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Abstract 

Seepage flow velocities are a key parameter to assess the risk of internal erosion in embankment hydraulic 

structures, such as embankment dams, canal embankments or levees. Accurate orders of magnitude of these 

seepage flow velocities are difficult to assess via conventional monitoring technologies or numerical 

modelling. EDF and geophyConsult have developed for 15 years an innovative technology of seepage 

detection using optical fiber distributed temperature measurements. This technology has already 

demonstrated its capability to locate seepages through embankment hydraulic structures using passive 

temperature measurements without any constraint of the optical fiber cable location with respect to the 

ground water table elevation. The next step was to use this technology to quantify the seepage flow velocities 

after having located them. A specific numerical modelling and analysis of optical fiber temperature data was 

developed and applied to a canal embankment experiencing seepage. After having presented the main 

geometrical and geotechnical characteristics of this canal embankment and its foundation, this paper presents 

the optical fiber monitoring installation. Then, the hydraulic behaviour of this canal embankment is 

discussed, based on visual inspections and piezo metric measurements. In its third part, this paper presents 

the optical fiber temperature measurement analysis, allowing seepage location detection and seepage 

velocity quantification. This innovative technology still needs to be tested and implemented on other case 

studies but it has already shown a promising potential to significantly improve internal erosion assessment 

from monitoring data. 

Keywords: embankment dams, monitoring, seepage flows, temperature measurements, optical fiber. 

 

  

1. INTRODUCTION 
  

Seepage flow velocities are a key parameter to assess the risk of internal erosion in embankment 

hydraulic structures, such as embankment dams, canal embankments or levees. Accurate orders of magnitude of 

these seepage flow velocities are difficult to assess via conventional monitoring technologies or numerical 

modelling. EDF and geophyConsult have developed for 15 years an innovative technology of seepage detection 

using optical fiber distributed temperature measurements. This technology has already demonstrated its capability 

to locate seepages through embankment hydraulic structures using passive temperature measurements without 

any constraint of the optical fiber cable location with respect to the ground water table elevation ([1], [2], [3], [4], 

[5], [6]). The next step was to use this technology to quantify the seepage flow velocities after having located 

them. A specific numerical modelling and analysis of optical fiber temperature data was developed and has been 

applied to an 800m-long portion of a canal embankment where seepages occurred at the downstream toe.  

After having presented the main geometrical and geotechnical characteristics of this canal embankment 

and its foundation, this paper presents the optical fiber monitoring installation. Then, the hydraulic behaviour of 

this canal embankment is discussed, based on visual inspections and piezo metric measurements. In its third part, 

this paper presents the optical fiber temperature measurement analysis, allowing seepage location detection and 

seepage velocity quantification.  

mailto:Jean-robert.courivaud@edf.fr


Long-Term Behaviour and Environmentally Friendly Rehabilitation Technologies of Dams (LTBD 2017) DOI:10.3217/978-3-85125-564-5-001 

 

12 

 

2. CANAL EMBANKMENT DESCRIPTION 
 

The 15-km long canal embankment of interest is located on the right bank of the intake channel of an 

EDF’s hydraulic power plant located in the South-East of France. Figure 1shows a view of this canal from the top 

of the embankment. 

 

 
 

Figure 1 : View of the canal embankment 
 

The embankment’s height above natural ground varies until 15m. Dam crest is 9m wide, downstream 

and upstream slopes are 3H/1V. The foundation is made of silty sandy alluviums. The embankment body includes 

a watertight upstream fill made of clay, sand and lime. The central and downstream part of the embankment body 

are made of sandy gravels. In some parts of the embankment, diaphragm walls have been realized from the crest 

to the upper part of the foundation (Fig. 2). However, this canal embankment which was originally built in the 

years 1890’ has suffered for decades of seepages and low kinetics types of internal erosion (suffusion and contact 

erosion).  
 

 

 
Figure 2: Cross section of the canal embankment before its rehabilitation 3 

 
As this canal embankment is located in a high-density urban area where a breach due to internal erosion 

is a major safety issue, rehabilitation works have been carried out in 2014, following a safety assessment study. 

These works included the realization of a continuous diaphragm wall from the embankment crest to the upper part 

of the foundation and the rehabilitation of the drainage at the downstream toe of the embankment. The 

rehabilitation of the drainage included the recalibration and reinforcement of the existing drainage channel in 

addition to the realization of a new drainage ditch at the downstream toe of the embankment, in order to improve 

the resistance of the embankment against internal erosion and to enhance seepage monitoring. Taking advantage 

of the undergoing construction, optical cables were installed during the works of the new drainage ditch and the 

existing drainage channel (Fig. 3). The goal of this fiber optic monitoring system is to monitor the spatial 

distribution of seepages and to quantify the seepage flow velocities.  
 



Long-Term Behaviour and Environmentally Friendly Rehabilitation Technologies of Dams (LTBD 2017) DOI:10.3217/978-3-85125-564-5-001 

 

13 

 

 
 

Figure 3: 3D view of the canal embankment after its rehabilitation 
 

The monitoring system of this canal embankment includes piezometers which are located along the crest, 

behind the cut-off wall and along the berm between the downstream toe of the embankment and the drainage 

channel, flow weirs which measure drainage flows at drainage exits and optical fiber distributed temperature 

measurements located along the drainage ditch and channel.  

The main potential failure mode of this embankment identified by the safety assessment study is contact 

erosion in the upper and lower part of the silty-sand layer associated with a defect in the cut-off wall. Through 

thermo-hydraulics modelling of seepages induced by this physical process, it was concluded that two optical fiber 

cables parallel to the embankment were needed to detect it. The first cable is located at the base of the draining 

ditch, just above the draining trench. The draining ditch is located at the base of the downstream slope. Flow from 

seepages, if any, is drained into the trench and then routes through the outlets along the berm to end up in the 

drainage channel. Some outlets are equipped with water flow sensors. The second cable is located parallel to the 

drainage channel, which is roughly 20 meters from the toe of the downstream slope.  

These two optical fiber cables are connected to the optoelectronic instrument, configured for hourly data 

acquisition. Distributed temperature is computed using Raman spectra method.  

Despite these rehabilitation works, seepages were observed along the downstream toe of the canal 

embankment during visual inspections performed during fall 2015 on an 800m-long section. In order to better 

understand the physical processes through a characterization of this seepage, an analysis of the optical fiber 

temperature measurements has been performed with the goals to quantify this seepage.  
In this section of the embankment, the core is composed of different gravelly and silty-sand soils. A 1-

meter-tall layer of silty-sand supports the core. The foundations are composed of sandy-silty-gravel (see Fig. 3).  

 

3. EMBANKMENT HYDRAULIC BEHAVIOUR 
  

To study the consistency of the optical fiber data processing results, conventional monitoring conclusion 

is previously presented. Visual inspection, piezometer and flow discharge data, as part of the conventional 

monitoring, give an insight of the embankment’s hydraulic behaviour in this specific section.  

First of all, during the optical fiber installation works in 2014, a 600-meter long area of saturated soil 

with the presence of very slight seepages has been highlighted during excavation of the draining ditch between 

locations KP (Kilometric Point) 9.5 and KP 10.1. Figure 3 is a picture of the draining ditch being excavated. A 

high water table level was also identified during drainage channel works in this area.  
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Figure 4: Picture of the draining ditch being excavated during works in 2014 (left 

picture), observation of humid soil (right picture). 
 

During standard operation of the canal, a visual inspection is carried out along the whole embankment 

on a 15-day basis. During visual inspections in 2016 and 2017, areas of humid soil at the toe of the downstream 

slope around locations KP9.5 and 9.7 and a 180-meter wide area of high water level on the side of the drainage 

channel were identified.  

The piezometers along the embankment, during the period from 2014 to 2015, are extremely stable in 

the area of interest and further with a standard deviation of about 20 cm. Figure 5 shows a piezo metric profile at 

location KP 9.670 compiled with a 2-year dataset. Maximum, minimum and average piezo metric levels are 

displayed in the French national reference unit. 5  

 
 

Figure 5: Piezo metric profile at KP 9.670. mNGF unit refers to the topographic level in 

the French national reference. 
 

At location KP 9.670, the piezo metric profile shows that the optical fiber is located around 30 cm above 

the highest water line. At location KP 9.940, the water level is slightly above the level of the optical fiber, 

submerging it.  

The draining ditch is composed of two drainage sub-sections as shown in Figure 6. The first sub-section 

drains the draining ditch from location KP 9.46 to 9.7 with an outlet located at KP 9.58. The average water 

discharge over the years 2015 and 2016 was 220 L.min-1 with a maximum up to 400 L.min-1. The second sub-

section spans from KP 9.7 to KP 10.1 with a non-monitored outlet located at KP 9.7. The visual inspection of 

March 2017 gave an estimated discharge of about 100 L.min-1.  
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Figure 6: 3D view of the drainage slopes and outlets layout 
 

The conventional monitoring concluded that the water table is generally high, as described by piezo 

metric data and visual inspections. At KP 9.94, the water level was higher than the location of the optical fiber. 

The non-zero water discharge at the outlets showed that a flow ran in the draining trench and gave an insight on 

the potential presence of seepage in the area of interest. The conventional results are summarized in Table 1. 6  

 

 
Table 1: Summary of the conventional monitoring results in the area of interest. 

