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Abstract 

Water control is highly concerned for underground facilities, and rock grouting has been used over decades to reduce the water 
inflow. The performances of grouting are influenced by many factors such as rock type, joint distribution and grouting materials. 
In this paper, the effects of water related factors are focused, from the engineering perspective. The observed volume of water 
inflow from the probe drilling hole often serves as the base for judgment of grouting needs. The allowable limit of water inflow 
varies for underground facilities of different purposes. For similar underground facilities, such limit may also differ substantially 
in different regions. High pressure of underground water would increase difficulty for grouting. The water appearance may give 
indication on whether the fillings of joints or the weakness zones have been eroded. In the coastal area, the inflow water can be 
saline, and this needs to be taken into consideration to eliminate corrosion on electrical installations underground.  
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of the 15th International scientific conference “Underground 
Urbanisation as a Prerequisite for Sustainable Development. 
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1. Introduction 

High water inflow may lead to difficult construction and working conditions in tunneling. Over decades grouting 
has been commonly used to reduce water inflow in rock mass, meanwhile strengthening the rock mass. Pre-grouting 
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is often more efficient in terms of water control than post-grouting. The grouting performances are influenced by 
numerous factors [1, 2], not only the rock mass properties and geological conditions, but also the grout material and 
grouting process. Though researches covering comprehensive disciplines related to rock grouting have been 
conducted, the knowledge on the practical pre-grouting execution is still limited. The designs of the drill pattern, 
grouting pressure, suitable grout recipes and the stop criterion and completion criterion are commonly to a large 
extent based on experience, due to uncertainties in predicting the actual conditions and geotechnical behavior. For 
example, it is practically impossible to obtain the detailed joint characteristics in front of the excavation face, while 
one or several large conductive joints may dominate the water inflow and grouting path. 

Different from the permanent rock support which can be determined after excavation with details of the rock 
mass at the working face available, the decision making on grouting has to be made before excavation so as to avoid 
the consequences of uncontrollable water inflow. To determine whether pre-grouting is required and how it shall be 
conducted, the information through probing is indispensable. Probe drilling has been demonstrated as the most 
reliable method of pre-investigation, often with percussive drilling on consideration of costs. The popular 
geophysical technologies are good supplements for predication of geological conditions. Special techniques such as 
the Lugeon test can also be conducted when necessary. 

The routinely measured parameters from probe drilling include water inflow and pressure, which are essentially 
the reflector to all general geological conditions. Moreover, the water appearance may give indication on whether 
the fillings of joints or the weakness zones have been eroded. Saline inflow in coastal area may cause serious 
problem of corrosion. In this paper, the effects of water inflow and pressure on pre-grouting in hard rock tunneling 
are focused. The probe drilling technique for hard rock tunneling is also introduced.  

2. Probe Drilling 

Different from soil or soft karst rock, rock joints dominant in conveying water in the discontinuum rock mass. 
The joints may be randomly distributed, and the connected open ones contributing to the water inflow are hard to 
define. The flow on the scale of tens of meters during tunnel excavation can be considered as random, varying from 
section to section. The probe drilling holes enable the direct access to the surrounding rock. Those hitting the water 
bearing joints give the indication of potential water inflow. It is therefore logic to assume that increased number of 
probe drilling holes enlarges the possibilities of detecting water channels proportionally, thus minimize the potential 
risk. The number of probe holes is determined based on the size of the underground structure, the groundwater 
regime, the risk involved and the required tightness. The Norwegian Group for Rock Mechanics recommended that 
the number of probe holes should not be less than two in most of cases, and in high-risk areas it can be 4 or more 
[3]. In practice, 6-7 probe holes are also not uncommon in tunnel excavation [4, 5]. Figure 1 illustrates the layout for 
two and three probe holes. Principles of grouting and probe drilling holes are shown in Figure 2. 
  

 

Fig. 1. Layout of probe drilling holes [3]. 
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Fig. 2. Principles of grouting and probe drilling holes [6]. 

