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ABSTRACT 

 

An analytical method is commonly used to design relief well systems by assuming the well 

line extends an infinite distance parallel to the dam or levee. This assumption may be met in 

some cases, but when a well line is of finite length, this can severely underestimate excess heads. 

Although these consequences have been historically recognized, a practical graph-based 

analytical approach for finite well line design has not been developed. Finite well lines exist and 

continue to be installed at many locations, so this study developed a practical design method for 

such systems. Analytical solutions and numerical models were used to improve understanding of 

the performance of partial and full penetration finite well systems. Performance was found to be 

dependent on well system geometry, the ratios of effective seepage entry and exit distances to 

well spacing, and the number of wells. Model results were used to develop new uplift factors that 

more accurately define excess heads along and landward of finite well systems that fully or 

partially penetrate the aquifer. 

 

INTRODUCTION 

 

Relief wells are used by the U.S. Army Corps of Engineers (USACE) and others to safely 

reduce artesian pressures at the toe of a dam or levee and reduce the risk of internal erosion in 

the structure’s foundation. The existing analytical method in USACE (1992) utilizes closed-form 

equations to design an infinite line of identical, equally spaced wells to solve for discharge and 

heads under steady-state confined conditions. There can be detrimental effects of violating the 

infinite length assumption (USACE 1955, 1963; Bennett and Barron 1957; Guy et al. 2014; 

Jaeger et al. 2017) wherein excess head would be underestimated. However, development of a 

practical analytical/chart-based method to design finite well lines is difficult because it must 

address an array of scenarios and convert complex modeling results into an easily used format. 

Key concepts of the differences between infinite and finite systems of various lengths are 

demonstrated in Fig. 1, which shows plan view finite element (FE) model results for a well line 

located at the toe of a dam or levee, parallel to seepage entrance and exit boundary conditions. 

Fig. 1(a) shows a solution for an infinite line of wells, and the head distribution matches what 

would be calculated using existing analytical solutions. Fig. 1(b, c, d) show the head distribution 

for finite well lines with differing numbers of wells. When the well line is finite, flow lines are 

no longer perpendicular to the wells and heads exceed the infinite case. The different head 

distributions for finite versus infinite lines shown in Fig. 1(a) through 1(d) demonstrate the 
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potential to underestimate excess head when the infinite design method is used for finite lines. 

The contour for total head = 25.9 m (85 ft) is shown in each figure to illustrate how the head 

contours change for different well line designs. The amount of difference depends on parameters 

in Fig. 1 (e.g. system geometry, number of wells, and boundary distances). 

 

 

Figure 1. Plan view of head distributions calculated using FE analyses for infinite well lines 

(a) and finite lines with two (b), four (c), and ten (d) wells. Well locations are shown as 

green circles, and the head contour interval is 0.15 m (0.5 ft). The 25.9 m (85 ft) total head 

contour is shown to demonstrate differences in the head distributions. Some key variables 

are defined here: S = distance from effective seepage entrance to landside embankment toe; 

x3 = distance from landside embankment toe to effective seepage exit; a = well spacing; and 

N = number of wells in a finite line. 
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Background on infinite versus finite system design methods will introduce the additional 

complications caused by end-around flow of finite well lines. Performance of infinite and finite 

relief well systems is studied and contrasted using analytical and numerical models. New design 

charts were created so that excess head can be estimated along and landward of a finite well line. 

These charts can be used independently for design, or as a rapid means of verifying FE results. 

Infinite Versus Finite Well System Design. Existing methods are based on the Blanket 

Theory method of underseepage analysis for the base condition (no wells), which was 

summarized in USACE (1956, 2000, 2018). It computes the midwell excess head (the head half-

way between two wells in a well line) (hm) and average excess head in the well line (hav).  

