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Background 

 

Bangalore Metro Rail Corporation (BMRC) is proposing to build tunnels along the 

North-South (NS) and East-West (EW) metro rail lines. In each of these rail lines there 

would be two tunnels of 5.5 m diameter with a separation of 5 m between them at a depth 

of 12 m. The length of tunnels in each line would be approximately 4 km. The project on 

“Geo-hydrological studies along the Metro-Rail Alignment in Bangalore” was given to 

Indian Institute of Science, Bangalore with the following points as the scope of the study. 

 

Scope of the Study 

 

(1) Conduct an inventory of exiting data of well network with various monitoring 

agencies (under Government of India and Karnataka state) combined with the 

wells drilled specifically for the metro rail project to characterize the 

hydrogeology of the region proposed for tunneling. 

 

(2) Assessing the groundwater flow patterns in the crystalline bedrock and overlying 

saprolite (weathered zone). Assessing the spatial and temporal groundwater 

recharge and groundwater discharge patterns in the tunnel regions. 

 

(3) Modeling and assessing the potential impacts to the groundwater system due to 

the proposed metro tunnels along the East-West and North-South lines. 
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(4) Proposing suitable site specific strategies to eliminate any unfavorable effects on 

the groundwater system due to the proposed development of the tunnels. 

 

(5) Assess the impact of the piers on the groundwater along the elevated stretches of 

the metro rail lines. 

 

Data Sources and Gaps 

 

One of the requirements of this study was to obtain data related to the following items 

pertaining to the region proposed for tunneling: 

 

(i) the lithology & geology,  

(ii) the topography,  

(iii) the spatio-temporal behavior of groundwater levels, and 

(iv) the groundwater use characteristics in the BBMP wards of the project area. 

 

The first step was to identify the watershed pertaining to the tunnel region. Since the 

length of the tunnels is approximately 4 Kms for each metro line (i.e, NS and EW), the 

watershed area is relatively small for which the above information is required. The data 

pertaining to the topography with a contour interval of ten or twenty meters is not 

available in this region and required to be developed as part of this study. The broad 

lithology, geology along with structural features was available at a coarse resolution and 
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hence specifically this was obtained at 1:50,000 scale for the study region. Groundwater 

provides a large proportion of the current water consumption, and is likely to continue to 

do so in several BBMP wards. There is no regulation of the use of groundwater in these 

wards for domestic, commercial, industrial or government agency purposes. Free and 

unrestricted use is made of this resource by private and government agencies, including 

the BWSSB. Consequently there is practically no reliable data on the rate and distribution 

of groundwater withdrawals. Monitoring of the aquifers from which groundwater is 

withdrawn is conducted by the Dept. of Mines and Geology (GOK) and the Central 

Ground Water Board (GOI). Both these organizations conduct regional exploration and 

investigation programs. However, the density of the monitoring networks at the scale of 

the project area is very poor. Due to these issues, the data base on the spatial variability 

of groundwater levels and also its use had to be developed specifically for this study as 

per the items (1) and (2) indicated in the scope of the study and later to simulate through 

modeling the impacts, if any on the groundwater system due to the proposed metro 

tunnels. 

 

Delineation of the watershed in the tunnel region 

 

By far the largest part of the Bangalore district is within the catchment of the Arkavathi 

River that flows south through the western half of the area to join the Cauvery River in 

the far south. The central part of the Bangalore city area is on the divide between the 

Arkavati River and the South Pennar River, which drains to the southeast and is also a 

tributary of the Cauvery. The north eastern part of the Bangalore area is within the Palar 
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Basin, with drainage to the east. Fig. 1 shows the alignment details of the Metro rail 

project. The N-S and E-W alignments are shown along with the elevated and the 

underground (tunnel) stretches. A topographic map was prepared for this region, which is 

shown in Fig. 2. This was prepared using the topo sheet of 1:25,000 scale combined with 

data from other sources including the Google Earth. Fig. 3 shows the DEM prepared 

using this data with the proposed tunnel alignments marked on it. It may be noted from 

this figure that the relief in the northern portion of the tunnel region is higher and the 

relief falls down towards both south west and south east. The drainage to the south west 

is towards the  Vrishabhavati stream, which joins the Arkavati River and the drainage of 

the stream network in the south east joins the South Pennar River. Using the topographic 

data obtained from this study, the watershed pertaining to the portion of the tunnel region 

is delineated and is shown in Figs. 4 and 5. The area of this watershed is approximately 

