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Abstract: The climate of the Mediterranean basin is characterized by an irregular hydrologic regime with low rainfalls during 
the dry season which necessitates the irrigation of crops. Climate change is expected to exacerbate water shortages in 
the region, which have intensified in recent years. Thus, is it important to improve water resource management in the 
area by exploiting surface water resources by constructing dams in river channels. These dams will enable the storage 
of water that can then be used to meet water deficits. Small earthfill zoned dams are ideal for Mediterranean 
conditions because of their low cost and fast and relatively easy construction. The objective of this article is to 
illustrate how the design of small earthfill zoned dams could be further simplified by introducing three-dimensional 
(3D) solid modeling operations. Additionally, the material quantities necessary for earthfill zoned dam construction 
are easily computed using the proposed techniques. Finally, these techniques could also be used in order to simplify 
the design of various hydraulic structures and in different computer aided design software’s too. 
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1. INTRODUCTION  

Since the dawn of civilization, humankind has exerted control over water resources for its benefit 
through the construction of small dams. There is evidence that such hydraulic structures existed in 
India from the third century BC (Shaw et al., 2007), in Yemen no earlier than the beginning of the 
Christian era and no later than the end of the 3rd century (Francaviglia, 2000), and as part of the 
Maya civilization (Barrett and Guderjan, 2006). Moreover, the ancient Greeks developed 
technologies to capture, store, and convey water, and to simultaneously make agricultural areas 
productive while protecting them from flooding. Such technologies can be traced back to the 
Mycenaean period (1600–1100 BC) (Koutsoyiannis and Angelakis, 2007). In recent times, about 
20,000 small earth dams were built on Californian farms between 1940 and 1965. Although these 
dams were built primarily as stock-watering ponds, farmers have also benefited from using the 
reservoirs for irrigation and even recreational purposes (Brown, 1965).  

Small earth dams are easier to design and simpler to construct than concrete and masonry dams 
(Water for the World 1D5, 1982). The principal advantages of small earth dams include the use of 
local natural materials, their straightforward design procedures, and the comparatively light 
equipment required. The main disadvantage of small earth dams is that they can be easily damaged 
or destroyed by water flowing on, over or against them (Stephens, 2010). Earth dams are considered 
suitable for the Greek arid and semi-arid conditions, in which the majority of streams are ephemeral 
type. In addition, their relatively low cost compared to concrete dams, and the simplicity of their 
construction makes them ideal for Greece, as well as other Mediterranean countries (Ministry of 
Agriculture, 2006). 

The purpose of this paper is to illustrate the use of 3D solid modeling operations so as to 
simplify the design of small (up to 5 m high) earth dams. The dam designed here is mostly based on 
the guidelines of Kotoulas (1989), in conjunction with the computer aided design software 
AutoCAD 2006 for the dam’s 3D design and the material quantities calculation. However, the 
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proposed techniques could be easily modified according to different regulations or any computer 
aided design software (e.g., Bricscad, Archicad and AutoCAD Civil 3D) that facilitates the creation 
of complex geometric shapes by employing 3D solid modeling tools (Kirkpatrick, 1995). 

2. STUDY AREA 

The study area is a small agricultural catchment situated in the northern part of the Kassandra 
Peninsula in northern Greece within a range of approximately 68 km from Thessaloniki and 
encompasses about 1 km2 (Fig. 1). It is a small tributary, which is located on a flat terrain that 
dominates the northern part of the Peninsula. Daily precipitation and temperature data covering the 
period 1974–2006, obtained from the nearby weather station (Fig. 1), demonstrated the fact that the 
mean annual precipitation and temperature were nearly 600 mm and 16.5°C, respectively 
(Myronidis, 2016). Geologically, the whole catchment is a homogenous area exclusively occupied 
by marls. The peninsula has a history of repeated wildland fires, with the most recent occurring on 
21st August 2006, which burnt 22% of the Peninsula (Myronidis et al., 2010).  

 

Figure 1. Maps of the study area 

3. METHODOLOGY 

3.1 Catchment yield, reservoir storage capacity, and peak discharge estimation 

The annual runoff for the catchment is given by Equation (1) (Tanko and Ankidawa, 2008; 
Stephens, 2010): 

Y = Rr × A × 1000                                                                                                                                    (1) 

where Y is the catchment yield in an average year (m3), Rr is 10% of the mean annual rainfall for 
the catchment area, and A is the catchment area (km2). 