A relief well system is infinite when the wells are equally spaced and identical, the pervious 

aquifer has uniform depth and hydraulic conductivity, and the infinite seepage entrance and 

landward exit are parallel to the well line (USACE 1963). Pressure distribution between each 

well is uniform. However, for a line with finite number of wells (N), head at the middle of the 

line (hmm) is less than head at the end of that line (hme). A well system can be considered infinite 

when it is constructed through a long reach of levee or at a dam located within a bedrock valley, 

and discharge from all wells is equal. Such an impervious boundary is at one-half well spacing 

(a/2) from the end of an infinite system. The lack of such a boundary causes flow that is not 

perpendicular to the well line and increased, variable pressures. Therefore, the USACE method 

would calculate hm or hav and underestimate heads of a finite line. Historically, many sites have 

experienced issues due to the application of infinite design for finite systems (Guy et al. 2017). 

The earliest method to account for well system length relied on graphical construction of a 

flow net, where the discrete wells were replaced with a line sink (USACE 1952). A single design 

chart with limited applicability to the middle of a finite well line has been presented in relief well 

design literature (USACE 1956, 1992; Turnbull and Mansur 1961). Application of this chart is 

limited by the lack of information it contains regarding input parameters that it can be used for, 

and it only provides the head at the middle of the well system (not at the end or landward) which 

is insufficient for design. 

A more thorough method was presented in USACE (1963), but also did not include landward 

heads. However, it requires the use of more than 100 tables with extensive plotting and 

interpolation, and so is impractical for most engineering applications; no record of its utilization 

in practice has been found. Keffer and Guy (2021) studied the performance of full penetration 

finite wells and provided design charts, but that study did not cover partial penetration systems. 

 

INFINITE AND FINITE WELL LINE MODELS 

 

Each well system modeled for this study was first analyzed as an infinite line with the 

existing analytical method to compute hm, hav, and discharge from each well (Qw). A numerical 

model was run using these same parameters. Agreement between the analytical and numerical 

modeling results for the infinite system suggest that the model is also appropriate to characterize 

the finite line systems, where head landward of the wells can be measured. 

Infinite Well Line Analytical Model. The existing well design procedure utilizes an 

adaptation of the Darcy (1856) formula for flow between continuous slots. Distances S and x3 are 

illustrated in Fig. 1, and they were introduced in Bennett (1946) and Barron (1948).  

The average and midwell uplift factors (θav and θm, respectively) used in relief well design 

were developed through theoretical and experimental work from the 1930s through the 1950s 

(USACE 1939a, 1939b, 1949). They account for additional head losses that occur as 
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groundwater flows along a longer, curved path to a well (rather than the linear path to a slot). 

They are determined by three dimensionless ratios to account for well system geometry. The 

ratios are: distance between adjacent wells (a) to well radius (rw), yielding a/rw; depth to which 

the well penetrates (W) into to the total thickness of the homogeneous isotropic pervious 

foundation (D), yielding W/D; and thickness this foundation to the well spacing, yielding D/a.  

The following infinite well line equations are taken from USACE (1992) and shown in 

corrected form as in Guy et al. (2014). Eq. (1), (2), and (3) compute Qw, hav, and hm in terms of 

net loading on the system (elevation difference between the pool and greater of landside ground 

surface or ponded tailwater) (h), S, and x3:  

 

 

(1) 

 

 

(2) 

 

 

(3) 

 

where kf = effective hydraulic conductivity of the transformed pervious foundation. Eq. (4) 

computes the net seepage gradient toward the well line (ΔM), which provides another means of 

calculating discharge and heads of infinite and finite well lines: 

 

 

(4) 

 

Since the study was conducted using the ratio of excess heads for each finite and infinite well 

system, kf, D, and h did not affect results as they affected each model equally. The remaining 

variables that affected results and thus were studied included a/rw, W/D, D/a, S, and x3. For finite 

well lines, the length of the system (Lw) also had to be considered. 

A goal of this paper is to provide a practical design tool, so the number of variables in the 

design tool had to be reduced. Models were normalized for boundary distances and well spacing 

with the terms S/a and x3/a. Additionally, θav and θm were used to represent a/rw, W/D, and D/a. 

Since Lw (i.e. the distance between the outermost wells) is sensitive to a and the number of wells 

in a finite line (N) as shown in Eq. (5), finite system length was defined by N (USACE 1963).  

