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Abstract 

 

Requirement of Rock mass grouting for an underground project is based on constructability and the 

requirements of the project. However, in some projects, including storage cavern projects, where hydraulic 

confinement is essential, it is important to control seepage through rock mass grouting. Grouting in such 

projects becomes a big activity, and prognosis of grout intake estimates before excavation would be very 

handy.  Prognosis of grouting is a difficult task involving multidisciplinary approach which involves 

accurate information about the geology and hydrogeological information of the site. In the present paper, 

there is an approach given to estimate grout intake based on the seepage encountered in the fan grout holes 

during face excavation based on a case study of an underground strategic oil storage cavern project from 

west coast of India. Three water bearing features encountered in the project were pre-grouted with full fan 

pre-grouting. The seepage encountered in the grout holes drilled were compared with the corresponding 

cementitious grout intake through grout holes. The data were analysed face-wise and plotted and was found 

a linear correlation exists between the seepage rate in the face and the grout intake per metre of the drilled 

grout hole. This correlation can be used for better approximation of overall grout estimates for an 

underground project in future having similar geology and hydrogeology.  
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1. Introduction: 

 

The rock cavern project chosen for the study is a strategic crude oil storage project under 

commissioning in west coast of India near Mangalore. The project consists of four U 

shaped caverns of 30m height, 20m width and about 700m length (See Fig.1). Each U 

shaped cavern consists of inlet and outlet shaft at the open ends for crude oil movement 

through pipelines. The cavern is seated about 60m below the ground and is excavated 

through two access tunnels; one for each 2 U shaped caverns. The caverns are placed 

about 100m inter-distance. Each leg of U shaped cavern is having about 30m width of 

rock pillar and above each U shaped cavern, water curtain system is developed to contain 

oil and gas using Hydro-geological confinement.  
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Water curtain tunnels were excavated before cavern excavation, thus it acts as a pilot 

tunnel exposing the actual geology to be encountered during cavern excavation. As the 

caverns are 30m height, they are excavated in four stages; top gallery and 3 benches each 

of about 7-8m in height. 

 

2. Geology: 

 

The project is seated in Peninsular Gneissic rock complex of Karnataka of Archaean age. 

The rock type in the project area is granitic gneiss. The project is seated in a hilly terrain 

with thick laterite and lateritic soil at the top followed by weathered and fresh granitic 

gneiss. There are three major discontinuities observed in the project area; two sub-

verticals and one sub-horizontal. The sub-vertical discontinuities are persistent and 

oriented in almost north-south and east-west direction with a dip of about 80-85 degrees 

both sides. The host rock has been intruded by mafic dolerite dykes of variable 

orientation and thickness. Mafic dykes are also found roughly oriented parallel to these 

discontinuities indicating these intrusions are both syn-tectonic as well as post tectonic. 

Sub-horizontal joints are oriented east to N60E and dipping about 5 - 15 degrees both 

ways. The caverns are oriented N60E based on the discontinuities and the principal stress 

directions. 

 

 
Figure 2Geological model showing all four types of intruded dykes 

 

3. Hydrogeology: 

 

Three distinct hydro-geological zones are recognized in the site; surface permeable 

lateritic soil, permeable weathered gneissic bed rock and tight massive bed rock. These 

massive bedrocks are occasionally fractured and intruded with dykes having 

exceptionally high hydraulic conductivity. Hydraulic conductivity tests were carried out 
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on all the above representative zones using water pressure tests. The result shows that 

hydraulic conductivity of the massive bedrock is of the order of 10
-10

 m/sec and the 

hydraulic conductivities of the dykes are of the order of 10
-5

 m/sec to 10
-7

 m/sec. At south 

west corner of the project, sub-horizontal joint sets were predicted based on the 

investigation holes. They were found to be wide open and highly permeable to the order 

of 10
-5

m/sec and higher. The dykes act as water barriers hydro geologically. However in 

the project, the dyke contact with bedrock acts as water conducting channels. These 

barrier dykes and other discontinuities acted as water bearing during underground 

excavation of the cavern contributing to cavern seepage.  

 

4. Properties of Water bearing Dykes: 
 

Four different types of mafic dykes were found intruded in the bed rock in the project 

area (See Fig.2).  Two of them TD1 & TD2 are thin (0.5 to 1m) and highly permeable. 

Their contact is slightly weathered with occurrence of 5 -10 mm soft gougy material. 

These dykes are fresh & hard and moderately fractured. The contact of these dykes with 

bedrock is highly permeable.  

