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SUMMARY: On Bhadra reservoir’s dams (India), several failure mechanisms may be critical for 

the saddle dams and the main dam. Within the DAMSAFE project, four failure mechanisms are 

studied and monitored: macro-instability and sliding at dam-foundation contact for the saddle dams, 

overturning and sliding at dam-foundation contact for the masonry dam. These four failure 

mechanisms are implemented in the Delft-FEWS system, which is a platform based on a collection 

of independent modules linked together. All the information deriving from the monitoring system 

and stability calculations both for the main dam and for saddle dams are gathered in a unique 

environment. Both monitoring and forecasting are performed for each of the failure mechanism. 

The results are expressed in terms of safety factors. 
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1 INTRODUCTION 

 

Within the DAMSAFE project a number of innovative technologies on dam safety assessment 

and water reservoir performance are demonstrated at the Bhadra dam and water reservoir.  

The Bhadra Dam is located in the Chikkamagalore District of Karnataka State (India) at an 

elevation of 601.00 m above Mean Sea Level (MSL). It is a multi-purpose dam, including 

irrigation, water supply and hydropower generation. The dam includes a main masonry dam and 

two saddle (earthen) dams. The main dam includes a spillway with four gates and a total length of 

76.8 m. The reservoir capacity is 2026 hm³. The maximum height is 76.8 m for the masonry dam 

(main dam).  
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DAMSAFE is a pilot project, which has been currently being carried out in cooperation with the 

Karnataka Water Resources Department (KaWRD). Deltares leads the consortium, which consists 

of the companies SkyGeo Royal Eijkelkamp and iPresas. These companies provide high tech, 

specialist technologies on PS-InSAR satellite measurements, online monitoring systems and risk-

informed dam safety assessment. Deltares is a research organisation which provides the needed 

integrating, enabling software technologies (Delft-FEWS, RTC-Tool, DAM etc.).  

 

2 AUTOMATED CALCULATIONS  

 

 Delft-FEWS is a tool to integrate monitoring 

data, stochastic subsoil modeling and numerical 

forecasting and provide early warnings of events. 

Delft-FEWS is a sophisticated collection of 

modules designed for building an operational 

management system, customised to the specific 

requirements of an individual organisation. 

Originally designed decades ago for hydrological 

forecasting and warning, Delft-FEWS has been also 

applied for day-to-day operational management, 

real-time control and forecasting and warning in 

other disciplines, e.g. dikes, landslides, water 

quality and navigation. Delft-FEWS incorporates a wide range of general data handling utilities, 

while providing an open interface to any external calculation model.  

 The geotechnical module of the FEWS software platform is designed to routinely integrate data 

from different sources in a GIS environment, to perform automated, high density calculations and to 

present the results in a GIS environment.  

 In order to perform automated  calculations for assessing the stability of levees, Deltares 

developed the software platform  DAM  (Dike  Analysis  Module).  DAM analyses several levee 

failure mechanisms with customary  software  programs,  tools  or  models, which are  implemented  

in the platform  for  batch  processing  of  the  calculation ( Knoeff and Vastenburg, 2011 ). 

 DAM has been implemented in the operational system Delft-FEWS and this application is called 

DAM-Live ( Berg, Ponziani and Lam, 2017 ) . After installing water pressure sensors in the levees, 

the stability of levees is continuously monitored by the software platform.   

FEWS projects related to geotechnical and geomorphological events have internationally been 

Figure1 Masonry dam, Bhadra dam-reservoir system. 

Figure 2. Overview Delft-FEWS software 

platform
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performed e.g. on dikes in the Yellow river basin ( Berg, Heaton and Moen, 2012 ) and a landslide 

prone area in England ( Schoor, 2014 ). 

Within the DAMSAFE project, the FEWS platform  has applied to the safety assessment of dams ( 

Peters and Berg, 2016 ).   

 

3 FAILURE MECHANISMS  

 

3.1 Introduction  

 

On Bhadra reservoir’s dams, several failure mechanisms may be critical for the saddle dams and the 

main dam. Within the DAMSAFE project four failure mechanisms have been studied, monitored 

and implemented in FEWS platform: macro-instability and sliding at dam-foundation contact for 

the saddle dams, overturning and sliding at dam-foundation contact for the masonry dam. Other 

critical failure modes have been individuated but they have not being studied for lack of 

information and/or because less important in respect to others. These failure mechanisms are 

namely: overtopping, sliding in the foundation, degradation of masonry material, internal erosion 

and failure due to settlement.  

 The four monitored failure mechanisms are either studied in a detailed or in a more simplified 

way. In the latter case stability calculations can give the dam’s owner indication if additional 

investigation is needed (e.g. visual inspections, checks on monitoring instrumentations or more 

detailed analyses). This information is especially useful from a forecasting point of view.  

 

3.2 Monitoring System  

 The analyses of the failure mechanisms and the evaluation of 

their safety are linked to a monitoring system for evaluating 

interstitial pressures in dams’ body and foundations. The four 

studied failure mechanisms require the phreatic line inside dams’ 

body and the water pressures in foundations as inputs to determine 

the pore water pressures inside the dams and the uplift pressures 

acting at the base. The latter destabilizes and directly influences 

the safety of the dam. The monitoring system gathers data from 

one reservoir water level sensor and two water pressure sensors for 

each dam. In case of saddle dam one piezometer is placed in dam’s 

body in order to get information about the phreatic line inside the 

dam while the second sensor is placed beneath the dam, in the 

foundation, for detecting the uplift force acting on the dam base. 

