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Abstract 
 

The usage of dikes embankments has a great influence on the development of hydraulic engineering. It increases the suitability of water 

resources for humanity needs. Different Geotechnical and hydraulics powers affect on the stability of dike construction through transition 

of water flow in the upstream slope. The development of erosion process inside dike construction occurred as a result of an overtopping 

water flow cross above the dike crest. The dike erosion initiates breach channel inside dike and later widened into upstream and down-

stream slopes. In this study, a 2D and 3D vertical and horizontal erosions test is constructed in Hydraulic Geotechnical laboratories at the 

Universiti Sains Malaysia to observe the evolution of the breach channel during spatial overtopping failure. Two constant dike slopes of 

(1V:3H) and (1V:2.5H) for both upstream and downstream slopes are used as a parametric test during overtopping tests. The vertical and 

horizontal distributions of water levels are also highlighted prior to overtopping failure. The results indicate that the vertical and horizon-

tal erosion widen the dike breach for slope of 1V:2.5H faster than those for 1V:3H while the spread of water infiltration in horizontal and 

vertical levels are higher for latter slope than for previous one. 
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1. Introduction 

Dikes are earthfill materials used to prevent the dangers of water 

flooding from destroying lives and properties, providing power 

generation and maintain sediment retention [1], [2]. The overtop-

ping failure is one of most familiar failures effects on dikes as well 

as dam constructions [3], [4], [5]. It occurred due to transit water 

flow above dike crest; consequently, the sediment material is 

transported due to erosion process along the foot of the dike for 

the homogeneous and composite dike. The shape of the breach 

channel during the erosion process is triangular, rectangular and 

trapezoidal. Most of studies assume the final shape of breach as 

trapezoidal [6], [7]. The dike slope instability is studied through a 

series of both 2D planar and 3D spatial tests for cohesive and non 

-cohesive soil in laboratory and field studies. They are focusing on 

dike breach simulation and parameters effecting on development 

of erosion process inside dike breach channel [8], [9], [10]. The 

mechanism of breach channel development during overtopping 

tests has been addressed by several researchers [11], [12]. Visser 

[13] discovered five stages described the breach process in sand 

dikes. These stages are very similar to stage process described by 

Zhu et al. [14] for cohesive dike embankments. Pickert et al. [15] 

and Pickert et al. [16] observed the mechanism of breach channel 

during the 3-D overtopping test under different soil grain sizes. 

They noticed that fine particles have different erosion patterns 

during the overtopping failure and the side-slope failure will likely 

occur due to the faster saturation process. Chinnarasri et al. [17] 

studied the behavior of homogeneous embankment soil during the 

progression of erosion process inside the rectangular pilot channel. 

Side slope instability and tractive shear forces were reduced the 

stability of the dike; consequently, the collapse of dike body oc-

curred. Schmocker and Hager [18] constructed trapezoidal em-

bankment dikes with different grain sizes and embankment geom-

etry- at the Laboratory of Hydraulics of the Swiss Federal Institute 

of Technology in Zurich- to observe the lateral erosion process 

under different scale factors.  

Dikes with large dimensions tend to erode faster due to high tur-

bulence intensities. Bigger grain size increases the widening of the 

breach channel because of the contribution of sliding failure in 

collapses downstream slope. A series of embankment tests were 

constructed in in the Dawa Reservoir, Chuzhou, Anhui province, 

China to notice the development of erosion process inside the 

dikes constructed with cohesive materials [19]. They divided the 

behavior of dike failures into three; headcut failure in dike materi-

als, ‘helix flow’ in side of breach channel and side-slope failure in 

the centerline of breach channel. The author has investigated the 

effect of inflow discharges on the development of negative pore 

water pressure and water content inside coarse sand embankment. 