 

4. SEEPAGE FLOW VELOCITY QUANTIFICATION METHOD 
 

The seepage flow velocity quantification method is a physically-based seepage detection method 

analyzing at each measurement point the optical fiber temperature measurements, using:  

● A 1D energy numerical model to compute the temperature induced only by thermal advection as energy 

transportation process from the water in the canal to the location of the optical fiber. The water temperature and 

the distance between the canal and the optical fiber are the inputs of the computation. The model calculates the 

seepage flow velocity in order to optimize the modelled temperature with the temperature measured by the optical 

fiber.  

● A 1D energy numerical model to compute the temperature induced only by thermal conduction as 

energy transportation process from the ground surface to the depth of the optical fiber. The air temperature and 

the optical fiber depth are the inputs of the computation. The model estimates the thermal parameters of the soil 

so that the computed temperature fits best with the measured optical fiber temperature.  

An offset and a ratio correction are allowed as means to take into account the limitations of the models, such as 

the absence of solar radiative flux, the non-coupling of water and air effect, 2D or 3D problems, water and air 

temperature measured potentially far away from onsite location…etc.  

These two temperature numerical models are compared together in terms of their performance to 

reproduce the measured optical fiber temperatures. When the air-based model gets less convincing, and the water-

based model becomes better, a seepage flow from the canal is likely to exist. Figure 7 presents the example of a 

post-processing graph. 
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Figure 7: Temperature difference between the water-based model and the optic fiber 

temperature (blue line) and between the air-based model and the optic fiber data (green line) 

 

This graph shows the average temperature difference between numerical results and measured 

temperatures, along the position of the optical fiber cable. Between KP 9.7 and 9.9, the average temperature 

difference between water-based model and measured temperature drops whereas the air-based model tends to 

divert from the measured temperature. This area is highlighted as a potential area of seepage.  

Between KP 9.7 and KP 9.9, the water-based model fits the measured temperature with a seepage flow velocity 

of about 5.10-5 m.s-1 over a span of about 150 meters. Figure 8 shows the time evolution of the water-based model 

at PK 9.797 at the center of the area highlighted.  

 

 

Figure 8: Air-based and water-based model temperature evolutions at PK 9.797 

compared to optical fiber temperature evolution. 
 

The seepage flow rate can be estimated from the width of the detected leaking area, from the estimation 

of the flow velocity and assuming a height of the seepage path in the dyke. If a 0.2 to 2-meter average height is 

assumed for the seepage, a total flow rate between 100 L.min-1 and 900 L.min-1 is calculated. This result is 

consistent with the estimated water discharge at the outlet 1 (100 L.min-1). The monitoring of the water discharge 

at the outlet 1 would give better confidence in this comparison.  

 The seepage flow velocity quantification method detected an area of temperature disturbance, explained 

by the presence of seepage around KP 9.7 and 9.9 consistent with the conventional measurements. The analysis 

of the optical fiber temperature measurements gathered between KP 9.4 and 9.7, where a significant flow-rate is 

also collected from the drainage ditch is currently in progress. 

 

5. CONCLUSIONS 
 

A new method of quantification of seepage flow velocities by optical fiber temperature measurements 

has been used on a real case of seepage on a canal embankment operated by EDF. This method doesn’t require to 

heat the optical fiber nor to locate the optical fiber cable below the water table. Being able to provide seepage 

flow velocities every one meter all along the embankment downstream toe, this method enables to envisage at 

short term to assess automatically in real time and at low cost the risk of internal erosion along canal embankments 

or levees for flood protection. This method is currently tested with data from other embankments in order to 

characterize properly its domain of use.  
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3.4 CHEMICAL DRILLING 

 
In this method, the use of chemical action of explosive in explosion Be used in drilling classes. This 

method is usually used of two types of spending. 

 1) Cylinder that makes spending are digging cylinder hole. 

 2) Spend hole is the increased diameter of the hole. 

 

3.5. ELECTRICAL DRILLING 

 
In this method, with electrical production type or traits or spark drilling operations, done in stone In some 

of these methods, despite high temperatures, because of the call time short of being electric, the stone does not 

melt, but other methods are due to the high temperature and long time contact with the surface of the stone electric, 

after melting the surface of the stone, stone breaks. 

 

3.6. LASER DRILLING 

 
Electromagnetic radiation can be used with laser rays to be traits of production. This type of radiation is 

Be used for evaporation, or melting of rocks, creating fractures in rocks and digging hole. With strong waves 

phosphorous infrared thermometer can be used to surface traits, causing evaporation and melting the surface of 

the stone, and the stone fractures around the melting range. The function of the radius of the areas heavily depends 

on the laser radiation power. 

 

4. DRILLING CATEGORY WITH FLUIDS 
 

4.1. AIR FLOW 

 
To dig in the ground such loose and soft can be from the air as drilling fluid. the only course to a depth 

of 300 meters can be benefited from this method because for the depths of most existing equipment cannot be 

used with the air volume required for the preparation of the cutting exit. 

 

4.2. OIL BASE FLUID 

 
The use of fluid with base oil which contains Automotive, petroleum and mining are to dig in the ground 

of salt rooms and the possibility of a dissolution of the clay and the Borehole it would, especially in the depths of 

the most high-temperature effect on clay may be used, these hydrated. so looking for a substitute fluid which does 

not react with clay and lowest effect on other samples can be used instead of the oil, the water that The lowest 

hand corrosion formation. One of the other benefits it resistance against salt pollution, chalk and acid gases CO2 

and H2S can be. Of course, the cost of the above it should also be considered and only in special cases and sensitive 

use. In addition to the cost of maintenance and the cost of disposal of waste transportation is also high. It is 

therefore in terms of environmental and pollution that are in use, except for special cases It is not recommended 

and is prohibited. 

 

4.3. WATER-BASE FLUID 

 
Water-base drilling fluid more broadly than oil and gas. Construction and keeping it comfortable and 

simply can be low or high additive compounds it. For example, during the excavation until the Borehole in the 

sand Stone Data on the water before it is completely on the drilling, but in some parts of the limestone that as soon 

as the water reaches the full face excavation could not be found and in some other parts of the Red reverse in 

water There are caustic cavities of that with filling by Some clay minerals (Mansouri & Ghadiri & 2012). 

 

5. DRILLING IN ALLUVIUM 
 

For the land in the section of alluvial clay which consists of alluvium and is to be no investment casing 

up to 20 meters of drilling, but also because of the high risk are advised to be walled pipes or bentonite used. But 

in the weakening of alluvium, coarse grain zone penalties crushed stone for each meter of drilling requires the 

casing investment and for each 50 cm and less need to steer the casing in zone and casing be relevant. 
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5.1. DETERMINE THE PRESSURE DROP IN THE RODS 

 
One of the issues which in drilling It is considered a deep calculation of pressure loss within the steel 

drilling rod. For this purpose, can be used with the graph of figure (1) the amount of pressure drop calculation for 

rods (Amoco). 

For example: 

d=19mm, q=150l/m, dp =1 Mpa 

d=19mm, q=1.5l/m, dp =10-4 Mpa 

If the diameter of the rods 19 mm for pressure drop on the 150 l/min flow equivalent to 1 MPa in the 

length of 10 meters and we so rod If Discharge is to reach the pressure drop 1.5 liters per minute for a length of 

10 meters from the rods arrives to 0.1 Kpa. 

 

 
Figure 1: Determine The drop of pressure in rods (Amoco, 1994), (rods of metal and for 

length 10 m in comments taken made); 1-drop the pressure, dp (in MPa), 2-viscosity 

stream, υ (Cm/S), 3-Discharge, Q (l/min), 4-diameter of pipe, D (mm, in) 
 

6. THE BOREHOLE DEEP ALLUVIAL SYSTEMS:  
 

In some areas the thickness of the layer Of the more than 300 meters of alluvial perhaps time. for drilling 

on this earth can be the method of casing telescopic investments. The best method of drilling to the total length of 

the dividing sections of 50 meters. This case up to a depth of 50 meters with two sizes of drilling core samples 

taken, placed in the sample box and the required tests during the Borehole. Is done Of course, during the 

excavation to prevent Borehole parapet loss of drilling mud (bentonite + water) or the casing will use investment. 

If testing of the penetration the use of drilling mud is prohibited and can only be of the casing investments. After 

completing the 50 meters high and rods all casing from borehole has to continue excavation work out with the 

initial drilling diameter stabilizer along with drilling mud from the point 0 to 50 yards, where small size is to start 

and to the end of the Borehole will continue. So it's casing (a casing size) to a depth of 50 meters can be laid, and 

the Borehole thumbs up is given, the Borehole had to start drilling next 50 meters. This process has any value in 

coring the depths of the Borehole can be continued. 

The role of stabilizer in the prevention of the diversion of Borehole here. it is also to prevent too much 

rods thong in the depths can be used spacers spacers depreciation in casing Working efficiency, and to prevent 

the waste of energy in the direction of increased engine power, and to completely pass the boring head. the process 

of drilling the Borehole of deep alluvial briefly can be divided into several stages: 

1. drilling to a depth of 151 possible size (30-40 m), sampling and do the necessary tests and casing.  

