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PRACTICAL PROBLEMS OF STRENGTHENING AND SEALING OF HYDRO-

TECHNICAL TUNNELS 
 
 Abstract: This paper presents our experience in design of polymer injection works for 
tunnels sealing and strengthening. The general problem in that design is how large is the 
strengthened and sealed volume, what is the material quantity needed and what are the final 
mechanical characteristics of the injected medium. The solution of the problem depends of the 
collected data from the site and the experience of the designer. The paper shows some 
differences between the project about polymer injections and the real conditions of work. It is 
illustrated with examples from our practice in Bulgaria and Macedonia.  

 
1. INTRODUCTION  

 When applying injection strengthening and sealing of facilities by means of 
polyurethane compounds, one needs to solve the following general problem: how large is the 
strengthened and sealed volume, what is the material quantity needed and what are the final 
mechanical characteristics of the injected medium. We consider that such a problem is not 
easy to solve at a project stage. This is basically due to the fact that polymers are strongly 
affected by the temperature and humidity of the material, which  they are to be injected in. As 
is known –[1], water reacts with polyurethane systems, foams them and, thus, modifies their 
mechanical characteristics. When injecting polymers in geological materials, one can not 
practically determine factors like material “temperature” and “humidity”.  
 We assume that it is reasonable to apply an averaged technology when planning such 
activities. It is based on existing general studies and measurements, including a coefficient of 
increased safety, which would guarantee satisfactory results. The coefficient involves the 
following parameters of the designed injection process: volume and form of spread of the 
injected resin, degree of resin foaming and time of resin reaction.  
 One of the basic tasks of polymer injection design is to minimize the difference 
between costs of planned and consumed materials and work. The reasons for the occurrence 
of such difference are discussed in the problems, outlined in what follows.   
 
 2. FACE STRENGTHENING DURING TUNNEL DIGGING IN NON-STABLE 
GRUNTS  
 Hydro-tunnels are facilities whose dimensions vary from one to dozens of meters. One 
can not use large-scale machinery in small tunnels, and tunnel strengthening is performed by 
means of manual drills at short distances of 2 – 3 m, in front of the tunnel face. The injection 
basic parameters sought are volume and form of injected resin spread. They are found, 
regarding porosity of the material to be injected and resin characteristics.  It is usually 
assumed that resin spreads in radial direction around the injection anchor. The volume of 
saturation usually depends on resin hardening, grunt porosity and quantity of the injected 
material.  
 Considering real strengthening, however, one can observe significant mismatch,  due 
to the non-homogeneity of the earth material that undergoes injection. Resin concentrates 
under the injection pipe or fills weak areas, when one performs slow injection. However, such 
resin spread does not correspond to the desired one in most of the cases.  
 
 EXAMPLE: Digging a waste- water collector, Sofia airport, Sofia, Bulgaria.  