A pilot channel was cut along the PVC flume channel to initiate 

the spatial overtopping test. He observed that the higher inflow 

discharges increased the volumetric water content faster than that 

for lower inflow discharges and thus further decreased the matric 

suction for the higher inflow [20]. The main goals of this study is 

to describe the mechanism behavior of erosion processes as well 

as the distribution of vertical and horizontal water levels inside 

pilot channel of sand dike under two different dike slopes of 

1V:3H and 1V:2.5H. The dike slopes of 1V:3H and 1V:2.5H are 

termed as "E1" and "E2", respectively. 
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2. Experimental test setup 

Up to two spatial overtopping tests are conducted at in Hydraulic 

Geotechnical laboratories at the Universiti Sains of Malaysia to 

determine the evolution of both vertical and horizontal erosion 

processes during overtopping failure as well as the distribution of 

water levels inside the dike. The dimensions of the trapezoidal 

sand dike are 190 and 160cm length for E1 and E2, respectively, 

50cm width, and 30cm crest height. Dikes are comprised of poorly 

graded coarse sand. A pilot channel of 10cm length, 4cm width 

and 3cm depth was cut at the dike crest along the side wall of PVC 

channel to initiate breach channel as shown in fig. 1 and fig.2 for 

E1 and E2, respectively. The homogeneous dikes are constructed 

in the PVC small flume channel with dimensions of 450, 50, and 

60cm in length, width, and height, respectively. The dike soil is 

classified as poorly graded coarse sand as shown in Table 1.  

 
Table 1: Sieve Analysis Test for Sandy Soil 

Dike components (%) Parameters (mm) (Cu) (Cc) 

Sand 80.59 D60= 1 

D30= 0.58 
D10= 0.33 

 

 
3.03 

 

 
1.019 

Gravel 19.1 
Silt &Clay 0.31 

 

 
Fig. 1: Geometry of Dike Construction with Pilot Channel Location 

(Shaded Area) For E1. 

 

 
Fig. 2: Geometry of Dike Construction with Pilot Channel Location 

(Shaded Area) for E2. 

 

The upstream and downstream slopes dimensions are identical for 

both slopes under constant inflow discharges of 30L/min. The 

flume channel is supplied with water from Flow meter connected 

with the maximum pump discharge of Q= 70l/min. The sediment 

box is placed at the end of the flume channel to collect the eroded 

materials during overtopping test. The developments of the lateral 

and vertical breach channel as well as the distribution of water 

levels are recorded and analyzed through two digital cameras in-

stalled in front of the PVC flume channel and downstream slope, 

respectively as shown in Fig. 3. 

 

 

 

(A) 

 
 

(B) 

 
Fig. 3: Component Parts of Flume Channel: 1) Water Tank, 2) Discharge 
Pump, 3) Flowmeter, 4) Flume Channel, 5) Dike Construction, 6) Sedi-

ment Tank, 7, 8) Camera for: A) E1, B) E2. 

2.1. Tests procedures 

The sand embankment is prepared first by applying temperature 

heat of 105○C on the sand inside oven dry in order to exclude 

water content from soil particles (dry condition). The arrangement 

of soil inside flume is embedded gradually during dike construc-

tion. The soil is divided into three levels of 10 cm while each layer 

is compacted for accomplishing soil density of 1.8 g/cm3 for each 

one. The pilot channel is then cut inside dike crest and along the 

side of the PVC channel to initiate overtopping failure. A Constant 

inflow discharge of 30L/min is used for both slopes experiments 

while all other parameters are kept constant. The inflow discharge 

was added fast to attain steady state discharge before overtopping. 

The experiments started from the beginning of transient water 

flow above upstream slope, then crossed into the downstream 

slope through pilot channel. The determinations of dike erosion 

processes in vertical and horizontal directions as well as the distri-

bution of water levels are analyzed from photos of two digital 

cameras. The tests ended when most sediment materials eroded or 

when erosion process stabilizes.  

3. Results and discussion 

Fig.4 and fig.5 show the infiltration of water levels inside the dike 

for E1 and E2, respectively under the constant inflow of 30L/min, 

while infiltration water transmitted from the toe of the upstream 

slope until dike crest. The infiltration water is captured through 

using digital camera installed in front of the PVC flume channel. 