2. continue drilling to a depth of 50 meters with 127 size, sampling and do the necessary tests and casing Widget  

3. send out rods and casing Of Borehole and Borehole within the rim by 151 stabilizers, along with drilling mud 

to a depth of 50 meters. 

4. install the casing to a depth of 50 meters inside the Borehole 146 by tension wire. 
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5. wash the Borehole and Borehole for preparing drilling 50 meters. 

6. continue the process of working with a smaller size, such as the steps one to five and repeat these steps to 

achieve the desired depth. 

 

7. BOREHOLE MANAGEMENT 
 

Here are the questions before starting to dig the Borehole should be investigated. the answer to this 

question Can choose the appropriate size and performance management system for solid particles and help us 

(Growcock, 2005). 

1-What are the parameters of the well? 

2- Where do you dig? 

3What is the purpose of drilling? 

4-What formations and geological effects expected? 

5-well what is a teepee? (Straight, angled, horizontally)? 

6-What is the foreseeable problems? 

As well as the depth of underground water must be drilled in the location of the Borehole. 

 

8. EQUIPMENT NEEDED FOR DRILLING 
 

In addition to the drilling device and injection pump, most major equipment for the start of the drilling 

operation and the infusion is necessary to be prepared as follows: casing, drill heads, drilling rod, and water pump, 

dredge pump drilling mud, a strong pressure hose and push the breaker. 

 

9. DISCUSSION AND CONCLUSIONS 
 

At the end of the major issues that has arisen for the drilling operation may come and hole longing and 

it is necessary that the Geotechnical Engineer is aware of it has been brought to the summary. 

 

9.1. DRILLING ISSUES 

 
1-What is the expected final depth? 

2-Where and what places the necessary investment of casing? (The amount of the required size and how much) 

3- Do chisel specified parameters? (Borehole size, type of drill, drilling speed, speed penetration) 

4-What kind of drilling mud used to? 

5- The amount of solid material density inside the well tolerance how much will it be? 

6- What is the ratio of a stream is designed? 

7- What to cutting Borehole of nazel intended? 

8- What other demands of the flowers is considered? (The weight of the flowers, the point of surrender, stability, 

viscosity, electric) 

 

9.2. ABILITY TO THE EQUIPMENT 

 
1- What kind of particle size Can be shipped? 

2- What kind of equipment to the location of the cutting Suggested? 

3- Is this equipment available? Where and who? 

4- Weight and dimension of this equipment is how much? 

5- The process of preparation of the equipment can be done how fast? 

6- What is the efficiency of this equipment cannot be prospect? 

7- How much drilling mud may be lost (go to waste)? (At ground level or within the well)? 

8- What is the required fuel or power? 

9- What are the experiences in this geographical area have already obtained? (The seller or the number of 

equipment units or branches) 

10- The duration of a break machines? 

11- Safety certificate vendors? 

12- The degree of safety of the equipment, to what extent? 

13- Safety and health plan is available? 

14- The volume of what any well required? 
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12-3-mast design, equipment and its utility 

What kind of pillar is selected? 

How to install equipment? 

Do not install correctly? 

What repairs will be needed? 

Do the layout and order the correct tanks do? 

What does the conversion need to be corrected? 

Do I need to add repositories or plumbing is required? 

How section (Coupe divider) clean? 

Where the mud volcano (mud gun) Take place? 

Placement flower suction Volcano? 

What is the size of the centrifugal pump which is available? 

How to mix sucked and stirred added and check? 

For each point of the Borehole for the preparation of the drilling mud on Earth spend time how long? 

What are the changes and reforms is needed? 

Do you have the desired space for modification and changes in the hands of clay? 

What is the source of the force which is available? 

 

9.4. LOGISTICS 

 
1- The location of the project? 

2- Building facilities, logistics and warehouse? 

3- How many staffing needs? 

4- Do they all over the place and need food? 

5- The need for protection of the equipment is intended for people who have considered or available? 

 

9.5. ENVIRONMENTAL EFFECTS 

 
1- Do you cutting can be buried in the soil or that they will be empty without being a threat to the environment? 

2- What are the functions of contraption for this case there? 

3- When cutting they are clean; what decision have? 

4- What to test Where should the need for analytical? 

5. What period of time is required to determine their cleanliness? 

For a special topic and that are: 

1-There is a site on the inside or outside of the site? 

2. What equipment is needed, which should be added? Where section? 

3- What type of fuel and the necessary accommodations? 

4-do in terms of climate change there are limitations? 

5-What is the necessary permissions? 

6-who is responsible to provide them? 

 

9.6. ECONOMIC DIMENSION 

 
1. The value of each barrel drilling mud? 

2- Which is more expensive, solid or liquid? 

3. To obtain the value and price of the equipment require what should we do? 

4. The cost of the installation and what is reform? 

5- The value of the prices and availability and how much is being important? 

6- How much to save for it is intended? 
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Abstract 

In this study, a numerical model is put forward to simulate the Banqiao reservoir dam breaching. Based on the 

breaching process records, a numerical model is put forward. In this model, two different erosion formulas are 

utilized to simulate the erosion process of dam shell and core materials, respectively; a mechanical equilibrium 

equation is adopted to simulate the shear failure of clay core; meanwhile, broad-crested weir formula is adopted 

to calculate breach flow discharge, the limit equilibrium method is utilized to analyze the stability of breach 

slope as well. In addition, according to the real situation, the model considers dam base erosion. Based on the 

surveyed records, the calculated results of the proposed model are in accordance with the measured data. 

Keywords: Banqiao reservoir, overtopping, clay core dam, numerical model. 

 

 

1. INTRODUCTION 
 

Based on the Bulletin of First National Census for Water [1], by the end of 2011, there is 98002 reservoir 

dams in China; on the contrast, according to the statistical data of Dam Safety Management Center of the Ministry 

of Water Resources, P. R. China [2], from 1954 to 2014, there have been 3530 dam breach accidents happened in 

China. According to the statistics, the dam breach accidents of overtopping failure occupy over 50% of the total 

number. In August 1975, the clay core dam with a height of 24.5 m of Banqiao reservoir was failed due to 

overtopping flow, the dam breached resulting in catastrophic downstream flooding and over 26000 fatalities [3]. 

In order to evaluate the consequence of the core dam breaching, the mechanism of clay core dam breach due to 

overtopping failure requires in-depth research, as well as the mathematical model which can reasonably simulate 

the breach process. 

As we know, for the homogeneous dam overtopping failure, numerous tests of different scales are carried 

out, an array of numerical models are put forward [4]. When it comes to core dam overtopping failure, owing to 

the complexity of the model test, only the IMPACT Project [5] and NHRI [6] held a large scale model test of 

moraine core rockfill dam with a height of 6.0 m and centrifugal model tests of clay core rockfill dam with a 

height of 16.0 m, respectively (see Figures 1 and 2). 

 

    

Figure 1. Large scale model test of moraine core rockfill dam due to overtopping failure 

 

   

Figure 2. Centrifugal model test of clay core rockfill dam due to overtopping failure 
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The model tests show that the overtopping flow first erodes the downstream dam shell. With the 

increasing erosion of the downstream dam shell, the downstream side of the core is gradually exposed and hollow. 

Under the co-action of the upstream water and soil pressures, shear failure occurs in the core. With the decrease 

of water head, the discharge through the breach gradually fall to zero. 

Since 1980s, according to the soil erosion tests, some mathematical model for core dam breaching are 

put forward. Among these models, NWS BREACH model [7], HR BREACH model [8, 9], DLBreach model [10], 

and NHRI-CCOB model [6] are the representatives. 

It is worth mentioning that the subbase erosion of the dam is not considered in the core dam breaching 

model tests at home and abroad. Figure 3 shows the final breach of the Banqiao reservoir dam, owing to the 

erodible base and large reservoir storage and relative small dam height, the base erosion depth is 5.04 m (see 

Figure 4(a)). Meanwhile, a scour hole which has a depth of 11.0 m is formed downstream, then the hole is filled 

with reservoir deposit (see Figure 4(b)). In order to simulate the clay core dam breaching process of Banqiao 

reservoir, a mathematical model is put forward, the technical details are described in the following sections. 

 

 

Figure 3. Final breach of Banqiao reservoir dam 

 

 

   
(a) vertical section                                        (b) cross section 

Figure 4. Breach sections of Banqiao reservoir 
 

2. BREACHING PROCESS OF BANQIAO CLAY CORE DAM 
 

Banqiao reservoir has a maximum storage of 4.92×108 m3, and a maximum dam height of 24.5 m as well. 

The length of the dam is 2020 m, and the crest width is 6 m. The dam crest and the wave wall elevations are 

116.34 m and 117.64 m, respectively. 

In August 1975, a heavy storm occurs in Henan. When it comes to Banqiao reservoir, there are two 

inflow process, the first inflow occurs during 14:00 August 5th to 2:00 August 6th, and the peak inflow is 7500 

m3/s; the second inflow occurs during 12:00 August 7th to 8:00 August 8th, and the peak inflow is 13000 m3/s 

(see Figure 5). 
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Figure 5. Inflow and water level variation of Banqiao reservoir during “75.8” flood 

 

3. NUMERICAL MODEL FOR BANQIAO CLAY CORE DAM BREACHING PROCESS 
 

In this section, a numerical model is proposed to simulate the breaching process of Banqiao clay core 

dam. Based on the model tests, the breach mechanism of clay core dam due to overtopping failure is revealed. 