 

Hydraulic conductivity of dyke TD1 as estimated by water pressure tests of 10m length 

packer tests during investigations is of the order of 10
-5

m/sec. The actual seepage affected 

width of the TD1 dyke during cavern heading excavation was about 10 m. Similarly 

estimated hydraulic conductivity of dyke TD2 was also of the order of 10
-5 

m/sec, 

however, the affected width was about 15m in the cavern during excavation. The third 

dyke TD3 encountered in the cavern was about 3m thick and the contact was fresh & 

tight and was totally dry. This dyke intersected the other dykes present and its thickness 

varies and found branched at these intersections. The fourth kind of dyke namely TD5 

found was about 30m thick and intersected all the caverns perpendicularly. The dyke rock 

was hard and fractured and at contact with parent rock, it was fresh and tight in general 

but at some places, sandy silt particles can be found in the contact. Relatively less amount 

of seepage was encountered in this region. Fracture zone (FR4) is found on either side of 

this dyke with clayey silt infilling of about 5-10mm. Dyke + fracture zone consisted of 

about 50 - 60 m thick during cavern excavation and made this a very critical zone during 

construction.  
 

5. Grout Design & Philosophy: 
 

Based on the interpreted geological model, mandatory pre-grouting zones were prepared 

(fig.3).  Systematic pre-grouting was performed on these mandatory pre-grouting zones. 

Pre-grouting was employed in these zones wherever the caverns intersected them during 

various stages of construction of caverns, namely heading, bench 1, bench 2 and bench 3. 

The grout design is planned in such a way that grout holes reach 5m beyond all sides of 

caverns including roof and invert (fig.4).In the cavern heading, umbrella pre-grouting [3] 

was carried out ahead of excavation face. For benches below; wall pre-grouting (corner 

invert pre-grouting) was performed on the sidewalls from one bench higher before 

excavation, so that grout spreads on all sides and controls water seepage entering from all 

sides of the cavern.  
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Finally on the cavern invert, complete bottom invert grouting is performed, the grout 

holes reaching 5m below the cavern invert. At some high seepage and low lying ground 

water level area, this bottom invert grouting is performed before every bench stage 

(yellow and red zones) so as to reduce the seepage and maintain the natural ground water 

level. Pre-grouting is required to arrest seepage during construction, to prevent water 

level drawdown and to maintain the decreasing hydraulic gradient around them. The 

resultant seepage and hydrostatic pressure (groundwater level) is based on the extent and 

efficiency of grouting crucial to such storage projects.  
 

 

 
Figure 4Typical systematic pre-grouting design for various stages of cavern excavation. 

 

6. Grout intake 
 

The grout mix used for the grouting in the project was OPC with w/c ratio of 1:1 to 0.6:1, 

occasionally micro cement was used for post grouting with 1:1 w/c ratio with the help of 

Figure 3Mandatory pre-grouting zones along the permeable zones; Red zones 

being most critical. 
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fluidifier. Grouting started with stable grout of 1:1 until grout intake of 3000 litres/ hole 

is reached, after that progressively thickened to 0.8 to 0.6 w/c ratio till the grout refusal 

criteria is reached. Seepage was measured through small weirs constructed across the 

cavern at every stages to assess the grouting performed. Post grouting was employed 

wherever required based on the visual observation or on the above seepage data vis-à-vis 

our required target seepage based on our estimate.  

 

The grout intake actually depends on various parameters[4] like properties of water 

bearing channels, aperture opening, filling, continuity, interconnectivity, seepage present, 

water pressure head, diameter of holes, type of injection cement (particle size). An 

attempt is being made in the present study to give the guidelines for estimating grout 

intake vis-à-vis cavern seepage for such future cavern projects with similar geological 

environment based on our data. Only the grouting conducted in top gallery of one of the 

caverns is considered in this study as it can be extrapolated for tunnels of different 

finished diameter.  

 

As explained above, fan pre-grouting of unit-3 cavern gallery (fig. 4) is considered for 

each of the geological feature TD1, TD2 and TD5 are considered here for the studies. 

The actual width of each of the water bearing dyke zones, its hydraulic conductivity is 

given below in table 1. Also given is the total seepage encountered through all the probe 

holes and grout holes together during cavern excavation at each of these dyke locations.  

 

The grout fans required to cover TD1 dyke and associated joints was about 12m, thus it 

required 3 complete grout fans with 3m overlapping (fig.4) in every successive face. 

Similarly four grout fans were required to grout TD2 dyke to cover affected width of 15 

m. Dyke TD5 is very thick, however, it was not grouted completely, probe holes and 

blast holes were used as a guidance for grouting based on trigger seepage limits set by the 

project. Thus only four grout fans were used for pre-grouting of dyke TD5 as it was 

relatively less water bearing than other dykes. Total data of 10 grout fans were 

considered for the study. Total no of holes in grout fan vary from 13 - 23 depending upon 

orientation of the dyke exposure in a face, requirement of bottom invert grouting, etc. 

