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PRINCIPLE PLUG DESIGN FOR DEPOSITION TUNNELS 
 

ABSTRACT 
 

This report examines the plug structures to be built in the deposition tunnels of the 

repository. The deposition tunnels located below the depth of 400 metres have been 

used as input data. Each plug consists of a massive concrete structure. The planned 

maximum pressure acting on the plug is 7.5 MPa. It consists of 4.5 MPa of groundwater 

pressure and 3 MPa of swelling pressure of the backfill. 

 

Five different plug types have been examined. Two of them (butt and irregular plug) 

turned out to be difficult from the point of view of other works in the central and 

deposition tunnels. One type (straight plug) requires a lot of construction material. 

Wedge-shaped and dome plugs have been examined more carefully. 

 

The wedge shaped plug has advantageous properties in comparison with the dome plug, 

such as a three dimensional state of stress, the wedging effect which increases strength 

as pressure increases and larger tolerances for the excavation of the slot. Leakage water 

has a longer path through the wedge shaped plug than through the dome plug. 

 

Pressure load affects the wedge shaped plug, creating normal stresses, which are 

compressive along each coordinate axis. The long-term rise in temperature in the 

deposition tunnels can produce high extra stresses in all the plug alternatives. These 

stresses make it necessary to increase the strength of the concrete or the distance 

between the plug and the nearest deposition hole. The stability effects of different plug 

distances and deposition tunnel orientations have been examined. The plug does not 

significantly affect stresses in the surrounding bedrock or the stability of the bedrock. 

Stresses caused by excavation and temperature rise are decisive factors. 

 

A groundwater chloride content of 0-3% in the environment of the repository is used as 

input data. It affects the tightness of the concrete and the quality of the cement. Cement 

has to be sulphate resistant with a low pH value. Low pH results in the weakening of the 

corrosion protection of reinforcement. The tightness and the thickness of the concrete 

cover of the steel bars are tools that can be used to improve the situation. 

 

To avoid shrinkage and high generation of hydration heat the minimum volume of the 

aggregate should be 70% and in addition to cement, some other cementing agent should 

be used. The other cementing agent could be blast furnace cinder, fly ash or silica. The 

amount of cement needed is smallest with blast furnace cinder. It can be difficult to find 

cinder of a type with a suitable chemical consistency for repository use. 

 

The construction of the plug must start as soon as the backfilling of the deposition 

tunnel is completed. The estimated construction time of a plug is 40 days, including the 

hardening time of the concrete. 

 

The front wall of the backfill can be realized as a vertical plane. During the construction 

of the plug and the hardening of concrete the pressure of the backfill and the water is 

controlled by leakage tubes. 



 

  

In short term the plug can be subjected to a pressure smaller than the total pressure to be 

developed. The period between the completion of the backfill and the completion of the 

plug can be shortened through careful preliminary works.  

 

Keywords: spent fuel disposal, repository, plug structure  



 

  

SIJOITUSTUNNELEIDEN TULPPARAKENTEIDEN 
LUONNOSSUUNNITTELU 
 
TIIVISTELMÄ 
 

Tässä työraportissa on tarkasteltu käytetyn ydinpolttoaineen loppusijoitustunneleiden 

tulpparakenteiden periaatteita. Tämän työraportin tarkoitus on antaa lähtötiedot yksityis-

kohtaisemmalle tulppasuunnittelulle. Loppusijoitustunneleiden laskennallinen korkeus-

asema tarkastelussa on tason -400 alapuolella. Tulpat tehdään massiivisina betoni-

rakenteina. Mitoituksen lähtötietona on käytetty loppusijoitustunnelin puolelta tulppaan 

vaikuttavana kokonaispaineena 7,5 MPa. Tästä 4,5 MPa on hydrostaattista painetta ja 3 

MPa taustatäytön paisuntapainetta. 

 

Raportissa on tarkasteltu viittä erilaista tulppavaihtoehtoa. Kaksi niistä (puskutulppa ja 

epäsäännöllisen muotoinen tulppa) osoittautui keskus- ja loppusijoitustunneleiden käyt-

töä muiden töiden kannalta haittaavaksi. Suoraan tulppavaihtoehtoon tarvitaan paljon 

rakennusmateriaaleja ja tunnelipituutta. Kiilanmuotoisen ja kupolitulpan tarkastelu vie-

tiin pitemmälle. 

 

Kiilanmuotoisella tulpalla on eräitä edullisia ominaisuuksia verrattuna kupolitulppaan 

kuten kolmiaksiaalinen jännitystila, paineen kasvaessa tiukempi kiilautuminen, tarvit-

tavan varauksen väljemmät toleranssivaatimukset ja pitempi veden kulkeutumismatka 

tulpan ohi.  