The breach is divided into two reaches at the early stage before the clay core is exposed (see Figure 6, ①-②). 

Once the core is exposed, the breach is divided into three reaches (see Figure 6, ③-⑥); then, the clay core may 

fail due to significant erosion in the lower shoulder reach. After the core failure, the breach is divided into two 

reaches again (see Figure 6, ⑦-⑨). After the remaining material in the breach is washed out and the non-erodible 

foundation is exposed, the breach can still widen until the headwater is depleted or the tailwater is raised. 

 

 
Figure 6. The breaching process of clay core dam due to overtopping failure 

 

Based on the mechanism of dam breach process described above, a numerical model is put forward for 

clay core dam breach due to overtopping failure. The technical details are described as follows. 

The water balance in the reservoir can be described by: 

s
s in b spill sluice

dzdV
A Q Q Q Q

dt dt
                                                                                                                (1) 

Where V=volume of water in the reservoir; t=time; As=surface area of reservoir; zs=water surface elevation; 

Qin=inflow discharge; Qb=breach flow; Qspill=flow through spillways; and Qsluice=flow through sluice gates. 

The reservoir geometric characteristics are represented by the surface area and water depth curve, zs(h). 

The curve is usually given as pair values of surface area and water depth in the reservoir. 

The overtopping flow at the breach is estimated using the broad-crested weir equation: 

 1.5 2.5

1 2b smQ k c bh c mh                                                                                                                               (2) 

Where b=bottom width of the breach; h=zs-zb, zb=elevation of breach bottom; m=side slope (horizontal/vertical) 

of the breach; c1=1.7, c2=1.3 [11]; and ksm=submergence correction for tailwater effects on weir outflow. ksm is 

determined with the empirical relationship [11, 12]. 

Two erosion formula are utilized to deal with the erosion of dam shell material and clay core material, 

respectively.  

For the dam shell material, it is assumed to be a noncohesive material and the erosion is calculated using 

the following formula which is put forward based on the steep channel model tests [6]: 
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Where Qs=erosion volume; d90=particle size for which 90 percent is finer by weight; d30=particle size for which 

30 percent is finer by weight; Bb=width of breach bottom; θ=downstream slope angle; v*=friction velocity; vb=flow 

velocity at breach bottom; vc=incipient velocity of dam material; γd= specific gravity of soil, in this paper, it is 

assumed to be 2.65×9.8kN/m3; and γw=specific gravity of water, in this paper, it is assumed to be 9.8kN/m3. 

The erosion rate of dam shell material can be calculated as follows: 

 1 b sdV dQ
p

dt dt
                                                                                                                                          (4) 

Where pʹ=porosity of dam shell material; and dVb/dt=erosion rate of dam shell material. 

It is assumed that the breach slope angle is equal to the internal friction angle, the relationship between 

horizontal expansion and vertical undercutting is determined by (see Figure 7): 

1oc

1sin

bn z
b




                                                                                                                                                  (5) 

Where Δb=horizontal expansion value at each time step; Δzb=vertical undercutting value at each time step; 

nloc=indicator of breach location (nloc=1 for one-sided breach and 2 for breach located at the middle of dam length); 

and φ1=internal friction of dam shell material. 

 

 
Figure 7. Breach development of dam shell 

 

When it comes to the clay core, the erosion at the breach top flat section is computed using the following 

excess shear detachment rate relation [13]: 

 d e c

dz
k

dt
                                                                                                                                         (6) 

Where dz/dt=erosion rate; kd=erosion coefficient; τe=bed shear stress; and τc=critical stress required to initiate 

detachment for the material determined using Shields diagram. 

The coefficient kd usually needs to be measured [14-16] or utilizes the empirical formula [17]: 
3.1

0.4065.66
exp 0.121 %w d
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d w
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    
   

                                                                                                   (7) 

Where c%=clay ratio. 

The bed shear stress is determined by using the Manning equation: 
2 2

1

2 3

w b
e

gn Q

A R


                                                                                                                                               (8) 

Where ρw=water density; A=flow area; R=hydraulic radius. The Manning's n is relate to sediment median size d50 

(m) by: 
1

6
50

n

d
n

A
                                                                                                                                                        (9) 

Where An is an empirical coefficient. In this model, An=12 for the field cases [10]. 
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The width change of the breach can be assumed as follows: 

1oc bb n z                                                                                                                                                 (10) 

With the erosion of dam shell and clay core, the downstream side of the core is gradually exposed and 

hollow. Under the co-action of the upstream water and soil pressures, shear failure occurs in the core (see Figure 

8(a)). The stress state of the failure clay core is shown in Figure 8(b). 

 

 
Figure 8. Shear failure of clay core 

 

As shown in Fig. 9, the critical condition of clay core failure can be expressed as: 

a w sb ss cb csF F F F FF                                                                                                                     (11) 

In which, 

2 1 1
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                                                                     (12) 
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 2 1 20.5 b cW L L B y                                                                                                                          (21) 

Where Fa=active earth pressure of the dam materials upstream the clay core; Fw=water pressure; 

Fsb=friction along the bottom of failure plane; Fss=friction along the two sides of failure plane; Fcb=cohesion along 

the bottom of failure plane; Fcs=cohesion along the two sides of failure plane; hd=the water head above the dam 

crest; yc=the height between dam crest to failure plane of clay core; K=coefficient of static earth pressure; Bt= 

breach top width; Bb=breach width at the failure plane; L1=top width of clay core; L2=width of failure palne; 

W=clay core weight above failure plane; γ1=dry specific gravity of dam shell material; γ2=dry specific gravity of 

clay core material; C1=cohesion of dam shell material; C2=cohesion of clay core material; α=slope angle of dam 

upstream; β=slope angle of clay core upstream; φ1=internal friction angle of dam shell material; φ2=internal 

friction angle of clay core material. 

In the case of erodible foundation, the model allows erosion into the foundation. The breach is assumed 

to have a flat horizontal bottom surface and can lower to a value predefined according to the foundation material 

properties, but the base erosion does not affect the upstream water volume and downstream channel flow. The 

breach flow discharge is determined using Eq. (2) with submergence coefficient considered. As erosion continues 

into the foundation, breach widens laterally until the breaching is finished. 
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4. CALCULATE RESULTS ANALYSIS 
 

The following section analyzes the results of the breaching process of Banqiao reservoir dam failure 

using the model above-mentioned. The dam configurations, reservoir characteristics, and soil properties are shown 

in Table 2. The calculated results of peak breach flow (Qp), breach top width (Bt), breach bottom width (Bb), time 

to peak discharge (Tp), failure time (Tf), and measured data (Xu and Zhang 2009; Ru and Niu 2001) are shown 

respectively in Table 3, Figures 9 and 10 also show the calculated breach flow hydrograph and the breach 

development of Banqiao reservoir dam. 

 

Table 2- Conditions of Banqiao reservoir dam failure case 

Parameter Value 

Dam height (m) 24.5 

Dam length (m) 500 

Crest width (m) 8 

U/S slope (V/H) 0.384 

D/S slope (V/H) 0.5 

Reservoir storage (m3) 6.08×108 

Reservoir surface area (m2) As-h 

Initial reservoir level (m) 26 

Inflow (m3/s) Qin-t 

Base erosion (m) -5.04 

kd (cm3/N-s) 18 

τc (Pa) 0.5 

Clay core 

Height (m) 23a 

Crest width (m) 3a 

U/S slope (V/H) 4a 

D/S slope (V/H) 4a 

d50 (mm) 0.03a 

p΄ 0.3 

C (kPa) 30a 

φ (°) 26.6a 

Clay ratio 0.4a 

d90/d30 10a 

Dam shell 

d50 (mm) 0.2 

p΄ 0.35 

C (kPa) 0 

φ (°) 20a 

d90/d30 20a 

 

Note: U/S=upstream slope=vertical/horizontal, D/S=downstream slope=vertical/horizontal. 
aAssumed value. 

 

Table 3- Results of Banqiao reservoir dam failure case 

Calculated results Measured data 

Qp (m3/s) Bt (m) Bb (m) Tp (h) Tf (h) Qp (m3/s) Bt (m) Bb (m) Tp (h) Tf (h) 

77085.1 432.4 286.4 1.72 3.03 78100 372 210 - 5.5 

 

Note: The calculated failure time is defined as the time period from the beginning of dam breaching to the moment when 

99% of the final breach width is reached. 
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Figure 9. Calculated breach flow discharge     Figure 10. Breach width development 

 

Based on the contrast table and the figures, some conclusions can be drawn. According to Figures 9 and 

10, owing to the collapse of wave wall, the overflow water head is about 1.5 m above the dam crest, the breach 

flow discharge increases immediately at the initial breaching period, as well as the top and bottom breach widths; 

after 1.72 h, the peak discharge occurs, then the breach flow decreases, and the breach width increases relatively 

small until the end of breaching. According to Table 3, the calculated peak breach flow is 77085.1 m3/s, which is 

1.3% smaller than the measured data. To the breach widths, we can see that the breach top width and breach 

bottom width is 16.2% and 36.4% larger than the measured data, respectively. When it comes to the failure time, 

the calculated data is 44.9% smaller than the measured one. Overall, the calculated peak discharge is in accordance 

with the measured data; in contrast, the calculated breach widths are larger than measured data especially the 

bottom breach width, the possible reason is the drainage of reservoir sediment affects the development of breach; 

owing to the lacking of measured time to peak, the contrast of this parameter is ignored; with regard to failure 

time, the definitions of calculated and measured data are different, the documentary record is the duration of whole 

breaching process, which differs to the calculated failure time. From the above, the numerical model can meet the 

demands in calculating of Banqiao reservoir dam breaching process. 