 

 
(5) 

 

Infinite and Finite Well Line Numerical Models. Two- and three-dimensional FE 

numerical models were used for infinite and finite well systems functioning under steady-state 

Q
w

=
kf×D×h

S
a

+θav  
S+x3

x3
 
 2 

 1 

hav=
h× 𝜃𝑎𝑣

𝑆
𝑎

+𝜃𝑎𝑣  
S+x3

x3
 
 2 

 1 

hm=
h× 𝜃𝑚

𝑆
𝑎

+𝜃𝑎𝑣  
S+x3

x3
 
 2 

 1 

∆M = 
 h − hav

S
−

hav

x3

 2 

 1 

Lw=a× N − 1  1 
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confined groundwater flow. Fully penetrating wells were modeled in two-dimensional plan view 

with GeoStudio Seep/W 2020 version 10.2.1.19666 (“GeoStudio” 2020). Partially penetrating 

wells were modeled in three dimensions with Rocscience RS3 version 4.004 (“Rocscience Inc.” 

2021). Equal results were obtained for full penetration wells with both programs, but GeoStudio 

had reduced compute time. Models were constructed similarly in both programs.  

A goal of this study was to improve the existing method of design so that it can better handle 

finite well systems. Results from a FE model can be measured at any location (e.g. landward of 

the wells), whereas the existing analytical method only reports results along the wells (hav and 

hm). These capabilities of the FE models were leveraged to develop advancements to the existing 

analytical method for infinite well lines.  

Fig. 1 illustrates general setup of the models. The pervious foundation with depth D was 

extended riverward and landward from the wells (perpendicular to the well line axis) to distances 

of S and x3, respectively. Well screen geometry was modeled as cylinder elements along the 

landside levee toe with radius equal to rw that extended from the top of the foundation to the 

depth specified by W/D. To model an infinite well line (Fig. 1(a)), foundation width was set 

equal to a and centered on the well. No-flow boundaries were set perpendicular to the well line 

located a/2 from a single well. These boundaries represent lines of symmetry about which the 

model could be mirrored. This allows an infinite number of wells to be represented by a single 

well. Finite well lines were modeled using a similar method; half of each finite line was modeled 

using an impervious boundary as a line of symmetry perpendicular to and through the middle of 

the well line. Using a mirrored model produces the same head predictions as were achieved using 

the full finite well line (length Lw), but the mirrored model reduces compute time. Beginning 

with the initial infinite line model, one “mirror” impervious boundary was moved very far, on 

the order of 3,048 m (10,000 ft), from the end (outermost) well, so that an infinite aquifer 

parallel to the levee was simulated, and head near the end was not influenced.  

Steady-state total head boundary conditions were applied to the riverward and landward 

vertical model faces to represent seepage flow from the loading line source (i.e. pool elevation = 

30.5 m (100 ft)) and to the exit line sink (i.e. tailwater, which was equal to ground surface 

elevation = 24.4 m (80 ft)), respectively. A similar boundary was applied to the relief well to 

obtain a ground surface (TOG) discharge elevation = 24.4 m (80 ft). These boundaries represent 

a typical value for net head loading on the levee and well system of h = 6.10 m (20 ft) and are 

illustrated in Fig. 1. No-flow boundaries were set on the upper (ground surface) and lower 

(bottom of aquifer) horizontal model faces. The levee was assumed to be impervious (USACE 

1992) and exterior boundary conditions were applied at the locations of effective seepage entry 

and exit, so the embankment geometry was not modeled. 

Hydraulic conductivity was set at an isotropic kf = 0.04 cm/s (100 ft/d) to represent what 

could be found in a sandy alluvial river valley. A graded tetrahedral mesh was applied to most of 

each model volume. The graded mesh automatically adjusts element size based on geometric 

complexity of the model. A uniform mesh with smaller element size was specified in the vicinity 

of the well line, to a distance of at least a in all directions, so that the curvilinear head contours 

that develop near the wells were shown accurately. Analytical method results were used to verify 

the infinite line FE models for excess head and discharge. A comparison of these predicted 

parameters generated with the FE and analytical models showed a difference of 5% or less.  

Key results extracted from finite line models included excess head at the middle of the line 

(hmm), at the end of the line (hme), maximum head landward of the line’s center (hdm), and 

maximum head landward of the line’s end (hde). Measurement locations for these model outputs 
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are shown in Fig. 1 and 2. These measurements were studied by changing N, S/a, x3/a, θav, and 

θm and analyzing results for infinite and finite systems. The overall response of finite line excess 

heads and how they contrast with infinite line computations will be interpreted and integrated 

with the existing design method. 