 CONSTRUCTIONAL PARAMETERS: Tunnel with length 195 m and diameter 
1.80 m, arch level – 8.00 m; gravel grunt - stone diameter of up to 0.50 m; sand lenses and 
water-transporting layers included.  
 PROJECT: Arch strengthening at each 2.0 meters of tunnel length by means of 8 
anchors with length 3.00 m, mounted at a distance of 0.50 m from each other and at an angle 
of 20o with respect to the horizon. Manual drilling, using a pneumatic mining gun. Injection 
of 60 liters of a polyurethane system BEVEDOL VFA – BEVEDAN into each anchor. The 
system forms overlapping cylindrical bodies, whose diameter is about 0.60 m.   
 EXECUTION and PROBLEMS: We outline here a number of problems of the 
project execution, which yield subsequent project modifications (see Fig. 1). The first 
problem is that resin spreads around the anchors due to grunt looseness, which, in its turn, 
is due to the vibration of the drilling gun. One can relate this phenomenon to the mobility of 
the grunt that undergoes injection, to gun stability and, most of all, to the number and location 
of holes along the anchors. It is experimentally found that injection holes should be located at 
1.50 m from the face, at least, when the drilling length is 2.50 m. For such a distance, resin 
leaks at first around the anchor. Then, at the moment of its pouring into the face, resin 
hardens, strengthens the anchor hole and, finally, spreads within the grunt.  
 Grunt, which is to be injected, consists in most cases of layers with different hydraulic 
resistance. Considering the current case, grunt is gravel, whose stones have diameter of up to 
0.40 m. It is cut by water-transporting layers with or without water and by inserted sand 
lenses. The injected resin fills the water-transporting layers at first, and it spreads sometimes 
under the arch level, in the cross section of the tunnel. This yields digging difficulties and 
resin over-spend for sealing the layers outside the tunnel direction.  
 Another phenomenon is observed when the resin enters sand lenses. When resin 
heaps within the lens concentrated volumes, its next foaming yields increased pressure and 
collapse of part of the face.   
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Fig. 1. Real results of the strengthening of a hydro-tunnel for waste water 
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 - the quantity of injected material has been significantly decreased. It has been 
calculated once again, on the basis of the existing water-transporting layers and initial 
strengthening effects. 
 Strengthening of the weakest grunt areas has been attained as a result- these areas are 
washed out water-transporting layers and movable sand lenses. Underground water has been 
put under control and its flow to the tunnel has been restricted.   
 3. SEAL OF REVISION GALLERIES OF BAR DAM WALLS 
 Revision galleries enable one to monitor water filtration through a dam wall. Water 
debit is measured by means of control drainage facilities. However, they do not give an idea 
on what causes filtration. There are two possible water sources in the revision gallery:  
 - cavities of water leakage in the injection cement curtain under the dam wall – they 
occur when one violates project parameters of the injection curtain, or when water is 
aggressive towards concrete. Depending on the location (height) of the curtain damaged 
section, water can leak into the control gallery or penetrate through the dam wall.  
 - constructional imperfections of the revision gallery – an interface with decreased 
hydraulic resistance is formed between the material of the gallery and that of the wall, as a 
result of material different properties. Water enters the interface and spreads along the gallery.  
 In both cases, pressure of filtrated water increases proportionally to the depth of the 
control drainage and water level in the dam cup. However, water pressure can not provide 
information on water source.  
 The above effects imply inaccuracy of the design of sealing means for revision 
galleries and bar dam walls. Note that one can not determine in advance the depth of drillings 
for injection sealing and the quantity of material, needed for filtration restriction. The solution 
of those problems is given in the example below: 
 
 EXAMPLE: Seal of the revision gallery and bar dam wall, Hydro-electric Power 
Station (HEPS) “Tikvesh” [2], Kavadartsi, Macedonia.  
 CONSTRUCTIONAL PARAMETERS (Fig. 2). Tunnel with length 210.00 m, 
diameter 1.90 m, level difference 100 m, concrete walls with thickness 1.0 m. The gallery 
meets water-transporting earth layers within the left slope and at a level of 230 m. There are 
drainage and drilling holes (R1 – R90) along the gallery, and water with variable pressure and 
debit drains out of some of them. The general water debit reaches a value of 11.5 l/sec. 
Leakage through the dam wall is not established.  
 PROJECT (Fig. 2): As shown above, the observations would not enable one to 
determine what causes water leakage in the gallery. The proposed project consists of two 
parts: 
 I-st part – digging a test section of the gallery in the area of contact with the water-
transporting layer. Polyurethane is to be injected through three successive holes and in the 
interface between gallery lining and dam wall.  
 
 



 
 
1. Injection-control gallery    2. Drilling holes R1 – R90 
3. Water-transporting layers    4. Test  section 
 

Fig. 2. Test section of the control gallery of HEPS “Tikvesh” 
 
Our aim is to restrict water flux along the interface. We find the water source and specify the 
project solution, monitoring water drain out of the rest of the drainage holes. If the quantity of 
water, draining out of lower drainage holes, decreases, water source is the water-transporting 
layer of the left slope. If water quantity does not change, this means that the injection curtain 
under the wall is damaged.  
 II-nd part- based on the water source, found by means of test injection, we perform 
sealing just around the gallery or restore the injection curtain under the wall.  
 The example described illustrates that one can not find a specific solution in such 
cases, based of observations and measurements.  
 