 

5. CONCLUSION 
 

A numerical model is proposed to calculate the Banqiao reservoir breaching process in this study 

considering the erosion of different dam materials and the failure of clay core. Based on the calculated results, 

the following conclusions can be drawn: The clay core dam can be assumed as a composite dam with noncohesive 

and cohesive materials; a shear failure formula is adopted to calculate the time and height of failure clay core; for 

the dam with relatively small dam height and large reservoir storage, base erosion should be considered if the 

foundation is erodible. Based on the contrast of calculated and measured results, the proposed model can 

reproduce good results, and can be utilized for the breaching process of clay core dam due to overtopping failure. 
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Abstract 

Embankment dams offer many outstanding benefits to the society, but like any built structure, dams also 

pose potential risks for people or property, especially in densely populated areas. If a dam fails, it results in 

most of the cases in a catastrophic event. The negative consequences could entail not only large loss of 

property (besides the dam), but also loss of lives.  

Principal causes of embankment dam failures are overtopping, internal erosion and problems associated with 

the foundation. A literature review of historical failure events indicates that there are multiple reasons for 

dam failure (e.g. a large precipitation, a human mistake, an intentionally act, etc.). Furthermore, most of the 

cases report that dam crest depressions and other signals were observed at an early failure phase. The 

conventional monitoring measurements could not give reliable information at the failure begin, in case they 

were available. Hence, in many cases the failure detection at the dam occurred too late, which reduced the 

time for executing the mitigation plan downstream.  

Embankment dam warning systems are often part of large dams and some selected small dams. The 

investigation of historical failure events (including the reported warning times) showed that there is the need 

of an improved warning system detecting failures at an early stage. This paper proposes an embankment dam 

break warning system, which could be based on the distributed temperature and strain sensing technology 

(DTSS). The proposed concept offers not only a long term monitoring along the dam crest and the location 

of a problem, but also the possibility of extending the warning time by early failure detection. 

Keywords: warning system, dam failure, dam crest.  

 

 

1. INTRODUCTION 

 

Embankment dam failures occur due to different processes. According to a conducted study [1] of 75 

earth and rockfill embankment dam failures from 1979 to 2009, approximately 48% failed by overtopping, 42% 

by internal erosion and 9% by foundation problems. The number of embankment dams failed due to hostile actions 

was extremely low (around 1%) compared to the total number of failures, but they could occur instantaneously. 

Dams are possible targets in case of wars and terrorist attacks, because of their high damage potential [2].  

Insufficient spillway capacities, extreme floods that exceed the design criteria, breaching of an upstream 

dam, quality construction problems around the spillway or the embedded structures are the most common reasons 

for embankment dam failures due to overtopping and internal erosion. In addition, foundation problems normally 

occur due to inadequate material selection and treatment, which finally allows an unwanted water flow. In most 

cases, these processes cause an important deformation or a local leak at the dam crest, followed by a dam crest 

overflow. 

At the beginning or at least in a relatively early stage of a failure process, a damage or a significant 

deformation at the dam crest is typically visible. If water starts to leak through an initial breach, the failure progress 

proceeds quickly and a complete failure of the embankment cannot be prevented at all. The flood wave resulting 

from the breach depends on the interaction of many parameters (e.g. the velocity, the breach form, water supply 

and reservoir proportions). Commonly, it exceeds by far the magnitude of a flood event and causes catastrophic 

damages. 

The consequences of an extreme event on dams are estimated by using flood wave methods. They assess 

the effects of a failure on the individuals living downstream as well as for the local infrastructure and sometimes 

for the environment. For this purpose, the flood wave models assume a hypothetical failure of a dam or suppose 

breach formation as a start point for the simulation. 

The simulation of the flood wave caused by a dam failure is a complex task. Higher flood velocities and 

water depths (compared to one from an intense precipitation event), as well as uncertainties due the breach 

formation progress, sediment transport, topography accuracy, bank stability, roughness choice, model selection 
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  

or obstacles (e.g. bridge or other structures) make a simulation more difficult [3]. Thus, all these issues affect the 

results in diverse magnitude. 

The flood wave arrival time together with the flood wave propagation (inundated area), water depth and 

flow velocities are the most relevant results of a simulation and the basis for developing evacuation plans. 

Typically, the warning time is defined with the time difference between the beginning of the breach development 

and the occurrence of a critical hydraulic condition (during flood wave propagation) at the downstream areas. 

Commonly, warning times are in the range of several minutes to a few hours.  
 

2. DAM MONITORING AND WARNING TIME 
 

2.1. EXPERIENCES FROM DAM FAILURES 
 

The structural behavior of an embankment dam is generally monitored depending on the size and type-

specific requirements of the structure. The monitoring of large embankment dams often includes the measurement 

of reservoir level, seepage flow, pore-water pressure, and deformations. Moreover, some of the related measuring 

systems include in many cases a relatively high number of measuring points, are automatized and provide a remote 

data transfer. An additional part of the monitoring plan includes frequent visual inspections of the whole dam 

including abutments, shoulders and the embankment crest. At other structures (e.g. control rooms and appurtenant 

structures), also facilities such as security cameras or access sensors are often available. As a result, the probability 

of observing an extreme situation at this type of embankment dams [4] is much higher compared with less 

monitored embankment dams. 

General specifications for small embankments involve less measuring systems, less frequent data 

recording, and fewer measuring points. Only few structures have automatic data collection and remote data 

transfer [1]. In addition, seepage monitoring is not always an implicitness. Therefore, a reliable detection of an 

extreme situation in such cases could be problematic.  

Warning times resulting from simulations usually assume an immediate detection of the start of the 

breaching process at the dam and an instantaneous alarm. To ensure the efficacy of the emergency action plans, 

real warning times should not fall below them significantly. In this context, the strong dependence between the 

reliable recognition of a critical condition at the dam (aid monitoring and surveillance equipment) and real warning 

time is evident.  

However, not all embankment dams are monitored with the same frequency and measuring equipment. 

Often large dams are well monitored. They have generally not only more equipment, but also more measuring 

points, recurrent data collection, remote data transfer, etc. Hence, most probably an extreme situation could be 

detected earlier than at small dams. It can therefore be assumed that in general warning times at large embankment 

dams are longer. 

19 documented embankment dam failures at the USA [5] shows that real warning times were extremely 

short and in most of the cases (84%) an alarm activation was just given after the complete failure 

(warning time = 0). According to the definition of the International Commission on Large Dams (ICOLD) for 

dam classification, 68% of affected embankment dams were small and in all of them the warning time was zero.  

Furthermore, warning times longer than 1 hour were only available at 50% of the large one. 

 

2.2. SITUATIONAL WARNING TIME 
 

The warning time is considered situational due to the close relationship with the monitoring plan, the 

detection of a problem at the embankment dam and the alarm activation downstream. This definition will be 

reviewed in this work using three potential situations shown in Figure 1. On top a well-monitored embankment 

dam (i.e. continuous seepage measurement with remote data transfer), in the middle one equipped with fewer 

elements (only reservoir level measuring with remote data transfer) and at the bottom the worst case, an 

embankment dam with no monitoring at all, are displayed. 
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Figure 1: Embankment dam with three different monitoring plans 

 

Figure 2 shows the cross-section from an embankment dam along the flood path to a residential area 

downstream. Furthermore, two gauges at different locations, one at the embankment dam and another at the 

residential area downstream, are marked in blue and green [4].  

 

 
 

Figure 2: Cross-section with gauges and flood waves [4] 

 

Figure 3 shows the situational warning times, the failure progress and the hydrographs at the gauging 

stations defined in Figure 2 for the three monitoring situations defined at Figure 1. Here a typical internal erosion 

process is shown also starting with the formation of an erosion tube that then expands until it collapses and the 

embankment dam breaches.  

The first monitoring situation leads to a fast observation of seepage flow rise. Consequently, the 

occurrence of internal erosion is detected at a very early stage and the warning time is relatively long.  

The second situation represents an embankment dam with a water level monitoring with remote data transfer. It 

is supposed, that there are alarm values activated that allow the identification of unusual fast drops of the reservoir 

water level. In this case, the internal erosion detection happens at a later time (after the breach initiation and the 

start of an uncontrolled outflow from the reservoir) and the warning time is shorter compared to situation 1. The 

efficiency of an evacuation plan is reduced significantly compared with the first monitoring situation. 