30 Km2. 

 

Geology & Hydrogeology 

 

The Bangalore District, and the surrounding areas which fall within the Project area, are 

entirely underlain by Precambrian granite and gneiss of the Indian Precambrian Shield 

and which are part of the Peninsular granitic complex. Migmatite and gneiss are 

dominant, but there is a zone of granite and granodiorite some 20 km wide trending in a 

north-north-west direction across the far western part of the district. Minor areas of 

charnokite occur in the far south western part of the district, and there are some small 

elongated bodies of amphibolite and schist aligned along a north-south trend through the 
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central part. The Geological and Mineral map of Karnataka and Goa (Geological Survey 

of India, 1981) shows numerous dolerite dykes to the north, west and southwest of 

Bangalore City. The dominant strike direction is northwest, with a subsidiary 

concentration of apparently mainly smaller structures having an east north easterly strike. 

The dimensions of the dykes are indicated by Hunse and Farooqi (1995) in a report on 

groundwater in the Bangalore District. They also refer to lineaments, presumably 

associated with fracturing (and/or the dolerite dykes), with a concentration of strike in a 

northnortheast alignment, and with a length ranging from 5 to 30 km. There are major 

linements with a north westerly strike too, although they might be associated with the 

dolerite dykes. Fig. 6 shows the geology map prepared for this study by the Geological 

Survey of India at 1:50,000 scale to capture details of the delineated watershed pertaining 

to the tunnel region. 

 

The weathered zone is of considerable importance to the groundwater occurrence, 

because the fresh granitic and gneissic rocks have no primary porosity. They can only 

store and transmit water via open fractures, and a universal characteristic of such aquifers 

is that they mostly have very low hydraulic conductivity and a high degree of lateral 

inhomogeneity. In some rock types, the weathering process may increase the hydraulic 

conductivity by widening the fracture openings, and/or by creating a small amount of 

intergranular space as some of the weathering products are removed by solution. The 

depth of weathering may be greater along the linear features, and there is some possibility 

that the degree of fracturing and the resultant hydraulic conductivity will be greater near 

the intersection of linear features. The aquifer system in the Bangalore District is a 
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combination of the shallow weathered zone, which extends to a maximum depth of about 

60 m but is commonly less, and the underlying fresh rock. The hydraulic conductivity of 

the weathered zone has been enhanced to a small degree, but is still relatively low. The 

deeper, fractured fresh rock part of the aquifer will have a very low hydraulic 

conductivity. Because of this difference in character, they may appear to be independent 

aquifers, but in the longer term and on a broad scale they will be interconnected. 

Recharge to the system will be through the shallow weathered zone, and from there some 

water will drain into the deeper fractured rock aquifer. Studies indicate that the depth 

range 30 – 40 m is clearly the most common in which to locate a water bearing fracture 

zone. From 40 – 90 m, there is very little difference in frequency of occurrence, but 

beyond 90m the likelihood of intersecting a water-bearing zone decreases rapidly. 

 

The “hard rock” aquifers, or “fissured aquifers”, that are present near the surface (within 

the first 100 m below ground surface) are considered as “discontinuous aquifers”, as a 

consequence of their discrete hydraulic conductivity. In fact, during a drilling, the first 

significant water bearing zones appear within the fresh (hard) rock. The well intersects an 

impermeable rock that is only very locally (along a few centimetres or decimetres) 

showing significantly permeable zones. Most of the wells exhibit a few of these water 

strikes (from 0 to 4 or 5 water bearing zones).  Dewandel et al. (2006) and Wyns et al. 