RESULTS AND DISCUSSION 

The effects of well system length, boundary distances, and system geometry on finite well 

line results will now be shown and discussed. New charts and equations will be presented to 

adapt the infinite well line design method to account for finite system length. 

Length of Well Line Effects. The scenario illustrated in Fig. 1 was used to demonstrate the 

effects of N on finite well line performance. For this case, a/rw = 100, W/D = 100%, and D/a = 1, 

so θav = 0.44 and θm = 0.55 as determined by USACE (1992). Results are shown in profile view 

along the well line in Fig. 2, and in profile view normal to the well line in Fig. 3. 

These figures demonstrate that head throughout the aquifer were reduced as wells were 

added to the system. As N increased in Fig. 1, the highlighted head contour (total head = 25.9 m 

(85 ft)) moved riverward. Fig. 2 shows that hmm approached hm from the infinite case. Fig. 2(a) 

displays hav calculated for the infinite line with Eq. (2). Fig. 2(b) plots two ratios: head midway 

between each well to midwell head of the infinite case (hm-n / hm) and discharge from each well 

to the uniform well discharge of the infinite case (Qw-n / Qw) for well lines of various lengths (N 

= 2 to ∞). While this study focused on providing a design tool to estimate excess heads for a 

finite well line, Fig. 2(b) gave insight to the non-uniform discharge among the wells. The plot 

shows that the value of Qw-n / Qw at each well fell between the two adjacent values of hm-n / hm. 

So, the flow from a well could be estimated by taking the average of the two adjacent head 

ratios, and multiplying that by Qw to obtain Qw-n. 

Fig. 3 includes head profiles from the pool to tailwater (perpendicular to the well line) 

through the middle and end of the well system (sections B-B’ and C-C’ from Fig. 1). Excess 

head measurements show the growing difference between head at the center (hmm, hdm) and end 

(hme, hde) of the finite line as N was increased. The secondary vertical axis in Fig. 3 displays total 

head so that these head profiles can be visually related to the plan view contours of Fig. 1. For 

these models, excess head equals the difference between total head and tailwater elevation 

(which is often assumed equal to the landside ground surface). 

Boundary Distance Effects. The scenarios from Fig. 1 (a) and (c) for the infinite case and N 

= 4 were modified by changing S and x3 to obtain several values of S/a and x3/a and to study 

effects on uplift both along and landward of finite and infinite well lines. Fig. 4 includes model 

outputs for hmm, hm, hde, hav, and ΔM (Fig. 4(a) and (b)) and comparison of finite to infinite results 

through hmm / hm and hde / hav (Fig. 4(c) and (d)). S/a and x3/a were varied from 10 to 50. 

S/a was held constant while x3/a was increased for the blue curves in Fig. 4. An increasing 

x3/a represents greater confinement of pressures landward of the wells (e.g. thicker or lower 

conductivity top stratum) that causes more seepage flow to exit the model through the wells. 

Finite results (hmm and hde) were more affected by x3 than infinite results. x3/a was held constant 

while S/a was increased for the red curves in Fig. 4. An increasing S/a represents less flow down 

through the riverside top stratum, into the aquifer. This increases the S distance from the well 

line to the line source loading (i.e. the pool boundary condition). Increasing ratios in Fig. 4(c) 

and (d) show that finite results were less affected than infinite results. 

Fig. 4 illustrates that infinite results (ΔM, hm, and hav) were more sensitive to S than x3. This 

can be explained by Eq. (4) where ΔM is more affected by changes in the first term (contains S) 
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than the second term (contains x3) because (h – hav) > hav. This sensitivity to S continues through 

the calculation of hm and hav, since ΔM affects them (USACE 1992). 

Results indicated that hmm / hm was equally sensitive to each boundary distance (S or x3) (Fig. 

4(c)), but hde / hav in Fig. 4(d) was more sensitive to x3 than S, as the slope of the line where x3/a 

was varied (blue line) was greater than the slope of the line where S/a was varied (red line). 

