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Dams are highly important structures used for irrigation, flood control,
power generation, water supply, and other purposes. Since dam
construction is both costly and time-consuming, optimizing dam designs
to minimize construction costs is essential, yet challenging. This study
aims to optimize the design of a homogeneous earth dam with a rock toe
by considering its construction cost. In this type of dam, the cost of
rockfill operations at the dam toe is typically 2 to 20 times higher than
that of earthwork operations in the dam body. It should also be noted that
seepage through the dam body must be minimized to prevent structural
damage and excessive water loss. This can generally be achieved by
increasing the dimensions of the dam body.The proposed design
considers the hydraulic gradient criterion as well as the stability of the
upstream and downstream slopes under full-reservoir, empty-reservoir,
and rapid-drawdown conditions. To solve this multi-objective
optimization problem involving nonlinear constraints, the Multi-
Objective Particle Swarm Optimization (MOPSO) algorithm was
employed. To derive appropriate equations for applying the constraints,
more than 350 dam models were developed and analyzed using
GeoStudio software. The constraint equations were subsequently
obtained through regression analysis. These equations were then
incorporated into the aforementioned metaheuristic algorithm to optimize
the dam design. The results demonstrate that the proposed method is
efficient and provides satisfactory solutions.
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Introduction

Earth dams are among the most important
hydraulic  structures, widely used for
irrigation, flood control, hydropower
generation, and water supply. However, their
construction is both costly and time-
consuming, making optimization essential to
minimize expenses while maintaining safety
and performance. Homogeneous earth dams
with rock toe are particularly common; the
rock toe prevents piping caused by seepage
and enhances overall stability, yet rock
operations typically cost 2 to 20 times more
than earthwork in the dam body.
Consequently, the combination of earth and
rock materials must be carefully balanced to
achieve minimum cost and desirable
performance. Seepage through the dam body
must also be minimized to prevent water loss
and potential failure, which generally requires
enlarging the dam body—conflicting with
cost reduction. This paper addresses the
optimal design of a homogeneous earth dam
with rock toe as a multi-objective
optimization problem with two objective
functions (construction cost and seepage) and
six nonlinear constraints, including slope
stability under various reservoir conditions
and hydraulic gradient criteria. The multi-
objective  particle swarm  optimization
(MOPSO) algorithm is employed, with
constraints derived through regression
analysis of over 350 dam models simulated in
Geo-Studio. The results demonstrate that the
proposed method is efficient and yields
satisfactory designs.

Methodology

The multi-objective problem is solved using
the MOPSO algorithm: random solutions are
initialized within variable bounds, and an
external archive stores non-dominated
solutions. Each particle updates its velocity
and position based on personal best and a
leader selected from the archive via roulette
wheel; mutation and constraint-handling
ensure feasibility. Over 350 Geo-Studio
models were regressed into constraint
formulas for slope stability and hydraulic
gradient.

Results and Discussion

In this study, new regression models were first
developed to predict seepage through the dam
body, hydraulic gradient, and five slope
stability safety factors, with statistical analysis
confirming their accuracy (R* = 0.89-0.967)
for use in place of direct numerical analysis.
Two objective functions—construction cost
and seepage loss—were then minimized
subject to design criteria using the MOPSO
algorithm coded in MATLAB, yielding
optimal design variables for input data
including c, ¢, v, H, and N; Table 2 presents
the optimal results for 14 dams. Model
verification (Table 3) reports safety factors,
seepage values, and hydraulic gradients,
confirming that all design constraints were
satisfied in every case. The findings show that
for a dam with fixed height H, increasing soil
cohesion c and friction angle ¢ reduces the
upstream and downstream slopes m1 and m2,
thereby decreasing dam size, consistent with
the principle that slope stability is higher in
soils with greater cohesion and internal
friction angle. Increasing the mechanical
properties (c, @) also slightly decreases H1/H.
Moreover, as N (the ratio of earthwork cost in
the dam body to rock operation cost in the toe)
increases for a given dam, H1/H decreases:
approximately 0.4 for N = 1 (near the upper
bound), 0.25 for N = 20 (near the lower
bound), and 0.3 for N = 10, as also observable
in Table 2. Overall, the results demonstrate
that the proposed MOPSO-based approach is
efficient and provides balanced designs
minimizing both construction cost and
seepage while satisfying all stability and
hydraulic gradient constraints.

Conclusion

In this paper, new regression models were first
developed to calculate seepage through the
dam body, the hydraulic gradient, and five
slope stability safety factors, and statistical
analysis showed that the proposed formulas
can be used accurately and satisfactorily in
place of direct numerical analysis. Two
objective functions were then defined—the
dam construction cost and the water seepage
from the dam—both of which must be
minimized according to the design criteria,



Optimum Design of Rock Toe Earth Dam Using MOPSO Algorithm 244

and this multi-objective optimization problem
was solved using the MOPSO algorithm
coded in MATLAB. Based on the findings,
the following results were obtained: 1) For a
dam with a certain height (constant H), as the
soil ¢ and ¢ increase, the values of m1 and m2
decrease, and therefore the dam size also
decreases; this is consistent with scientific
concepts, meaning that slope stability is
higher in soils with greater cohesion and
internal friction angle. 2) For a dam with
constant height H, as the mechanical
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	طراحی بهینه سد خاکی همگن با پنجه سنگی با استفاده از الگوریتم  بهینه سازی چند هدفه ازدحام ذرات


  M i n i m i z e     F  ( x ) =  {   f 1  ( x ) ,     f 2  ( x ) , … . ,   f  k  ( x )   }


  S u b j e c t   t o :


    g  i  ( x ) ≥ 0                     i ∈  { 1 , 2 , 3 , … , m }


    g  i  ( x ) ≥ 0                     i ∈  { 1 , 2 , 3 , … , m }


   h  i  ( x ) = 0                 i ∈  { 1 , 2 , 3 , … , p }


   h  i  ( x ) = 0                 i ∈  { 1 , 2 , 3 , … , p }


    x  m i n ≤ x ≤   x  m a x


    x  m i n ≤ x ≤   x  m a x


  F  ( x )


  k = 1


  k > 1


  x =  {   x 1 ,   x 2 , … ,   x  n }


    g  i  ( x )


   h  i  ( x )  


    x  m i n


    x  m a x


    v  t + 1 =   v  t +   c 1   r 1  (   p  b e s t −   x  t ) +   c 2   r 2  (   g  b e s t −   x  t )


    x  t + 1 =   x  t +   v  t + 1


    x  t


    x  t + 1


    v  t


    v  t + 1


    c 1


    c 2


    r 1


    r 2


    p  b e s t  


    g  b e s t


  F  ( x ) =  {    M i n i m i z e           q   M i n i m i z e         V