(2004) conceptualized a typical weathering profile as shown in Fig. 7 comprising of 

layers that have specific hydrodynamic properties. The saprolite or regolith, is a clay-rich 

material derived from prolonged in situ decomposition of bedrock and is few tens of 

meters thick (where this layer has not been eroded). Because of its clayey-sandy 
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composition, the saprolite layer can reach a quite high porosity, which depends on the 

lithology of the parent rock (bulk porosity is mainly between 5 and 30%; Wyns et al., 

2004), and displays generally a quite low permeability, about 10-6 m/s. Where this layer 

is saturated, it mainly constitutes the capacitive function of the global composite aquifer. 

The fissured layer as shown in Fig. 7 is generally characterized by fresh (hard) rock cut 

by a dense horizontal fissuring in the first few meters and a depth-decreasing density of 

subhorizontal and subvertical fissures (Marechal et al., 2004; Wyns et al., 2004). The 

fissured layer mainly assumes the transmissivity role of global composite aquifer and 

provides the yield to the wells drilled in hard-rock areas. The hydrodynamic properties of 

the fissured layer are thus controlled by the distribution, the hydraulic conductivity, the 

anisotropy of hydraulic conductivity and the connectivity of the fissures (Marechal et al., 

2004). The fresh unfissured basement is permeable only locally, where tectonic fractures 

are present. More complex weathering profiles can result from multiphase weathering 

and erosion processes. In Southern India for instance at least two main phases of 

weathering have been identified (Dewandel et al., 2006). From this information of 

hydrogeological conceptual model, the numerical models are developed in this study for 

analyzing the effect of proposed tunnels both at watershed scale and at the local scale of 

few hundred meters in the vicinity of the tunnels.   

 

Regional groundwater behavior 

 

The Department of Mines and Geology (DMG) has monitored a network of just under 

100 observation wells and borewells in the Bangalore District since 1973/1974. Many of 
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the observation points were initially dug wells, which became dry when the water table 

fell below the bottom of the well. In these cases the original well has been replaced by a 

borewell. The CGWB has been also monitoring water levels at approximately quarterly 

intervals in a network of just over 100 wells in the Bangalore District since about 1986 

with a fewer wells from an earlier period of 1973. The monitoring network of these 

stations is quite coarse as shown in the Fig. 8. Figure 9 shows that hardly a few 

observation wells are available in the region related to this project. The overall change of 

the water table level for the period April 1974 to April 1999 is shown in Fig. 10. Note the 

small area in the central part of Bangalore city where the water level rose during that 

period. The well hydrographs at stations relevant to the study area (Fig. 11) also show an 

increasing trend over years, which are a combined effect of precipitation along with  the 

contributions of leakage from the BWSSB mains (and is presumed to represent a 

proportion of the unaccounted for water) and leakage from storm water drains and the 

sewerage system.  

 

A useful way to use rainfall data when dealing with groundwater issues is to plot a 

rainfall residual mass curve. This is a plot of the cumulative rainfall departure from the 

mean, and when applied to monthly data it provides an indicator of wet periods (curve 

rising) or dry periods (curve falling). These trends will be reflected, in a general way, by 

the trend of water table fluctuations provided no other factors are involved. Monthly 

rainfall data from Bangalore North are available from 1901, and the residual mass curve 

for these data is shown in Fig.12. From this plot it is clear that rainfall was about average 

for the first two decades of the century, and this was followed by a prolonged period of 
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less than average rainfall ending in the late 1930s. Rainfall was again average until the 

late 1950s, but there was a long period after that of higher than average rainfall lasting 

until the early 1980s. Since then, rainfall was less than average during the 1980s and has 

been above average during the 1990s. 

 

Groundwater level mapping 

 

Since the monitoring network in the project area is very limited, as part of this study the 

groundwater level mapping was undertaken. The groundwater level survey was carried 

out using a combination of private and public wells available in this area and feasible to 

be used for monitoring purposes. Figure 13 shows the locations of these wells used as 

stations. For measuring the groundwater level, it is essential that the well should not be 

affected by pumping and hence repeated surveys were carried out to extract the data least 

affected by pumping during October-December 2007. In spite of this it was not feasible 

to obtain levels unaffected by pumping at some stations as shown in the Fig. 13. The 

location of all the station data is also shown in Fig. 14 using the DEM of the project area. 