Once the catchment’s yield is computed, the volume of water to be stored in the reservoir could 
be determined. The latter is usually computed from the Digital Elevation Model (DEM) using a 
series of GIS techniques (Myronidis, 2017). However, when the DΕΜ resolution is poor, the 
volume of water to be stored can also be estimated using Equation (2) (Stephens, 2010): 

C = H ⋅ B / 3   (2) 
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where C is the reservoirs storage capacity (m3), H is the maximum depth (m), and B is the reservoir 
surface area (m2). 

The 50-year peak flow discharge is important for estimating the spillway dimensions. For small, 
poorly gauged catchments, such as many located in the Mediterranean region, the 50-year peak flow 
discharge can be estimated from the Rational Formula, taking into account the assumptions 
associated with the method and the runoff coefficient determination (Chow et al., 1998). 
Additionally, this method is most appropriate for catchments under 15 km2 (Stephens, 2010) and is 
usually expressed by Equation (3) (Chow et al., 1988):  

Q = 0.278 ⋅ C ⋅ I ⋅ A  (3) 

where Q is the peak discharge (m3/sec), C is a dimensionless runoff coefficient that ranges from 0 to 
1, I is the intensity of rainfall (mm/h) of the return period T (years) and duration Tc, Tc is the time 
of concentration (hours) of the catchment, and A is the drainage area (km2). 

3.2 Front elevation view design 

The height of the dam can be determined from the reservoir’s storage capacity and the irrigation 
requirements. Equation (4) can be used to calculate the dimensions of a rectangular spillway to 
reduce the risks associated with an extreme rainfall event: 

Ha = (Qmax / 1.9 ⋅ b)2/3   (4) 

where Ha is the spillway height (m), Qmax is the 50-year peak flood discharge magnitude (m3/sec), 
and b is the spillway length (m).  

Once, the height and length of the rectangular spillway have been calculated it can be 
transformed to a trapezoid form, without altering its discharge capacity, so as to safely root the 50-
year probable maximum flood over the dam.  

The foundation depth in both the river bed and the banks depends on the cross section nature 
(rocky, earthy or mixed rocky-earthy type). The earth surface should be excavated until a more 
impermeable stratum is reached, which must then be backfilled (and compacted) with highly 
impermeable material to seal the earth dam against seepage (Stephens, 2010). Additionally, a 6-inch 
galvanized water pipe should be installed almost at the bottom of the earthfill dam in the case of a 
shallow reservoir. The use of such a waterpipe allows water to be drained from the reservoir for 
irrigation, watering stock, making repairs on the dam, locating leaks in the reservoir, disposing of 
floating debris, and removing undesirable fish or vegetative (Brown, 1965).  

3.3 Cross-section design 

The slopes of the dam sides depend on the stability of the material in the embankment. If the fill 
material is stable, the sides can be steeper than if the fill material was unstable, as suggested by 
Water for the World 1D5 (1982). Generally, homogeneous dams have relatively flat slopes (1:3 
upstream and 1:2 downstream) as insurance against possible instability. Whereas the slopes of 
zoned embankments can be reduced to around 1:2 upstream and 1:1.75 downstream (or 1:2.25 
upstream and 1:2 downstream) (Stephens, 2010).   

The top width of the dam is calculated from equation (5) and must be a minimum of 2 m wide to 
ensure a stable embankment structure: 

  Dt = 1 +1.1 ⋅(HStr)1/2  (5)                                                                                                                                                                             

where Dt is the top width of the dam (m), and HStrl is the Dam’s structural height (m). 
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The bottom width of the dam can be determined from Equation (6): 

Db = Dt + (nu+nd) ⋅HStr   (6) 

where Db is the bottom width of the dam (m), Dt is the top width of the dam, nu and nd are the 
upstream and downstream slopes of the dam respectively, and HStr is the structural height of the 
dam (m). 

The core of this zoned dam is constructed of impermeable clay material so as to seal the 
embankment from seepage. The core has similar 1/6 upstream and downstream slopes and a top 
width equal to 1 m. The below ground section of the core is referred to as the cutoff (Kotoulas, 
1989). Additionally, for the protection of the dam from wave action, the upstream above ground 
face of the dam must be pitched with stones, the spillway (which is continuous with the downstream 
face of the dam) must be concreted with 0.15 m cement, and the downstream above ground face of 
the dam must be seeded with grass.    

