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Abstract - Piping is one of the main causes of the earth-fill dam failures. Most of the researchers realizing numerical analyses make
some simplified assumptions concerning the shape of the breach and the discharge of water flowing through the breach. The aim of this
study is to realize experiments to provide data needed to perform numerical analyses by making more realistic assumptions. The dam
having a height of 0.6 m, a bottom width of 2 m and a crest width of 0.20 mis built in a channel 1 m wide, 0.81 m high and 6.14 m long.
The evolution of the breach and the discharge through the breach resulting from piping due to seepage at the earth-fill dam bottom was
investigated experimentally. The evolution of the dam failure is recorded by six cameras located at different locations. The time-varied
of the breach areas at upstream and downstream sides are determined by applying the Gauss Area functions. The discharge of water
through the breach and average outflow velocity are determined by using the continuity equation.
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1. Introduction

Piping is one of main causes of earth-fill dam failures. Soil erosion in earth structures, particularly in earth dams and
levees, might occur through embankment, foundation or from embankment to foundation. This kind of erosion has phases:
a) initiation and continuation of erosion, b) progression to form a pipe, and c) formation of a breach [1]. The evolution of
breach resulting from piping is an important issue in experimental and numerical investigation concerning embankment dam
failure. The FP5 IMPACT (Investigation of Extreme Flood Process and Uncertainty) European project (2001-2004)
addressed the assessment and reduction of risks from extreme flooding caused by natural events or the failure of dams and
flood defence structures [2]. Research had been undertaken through a combination of laboratory physical modelling, field
data collection, field testing, theoretical studies and numerical simulations. There have been many studies about dam failures
especially because of overtopping in the literature, however since it is really difficult to observe erosion process and conduct
controlled experiments, there are not too much survey about dam failure due to piping [3]-[5]. Chen et al. [4] indicated that
between 1954 and 2018, 3541 dam breach accidents occurred and more than 30% of them was due to piping. Greco et al.
[6] simulated the evolution of a breach in an earth-dam by means of a two-dimensional depth-averaged (2DH) numerical
model, from both the conceptual and the numerical point of view. They also claimed that the strong unsteadiness of the
evolution for a dynamical description of the between flow and sediment, since they may be conveyed under non-equilibrium
conditions. Sharif et al. [3] constructed a dam 15 cm high in a laboratory flume by using a mixture of sand, silt, and clay
with different compaction rates and examined the changes in the depth, area, and volume of erosion during the piping
evaluation by utilizing an image processing technique. Most of the researchers realizing numerical analyses make some
simplified assumptions concerning shape of a breach and discharge of water flowing through the breach. Morris et al. [7]
revealed that instead of simplified approaches, more realistic approaches are required about the breach mechanism as well
as the breach geometry and flow through the breach. Zhu et al. [8] investigated experimentally the breaching of
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embankments. ASCE/EWRI Task Committee [9] made a publication about earthen embankment breaching (2011).
Froehlich [10] presented two nonlinear mathematical models to predict peak discharge. Wang et al. [11] proposed
empirical and semi-analytical models for predicting peak outflows caused by embankment dam failures. Ashraf et al.
[12] studied the breach parameters by using large scale physical modelling and statistical methods. Tian et al. [13]
investigated experimentally formation and evolution characteristics of dam breach and tailing flow from dam failure.
This study is a part of a project supported by the Scientific and Technological Research Council of Turkey. The

aim of this project is first to perform piping experiments on dam bodies and then evaluate the experimental findings by
using the software package PLAXIS-3D.

2. Experimental Procedure

Dam was built in a rectangular channel 1 m wide, 0.81 m high and 6.14 m long, as shown in Fig.1. Dam body has
a height of 0.6 m, a bottom width of 2 m and a crest width of 0.20 m. The slopes of the upstream and downstream sides
were equal to 1:1.5, as shown in Fig.1. Water circulates between the lower reservoir and the upper channel by means of
a pump. Before the construction of the dam, some common soil mechanics tests were carried out. The dam was

constructed by using a mixture consisting of 85 % sand and 15 % clay. The grain- size distribution of the mixture
obtained from wet sieve and hydrometer analysis is given in Fig.2.

Fig. 1: Experimental Setup
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Fig. 2: Grain size distribution of soil with 85% sand and 15% clay
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From Figure 2, some characteristic diameters were obtained as Dip= 0.006 mm, D3zs= 0.057 mm, Dso= 0.099 mm,
and Deo= 0.3 mm. The uniformity coefficient C, equals 54.5 and the curvature coefficient C.is equal to 1.9609.

The specific weight of the mixture was found to be as G; = 2.63, from the test ASTM D854 — 14.

The permeability of the mixture was found as k= 4.66x10** cm/s from the falling head permeability test.

From the direct shear test, it was found that the soil has a cohesion value of 15.33 kPa and an internal friction angle
of 33.93°.
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According to the consolidation test results, the compression index (C), recompression index (C,) and swelling index
(Cs) were found to be as 0.100, 0.009 and 0.007, respectively. The oedometric modulus of deformation (Eceq) Was obtained
obtained as 35714 kN/m2

In order to specify the water content, the standard proctor test (ASTM-698) was executed by applying 13 drops and the
the so obtained curve is plotted in Figure 3. The reason of applying reduced energy by 50% (13 drops instead of 25) was to
increase the probability of the piping occurrence. The maximum dry density and optimum water content were obtained as
Yarymax= 1.794 g/cm?® and wope = 12.5 %. The void ratio (e) was calculated as 0.469.
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Fig. 3: Dry density — water content relationship

In order to initiate piping resulting from the seepage at the bottom of the earth-fill dam, a layer of cross-section 5 cm by
5 cm was filled by rock salt along the dam axis. The other parts were constructed layer by layer. Each layer of 3.5 cm was
compacted so that its thickness becomes 2.5 cm by using Proctor Hammer and 46x92 cm? plate. The number of drops were
22. Some construction stages are given in Fig.4.