Using the data of groundwater levels, which had the least effects of pumping a 

relationship between the groundwater levels and the topographic levels was obtained as 

shown in Fig. 15. It is interesting that a linear relationship holds between these variables 

in the project area pertaining to the central business districts of Bangalore City. Figure 16 

shows a similar plot between the variables, which shows the effects of measurements in 

wells affected by pumping. The groundwater level map was prepared for the watershed 

pertaining to the tunnel region using the equation obtained from Fig. 15 and is shown in 
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Fig. 17. The groundwater levels were also obtained alternatively using the Kriging 

approach and both these were compared and shown in Fig. 18.  

 

Groundwater use estimates 

 

Figure 19 shows the details of BBMP wards located in the watershed of the project area. 

The areas of these wards vary between 0.31 Km2 to 3.96 Km2 as shown in the Fig.20. 

The population density in each of these wards is obtained from the Census (2001) and is 

shown in Fig. 21. It is observed that the variation among the wards is quite high from 

approximately 7000 persons/Km2 to 113,000 persons/Km2. The water supply provided to 

these wards by the BWSSB was obtained and is shown in the Fig. 22. The water supply 

among the wards varies from 1.09 MLD/Km2 to 5.29 MLD/Km2. The wards of highest 

use are observed to be on the south west of the watershed and the watersheds with the 

next level of use are found to the west side of the watershed.  In the middle of the 

watershed, the water supply is relatively lower.  

 

The well inventory information of the wells in these wards were gathered from BBMP 

and BWSSB. The groundwater pumping quantities are estimated from the yields of wells 

in these areas along with local surveys that were carried out. Figure 23 shows the 

groundwater extraction in these BBMP wards, which vary from 0.86 MLD/Km2 to 0.03 

MLD/Km2. The wards to the west of the watershed have high groundwater extraction and 

similarly the next level of extraction is in the wards to the south west. We observed that 

in these wards the population densities are higher and also the water supply by the 
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BWSSB was also higher. The middle region of the watershed is observed to have 

moderate groundwater extraction while the east and southeast regions have relatively low 

groundwater extraction. The well density in these wards was found to vary from 30 

wells/Km2 to 480 wells/Km2. The total groundwater extraction estimated from the 

watershed is approximately 4.26 MLD while the water supplied by BWSSB to the entire 

area of the watershed is 37 MLD. This means that the groundwater use in this watershed 

of the central business district of Bangalore is much smaller in quantity as a whole. 

However the spatial variability of use of groundwater indicates that in the wards located 

in the western region of this watershed the groundwater use is approximately 45-50% of 

the water supplied by the BWSSB.  

 

Groundwater levels along the tunnel alignment 

 

Figures 24 and 25 show the groundwater level along with the topography and depth to 

hard rock for the E-W and N-S alignments respectively. The data of the groundwater 

levels used here are based on the current measurements along with the data from the 

exploratory wells obtained by RITES and SECON through their surveys. The depth to the 

hard rock details are obtained from the studies carried out by these agencies 

commissioned by BMRCL. It may be observed from these figures that groundwater 

levels are shallow along the proposed tunnel alignment both in the North-South and East-

West stretches. It may also be noted that the depth to the hard rock is not uniform and 

hence in some stretches the proposed tunnels would either be in the saprolite/ fissured 

zone or in the hard rock. Relatively large stretches in the North-South alignment exist in 
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the upper saprolite/fissured zone. In this alignment the depth to the hard rock is deeper 

and the thickness of the saprolite and fissured zone is higher. Interestingly, this alignment 

section is in the upper relief of the watershed. The east and west regions of the watershed 

are in the lower relief and due to the slope, the erosion controls seemed to have a played a 

role in having a smaller thickness of the saprolite/fissured zone. 

