permeability layer angle oriented
at an angle of 5 ° from the horizontal. These two values were used
in conjunction with the hydraulic conductivity to estimate a mul-
tiplier (M=0.72) using the graph on the Multiplier page. The initial
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piezometric head behind the drain field is assumed to be 5.5 m
(18 ft) for this example. No specific elevation was entered for the
elevation of the low-permeability layer at the drain outlet (datum),
so the elevation of the drain outlet was entered as a height of
0.61 m (2 ft) above the datum. No piezometer was used in the
example.

The results are shown on the Output page. At the top, an Hmax

of 0.21 m (0.71 ft) is provided. A graph showing the piezometric
profile along the length of a drain is provided as well. However, the
data selected for the graph must be manually changed according to
the instructions at the bottom of the Output page.

Conclusion
The horizontal drain spreadsheet implements the procedures
developed by Crenshaw and Santi (2004) for predicting pie-
zometric surfaces in drained slopes and includes modifica-
tions that allow for variable drain and low-permeability layer
angles and is calibrated to field data (Cook et al 2008b) and
numerical modeling (Cook 2009). Within the limitations dis-
cussed, the horizontal drain spreadsheet may be used for
slopes composed of silty or clayey sands, silts, and silty or
sandy clays to quickly estimate (1) piezometric profiles for
slope stability analyses, (2) drain spacing values for design
purposes, and (3) piezometric heads for single piezometers in
drained slopes to verify drain efficiency. This document is
intended for use in conjunction with the horizontal drain
spreadsheet, which is available in English or metric units.
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