The third situation represents the worst case without any remote date transfer. The alarm will be activated 

after the whole breach, when the flood wave hits the residential area. Thus, the warning time at the residential 

area is missing, the mitigation plan could not be implemented and the negative repercussions downstream are 

most catastrophic than by the other situations.  

The above considerations do assume that the development of the internal erosion process could not be 

detected within the scope of the regular dam surveillance procedures (e.g. visual inspection). Thus, in a certain 

way this comparison has to be considered as a schematic approach in order to present the fundamental 

relationships in a simple way.  

 



Long-Term Behaviour and Environmentally Friendly Rehabilitation Technologies of Dams (LTBD 2017) DOI:10.3217/978-3-85125-564-5-008 

 

61 

 

 

Figure 3: Cross-section with gauges and flood waves 
 

2.3. CURRENT WARNING SYSTEM 
 

There are a number of different systems for warning of an imminent dam failure. These include video 

surveillance (e.g. closed-circuit television), strong motion digital accelerometer and geotechnical instrumentation 

with automated data acquisition [6].  

Methods such as close-circuit television (CCTV) can be particularly useful where defects below water 

level or in inaccessible areas are suspected and an inspection is required without lowering the water levels [7]. 

However, these systems require site personnel to point out an anomaly.  

Strong motion digital accelerometers are special required in earthquakes susceptible areas. They range 

from seismic alarm devices to digital accelerographs installed in the foundation. The high installation and 

maintaining costs make this system no reachable for all structures. Furthermore, some experts consider it only in 

some cases meaningful, because of the low probability of obtaining significant data. [8].    

 

3. THE DAM CREST IN EXTREME SITUATIONS AND THE PROPOSED WARNING SYSTEM 
 

The dam crest is a suitable indicator of the dam condition in extreme events. Particularly high water 

levels in impoundment (e.g. due to unexpected extreme inflow or severe problems at appurtenant structures) cause 

higher shear stresses which bring erosion forward. The following overtopping performance depends essentially 

on the embankment fill type [9]. Even after a shorter or longer time period, along with the formation of an initial 

breach, deformations may be registered in the dam crest.  

A similar performance could be observed in cases of embankment dam failures due to internal erosion. 

Failures due to this mechanism involve a long process and their detection is normally very difficult. For instance, 

after the formation of an erosion tube, the process of the following expansion of the tube could conclude in diverse 

scenarios [10]. The most frequent scenario covers deformations and/or sinkholes which could be observed during 

the breach formation and before the overtopping of the embankment. The occurrence of a cavity which crosses 

the body of the embankment dam with a subsequent reservoir emptying is a less frequent scenario.  

According to the previously mentioned embankment failure study, in all failure cases due overtopping 

and in around 84% of the failures due internal erosion, a clear change or a relevant deformation of the dam crest 

was evident in an early phase of the failure development -usually at the start or before of the breach formation-. 

Therefore, the observation of these deformations could not only extend the warning time in several cases but also 
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give further information about the breach development (e.g. the location and the approximate size of the anomalies 

respectively the significant deformations).  

In conclusion, as soon as a noticeable damage at the embankment crest is identified, a major risk for the 

dam structure could be assumed. So, a reliable and early recognition of a problem by means of an embankment 

dam break warning system contributes to improve the management of the remaining risk and consequently to 

enhance the safety of the people living downstream.  

Currently, it seems that there is no warning system for monitoring the entire embankment crest internally 

and permanently under operation. Therefore, this work proposes a cable-based warning system installed at the 

embankment dam crest.   

Distributed fibre optic measurements along cables offer the option of measuring temperature and strain 

as a continuous profile along a single optical fibre. In other words, the distributed temperature and strain sensing 

(DTSS) permits monitoring of deformations lengthways the entire fibre optic cable. Compared to conventional 

sensing techniques, this distinctive feature made this technology interesting for monitoring of large structures 

such as dams, tunnels or bridges. Indeed, a remarkable advantage of this sensing system in internal parts of dams 

is the detection and localization of differential deformations where a single point, geodetic or visual monitoring 

methods are not feasible [11]. The use of cable - based systems is well known through the successful application 

in civil engineering [12], [11], [13], [14], [15], [16]. However, for the purpose to use this technology as an 

operative and reliable dam failure warning system, several adjustments are necessary and discussed in the 

following.  

The monitoring of the dam crest integrity as an indicator of the probable condition of the embankment 

dam using a cable – based system for early detection of a dam failure could contribute to an increasing of the 

safety level of an embankment dam in extreme situations. Basically, the warning system consists of a DTSS 

sensor cable that is installed lengthwise in the embankment crest within the dam structure and of a measuring 

system which is located at a convenient and safe position [4] (see Figure 4). For this purpose, a high accuracy of 

the temperature and strain sensing system is not required. However, it has to be able to confirm the dam integrity 

through it permanent functioning (i.e. by means of continuously recurrent measurements). In addition, in the case 

of a significant structural change at any point of the embankment crest, the warning system has to provide an 

immediate detection of the position and depending on the possibility, the approximated magnitude. Then, the 

collected information has to be automatically and directly sent to the responsible person (e.g. operator or safety 

responsible person). Other requirements associated with the system and its effectiveness in several structures are 

great robustness, low maintenance efforts and reasonable installation costs. The idea is to implement this safety 

measure in newly built embankments (large and small embankment dams), but also in existing structures with a 

reasonable effort. 

 

 
 

Figure 4: Cable based warning system [4] 
 

4. CONCLUSIONS 
 

Failure mechanism such as overtopping and internal erosion are the cause of approximately 90% of the 

registered embankment dam failure cases. The residual 10% of failures are attributed to problems in the 

foundation and sabotage actions. Despite, the continuous improvement of the construction of embankment dams, 
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a remaining risk of a dam failure is present. The development of dam break warning systems, which handle these 

outstanding threats is recommended. Furthermore, the systems should be applicable and financially reachable for 

small and large embankment dam projects.  

Based on the analysis of the historical dam failure cases, the embankment crest could be considered as 

a consistent indicator of the dam structural behavior – especially during extreme situations. A suitable cable based 

sensing system located longitudinal in the embankment dam crest in a shallow installation depth could contribute 

to enhancing the dam safety (people, infrastructure and environment).  

 

5. OUTLOOK 
 

Although cable - based dam warning systems installed at the dam crest could provide important data 

about the breach formation and its development, essential issues such as the system efficacy, the scope of 

application, and the detailed description of the installation require further research.  

Physical models and numerical simulations are suitable for studying the possible scenarios of a dam 

failure. A combination of both simulation methods could contribute in different ways to a further development 

of the cable based warning system. A physical model can provide significant information about the installation 

(system set-up) and the efficiency in diverse materials. In addition, the numerical simulation could investigate 

dam failure scenarios, and therefore, improve the data about the scope of application. 
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Abstract 

This study attempted to monitor the performance and assess the safety of seven storage dams in Khuzestan 

province, including Karkheh, Masjed Soleiman, Marun, Jarreh, Shahid Abbaspour, Dez and Karun 3. 

Moreover, a GIS database was developed for the dams to assess the structural and non-structural damages, 

while creating access to a wide range of descriptive information, relevant maps, guidelines and reports 

concerning damages and rehabilitation plans provided based on two different information levels. The 

levelone GIS database displays the geographical location of each dams along with layers such as rivers, 

cities and access roads. The level-two GIS database displays the components of each dams separately on 

their general plan and also provides information regarding each dam component through Identify. 

According to previous studies, it can be concluded that the methodology adopted in the current study is 

applicable to other dams to ensure proper performance and safety expected by project designers and 

operators. 

Keywords: Performance and Safety Assessment, Storage dam, GIS Database. 

 

1. INTRODUCTION 
 

Nowadays, one of the major challenges in the dam construction industry is the poor consistency between 

modern requirements and functional characteristics of many existing dams. In practice, many dams have lost their 

capability to fulfill the water and energy generation requirements for various reasons. These include managerial 

and executive factors, which leads to failure of realization of the project objectives in the design and 

implementation of dams. There are several factors contributing to that trend, including failure to finance essential 

and timely credits, weaknesses in design and implementation, insufficient well-documented statistical information 

about the design of dams, utilization of inappropriate equipment, inferior construction materials and the ever-

growing population. By identifying the damage factors and providing desirable solutions, it is possible to achieve 

the previous (or even higher) structural performance and safety at lower costs. Undoubtedly, this is not possible 

without proper recognition of the type of damage and its causes. 

Performance monitoring and safety assessment of dams aims to ensure the acceptability of the safety and 

performance of dams in accordance with the expectations of designers and owners. The results will form the most 

important record on which performance reviews will be based [1]. 

In recent years, the modern technology of Geographical Information System (GIS) has initiated many 

developments in design, management and operation [2]. Effective planning and decision-making require access 

to accurate and up-to-date information. In order to adopt a concentrate data management, it is critical to import 

all available information into a GIS database [3]. 
 

The advantages of information integration include: 

- Facilitated use of information in computers 

- Facilitated integration of information 

- Accelerated information updating in the integrated GIS 
 

GIS-based projects are capable of handling a large amount of different information at minimal cost and 

in the shortest possible time, providing reliable forecasts for experts and users. GIS is capable of producing a 

variety of maps at different scales and in different image systems with a variety of colors. Also it is an analytical 
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tool for spatial information. The most important advantage of GIS lies in its ability to identify the spatial 

relationships between various geographical features on the map [3]. 