Consider two cases in Fig. 4(c) where the opposing values of S/a and x3/a were reversed. In one 

case, S/a = 25 and x3/a = 50, and for the second case, S/a = 50 and x3/a = 25. For both cases, the 

resulting hmm / hm were equal. This also occurred for hme / hm. In Fig. 4(d), this case is represented 

at the right vertical axis. hde / hav when x3 > S was greater than when x3 < S. This result probably 

occurs because hde is landward of the wells; it is more affected by x3. 

 

 
 

Figure 2. Profile (section A-A’ from Fig. 1) of excess head (a) and ratios of finite to infinite 

results (b) along a well line of various lengths. 

 

 
 

Figure 3. Excess head profile perpendicular to the middle (a) and end (b) of finite well lines 

of varying lengths (sections B-B’ and C-C’ from Fig. 1, respectively). 
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Figure 4. Varying S and x3 plotted against hmm, hm, hde, hav, and ΔM (a, b) and ratios of 

finite to infinite line excess heads (c, d). 

 

Well Line Geometry Effects. The geometry of the well system itself was also analyzed for 

finite line performance. Effects of well system geometry on uplift and discharge in infinite line 

design are represented by uplift factors θav and θm. θav and θm are determined with input 

parameters of a/rw, W/D, and D/a using the existing method. The effects of uplift factors on 

excess head for finite line systems was investigated by analyzing excess head for each finite 

line model as the ratio to either hm or hav (infinite line results). The same value of θav or θm can 

be obtained for different combinations of a/rw, W/D, and D/a, but if θav or θm were kept 

constant (along with other intervening variables N, S/a, and x3/a), the ratios excess heads for 

the finite versus infinite well line were consistent. Ratios hmm / hm and hme / hm were consistent 

with each value of θm. Infinite line average head (hav) was compared to maximum heads 

landward of the well line middle and end. Ratios hdm / hav and hde / hav were consistent with 

each value of θav. 

These ratios were used with θav and θm to create new finite line uplift factors for the middle of 

line (θmm), end of line (θme), landward maximum from the middle of line (θdm), and landward 

maximum from the end of line (θde). θav and θm were multiplied by the relevant head ratio to 

calculate the respective uplift factors for finite well lines. Scenarios were modeled across the 

range of θav and θm from USACE (1992), approximately 0.2 to 3.8. Results were used to 

calculate finite line uplift factors. Fig. 5 shows the general effects of system geometry (e.g. 

higher a/rw or lower W/D) that cause uplift resulting from a well system to increase. The infinite 

and finite uplift factors had a nearly linear relationship in Fig. 5, which will be used in the 

application of finite line design charts across the range of θav and θm. The new uplift factors 

will be integrated into new charts and equations for the proposed design method for finite 

systems. 
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Figure 5. θm (a, b) and θav (c, d) for infinite lines of various geometries plotted against finite 

line uplift factors for various boundary distances and N = 10. 

 

Design Method for Finite Well Lines. As shown by Fig. 1 through 5, excess heads may be 

severely underestimated if a finite line of wells is analyzed as infinite, so accounting for N is 

important. FE models were used to understand relationships among finite line performance and 

the number of wells, distance to pool and tailwater boundaries, and the system geometry, and 

build charts and equations that adapt the existing infinite method to account for finite systems. 

Finite line uplift factors were defined across the ranges of infinite line θav and θm from the 

existing method. For in-line uplift factors (θmm and θme), θm = 0.29; 1.92; and 3.49 are included in 

new design charts (Fig. 6 and 7). For landward uplift factors (θdm and θde), θav =0.18; 1.93; and 

3.84 are included (Fig. 8 and 9). It is not practical to present data for every value of θm and θav, so 

this approach allows interpolation by presenting design charts for lower, midrange, and upper 

values. Results include N from 2 to 20 and various combinations of S/a and x3/a which each 

ranged from 5 to 50. Some combinations of S/a and x3/a are not included on Fig. 6 through 9 to 

aid legibility, but they are not critical to the charts’ function, as omitted curves would be 

intermediate values within a relatively small range of finite uplift factors. Fig. 6 through 9 can be 

used for scenarios with parameters that would fall between the plotted values of S/a, x3/a, θav, or 

θm via linear interpolation as demonstrated by Fig. 4 and 5. 