 

Painekuorma aiheuttaa kiilanmuotoiseen tulppaan puristusjännityksiä kolmen koordi-

naattiakselin suunnassa. Loppusijoitustunneleiden lämpötilan nousu pitkällä aikavälillä 

aiheuttaa huomattavia lisäjännityksiä kaikkiin tulppavaihtoehtoihin.  

 

Tulppa ei vaikuta merkittävästi ympäröivän kallion jännitystilaan eikä kallion pysy-

vyyteen. Louhinnan ja lämpötilan nousun aiheuttamat jännitykset ovat määrääviä. 

Keskustunnelin ja loppusijoitustunnelin liittymiskulmalla on merkitystä tulpan sijain-

tiin. Lämpötilan nousu tulee vaikuttamaan tulpan etäisyyteen lähimmästä loppusijoitus-

reiästä, koska kallion lämpeneminen aiheuttaa kallioseinämissä siirtymiä tunneliin päin 

pienentäen sen poikkileikkausta. Mitä suurempi em. liike on, sitä suuremmat jännitykset 

syntyvät tulppaan. Lämpenemisvaikutus pienenee nopeasti, kun etäisyys loppusijoitus-

reikiin kasvaa.  

 

Pohjaveden kloridipitoisuudeksi on oletettu 0-3 %. Betonin on oltava tiivistä ja käytet-

tävän sementin sulfaatinkestävää. Toisaalta sementin pH-arvon tulee olla alhainen, 

mistä seuraa, että terästen korroosiosuoja heikkenee. Korroosiosuojaa voidaan parantaa 

betonin tiiveydellä ja teräksiä suojaavan betonikerroksen paksuudella. 

 

Betonin suuren kutistumisen ja suuren sitoutumislämmönkehityksen välttämiseksi 

betonissa tulee olla kiviainesta vähintään 70 % ja betonimassaan on lisättävä seos-

aineita. Seosaineita ovat masuunikuona, lentotuhka ja silika. Masuunikuonan käytöllä 

sementin määrää voidaan pienentää enemmän kuin kahdella muulla seosaineella. 

 



 

  

Tulpan rakentaminen on aloitettava heti, kun loppusijoitustunnelin taustatäyttö on tehty. 

Valumuotti tarvitaan vain tulpan paineettomaan päähän, koska täytön tulpan puoleinen 

pääty tehdään pystysuorana. Taustatäytön painetta kontrolloidaan tulpan rakentamisen 

aikana paineenalennusputkilla. Arvioitu rakentamisaika on noin 40 päivää, mitä voidaan 

lyhentää huolellisella esivalmistelulla.  

 

Avainsanat: käytetty ydinpolttoaine, loppusijoitustilat, sulkurakenne 
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1. INTRODUCTION 

Posiva Oy is a Finnish company responsible for investigations related to and the 

implementation of final disposal of spent nuclear fuel. According to plans, the spent fuel 

will be located in deposition tunnels excavated in bedrock below a depth of 400 metres 

(Figure 1-1).The plans for the disposal of spent nuclear fuel are based on the KBS-3 

waste disposal concept in crystalline bedrock. Figure 1-2 shows the vertical option of 

the KBS-3 concept (KBS-3V). 

Posiva and SKB carry out the development and investigation of the KBS-3 concept in 

cooperation. This work has been under way for more than twenty years. The KBS-3 

concept aims at long-term isolation and containment of the spent fuel assemblies in 

copper canisters with a nodular cast iron insert. The canister is emplaced at a depth of 

several hundred metres in the bedrock. Each canister is isolated from the bedrock by a 

thick layer of bentonite clay (buffer) (Posiva, 2006). After individual canisters and the 

bentonite buffer have been emplaced, the deposition tunnels are backfilled and sealed.  

This report examines the plug structures to be built in Olkiluoto in the deposition 

tunnels of the repository for spent fuel. As more knowledge has been accumulated about 

the site and the expected evolution of conditions in Olkiluoto, the design requirements 

for the plugs have been updated. 

The deposition tunnels will be filled with a backfill material and isolated from the 

central tunnel with a plug structure, which has to have a life cycle at least equal to the 

whole operational period of the repository. About 140 plugs will be needed in the entire 

repository, estimated on the current facility layout. Future changes of the repository 

layout can alter this. 

This report is an update of the previous study on plugs (Haaramo, 1999). The functional 

requirements and the design basis of the plugs, structural solutions, implementation, 

processes and the evolution of the plug structures are studied in this report.  

 

Figure 1-1. Repository layout (Tanskanen, 2007). 
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Figure 1-2. The KBS-3 concept for the disposal of spent nuclear fuel (modified from 

Posiva, 2008). 
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2. DESIGN BASIS OF PLUGS 

2.1 General requirements 

The disposal solution is the KBS-3 concept based on both engineered and natural 

barriers. Engineered barriers consist of the copper-iron canister, the highly compacted 

bentonite surrounding it and the backfill material plus the sealing structures in the 

deposition tunnels and other cavities (see Figure 1-2). The bedrock acts as a natural 

barrier. 