Although the development of breach channel is dependent on the 

changeable water level in the river, the constant inflow could be 

applied in practice use for simplicity. The constant inflow dis-

charges continued until the end of tests. The Y-axis represents the 

dike height plotted against the X-axis of horizontal dike length 

during certain times of transient water levels in seconds. The infil-

tration of water helps to increase volumetric water content and 

decrease soil suction inside soil particles at each time during over-

topping tests for E1 and E2. Consequently, the percentage of water 

content increases and a saturation process occurred faster for both 

tests. The vertical soil water pressure migrates the infiltrated water 

from particles of the lower tension zone into the soils of the high 
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tension zone in which speed and rise of water penetration are de-

pendent basically on soil permeability. As the infiltration process 

increases, the permeability of soil to water infiltration increases 

and thus a large amount of soil particles are filled up gradually 

with phreatic water level for the whole dike construction. For E1, 

the infiltration process is faster filled up the soil particles for E1 

than that for E2 in the toe and the middle of the upstream slope 

due to the easy water infiltration into dry soil through the inclina-

tion flat slope. The heights of water level are 3 cm and 2 cm at t 

=10 second for E1 and E2, respectively. The phreatic water level 

for E1 is reached the middle of the upstream dike slope at t= 200 

second while for E2 it is contacted at t= 220 seconds. The shear 

strength of soil starts to decrease gradually and thus the instability 

of dike slope and breach channel evolution occurred inside pilot 

channel and expanded in downstream and upstream slopes. 

 

 
Fig. 4: Water Flow Infiltration inside Dike for Slope of E1. 

 

 
Fig. 5: Water Flow Infiltration inside Dike for Slope of E2. 

 

Fig.6 and fig.7 show the distribution of vertical and horizontal 

water levels inside dike soil for E1 and E2, respectively. The ver-

tical water level is measured from the toe of upstream slope, at t= 

zero second, until a maximum value in dike crest. The horizontal 

water level is calculated from the beginning of entering water in 

upstream slope toe and through the horizontal distance of dike 

length till the maximum value in the toe of downstream slope. The 

horizontal water level is penetrated soil particles faster than verti-

cal levels for both slopes tests because the gravity reduces the 

raising of the vertical water level while soil voids in the horizontal 

level are located in the base of dike construction and thus elimi-

nate the effect of gravity. Consequently, more voids are saturated 

in the horizontal direction of dike length for both E1 and E2. The 

soil particles are distributed first in horizontal direction and then 

transferred up into particles in the vertical direction. For E1, the 

vertical and horizontal water levels in the beginning of water infil-

tration at t =1 minute are 6.9 and 23.5 cm, respectively, while in 

the middle of dike height, they are 16cm and 55cm at t= 3.33 

minutes, respectively. In the dike crest at t = 7.16 minutes, the 

vertical water level increased into 26.9 cm and the horizontal wa-

ter level climbed into 105 cm in the transition area between up-

stream and downstream slopes. The vertical water levels for E1 

and E2 are faster in the toe and the middle of the upstream slope 

due to the faster water saturation process in flat slope of E1 in 

which the vertical water levels for E1 and E2 are 2.7 and 1.7cm, 

respectively at t= 0.166 minutes. The differences between vertical 

levels for E1 and E2 are decreased gradually after t = 2 minutes in 

which both vertical levels are nearly identical at t =6 minutes as 

shown in fig.8 while The vertical water levels are 24.82 and 

24.8cm, respectively for E1 and E2 for the latter time. The perme-

ability of saturated voids to infiltration water is reduced due to the 

constant crest length and thus smallest dike volume near the dike 

crest for E1 and E2. At the dike crest, the vertical water level is 

contacted faster for E2 than that for E1 at t = 6.83 and 7.16 

minutes, respectively. This is due to flat slope of E1 that raising 

the vertical level faster in the toe of upstream slope and the middle 

of dike slope. The large horizontal distance of E1 delayed the 

rising of vertical water level, compared with E2, near dike crest 

due to the remaining non saturated voids in the transition area 

between upstream and downstream slopes and downstream slope, 

and thus decreased water velocity and turbulence. Contrarily, the 

horizontal water level is clearly faster in E1 than in E2 at t = 1 

minute as shown in fig. 9 with horizontal water levels of 23.5 and 

13.5 cm, respectively. Particles voids near the upstream slope are 

stiffer in E2 than those in E1 due to the steep slope of the previous 

slope and thus deaccelerate the horizontal water level. The steep 

slope of E2 reduces the easiest infiltration process because of the 

particle's position against gravity. 