For most of the curves in Fig. 8 and 9, θdm and θde are greater than θav. But for some cases 

with N > 4, θdm or θde approach an infinite-acting state and are less than θav. This occurs because 

the average head has been used as a conservative estimation of infinite line landward head 

(USACE 1955). Curves in Fig. 8 and 9 also tend to cross each other more than those in Fig. 6 

and 7 because the θdm and θde are more sensitive to x3/a than S/a (Fig. 4). 
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Figure 6. θmm for finite well lines for infinite lines with θm = 0.29 (a), 1.92 (b), and 3.49 (c). 

 

Head results for well systems at dams or levees are typically analyzed and evaluated based 

on a desired effective stress uplift factor of safety (FS), based on the buoyant unit weight and 

thickness of the top stratum (Duncan et al. 2011; Guy et al. 2014; Sills and Vroman 2007), to 

achieve an acceptable head value (ha) at the base of a confining top stratum. FS is calculated by: 

 

 

(6) FS = 
γ

b-bl
×zbl

γ
w

×hexcess

  1 

Geo-Congress 2023 GSP 343 40

© ASCE

 Geo-Congress 2023 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

M
is

so
ur

i U
ni

ve
rs

ity
 o

f 
Sc

ie
nc

e 
an

d 
T

ec
hn

ol
og

y 
on

 0
4/

17
/2

3.
 C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



where γb-bl = buoyant unit weight of landside top stratum; γw = unit weight of water; zbl = 

thickness of landside top stratum; and hexcess = maximum computed excess head. If FS in Eq. (6) 

is set equal to the desired minimum, then hexcess can be calculated to determine ha.  

 

 
 

Figure 7. θme for finite well lines for infinite lines with θm = 0.29 (a), 1.92 (b), and 3.49 (c). 

 

After applying the infinite method to find θav and θm (based on a/rw, W/D, and D/a), Fig. 6 

through 9 can incorporate the number of wells in the finite line and determine θmm, θme, θdm, and 

Geo-Congress 2023 GSP 343 41

© ASCE

 Geo-Congress 2023 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

M
is

so
ur

i U
ni

ve
rs

ity
 o

f 
Sc

ie
nc

e 
an

d 
T

ec
hn

ol
og

y 
on

 0
4/

17
/2

3.
 C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



θde. The new uplift factors are then used to calculate hmm, hme, hdm, and hde to characterize uplift 

along and landward of the finite well system with Eq. (7), which is modified from infinite line 

Eq. (2) and includes the USACE (1992) approach based on ΔM: 

 

 

(7) 

 

Substitute θXX in Eq. (7) with each finite uplift factor (substitution is shown in Fig. 6 through 

9) to calculate excess head values for hXX. These can be used for hexcess in Eq. (6) to calculate FS. 

 

 
 

Figure 8. θdm for finite well lines for infinite lines with θav = 0.18 (a), 1.93 (b), and 3.84 (c). 
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Figure 9. θde for finite well lines for infinite lines with θav = 0.18 (a), 1.93 (b), and 3.84 (c). 

 

The designer must consider site conditions and objectives to determine the location(s) at 

which uplift should be evaluated by FS. A pumping station is an example of an isolated location 

with problematic underseepage. In this case, a finite well line may be designed with its center 

located at the pumping station, so only θmm and θdm (and therefore hmm and hdm) need to be 

calculated. The application of the new charts and equations to will now be demonstrated. 

 

FINITE WELL LINE DESIGN EXAMPLE 

 

An example reach of levee includes a pumping station (which discharges stormwater from 

the area protected by the levee) where underseepage countermeasures need to be designed, so a 
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relief well system will be analyzed to demonstrate the use of the new design charts in Fig. 6 

through 9. Key geologic and loading parameters were defined in Table 1. h, S, and x3 were used 

to calculate base condition excess head as ho = 4.93 m (16.2 ft) with USACE (2000). Eq. (6) was 

used to calculate FS = 0.5 for the base condition (no wells, so ho = hexcess), which was 

unacceptable. In this case, excess head is defined as the difference between a piezometer reading 

at the top of the aquifer and the top of ground. For this problem a design FS = 2 was selected and 

used to calculate hexcess = ha = 1.28 m (4.21 ft) as an acceptable value that should be targeted by 

the well system design along the levee toe. For locations farther landward of the levee, a 

minimum acceptable FS = 1.5 was selected and a landward value of ha = 1.71 m (5.62 ft) was 

calculated. These values of ha that are in Table 1 apply to the low area at the pump station 

because this is where the lowest value of zbl exists. ha would be larger, nearly double, elsewhere 

along the levee (at locations of hme and hde) because zbl increases away from the pump station. 