3.4 Three-dimensional earthfill dam design 

a. Initially, the Dam’s front elevation, the cross section, the core of the dam, and the stream 
cross-section outlines are formed individually as closed polylines. Also, in a distance equal to the 
height of the spillway, a parallel line to the downstream face and the spillway length must be 
created, which will serve as a path in order to subtract from the dam’s body the spillway. 

b. The closed polylines of the following elements of the dam can be extruded, so as to create 3D 
solids: The cylindrical water pipe is extruded with a height of extraction greater than the dam base 
width; the Dam’s front elevation is extruded with a height of extraction equal to the dam base 
width; and the cross section of the dam and the core of the dam must be extruded with a height 
equal to the dam length. Additionally, the streams cross-section is extruded at a height equal to the 
dam base width. The latter extraction is only used to calculate the earth excavation volume.  

c. The view of the solids must change to a 3D southwest perspective, and the cylindrical solid 
water pipe is subtracted from the Dam front elevation solid.  

d. The dam cross section solid must be 3D rotated by -90°, and then all solids are 3D rotated 
again by 90°. Moreover, the stream cross-section solid must move in another layer.  

e. The view is then changed to a southwest perspective in order to place the dam cross-section 
solid inside the dam front elevation solid body. These two solids are intersected together.  

f. The spillway must be extruded to a 3D solid using the path line that was created in step a, and 
then should be subtracted from the downstream face of the dam. The latter produces a final the 
three-dimensional gravity dam representation. 

3.5 Material quantities calculation 

a. Since the earthfill dam is a 3D solid, its core volume can be determined with a simple inquiry. 
b. The earthworks volume could be determined by subtracting the volume of the clay core from 

the total volume of the dam. 
c. The ground excavation volume is computed by subtracting the above surface part of the dam 

from the dam volume.  
d. The upstream face area, which must be pitched with stones, is calculated from a two-

dimensional section of this face. 
e. The downstream face area, which must be grassed, is computed from a two-dimensional 

section of this face. 
f. The spillway sheathed area with cement is derived by changing the dam perspective to a top-

down view and pointing on the spillway. 
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4. RESULTS AND DISCUSSION 

4.1 Catchment yield, reservoir storage capacity, and peak discharge estimation 

The catchments yield is an important factor in assessing the feasibility of a dam and in 
determining the required height of the embankment (Stephens, 2010). The catchment’s yield was 
computed from Equation (1) as equal to 60,000 m3. Moreover, at the outlet of the tributary, there is 
an appropriate cross section for the construction of an earth dam. This cross section is situated in a 
relative impervious terrain with steep riverbanks, 4/1 slope and 3/2 slopes for the left and the right 
bank respectively, while the length of the riverbed was 26 m. In this site, a zoned earthfill dam with 
2.5 m maximum depth would flood 5,272 m2 area and would enable, from Equation (2), the storage 
of almost 4,400 m3 of water, which is considered sufficient for small-scale irrigation and for the 
extinction of wildland fires.  

From the intensity–duration–frequency curves of the nearby meteorological station (Myronidis et 
al., 2016), the maximum average intensity for the rainfall duration interval equal to the 
concentration time, about 39 min as computed based on Kiprich formula (Chow, 1988), was found 
approximately 64.21 mm/hr. The runoff coefficient for the flat cultivated land was 0.43 (Chow, 
1988) and the peak discharge with a 50-year return period was estimated as 8.17 m3/sec using 
Equation (3).  

4.2 Front elevation view design 

The maximum depth of the embankment from the previous section was set to 2.5 m, which 
results in a water storage capacity of nearly 4,400 m3. To prevent water spilling over the top of the 
earth dam, a spillway length and Q50 peak discharge equal to 12 m and 8.17 m3/sec respectively 
were calculated using Equation (4), and the height of the spillway was computed equal to 0.5 m. 
Once the rectangular spillway dimensions were determined, it was transformed into a trapezoid 
form (Fig. 2). Moreover, since the earthfill dam is situated in a relatively impervious terrain, the 
foundation depth in both the riverbed and the banks was set to 1.0 m, while a 6-inch cylindrical 
waterpipe was installed in the dam’s body at the bottom of the earthfill dam. Finally, the front 
elevation view of the about 30 m length earthfill dam with a structural height of 4 m is shaped, as 
shown in Figure 2. 

 

Figure 2. Earthfill dam front elevation view. 

4.3 Cross-section design 

Zoned embankments have the advantage that they generally control seepage much more efficient 
than homogeneous earthfill dams and have steeper slopes, which suggest that they require fewer 

4/1 3/2
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earthworks in their construction. However, the decision of the type of the earthfill dam must also 
consider the availability of construction material, since otherwise, the cost of the dam will be 
uneconomic, due to the high costs associated with transporting material to the site.  