 

 
Fig. 6: Distribution of Water Surface Levels for Slope of E1. 

 

 
Fig. 7: Distribution of Water Surface Levels for Slope of E2. 
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Fig. 8: Comparison Results between Vertical Water Levels for E1 and E2. 

 

 
Fig. 9: Comparison Results between Horizontal Water Levels for E1 and 

E2. 

 

Fig. 10 and fig.11 show dike breach profile of vertical erosion 

process for slopes of E1 and E2, respectively recorded with side 

camera. The vertical erosion for dike profile is plotted against the 

horizontal distance of the dike length of 175cm. The breach chan-

nel started during the water flow cross inside the pilot channel at 

t= zero second downward into downstream and upstream slopes. 

The processes of eroded materials for E1 and E2 are moved slow-

ly at t=10 seconds with small amount of sediments transported 

along the downstream dike crest as debris flow. At t=60 seconds, 

the erosion rate reached the middle of the downstream slope due 

to accelerate the breach flow over the lower part of downstream 

slope in which huge parts of the downstream slope collapsed. The 

breach channel is then enlarged in downstream and upstream 

slopes in latter seconds. Almost half of dike body is eroded due to 

horizontal and vertical erosion process in 120 and 100 seconds for 

E1 and E2, respectively, with huge increasing of the tailwater 

wedge of sediments eroded along the flume channel in which the 

sediment materials transported into sediment box. The enlarge-

ment of breach channel, extended in the upstream slope, is contin-

ued until the breach profile of dike became constant with negligi-

ble erosion process at t= 190 and 180 seconds for E1 and E2, re-

spectively. At these time periods, the height of dike crest is almost 

disappeared due to progression of water velocity. The final dike 

breach profile is similar for all dike slopes at the end of erosion. 

 

 
Fig. 10: Dike Breach Profile in Vertical Erosion Process of E1. 

 

 
Fig. 11: Dike Breach Profile in Vertical Erosion Process of E2. 

 

Fig. 12 shows the comparison reduction of dike height between 

dike slopes of E1 and E2 due to vertical erosion process inside the 

pilot channel. The slight reductions of dike heights in dike crest, at 

t=10 second, are 26.97 and 26.87 cm for E1 and E2, respectively, 

are occurring due to high material quantity and lower water ve-

locity. The downstream side slope failure is occurring distinctly at 

t= 40 second, due to the development of water content inside par-

ticles, while the dike crest heights decreased in 23.65 and 23.15 

cm for E1 and E2, respectively. The process of longitudinal breach 

channel for E2 is faster than for E1 in the middle and toe sections 

of the downstream slope due to the effect of a steep slope in which 

the dike heights are 13.5 and 12.5 cm for E1 and E2, respectively 

at t= 120 second due to increase water velocity above E2 higher 

than that for E1 and thus the energy slope is higher. The flow con-

dition in the dike crest is transitional and changed into supercriti-

cal flow in the downstream dike slope and thus the lateral erosion 

accelerate in the downstream direction faster for E2. During this 

flow condition, the soil shear strength is decreased and the vertical 

downstream slope is saturated enough to overcome the soil re-

sistance stress while material gradually eroded and transported 

along the toe of the downstream slope into sediment box. The rate 

of water velocity is decreased gradually in the end of erosion at 

t=190 and 180 seconds due to the continued reduction of dike 

height near the toe of the downstream slope in which the material 

eroded mechanism are stabilized with dike heights of 9.4 and 8.8 

cm for E1 and E2, respectively. 
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Fig. 12: Comparison Results of Lowering Dike Heights inside the Pilot 

Channel. 

 

For better understanding the behavior of dike soil erosion, 3D 

fully spatial tests are highlighted and recorded with a camera in 

front of downstream slope. Fig. 13 and fig. 14 represent the devel-

opment of lateral erosion process during overtopping tests for E1 

and E2, respectively. The reductions of dike width are plotted 

against the horizontal width distance of 50 cm for E1 and E2. The 

process of lateral erosion started with water crossing the pilot 

channel at t= zero second. The reductions of widths are less in the 

beginning of overtopping failure for both E1 and E2, while the 

main erosion process for this period is vertical erosion process due 

to the quickly saturation of dike crest layer below pilot channel. 