The ponding area could be visualized as a depression in the ground surface landward of the well 

line to the tailwater boundary which is 7.62 m (25 ft) wide measured along the levee. 

 

Table 1. Loading and geologic parameters for the example problem. 

 

Parameter Value Parameter Value 

Pool 133.50 m (438 ft) S 274.0 m (899 ft) 

TW=TOG 124.97 m (410 ft) x
3
 375.2 m (1,231 ft) 

Top of 

well elev. 
124.97 m (410 ft) h

o
 4.93 m (16.2 ft) 

h 8.53 m (28 ft) Base FS 0.5 

z
bl

 3.05 m (10 ft) Design in-line FS 2.0 

γ
b-bl

 8.27 kN/m
3 

(52.6 lb/ft
3
) Design landward FS 1.5 

k
f
 1.83x10

-2 
cm/s (52 ft/d) In-line h

a
 1.28 m (4.21 ft) 

D 114.3 m (375 ft) Landward h
a
 1.71 m (5.62 ft) 

 

This example assumes there are no hydraulic- or elevation-related well losses. Hydraulic 

(friction and velocity within the filter pack, screen, and riser) losses are not linear with flow and 

are specific to each site and well system (Bennett and Barron 1957), so they could not be 

incorporated into the new design charts. Head losses should be considered in practice. Losses can 

be estimated via pumping tests at the design discharge or with USACE (1992). 

Consider a finite system with W/D = 50%, a = 35.05 m (115 ft), and N = 10 wells as listed in 

Table 2. Eq. (2) and (3) were used to calculate hav and hm (hav is greater and would govern this 

infinite line design), which are lower than the values of ha in Table 1, but don’t account for line 

length. The spreadsheet program in Guy et al. (2010) performs computations in agreement with 

USACE (1992) and was used to perform the infinite line analyses. Infinite line computations for 

θav, θm, hav, and hm are included in Table 2. For finite line computations, values of θav, N, S/a, and 

x3/a were used in Fig. 6 through 9 design charts to determine θmm, θme, θdm, and θde. Since θm and 

θav in Table 2 are not the same as values included in the new design charts (they rarely will be the 

same; this method will often involve interpolation), the two charts on either side of each value 
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will be used. Since the values are between parts (a) and (b) from each chart in Fig. 6 through 9, 

parts (a) and (b) were each read for finite uplift factors. These results are included in Table 3 and 

were interpolated between to the desired infinite and finite uplift factors in Table 2 (via the linear 

forecast function in Microsoft Excel). In these interpolations, infinite line θm or θav are the 

independent variables and finite line θmm, θme, θdm, or θde are the dependent variables. θmm, θme, 

θdm, and θde were used in Eq. (7) to calculate hmm, hme, hdm, and hde listed in Table 2 for the finite 

line. Table 2 values of hmm and hdm are lower than their respective values of ha specified in Table 

1, so this design meets the uplift safety factor criteria at and landward of the well line. Excess 

head at and landward of the line’s end (hme, hde) exceed the acceptable values in Table 1. This is 

allowable because, in this example, uplift resistance increases beyond the end of the well line. A 

finite line FE model resulted in excess heads within 5% of the chart solutions. 

 

Table 2. Input parameters and results for trial well system in example problem to achieve 

acceptable FS. θmm, θme, θdm, θde were computed by interpolating between values in Table 3. 