(a) (b) (©
Fig. 4: Some construction stages: (a) Filling the 5x5 weak layer by rock salt, (b) Compacting by Proctor Hammer, (c) After the
compaction of the second layer

The views corresponding to the finished shape of the dam body are given in Fig.5

= ' [\
(@) (b) (©)
Fig. 5: Views of the final shape of the earth-fill dam, from: (a) Upstream, (b) Downstream, (c) Left side
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The flow rate was measured by means of a magnetic flowmeter. The evolution of the dam failure was recorded by
cameras located at different locations. Water was pumped from the lower reservoir to upper channel. The water level
adjusted by means of an electromagnetic sensor so that the pump starts and stops when water depth in the channel was
m and 0.555 m, respectively.

3. Experimental Findings

Once the construction of the dam body was completed, water was supplied to the channel until the water depth
reached 55.5 cm. The seepage began after the dissolution of the rock salt. Nevertheless, the formation of the breach
occurred much more later. The arrival of the breach at upstream side took about ten days.

The developments of the breach which were recorded by the cameras located at downstream and upstream parts of
the dam are given in Fig. 6 and Fig.7, respectively.

@ G G

Fig. 6: The temporal development of the breach at downstream a) t=0 h, b) t=48 h, ¢) t=230 h
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Fig. 7: The temporal development of the breach at the upstream (a) t=0 h, (b) t=48 h, (c) 230 h

The temporal development of the breach at the downstream and upstream parts are given in Fig. 8 and Fig. 9, respectively.
The time t=0 corresponds to the time at which the breach appeared at upstream face.

@ | ) NG

Fig. 8: The temporal development of the breach at the downstream (a) t=0s, (b) t=5+s, (c) 15
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Fig.8 (continued): The temporal development of the breach at the downstream (d) 25 s, () 60's, (f) 315 s

(d) " ©)

Fig. 9: The temporal development of the breach at the upstream (a) t=0s, (b) t=5s, (c) 155, (d) 25, (e) 60 s, (f) 315 s

As seen from Fig. 10, until the arrival of the breach at upstream face, the measured seepage discharges were very low.
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Fig. 10: The seepage discharges when the breach didn’t reach the upstream face
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From the camera recordings, the water depths in the channel were obtained, and the upstream and downstream cameras
images were used to get the shape of the breach and calculate the changes in its geometry. Since the side camera recordings
were fish-eye, the videos were straightened using the Hitfilm-Express version 2021.1. Extra sensitive solutions were applied
to ensure that the image was completely flat. By using the Get data Graph Digitizer 2.26, the snapshots were scaled and the
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boundary coordinates of the breaches in the downstream and upstream sides were determined. The surface areas of the
breach were calculated by applying the Gauss Area functions.

The temporal variations of the breach areas at the upstream and downstream and time-dependent discharges through
breach, Qpeqcn, are shown in Fig.11.
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Fig. 11: a) The temporal variations of the breach surface area at downstream and upstream, b) discharges

The discharge of water through the breach was determined by using the continuity equation, as follows:
AS = (qump — Qpreacn) " At (1)

where Qpymyp is the flow rate delivered by the pump, Qpreqcn is the discharge through the breach, AS is the storage
in the channel during the time interval At.
The average velocity V of the flow through the breach was approximately calculated as follows:

V = Qpreacn/A (2)

where 4, denotes wetted area.

The temporal variations of the wetted breach areas at the upstream and downstream and corresponding water depths
h(t) in the channel are given in Fig.12.
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Fig.12: a) The temporal variations of the wetted area, b) Corresponding water depths in the channel

The so obtained time-varied velocities are plotted in Fig.13.
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Fig.13: Time-varied average velocity through the breach at; a) Upstream, b) Downstream

4. Conclusion and Discussion

In this study, time-varied evolution of the breach resulting from the piping at the bottom of earth-fill dam was
investigated experimentally. Recordings taken in high resolution were flattened using the Hit-film Express 2021.1. The
discharges through the breach at corresponding different time intervals were calculated using the continuity equation. The
boundary coordinates of the breach surface areas and wet areas of the breach were obtained using the Get-Data Graph
Digitizer, and the areas at each time were calculated by applying the Gauss-area function of these obtained coordinates. The
velocity values through the breach areas at corresponding time interval were also calculated. During the experiment, it was
observed that the breach started on the downstream side and developed toward the upstream side. The maximum discharge
through the breach was calculated as Qoreach = 37. 4 L/s at t = 26 s. The breach surface area of the upstream was recorded a
maximum level of As=2498.7 cm? at t=320 s, while downstream Agown= 995.99 cm? at t=40 s and remained unchanged
afterwards. Maximum wetted area was found to be Awetied-ups= 530.18 cm? at t= 26 s and Auwetted-downs=480.89 cm? at t = 40 s,
respectively. The maximum velocity values through the breach were calculated as Vus=124.85 cm/s at t= 6 s and Vgown=
80.86 cm/s at t = 26 s. The pump was turned off at t=315 s, and the experiment was terminated.

In addition to the experimental studies, the numerical analysis also continues to be performed by using the software
PLAXIS-3D. It is also aimed to give comments of these experimental findings in the light of the numerical analysis results
during the oral presentation.
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