 

MODELING AND RESULTS 

Model calibration at the watershed scale 

 

Figure 26 shows a typical finite element model grid that was adopted for the model 

simulations to construct the groundwater levels in the watershed of the project area for 

the current scenario (i.e. without the presence of tunnels). A similar grid is used for 

simulating the condition with tunnels as well. Figures 27 and 28 show the details of the 

FE grids and other relevant numerical data for the case without and with tunnels. The 

transmissivity parameterization in the watershed is carried out using the geology map and 

later fine tuned through several iterations of calibrating the simulated and measured 

groundwater levels. The simulated groundwater levels are compared with the measured 

levels and shown as contour plots in Fig. 29 and as correlation plots in Fig. 30. These 

plots show that model simulations are in good agreement with the measured groundwater 

levels and they do not show any specific bias.  The groundwater flow direction in the 

watershed is simulated and shown through the velocity vector plot in Fig. 31. The flow 

direction typically follows the topographic relief as shown in the figure.  
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Model simulations at the watershed scale 

 

The model simulations are performed based on the calibrated model to analyze the effect 

of proposed tunnels on the groundwater behavior in the watershed region of the project 

area. The difference in the groundwater levels simulated using the two cases, without the 

tunnels (i.e. the current scenario) and with the proposed tunnels (i.e. the future scenario) 

is shown for the entire watershed area in the Fig. 32. The zones with rise and fall in the 

water level due to the proposed tunnels are shown in this figure. The tunnels are expected 

to cause a reduction in the effective transmissivity and hence obstruct the regional 

groundwater flow patterns. As the blockage of the tunnels are not for the entire depth of 

the strata, the reduction in the effective transmissivity for the rock considering the 

stratified layers of saprolite, fissured zone and the unfissured fresh rock is required.  The 

reduction in the effective transmissivity due to blockages due to deep underground 

foundations was recently discussed by Ding et al. (2008) using the approach proposed by 

Renard and de Marsily (1997). A similar approach was adopted in the present study for 

computing the effective transmissivity due to blockage by the tunnels. As the exact 

information of reduction in the permeability of the upper zone above the tunnels is not 

yet available, analyses were carried out using two cases. Case 1 uses a normal reduction 

in the effective transmissivity due to the blocked portion of the tunnels, which is 20% of 

the effective transmissivity obtained using the calibration in the vicinity of the tunnels 

and the results shown in Fig. 32 are for this case.  It is observed that for this normal 

reduction, the groundwater rises and falls are approximately 2 m. Case 2 uses a higher 

reduction in the effective transmissivity in the presence of tunnels, which is 5% of the 
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calibrated effective transmissivity. It may be noted that the tunnels proposed are 

essentially in the saprolite and fissured zone. As shown in Fig. 7, the fissured zone has 

the highest permeability and blockage of this zone may result in substantial reduction in 

the effective transmissivity. Based on this hypothesis, Case 2 scenario is used to 

understand the upper limit of the effects of the tunnels on the regional groundwater 

regime. Figure 33 shows the difference in the groundwater levels simulated for this 

higher reduction in the effective transmissivity due to the proposed tunnels.  It is 

observed that for this higher reduction, the groundwater rises and falls are approximately 

5-6 m in the areas in the vicinity of the tunnels. Figure 34 shows the wards affected by 

the rise and fall in the groundwater levels due to the proposed tunnels.  Tables 1 and 2 

give details of the BBMP wards that may be affected by fall in groundwater levels due to 

the proposed tunnels. The shading in red color indicates the affected ward due to drop in 

water levels, blue indicates the rise in water levels, and white indicates no appreciable 

effect either way. The yellow shading indicates that ward lies both in the zone of 

groundwater level rise and fall.  

 

Model simulations in the vicinity of the tunnels 

 

Three dimensional finite element model as shown in Fig. 35 was used for simulating the 

effect of tunnels on the groundwater levels in the vicinity of tunnel (i.e 100 meters on 

either side of the tunnels). The upper saprolite, fissured zone and the hard rock zone are 

used as stratification layers in these simulations. The simulations are performed to study 

the steady-state zone of influence around a pumping well in the vicinity of the proposed 
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