For a structural dam height of 4.0 m from Equation (5), the top width of the dam was calculated 
as 3.20 m, which is wider that the required 2.0 m minimum. The upstream and downstream slopes 
were set equal to 1:2.5 and 1:2.0 respectively, while the bottom width of the dam from Equation (6) 
was approximately 21.20 m. The results of all these actions are illustrated in Figure 3. 

 

Figure 3. Earthfill dam cross-section. 

4.4 Three-dimensional earthfill dam design 

a. The formation of the dam’s front elevation, the cross section, the core of the dam, and the 
stream cross-section outlines from the individual closed polylines is achieved using the command 
Polyline/join from the Modify/Object menu, while a 0.5 m parallel line to the downstream face and 
the spillway length, equal to the spillway depth, is created using the offset command. 

b. The command extrude is selected from the Draw/Solids menu in order to extrude: the 
cylindrical waterpipe with a height of extraction of 35.0 m and the dam’s front elevation with an 
extraction height equal to 22.2 m. The cross section of the dam and the core of the dam were 
extruded by 26.3 m. Additionally, the stream cross section it is extruded to a height of 22.2 m. 

c. The command SW isometric is selected from the View/3D Views menu so as to have a 
southwest isometric perspective of the solids. Then, the command subtract is selected from the 
Modify/Solids editing menu, and the cylindrical solid water pipe is subtracted from the dam front 
elevation solid by choosing first the dam front elevation solid and then the water pipe. 

d. The employment of the Rotate 3D command from the Modify/3D operations menu provides 
the rotation of the dam cross section solid. This is achieved by: i) choosing the dam cross section; 
ii) defining two points on the upstream face of the solid as orientation axis; iii) setting the rotation 
angle equal to -90°. Moreover, the same command is used to select and rotate all solids by 90° by 
defining two points on the length of the dam as orientation axis. Furthermore, the stream cross-
section solid is moved to another layer, and this layer is turned off.  

e. The objects view is changed again to SW isometric, and then the command move is selected in 
order to move the dam cross-section solid inside to the dam front elevation solid, using as origin the 
upper right corner of the dam cross-section solid and as destination the upper right corner of the 
dam front elevation solid. Then, the command intersect is selected from the Modify/Solids editing 
menu, and the three-dimensional gravity dam representation is almost completed by pointing on the 
two solids, the dam front elevation, and the dam cross-section.  

f. The spillway was extruded to a 3D solid using the path line that was created in step a. This 
solid is then subtracted from the dam’s body by utilizing the subtract command from the 
Modify/Solids editing. The final three-dimensional illustration of the dam is shown in Figure 4. 

1/26/1 6/11/2.5
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Figure 4. The southwest isometric view of the 4.0 m zoned earth-filled gravity dam.  

4.5 Material quantities calculation 

a. The earthfill clay core volume was calculated as 145.85 m3
 by selecting the command 

region/mass properties from the Tools/inquiry menu and by pointing on the dam.  
b. By employing the same command as previous, the necessary earthworks for the construction 

of the dam are equal to the total dam volume (1,268.72 m3) minus the clay core volume 
(145.85 m3), which is 1,122.87 m3. 

c. The ground excavation volume is equal to 529.35 m3 and is derived from the subtraction of the 
above surface part of the dam (739.37m3) from the dam volume solid (1,268.72 m3) by utilizing the 
command subtract from the Modify/Solids editing menu.  

d. The upstream face area, which must be pitched with stones, is computed by i) changing the 
view to SW isometric view; ii) selecting the command section from the Draw/Solids menu; and 
iii) pointing three points in the upstream face so as to create a section of the dam’s front elevation. 
Using the command Area from the Tools/inquiry menu, the area of this section is computed and 
found equal to 175.31 m2.  

e. The downstream face area, which must be grassed, is estimated using the same methods as in 
the previous step (d) and is equal to 104.3 m2. 

f. The spillway-sheathed area with cement is equal to 179.88 m3 and is estimated by first 
changing the solid perspective to top view and employing the command Area from the 
Tools/inquiry menu.  

5. CONCLUSIONS 

The simplified design and construction of small earth dams is necessary to enhance surface water 
development in rural communities (Tanko and Ankidawa, 2008). In this article initially the 
catchment yield, the reservoir storage capacity and the discharge are estimated for a small 
agricultural catchment. Then, the simplified design for an earthfill zoned dam (structural height of 4 
m, length of 30 m) is illustrated using a series of innovating 3D solid modeling operations in 
AutoCAD 2006. For the aforementioned dam, the volume of its earthfill core, the total volume, the 
ground excavation volume, the upstream stone-pitched area, the downstream grassed area, and the 
cement-sheathed spillway area were computed quickly and accurately following the proposed 
methodology.  
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