GIS is not merely a means of storing and maintaining a map (recording of cartographic documents), but also 

provides a tool to store information for specific purposes. GIS links spatial data with geographical data of a 

particular phenomenon on the map, while data are stored in the form of geographic features in the computer. 

This study attempted to monitor the performance and assess the safety of seven storage dams in 

Khuzestan, including Karkheh, Masjed Soleiman, Marun, Jarreh, Shahid Abbaspour, Dez and Karun 3. At the 

end, a GIS database was developed for the seven Iranian dams to assess the structural and non-structural damages, 

while creating access to a wide range of descriptive information, relevant maps, guidelines and reports concerning 

damages and rehabilitation plans provided. 

 

2. METHODOLOGY 
 

This study was carried out on 7 storage dams in Khuzestan (Iran), including Karkheh dam over Karkheh 

River, Masjed Soleiman (Godar Landar) dam over Karun River, Marun dam over Marun River, Jarreh dam over 

Yellow River, Shahid Abbaspour (Karun 1) dam, Dez and Karun 3 dams over Karun River (Figure 1). 
 

 

 
 

 

Figure 1- Location of storage dams 

 
The mechanism of dealing with identified damages to the dams and providing rehabilitation plans was 

determined according to Table (1). Furthermore, the damages were classified into five categories based on type, 

severity and weakness (Table 2), while prioritizing rehabilitation studies based on severity of damages separately. 

This study involved the following stages: 

1. Identification and investigation of damages found in dams and appurtenant facilities. 

2. Identification of cause(s) of damage to predict and prevent factors leading to exacerbation of damage. It also 

serves to find appropriate and effective solutions to repairing and rehabilitating of the damage. 

3. Overall examination of rehabilitation plans for damages or describing services for more in-depth investigation 

of damages and proposing comprehensive plans for rehabilitation of damages. 

4. Providing appropriate solutions and procedures for improving performance and safety of dams. 

5. Realizing timely essential measures to prevent or minimize any possible damages to downstream buildings and 

facilities surrounding the dams. 
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6. Compiling a GIS database where information about dams and associated facilities are accessible and new data 

can be added or removed. 

7. Examining the quantity and quality of manpower in exploitation of storage dams and providing the employer 

with necessary advice in those areas. 

 

Table 1- The mechanism of dealing with identified damages to the dams and providing 

rehabilitation plans [3] 
 

 

Type I damages 
Collecting  the  previous  plans,  reviewing  and  completing  plans  and  estimating  the  

executive operations 

 

Type II damages 
Carrying out essential studies and presenting preliminary plans to identify and estimate the 

project overall costs. 

 

Type III damages 
A general assessment of damages and their effects, description of services and estimation of 

research plans 

 

Type IV damages 
Reviewing  the current  instructions  for  operation  and  maintenance,  completion  and  

refinement,  if necessary 

 

Table 2- Prioritizing damages to dams and providing rehabilitation plans [3] 
 

Priority I Very severe damages with highly destructive aftereffects 

Priority II Severe damages with moderate destructive aftereffects 

Priority III Moderate damage with weak destructive aftereffects 

Priority IV Low damage with very weak destructive aftereffects 

Priority V Very low damage without destructive aftereffects or with long-term destructive aftereffects 

 

In the first step, the initial information and existing records were collected by holding several meetings 

with the project employer, executive and stability managers of the dam as well as their proficient experts. The 

primarily identified damages (structural and non-structural) were listed along with their respective approach to 

dealing with, significance, future effects and priority. Then, the information and records about damages were 

requested from the employer, who made available a portion of information. The information included case reports 

and behavior studies, maps, published guidelines and a few photos related to dam damages and associated 

structures. 

The next step consists of two sections of initial and specialized visits to the dam sites. In the initial visits, 

after negotiating and discussing issues with the employer, the details of damages to dam components and related 

facilities were explored. Then, any information inadequacy was resolved by the employer. Meanwhile a part of 

GIS database was prepared. Afterwards, the expert team did specialized visits to the dam and related structures 

including the body, abutment, instrumentation, hydromechanical equipment, access roads and dam site. With 

regard to the primarily identified damages, the expert team members included the specialty of structural, 

geological, geotechnical and hydraulic. After reviewing the results of visits, additional information was requested 

from the employer concerning the damage type and severity. The final list and location plan of damages were 

compiled for each dam. 

At the last step, the GIS database of Khuzestan dam was developed to investigate structural and 

nonstructural damages, while creating access to a wide range of descriptive and spatial information. In addition 

to providing damage-related reports and rehabilitation plans, the database can easily load information in case an 

appropriate structure is developed for a web-based system. The key feature in the new GIS database is the dual 

information levels, each offering different capabilities separately. This database can also be loaded across 

intraorganizational networks in order to easily gain access to all available information with different levels of 

access. The new GIS system can update information in all subsequent periods, which provides access to latest 

information revised at any time interval. 

During compilation of this GIS database, it is crucial to design an appropriate structure for 

implementation. In this regard, two information access levels were developed through data models representing 

the structure of each level. These data models provided the basis for creating a database at each level. 
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Furthermore, a suitable structure was developed for storing and encoding additional information 

concerning each layer. For instance, Figures 2 and 3 display the level-one database structure of Khuzestan dams 

and level-two database of Karun 3. 
 

 
 

 

 
 

 

 

 

Figure 2- GIS data model (Level 1) [3] 
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Figure 3- GIS data model (Level 2) - Karun 3 Dam [3] 
 

Prepared on a provincial scale, the level-one GIS database displays the geographical location of each 

dams along with layers such as rivers, cities and access roads. This level also includes technical and general 

information about each dam, while all other layers provide descriptive information. In addition to displaying 

descriptive data of dams, the system provides access to all classified maps, relevant reports, guidelines, and other 

documents. It is also possible to update all information in every section. In addition, access roads to each dam 

from Khuzestan central city and nearest cities have been marked down. Figure 4 displays an overview of levelone 

database along with available access levels to each section. 

The level-two GIS database displays the components of each dam separately from a plan perspective. 

This level also provides information regarding each dam component through Identify. The precise locations of 

structural damages have been located at this level. In addition to displaying the precise coordinates of each damage 

through access links, this level provides access to photos of each damage, maps drawn from various related 

sections, previously prepared damage detection reports and damage detection reports. The remarkable point about 

the new GIS database lies in accessibility between the two levels. In fact, users can select an option to gain access 

to level-two database of each dam. The communication process takes place automatically as the user switches 

between the two information levels. It is necessary to note that all access levels and links have been established 

according to structures described above. Hence, the database is absolutely dynamic, enabling users to update all 

information at any stage and add new information. Figure 5 illustrates the level-two database for Masjed Soleiman 

Dam together with accessible information. 

 

3. RESULTS 
 

The frequency of each damage identified in the dams has been provided by priority (Table 2) as well as 

the location of each damage in Figures 6a and 6b. As shown in Figure 6a, the frequency of moderate damages 

with 6 poor destructive aftereffects, low damages with very weak destructive aftereffects and severe damages with 

moderate destructive aftereffects were more abundant than other types of damages. 
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Abstract 

Measurements of surface and deep soil displacements are among the best approaches for monitoring and 

controlling the behavior of geotechnical structures such as dams, which can be conducted by using magnetic 

borehole extensometers. This type of instrumentation is installed into the boreholes and the space inside the 

borehole is filled with a mixture of Bentonite-cement grout. Studies have shown that the mechanism of 

borehole extensometer measurement, the effect of the mixing design of Bentonite-cement grout to fill the 

gap between the borehole and the extensometer and the effect of grout properties on the measurement have 

not been carefully studied. In this paper, a number of laboratory tests with different grout mixing designs 

were performed to determine mechanical properties and geo-mechanical parameters for numerical analysis. 

The results of numerical analysis show that compressive strength and hardness of the sample of grout will 

decrease as Bentonite to cement ratio increases. Furthermore, as the hardness of the grout and soil converge, 

the measurement error will decrease accordingly.  

Keywords: Instrumentation, Magnetic extensometer, Bentonite-Cement Mixing, Numerical Modeling. 

 

 

1. INTRODUCTION 
  

Due to the uncertainty in assumptions of the design process, problems and constraints of the construction 

of dams, it seems necessary to pay closer attention to the assessment of the behavior of the dams and to study the 

results of the analysis of the actual behavior of the dam from the start of construction to the impoundment and 

within the operation period.  

Engineering monitoring in geotechnical projects are part of the design process. Instrumentation is a way 

to control the stability of structures during the time of construction and operation. [1].  

One of the important steps during installation of extensometers, is filling the gap between tube and 

borehole internal wall. The filling material is in direct contact with rock and instrument and thus can have 

significant impact on the accuracy of the measurements. If the filling material does not have the proper features it 

will not be able to provide the proper contact and thus the stability between the extensometer tube and borehole 

wall will be compromised. Materials commonly used to fill the gaps include cement, granular materials such as 

sand and Bentonite pallets. Experience has shown that cement - Bentonite grout is the best option for a filler 

material in the borehole and has been widely used in many applications. In cases where grout stiffness reduction 

is required, fly ash can be used instead of cement [2].  