Regarding the masonry dam both piezometers are located in the 

foundation near the drains’ line to accurately detect the behavior of 

uplift force in correspondence of the drainage system. The 

monitoring system is also composed of sensors for the 

measurement of water discharge trough the drainage system both 

for saddle dams and main dam. Information deriving from these 

sensors is useful for detecting anomalies of the drainage system or 

in the impervious zones inside dams’ body.  

 

3.2 Overview of Failure mechanisms  

 

Macro-instability phenomena lead to sliding of portions of dam’s body and a progressive overall 

instability for the entire dam. Analyses on this mechanism are performed by FEWS trough Deltares 

Figure 3 Measurement station at 

the river inlet into the reservoir 
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DAM-Live software. This module automatically finds the slip surface associated to the minor safety 

factor and gives a detailed result on the stability of the dams for this kind of failure mode. The 

approach with which the software checks stability is based on of limit equilibrium Bishop’s Method 

( Bishop, 1955) . The software splits the dam’s volume in slices whose base is a segment of the slip 

surface and for each of them the software evaluate forces acting on the slice, both resisting and 

destabilizing. From the monitoring system it’s possible to derive information about the pressures 

acting on the dam’s base and about the phreatic line inside dam’s body and its degree of saturation. 

In this way the software can accurately calculate the safety and stability of dam’s body taking into 

account also the presence of water in the soil. This failure mechanism have been widely studied and 

analyzed with DAM-Live software in many applications for dikes’ stability in The Netherlands; an 

example of this application is a study performed on dikes in the south of Utrecht…. 

 Generally overturning occurs when the dam is subjected to a rotational movement of the entire 

body around a pole, usually located at the 

downstream toe of the dam. The safety of the 

masonry dam against overturning is assessed by 

evaluating the forces acting at the system dam-

foundation-reservoir and by calculating their 

momentums with respect to the pole around 

which the rotation is supposed to happen. Forces 

considered (Figure 4) are the water load from the 

reservoir (S), the dam’s weight (W) and the uplift 

pressure (U) . The monitoring system plays a 

fundamental role in detecting the uplift force. 

High reservoir’s water level and high uplift 

pressure beneath dam’s base could therefore 

enhance the risk of failure due to overturning. 

The safety factor calculated as ratio between 

stabilizing and destabilizing momentums gives an 

indication of dam’s safety against overturning.  

 

 The interface between the dam and its foundation, where two layers with different materials face 

each other, may represent a weak surface for sliding. The difference between the mechanical 

properties of the materials in foundations and in dams’ body and the possibility of high seepage at 

the interface can weaken the surface and eventually lead to to horizontal sliding. As the overturning 

failure mode, also in this case the forces acting on the system are the water load, the dam’s weight 

and uplift force; data from piezometers about water pressures are used for this mechanism too. A 

limit equilibrium analysis is applied both for the masonry dam and for saddle dams, tilizing a 

multiple wedge approach in case of dams embedded in the foundations. When the destabilizing 

shear force, namely the water load from reservoir, is higher than the resisting shear strength, the 

safety factor results lower than 1 and safety against sliding at the dam-foundation is not assured. 

The analysis gives a rapid indication about safety against this failure mechanism and can be used 

for understanding whether more accurate analyses are necessary or not. 

 These four failure mechanisms are implemented in FEWS platform and for each of them 

analyses’ results are expressed in terms of safety factors. All the information deriving from the 

monitoring system and stability calculations both for the main dam and for saddle dams are 

gathered in a unique environment.     
 

4 FEWS PLATFORM  
 

Figure 4. Forces acting in the system and considered 

in the assessment of overturning sliding at the dam-
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Delft-FEWS system is a platform based on a collection of independent modules linked together. 

Each module refers to specific features, which include the mentioned failure mechanisms. The 

flexibility of the FEWS platform allows changes to the modules without affecting the others. FEWS 

interface is made of many sections, one for each location studied; in this case two locations for 

saddle dams and other two for the main dam have been considered. Each section contains all the 

information related to the same location, included data coming from the monitoring system and 

results of stability calculations performed for each failure mechanism.  

Figure 5 provides an example of FEWS results’ interface. At the writing of this paper the real 

data from the monitoring system is not yet available. Data from another project are therefore used to 

illustrate the Bhadra case and the Dam safety is only calculated for a few calculation steps. 

 All the information are function of time; starting from the bottom trend of reservoir’ water level 

is shown accordingly to data coming from the sensor of water level placed in the reservoir near 

dams. The second graph shows the piezometric lines related to two different depths, indeed the first 

one ( PL1) refers to the interstitial pressure and phreatic line inside the dam body while the second 

one ( PL2) refers to water pressures in dam’s foundation and these are responsible of uplift force 

acting on dam’s base. The third graph shows the trend of discharge trough the dam’s drainage 

system. The graph on the top reports safety factors for each failure mechanism considered, that for 

the saddle dam are macro-instability phenomena and sliding at dam-foundation contact. 

 

 

Figure 5. Information from monitoring system and results of stability analyses on saddle no. 1 in FEWS interface.  

 

5 CONCLUSIONS 

  

The paper presents a method for a rapid assessment of dam stability, through the application to the 

Bhadra dam (India).  

Delft-FEWS and the DAM platform allow for an integral approach to the complete system for water 

reservoir management and flood protection. A monitoring system continuously provides data, 

which are used by the real time system of DAM-Live to forecast dam safety based on the weather 

forecasting upstream, river run-off and reservoir behavior.  
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