Length of the hole also varies between 6-12m depending upon dyke orientation. Total 

grout hole length per face drilled varied from 120 m -190 m, the average grout hole 

length being 150m. Seepage from the grout holes in every face also varied from 5 litre 

per minute to 100 litre per minute, the average seepage rate being about 65 litre per 

minute. However, the total seepage in each feature in their respective faces are added up 

and tabulated in table 1 as total seepage, with TD1 having highest seepage of 460 litre per 

minute. 
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Table 1 

Seepage and hydraulic conductivity of the dykes 

No. 

Actual 

Width, T 

(m) 

Grout fan 

width (m) 

Hyd. 

Conductivity, 

K (m/s) 

Tot. Seepage 

(L/min) 
Structural Feature 

1 0.5 12 1.E-05 260 TD1 

2 1 15 1.E-05 460 TD2 

3 25 50-60 1.E-07 120 TD5 

 

The actual grout intake is given in terms of per metre length of grout hole drilled which is 

a norm for underground project, as volume of empty hole of about 50 mm dia is around 2 

litre/ metre. The grout intake in above three water bearing dykes were varied from 5 litre/ 

metre to as high as 300 litre/ metre with average being about 70 litre/metre. In order to do 

away with different water cement ratio of grout mix used in the project, dry weight of 

grout intake (dry cement intake) per metre drilled hole has been used for the analysis 

instead of wet volume of grout. The average grout intake (in terms of dry cement 

consumed) is about 50 Kg/metre, varying from 4 to 220 kg/m.  The water pressure head 

of 4 bars have been continuously applied through water curtain tunnel above the cavern 

gallery in all the plotted cases below. All the seepage holes plotted are 45mm in diameter 

drilled through Tamrock drill booms. 

 

 

 

Figure 5 Plot of Grout Intake (Dry cement) Vs. Seepage for every major water bearing 

feature encountered (face wise) 

7. Results and Discussion 
 

1. Based on the plotted trend lines (Fig.5), TD1 dyke pose high seepage challenge 

and consequently high grout intake than TD2 or TD5.  

2. Although, the plot does indicate linear relations between seepage and grout 

intake, it does not clearly give any correlation as to similar seepage conditions 
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should have similar grout intake. For example, for a seepage of 100 litre/minute, 

various grout intake conditions were encountered for different features. 

3. This is because, seepage depends upon the thickness of aperture opening, filling, 

(diameter of hole and acting water pressure being same here), etc. which varies 

for each of the geological feature considered here (refer geological description 

above). 

4. Thus, the seepages encountered in all the drilled grout holes in each geological 

feature at every face were summed up and tabulated along with their estimated 

hydraulic properties K (hydraulic conductivity) and KT (Transmissivity) below. 

 

Table 2 

Total seepage and transmissivity of the dykes 

 

No. 

Actual 

Width, T 

(m) 

K (m/s) 
KT 

m2/sec 

 

Total Seepage 

(litre/minute) 

Structural 

Feature 

1 0.5 1.E-05 5E-06 260 TD1 

2 1 1.E-05 1.E-05 460 TD2 

3 25 1.E-07 3E-06 120 TD5 

 

5. Estimated hydraulic conductivity (K) of TD1 and TD2 are of the same order, 

however the total seepage while encountering with grout holes are different (260 

and 460 lit/min respectively). Thus transmissivity of the geological feature is 

considered to verify the above correlation rather than for hydraulic conductivity. 

6. Transmissivity of each feature is estimated based on their earlier estimated 

hydraulic conductivity along with their actual thickness as encountered in the 

caverns.   

7. Plot of Transmissivity (KT) Vs total seepage shows linear relationship below. 

 

 

 

Figure 6 Plot of Transmissivity vs. Total seepage showing linear relationship 
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8. Conclusions: 

 

1. The correlation given in fig.5 between grout intake and seepage occurring in the 

face is linear and can be used for similar future cavern projects. 

2. The average face seepage is about 60 litre / minute is about 50 kg/ meter of drilled 

grout hole. 

3. Similarly, the plot can be used for various seepage rate conditions occurring at 

face to arrive at estimate of grout intake. 

4. Grout intake in this project was high because, the hydraulic conductivities of the 

dyke feature TD1 and TD2 itself was higher of the order of 10
-5

 m/sec, which is 

relatively higher compared to the tight  massive parent bed rock of the order of 

10
-10

 m/sec. 

5. The correlation can be used for better approximation of grout estimate for projects 

of similar geology and hydrogeology. 

6. The user has to verify whether their geological feature fits in closely with the 

described in this paper. Otherwise, this can lead to gross variations in the 

estimate. 

7. As we get more data from other projects, the correlation can be fine-tuned further 

and developed further to include broad range of geological and hydrogeological 

features. However, an attempt has been made, which is a start, and it can be 

further though and developed along these lines which shall be highly useful for 

users of similar projects. 
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