The ideal type of grout should be consistent with the ground stiffness. A weaker blend of the grout does 

not reflect the behavior of the surrounding soil, even if the grout is properly injected into the borehole. Also, a 

stronger mixture may exhibit a behavior which is independent of the surrounding ground. [3]  

Burland et al (1972) described the grout around access tube of the magnetic extensometer as a soft 

flexible material that could prevent the collapse of borehole. Also, in order to inject in soft ground after installing 

extensometers a thick Bentonite grout was suggested [4]. Sonebi et al (2012) performed experiments on properties 

of Bentonite grout for geotechnical applications and the results showed significant effect of Bentonite on fluidity, 

the properties of the deformation and the compressive strength of the grout. The increase in the amount of 

Bentonite, unlike the water / Bentonite ratio (W / B), leads to an increase in the amount of flow time, plate 

adhesion, plastic viscosity and yield tension, and decreases water deflation and compressive strength in 3 days, 7 

days and 28 days [5].  

Also, Salehi (2008) carried out experiments on different mix designs with cement, Bentonite, and fly ash. 

The results of these experiments show that the increase of Bentonite has the greatest impact on reducing drainage 

water followed by decreasing water. In the meantime, the increase in the fly ash has the least impact. The dry 

density of the grout samples increases with increase in the amount of fly ash, comparing that with shear stress of 
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interface between the grout and tube show a specific trend. It was also shown that the phenomenon of bleeding 

and, as a result, detachment causes significant errors in measuring the shear strength of the interface between the 

grout and the tube and the unaxial compressive strength. [1]  

 

2. GROUT MIXING DESIGN  
 

A review of past studies shows that the mechanism of measurement in extensometers, effect of  

Cement-Bentonite mixing design and the effect of grout properties have not been addressed. In this study, a 

number of laboratory tests with grout mixing design were used to determine mechanical properties. Mikkelsen 

(2002) [2], Kuisi et al. (2005) [6], as well as Slope Indicator Co. [7] and Soil Instruments Ltd. [3], introduced a 

grout mixing design for Cement-Bentonite in the installation of soil inclinometers (Table 1). 

 

Table-1 Mixing design for Cement-Bentonite grout 

 
 

Mickelsen (2002) believed that the water-to-cement ratio should be controlled to perform field 

experiments [2]. For this purpose, in this mixing design, the cement was first mixed with water, which makes the 

ratio of water to cement constant. Furthermore, the strength and grout modulus will be more controllable. Finally, 

after 5 minutes, Bentonite was added to the mixture and, according to Will (1997) [8], and it took 30 minutes to 

hydrate Bentonite and better mixing. From each mixing design in Table (1), some examples are made in Nx 

standard dimensions, as shown in Fig.1  

 

 
Fig. 1 - Materials and steps to prepare the sample 
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After performing uniaxial compressive test with self-controlling loading device in Shahrood university 

of Technology Laboratory on the provided samples presented in Fig.2 , the extracted results are presented in 

Table(2).  

 

 
Fig.2 a) Sample before and after loading, b) Sample with strain gauge under the self-

controlling loading unit 
 

Table-2. Parameters obtained from uniaxial test 
 

row 
Ratio of (B/C) in constant 

ratio of (W/C=3) 

Density 

(Kg/m3) 

Peak of strength 

(MPa) 

Modulus of 

elasticity (MPa) 
Poisson's ratio 

1 0.3 1268 1.18 91 0.26 

2 0.4 1166 0.9 79 0.27 

3 0.5 1012 0.7 62 0.25 

 

3. NUMERICAL MODELING  
 

In order to investigate the effect of slurry properties on the results of measuring the borehole 

extensometer, a block was created in FLAC3D. The dimensions of the block is 8 m in length, 4 m in width and 

10 m in height. Then a borehole with 0.15 m diameter was generated in the block.  

A tube with 70 mm in diameter and 5 mm in thickness was modeled inside the borehole and the 

magnetic/spider ring is considered as a loop connected to the tube at measuring points 2 and 5 m from the surface 

of the model. As shown in Fig. 3, the space between the tube and borehole is filled with grout. Due to axisymmetric 

property of the model, half of model has been used for analysis. The surroundings of the borehole have been 

considered dry, and no change in volume or creep has been made in the grout.  

Constitutive models provide a qualitative description of the materials behavior and other parameters of 

the material to determine this behavior [9]. A good constitutive model is able to predict the soil response under 

critical loading constituents, taking into account the actual properties under these critical loads [10]. The FLAC 

3D software provides various constitutive models for the user. Among existing models, the Mohr Coulomb model 
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is used to simulate plastic deformations and to show shear failure in soil [11]. The used soil parameters are shown 

in Table (3). 

 

 
Fig 3-a) Model geometry and its meshing, b) Components of the model include grout, 

tube and magnetic ring 
 

Table 3. Geomechanical Properties of Soil Types 
 

Row Parameter Unit Soft soil Medium soil Stiff soil 

1 Density Kg/m3 1750 1800 2000 

2 Modulus of elasticity MPa 10 40 80 

3 Poisson's ratio - 0.35 0.3 0.35 

4 Internal friction angle Degree 25 17 38 

5 Dilation angle Degree 0 0 15 

6 Cohesion KPa 3 30 0 

7 Interface friction angle Degree 22 18 28 

 

After applying the boundary conditions, the stress and vertical displacement contour are presented in this 

study for numerical model verification (Fig. 4).  

To determine the error percentage of the extensometer measurement according to Fig. 4, the model is 

placed under an additional 10 kPa load and the points are located within the grout at a distance of 2.5 m from the 

borehole axis in the soil environment. 
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Fig 4- a) Stress contour, b) Displacement contour 

 

The measured points are indicated by distance (d) from the model surface and the difference between the 

displacement obtained within the grout (yc) and its corresponding soil (yr) is the measurement error. In this study, 

the percentage of the measurement error of the settlement is obtained from equation (1). 
 

 

 
 

 
Fig 5- Determination of measurement error 

 

Using the parameters obtained from the uniaxial compressive test presented in Table (2), for all types of 

soil including soft, medium, and stiff soils, the results are shown in Fig 6.  

 

4. ANALYSIS OF THE RESULTS 
  

Obviously, if the stiffness of grout inside the borehole is equal to the stiffness of the surrounding 

environment, the displacement of the environment will be transferred to the extensometer more accurately. 

Therefore, if the stiffness of grout to the stiffness of soil is closer to one, then less error percentage is found. It can 

also be found from fig (1) that with increasing the percentage of Bentonite to cement, due to reduced stiffness of 

grout, the measurement error percentage decreases. 

(1) 
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Fig 6- Error percentage of measurement for different ratios of (B / C) 
 

Also a parametric study is carried out on different (Eg/Es) ratios for soft, medium and stiff soils, where 

Eg is the elastic modulus of the grout and Es is the elastic modulus of the soil. This study is also carried out in 3 

states where the cohesion of the interface (between soil and grout) is a coefficient of the soil cohesion (1, 2/3,1/3) 

and the angle of friction of the various levels has been investigated, and the results are shown in Fig (7), (8) and (9).  

According to the fig (2), (3), (4), it can be seen that, the higher the ratio of Eg / Es increases the error 

percentage of measurement, and if grout stiffness is less than the soil stiffness, the measurement error percentage 

will be lower, but there will be a borehole stability problem. Also, the closer the interface cohesion is to the soil 

cohesion, the lower the measurement error percentage and the internal friction angles of the interface also have 

no effect on the error of measurement. 
 
 

 
Fig 7- Error percentage of measurement for different (Eg / Es) ratios for different soils 

 

 
Fig.8 Error percentage of measurement with different interface cohesion for different  

(Eg / Es) ratios for medium soil 
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Fig.9 Percentage error of measurement with different friction angles in different ratios 

of Eg / Es for medium soil 

 
 

5. CONCLUSIONS 
 

The results of laboratory studies on grout samples show that as the amount of Bentonite to cement ratio 

increases, the strength and grout stiffness decreases. Also, according to the numerical study, the measurement of 

the displacement of the extensometer in the borehole is a function of grout stiffness surrounding it. The error 

percentage of measurement is reduced by increasing the ratio of Bentonite to cement. This reduction in error 

percentage of measurement is compared in three soft, medium and stiff soil types. Comparison of these results 

shows that stiff soil is less affected by grout properties and less error percentage will occur. Measurement errors 

have been increased by increasing the modulus ratio and was not significant for rates of the elastic modulus of 

(Eg / Es) more than 5% for the three different soil types (soft, medium, and stiff), and the higher error in the soft 

soil type Is found.  

It has also been shown that the grout with less stiffness than the surrounding soil has lower measurement 

error. The interface cohesion in different ratios of Eg/Es less than 5, has no significant effects on the results, but 

when this ratio is more than 10 and the closer the interface cohesion to soil cohesion, the lower the measurement 

error rate, is. Also, the friction angle of the interface was studied, according to the results obtained, these angles 

do not affect the results of the error percentage. 
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