The length of probe holes can be adapted to the equipment, shift sequence, round length, ground condition and 
water head, etc., and it is normally less than 30 m long which enables 4 - 5 blasting rounds for time efficiency. The 
minimum overlap with the last drilling is approximately 6 m [3, 5, 7]. The diameter of drilling rods is typically 
above 48 mm (e.g., 48mm, 51mm, 54mm or more). The percussive drilling is normally executed in order to save 
cost and time, while diamond core drilling is only considered as a supplement in special situations when core 
samples are required.  

To guide the pre-grouting execution with limited information through probing is a challengeable task. The 
observed volume of water inflow, either from a single hole or from all the probe holes, would serve as the base for 
judgment of grouting needs. The inflow can be measured simply using the graduated glass cylinder, and sometimes 
the flowmeter is necessary when the water is with high pressure (Figure 3). The volume loss of flushing water of 
drilling holes also gives indications on pre-injection. The water appearance may give indication on potential risks, 
e.g., the muddy water with clay/sand particles could be the symptoms of erosion of fillings in joints or from 
weakness zones. If the inflow water is continuously muddy, the local stability should be carefully examined. In the 
coastal area, the inflow water may be saline, and then there is a need for choosing appropriate grouting material 
since potential corrosion will result in serious problems to electric equipments. 
  

 

Fig. 3. Measurement of water inflow with flowmeter [8]. 
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3. Water Inflow  

3.1. Grouting Determination Process 

To meet the targeted water tightness in tunnel, the measured water inflow from probe drilling has often been used 
as the criteria in determination of rock grouting. In case that the expected water inflow satisfies the maximum 
allowable water inflow without grouting, grouting can be neglected thus saving time and cost. Nevertheless, this is 
seldom the case due to the strict requirement on water inflow. A simplified flowchart illustrating grouting 
determination process is given in Figure 4. A trigger value of measured water inflow for grouting needs to be 
defined first. If the trigger value is set too low, unnecessary grouting may result in high cost and project delay. On 
the other hand, potential risk of uncontrolled water inflow can be increased if the trigger value is set too high. Only 
when the allowable targeted residual inflow is so low that grouting is indeed inevitable to achieve the target, 
systematical pre-grouting all along the tunnel will be performed. The step in the decision of whether or not to 
conduct pre-grouting can be practically skipped under such conditions. Ingress from probe holes is for the record 
and selection of grouting materials. Since the geological conditions and groutability are different depending on the 
specific project, the registered cases show that the targeted residual inflow requiring systematical pre-grouting can 
vary (e.g., ≤ 15 L/min/100 m for HATS2A Project, Hong Kong [9]; ≤ 5 L/min/100 m, Hagan project, Norway; ≤ 10 
L/min/100 m Tåsen project, Norway). 
  

 

Fig. 4. Flowchart of determination of grouting [9]. 

3.2. Allowed Water Ingress  

What water ingress can be accepted is often an open question. Considerations associated with water inflow 
criteria are based on the factors such as project purpose and location, overburden and size of the structures, 
consequences of leakages, safety issues, permanent and temporary functional requirements, and financial aspects 
[10]. If the tunnel is constructed in the area where ground water lowering could cause serious consequences (e.g., 
settlement damage to infrastructure on the surface, harmful to the environment), the requirement on water inflow 
would be quite strict. The Norwegian and Swedish experiences are quite similar (2 – 4 L/min per 100 m tunnel vs. 2 
– 5 L/min per 100 m), and in Finland the target < 2L/min per 100 m tunnel applies [10 - 12]. In more rural areas and 
with a surplus of water from heavy rainfall, much higher levels of water ingress can be accepted. The function of the 
tunnel influences the acceptable level of ingress. Tunnels for conveying water, such as headrace and tailrace tunnels 
to hydropower plants, can tolerate quite high ingress. The acceptable level is of course much lower for traffic 
tunnels if negative effects on the function are to be avoided. The inflow criteria of road and railway tunnel in 
Norway were often set below 20L /min per 100 m [5]. 