 4. SEALING OF ARMORED HYDRO-TUNNEL SECTIONS  
 Metal armor plates are used in sections of hydro-tunnels under pressure or for the 
protection of tunnel concrete foundation from water aggression. Metal and concrete have 
different coefficients of temperature deformation, and interfacial crack is formed between 
them. Areas at the beginning of the metal armor are especially critical - these are the spots 
where water rapidly penetrates in the interface between metal and concrete. The task of 
polymer injection is to restore the bond between the metal plate and concrete, avoiding water 
penetration, and to allow temperature deformation of the metal plate. The design of such 
specific injection faces the following problems: 
 - non-controlled foaming of polyurethane, due to the presence of water in the closed 
space between metal and concrete – this specificity affects the properties of the sealing 
material, making them unpredictable. Excessive foaming yields decrease of polyurethane 
pressure strength and possibilities of metal plate deformation.  
 - inaccuracy of determining the volume to be sealed – water often fractures the 
concrete lining behind the metal plate. Cracks, caverns and even holes occur in the concrete 
lining, and filling them yields material over-spend.  



 Those problems produce significant mismatch between planned and consumed 
quantity of polyurethane, given by the formula “quantity of polyurethane =  volume to be 
filled/foaming factor”. This is illustrated by the following example: 
 
 EXAMPLE: Sealing of an armored collector of ASAREL MEDET tailings pond.  
 CONSTRUCTIONAL PARAMETERS [3]: Tunnel with length 600 m, diameter 
1.50 m, metal plate thickness 8 mm, concrete lining with thickness 0.30 m, with strongly 
damaged and water permeable dilatation joints. Water drifts between armor and concrete, 
along the collector. Its general debit is 15 l/sec, and its pressure (when the collector is in 
exploitation) is up to 7 bars.  
 PROJECT: Quantity of polyurethane, necessary for sealing, is found on the basis of 
the given distance of 1.5 cm between metal armor and concrete. Injection is planned to be 
performed through three holes with Φ 8 and at each 2.00 meters of tunnel length.  
 EXECUTION and PROBLEMS: Injecting the first 50.00 meters of the collector, we 
establish the following specific features:  
 - significant looseness has been left between the metal plate and concrete when 
mounting the armor. Looseness is 2 – 3 times larger than the initial norm of 1.5 cm.  
 - water, penetrating through the joints at the tailing pond side, carries away the resin. 
Foamed resin is heaped in sections, far from the injection spot. One can not control filling of 
the space between armor and concrete lining;  
 - low water temperature significantly inhibits polyurethane reaction. Foaming of 
polyurethane is so great, that, practically, material mechanical strength is significantly lower. 
Thus, one can not use it as sealer.  

 

 
Fig. 3. Sealing of an armored  section of a colle

 
 The above problems yielded modification of the project. 
polyurethane was increased 2.5 times. Measures were taken to lim
around the armor. Rings of rapidly hardening resin were formed at e
that purpose, and filling was controlled within those sections (Fig. 3)
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 5. DRILLING A TEST SECTION AS PART OF THE PROJECT SOLUTION 
 Injection sealing and strengthening are always carried out, following a technical task 
[3]. However, it is formulated by non-specialists in polymer engineering in most of the cases. 
The technical parameters are chosen on the basis of general measurements or project values. 
Practice shows [4] that 75% of the projects differ from reality, when applying polymer 
injection. The examples given, as well as our experience in injection sealing and 
strengthening, prove the necessity of drilling a test section in each specific case. Such 
approach has advantages, as well as disadvantages.  
 The advantages are as follows: 
 - accuracy of determining material and labor cost; 
 - accuracy of determining the technological parameters of the injection process and 
accuracy of attaining the mechanical characteristics of the injected polyurethane, i.e. the 
project technical basis; 
 - correctness of determining the warranty terms. 
 A basic disadvantage of such an approach is the necessity of preliminary funding of 
the tunnel test section. It should be drilled by companies that are specialists in the field, and 
the results should be introduced in the technical task. However, this can hardly happen when 
injection performers are chosen by a concourse, and designer’s experience remains the only 
factor to count on.  
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