The noticeable reduction of dike width occurred at 30 and 10 sec-

onds for E1 and E2, respectively. At these moments, the toe of 

downstream slope is stable due to lower water velocity while the 

horizontal erosion occurred in dike crest. At t= 50 and 20 seconds, 

the dike width expanded laterally in the middle and toe of the 

downstream slope for E1 and E2, respectively. This is because of 

increasing shear stress and thus increasing the undermining of 

breach channel side slopes. The vertical dike slope is fully saturat-

ed in later seconds; consequently, huge amount of soil materials is 

collapsed and fall down into the bed flume channel. At the end of 

later erosion process at 190 and 180 seconds for E1 and E2, re-

spectively, the erosion rate inside dike was stabilized and the 

hourglass breach shape is formed due to negative pore water pres-

sure of soil. 

 

 
Fig. 13: Reduction of Dike Width Due to Lateral Erosion Process for E1. 

 

 
Fig. 14: Reduction of Dike Width Due to Lateral Erosion Process for E2. 

 

Fig. 15 shows the comparison reduction of dike width for E1 

compared with that for E2. The effect of dike slope in width re-

duction, during the early erosion process, is less visible in top and 

invisible in the middle and toe sections due to less turbulence and 

materials resistance in the dike crest at t= 10 seconds for E1 and 

E2 in which the dike widths are 3 and 4.19 cm, respectively. The 

toe and top sections are progressively saturated due to increase 

velocity and tractive shear stresses in downstream slope with no-

ticeable differences of dike widths of 3.04 and 7.42 cm at t= 20 

second for E1 and E2, respectively. Consequently, most of materi-

als collapsed into the breach channel center due to the steep slope 

of E2 while most of the transition area between upstream and 

downstream slopes and upstream slope are eroded at t= 70 second. 

The reduction dike widths are 12.54 and 21.66 cm for E1 and E2, 

respectively. The steep slope of E2 increases the velocity of 

breach flow over the downstream slope and thus accelerate the 

breach erosion compared with E1. Over the time, the erosion pro-

cess is decreased during continuous reduction of dike height due 

to decrease tractive shear stresses and energy head and thus, ero-

sion slows down at t=190 and 180 seconds with dike widths of 

19.38 and 27.29 cm for E1 and E2, respectively From all above 

figures, the lateral erosion process is faster in E2 than that in E1 

due to higher saturation process during overtopping tests, while 

for E1 the development of breach channel is slow due to flat slope, 

and thus collapses of materials are delayed. 

 

 
Fig. 15: Comparison Results of Reduction Dike Widths inside Pilot Chan-

nel. 

4. Conclusion 

This paper has discussed the infiltration of inflow water inside the 

dike construction as well as vertical and lateral erosion processes 

during spatial overtopping tests. The homogenous sand dikes are 

constructed inside flume channel under a constant inflow dis-

charge of 30L/min with the assistance of two digital cameras. The 

results indicated that horizontal water level is faster than the verti-

cal water level for both E1 and E2 due to resistance of gravity 

against water infiltration inside the particles. The vertical water 
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level is relatively close in the toe section for both dike tests and 

then possessively increased in the middle of the upstream slope for 

E1 higher than E2 while it is gradually deaccelerated for previous 

slope near dike crest due to large longitudinal dike length for E1. 

Both of lateral and vertical erosion processes in breach channel are 

faster in E2 than in E1 due to steepness slope. The reduction for 

dike height and width are non-noticeable near the dike crest for 

both E1 and E2 due to high soil density. During the evaluation of 

breach channel, the water velocity accelerated in the lower portion 

of downstream slope and thus collapsed of materials in down-

stream and upstream slopes occurred along the bottom of flume 

channel. The saturation process has taken longer period in E1 due 

to increase dike volume and thus delayed the process of dike ero-

sion at the end of overtopping tests. 
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