One must consider the amount of inflow reduction reasonably required in determination of the allowable water 
ingress limit. Request for a greater reduction in water inflow than rationally required will lead to an unnecessary 
high price. The difficulty of achieving a certain specified result in terms of final water ingress is far more dependent 
upon the required tightness level than the level of water ingress before any injection of the rock. If the aim is on 
absolute water tightness, pre-grouting may be quite costly and time consuming. Experience shows that an attempt to 
seal the last 10 % of a potential water inflow may cost more than sealing off the first 90 % [13]. In many cases 
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draining the tunnel with water pumping is possible. It is important to achieve good balance between injection cost 
and lifetime dewatering cost. Water pumping can be expensive at high volumes or high pumping head. For sub-sea 
tunnels where the sea water supply is unlimited, the water inflow is often required below 30 L/min per 100 m tunnel 
in Norway [14]. Ingress higher than 50-100 l/min per 100 m of tunnel will normally lead to practical problems 
related to pumping.  

3.3. Grouting Trigger Value VS. Allowable Water Ingress  

Grouting trigger values vary with different allowable water ingress limits, but their correlation has seldom been 
studied. As a rule of thumb, the general Norwegian experiences recommend that for the limit of residual inflow of 
15 L / min per 100 m tunnel, the grouting trigger value is 1 L/min for a single hole or 3 L/min for all holes. For the 
limit of residual inflow of 30 L / min per 100 m tunnel, the grouting trigger value is 2 L/min for a single hole or 6 
L/min for all holes. For the limit of residual inflow of 50 L / min per 100 m tunnel, the grouting trigger value is 4 
L/min for a single hole or 10 L/min for all holes. The probe holes are assumed to be over 20 m long. The online 
guidance on pre-grouting by the Hong Kong Association of Geotechnical & Geo-environmental Specialists specifies 
that the values triggering grouting vary with rock conditions and the local targeted residual inflow limit and can be 
as low as 0.1 L / min or as high as 5 L / min from a single hole. Meanwhile, the range of upper limits of targeted 
residual inflow for different projects and situations can be typically 5 to 50 L/min per 100 m of excavated length 
[15]. In the second phase of the Harbor Area Treatment Scheme project in Hong Kong, the targeted residual ingress 
of 15 L/min per 100 m of tunnel would trigger grouting if any single hole yielded > 1.0 L/min or any group of 4 
holes yielded > 3.0 L/min [16]. Figure 5 shows a clear linear relationship of the probing inflow trigger value and 
residual inflow limit with these data.    

At the Qingdao Subsea tunnel, the limit of residual inflow was set to 0.4m3/day per meter (≈ 27.8 L/min per 100 
m of tunnel), and the grouting trigger value has been defined as 5 L/min for a single probe hole or 10 L/min for all 
probe holes [17]. This diverges from the linear correlation obtained, and the Norwegian and Hong Kong standards 
are stricter on setting the grouting trigger value of measured probing water inflow. If the targeted residual inflow 
limits are not met, the trigger values of measured inflow can be checked and modified subject to the ground 
response during tunneling. 
  

 

Fig. 5. Correlation of Probing Inflow Trigger Value and Residual Inflow Limit. 

4. Groundwater Pressure 

In order to spread the grout in fractures, grouting pressure must exceed the groundwater pressure, since grout 
penetration is proportional to the grouting overpressure. Enough penetration should be provided to ensure that the 
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grout would not be squeezed back through the borehole by the groundwater pressure when the packers are removed. 
A conservative consideration is that the grouting pressure needs to be at least two times of the ground water pressure 
[18], where the grout hardening within the grouting period before removing packers has been neglected. This means 
the higher the groundwater pressure, the higher the grouting pressure should be. Practically accelerated grout shall 
be considered if the grout is flowing back into the tunnel with pressurized water. 

The difficulty in grouting generally increases with the increased water pressure. It would be difficult to give the 
high grouting pressure as required while avoiding potential jacking. There are recorded cases with extremely high 
groundwater pressure of over 100 bar (e.g., Løtschberg Base tunnel, Switzerland). With relatively low water 
pressure, substantial difficulties could also be encountered as witnessed during construction of the Oslofjord tunnel 
where the inflow pressure was only around 10 bar.  