 

Parameter Infinite line Finite line Parameter Infinite line Finite line 

a 35.05 m (115 ft) 35.05 m (115 ft) N - 10 

a/r
w
 115 115 L

w
 - 315.5 m (1,035 ft) 

D/a 3.3 3.3 θ
mm

 - 1.29 

W/D 50% 50% θ
me

 - 1.63 

θ
av

 1.45 - θ
dm

 - 1.70 

θ
m

 1.07 - θ
de

 - 2.21 

S/a 7.8 7.8 h
mm

 - 1.07 m (3.50 ft) 

x
3
/a 10.7 10.7 h

me
 - 1.35 m (4.42 ft) 

ΔM 0.0236 - h
dm

 - 1.41 m (4.61 ft) 

Q
w
 1,497.2 m

3
/d 

(274.7 gpm) 
- 

h
de

 - 1.83 m (5.99 ft) 

h
av

 1.20 m (3.93 ft) -    

h
m

 0.88 m (2.90 ft) -    

 

For the example problem finite line in Table 2, central well discharge would be estimated as 

1,497.2 m3/d x (1.07 m / 0.88 m) = 1,820.5 m3/d (334.0 gpm). Outermost well discharge would 

be estimated as 1,497.2 m3/d x (1.35 m / 0.88 m) x 120% = 2,756.2 m3/d (505.6 gpm). The 120% 

is included because hme is between the outermost two wells and therefore hme / hm will 

underestimate the actual outer well discharge typically by 20% when compared to model results. 

Taking the average of these two values and N = 10, total system flow would be estimated as 

2,288.4 m3/d x 10 = 22,884 m3/d (4,198 gpm). Total system flows estimated by this approach 

were found to agree with FE modeling results, having less than a 2% difference for the same 

problem. This demonstrates that well discharges in a finite line exceed that of a single well in an 

otherwise identical infinite line, which for this problem is Qw = 1,497.2 m3/d (274.7 gpm). Well 

discharges in a finite line are greater because with fewer wells there is greater head along the line 

to drive flows. 
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S/a and x3/a often will not match the curves in Fig. 6 through 9. For example, S/a = 7.8 and 

x3/a = 10.7 in Table 2, but S/a or x3/a = 5; 10; 25; and 50 in Fig. 6 through 9. Users can solve for 

other values of S/a or x3/a with visual estimation or linear interpolation with readings from each 

curve for the needed value of N. This approach was used to find uplift factors reported in Table 3 

for the example S/a and x3/a. 

 

Table 3. Chart results for θmm and θme (Fig. 6 and 7) and θdm and θde (Fig. 8 and 9) when S/a 

= 7.8; x3/a = 10.7; and N = 10. Interpolation between these uplift factors was used to 

compute results for θm = 1.07 and θav = 1.45 for infinite line and finite line in Table 2. 

 

Parameter Fig. 6a, 7a Interpolated Fig. 6b, 7b  Fig. 8a, 9a Interpolated Fig. 8b, 9b 

θ
av

 - - -  0.18 1.45 1.93 

θ
m

 0.29 1.07 1.92  - - - 
          
          

θ
mm

 0.40 1.29 2.25  - - - 

θ
me

 0.70 1.63 2.65  - - - 

θ
dm

 - - -  0.50 1.70 2.15 

θ
de

 - - -  0.90 2.21 2.70 

 

SUMMARY AND CONCLUSIONS 

 

Relief well systems are regularly employed for underseepage control at dams and levees, 

often in the form of a finite line. If the infinite line method is used to determine well spacing for 

a finite line, the result would likely be an incorrect system design where excess head is not 

reduced to an acceptable level. To date, there has been neither a practical graph-based means to 

analyze these problems nor to verify solutions from other methods. This has been due to the 

challenge of reducing and evaluating data from the numerous models needed to represent the 

range of potential design scenarios. In this study, parameters affecting finite solutions were 

identified, and intervening variables were utilized to develop such an approach for determining 

in-line and landward heads across the general range of practical design parameters. Numerical 

models were used to characterize finite line performance when the number of wells, distance to 

boundary conditions, and system geometry were varied. Head along the finite line and the 

landward maximum were found to be related to the midwell and average heads of the infinite 

line, respectively. The new design process developed for a finite line of relief wells was 

illustrated with an example problem. Given the complexity of finite well line behavior, this study 

provided further understanding of the topic and a process which can be used for design or 

verification. 
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