In Norwegian projects, high grouting pressures are often used, and the pressures of 60 – 80 bar are not 
uncommon. Depending on the overburden and rock quality, the permissible grouting pressure can vary from a few 
bar up to 100 bar [10], which is the realistic pressure the grout pumps can produce. The Hong Kong industry prefers 
to use high grouting pressure as well. With high injection pressure, existing discontinuities around the borehole are 
widened locally which facilitates grouting. It often requires less execution time and grouting material, while 
ensuring good durability and strength. However, there will be an increased risk of uncontrolled grout spread, in 
which the sealing effect will be limited and permanent deformations of the rock mass will occur. Limiting the 
maximum pressure can be a solution to reduce the risk of excessive deformations and spread of the grout. The 
grouting pressures commonly used in many other regions are substantially lower. Recommended maximum 
pressures according to practices in Sweden and USA [19] are shown in Figure 6. With the increase of grouting depth 
and competence of rock quality, the grouting pressure can be higher. Setting the grouting pressure to different stages 
along the tunnel should be considered if there are distinct differences in terms of rock overburden and quality. 
Similar grouting pressure chart was proposed by Rafi and Stille (2015) in their recent publication, to avoid the local 
jacking which is considered negative [20]. Table 1 shows the grouting pressure for selected projects. Specifications 
on grouting pressure in the technical codes of China are given in Table-2. 
  

 

Fig. 6. Grouting pressure according to practice in Sweden and the USA [19]. 
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 Table 1. Grouting Pressure of Selected Projects. 

Project  Grouting Pressure 

Bærum Tunnel (Norway) 2 MPa – 8 MPa 

 Mongstad Rock Cavern (Norway) 8 MPa 

T-Connection (Norway) up to 6 MPa 

Løren Tunnel(Norway) up to 8 MPa 

Gevingåsen Railway Tunnel (Norway)   7 MPa  

Qingdao Jiaozhou Bay Subsea Tunnel – F4-4 Fault Zone 
(China) 

3 – 4MPa  

HATS2A Project (Hongkong, China) 6 - 10 MPa;  3 - 6 MPa (Colloidal Silica) 

Northern Link Highway Tunnels (Sweden) 
2.3 Mpa  - 3 MPa above the ground water pressure; 1MPa excessive 
pressure  in proximity to existing tunnels or other infrastructures;  

Access Tunnel of Stockholm City Line Project (Sweden)  
1.0 MPa, 1.5 MPa or 2.0 MPa above the groundwater pressure; 1 MPa 
excessive pressure close to the tunnel portal  

 

Table 2. Specifications on Grouting Pressure in Chinese Technical Codes [21 – 23]. 

Technical Code  Grouting Pressure  

Code for Construction on Tunnel of Railway, China 2002 1.5 - 4 MPa 

Code for Design on Tunnel of Railway, China 2005 
0.5 -1.5 MPa over hydrostatic pressure; prefer 2 – 3 times for high 
hydrostatic pressure 

Technical code for waterproofing of underground 
works, China 2008    

0.5 – 1.5 MPa over hydrostatic pressure 

5. Concluding Remarks  

Uncertainties always prevail in predicting the geological conditions. Water related factors identified from probe 
drilling are indispensable for pre-grouting. The muddy water with clay or sand particles could be the symptom of 
erosion of joint fillings. Saline water inflow accelerates corrosion to electric equipment and influences the selection 
of grout material. The underground water inflow and pressure measured from the probe holes are the two most 
critical parameters, and can be considered as the reflector of all the geological factors directly linked to grouting. 
Correlation between grouting trigger values of water inflow through probing and allowable residual inflow limits are 
studied with few specifications and cases. As water flow in rock mass predominantly occurs along joints, a few 
joints could account for the majority of the flow, while the majority may only make a negligible contribution. This 
indicates the deviation can hardly be avoided and to get an explicit correlation is not possible. However, the 
increased number of probing hole may enhance the deduction of expected water inflow. With data collected from 
more cases, a better understanding on such correlation is expected to achieve for the practical engineering use. 
Grouting pressure is highly dependent on the groundwater pressure, and high water pressure necessitating high 
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grouting pressure increases the grouting difficulty. Compared to other regions, there is preference on the use of high 
grouting pressure in Norway and Hong Kong.  
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