The disposal actions, such as the emplacement of the canisters into the deposition holes 

bored in the bottom of the deposition tunnels will go on for more than a hundred years. 

Due to the long operational period, the central tunnels need to be available for much 

longer than individual deposition tunnels. The excavation of the deposition tunnels and 

the expansion of the repository will be carried out in a stepwise manner in order to 

avoid hydrological disturbances and to minimize ventilation needs (Saanio et al, 2007).  

After the canisters have been emplaced in their deposition holes and the deposition 

tunnel backfilled, the tunnel has to be separated from the central tunnel. A sealing 

structure is needed to keep the backfill in place in the deposition tunnel. Water flow 

from the deposition tunnel to the central tunnel must be minimal. Working in the central 

tunnel must be safe. For these reasons a plug needs to be constructed at the junction of 

the deposition tunnel and the central tunnel. This plug must close the deposition tunnel 

as quickly as possible.  

 

2.2 Requirements for plug design 

The primary task of the plug is to separate the deposition tunnel from the central tunnel 

during the operational period and to resist the pressure of backfill and water from the 

deposition tunnel. The plug structure prevents the backfill in the deposition tunnel from 

loosening and swelling into the central tunnel. Another target is also to prevent water 

flow out of the deposition tunnel, which may inhibit the necessary saturation of 

bentonite. Water tightness will be secured by using a high quality plug material and by 

an adequate thickness of the structure. The plug structure is planned to be watertight to 

prevent any major inflow through the plug structure or through the contact between the 

rock sidewall and the plug.  

The plug will be in contact with the host rock. The pressure load on the plug will be 

transmitted to the host rock through the plug/rock interface. This interface is the 

weakest part of the cross-section against water leakage.  

Leachates from the plugs shall not significantly impair the performance of the barriers. 

Interaction between the plug materials and the backfill of the deposition tunnel may 

change the properties of the backfill. In order to minimize this, the focus has been on 

getting harmful effects under control. The use of organic materials is to be minimized 

and their consequences studied. 

The life cycle basis of the plug is the lifetime of the operational period, in other words 

the plug is a so-called short-term structure. After the operational period hydrostatic 

pressure becomes even on both sides of the plug.  
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2.3 Olkiluoto-related design specifications and requirements  

The plug structure under study will be located in the deposition tunnel close to the 

junction with the central tunnel in the repository. The plug is conservatively designed 

for full one-sided hydrostatic pressure. The selected starting point is a depth of 437 m 

from the ground surface. Hydrostatic pressure has been assumed to reach 4.5 MPa. 

The elevated temperatures will cause an increase in the stress in the surrounding rock 

and the stress will also propagate to the backfill and to the plug structure. The rock will 

subsequently deform by a few millimetres inwards, and compress the plug structure. 

This phenomenon shall be studied carefully. 

The backfill of the deposition tunnels consists of Friedland-clay blocks and bentonite 

pellets. Alternatively, the blocks can be made of a mix of bentonite and crushed rock. A 

swelling pressure of 3 MPa has been used as input data. In other words, a total of 7.5 

MPa is used as the dimensioning pressure. It should be noted that the pressure of the 

backfill will increase gradually. This could be utilized when planning the construction 

of the plug structure. 

The estimated natural temperature in the Olkiluoto bedrock is 12-13°C at a depth of 430 

m. During the operational period temperature is kept at about +20°C in the tunnels. No 

significant rise in temperature will take place, when the plug is under construction. The 

hardening reaction of concrete (hydratation) generates heat. Temperature differences 

between the centre of the plug and close to the concrete/rock interface are small. Due to 

hydratation heat, these differences reach a maximum value during the setting of the 

concrete.  

A groundwater chloride content of 0-3% in the environment of the repository is used as 

input data. In addition, sulphates are present in the groundwater. This shall be taken into 

consideration in the determination of the thickness of the concrete cover on top of the 

reinforcement, the tightness of concrete and the quality of cement (Hannuksela, 2003). 

 
 

2.4 Dimensions and conditions of deposition tunnel 

The junction between the central tunnel and the deposition tunnel is presented in Figure 

2-1 and the cross-section of the deposition tunnel is presented in Figure 2-2. At present 

the planned distance between the pressured end of the plug and the first deposition hole 

is 6 metres (Haaramo, 1999). The maximum tolerated level of water inflow into the 

deposition tunnel is 1-2 l/min per 100 m of tunnel length, according to the current 

understanding. 

The plug will be built in a location, where rock is of good quality and intact. Water 

inflow weakens the tightness of the concrete/rock interface. EDZ has to be removed 

from the slot location of the plug. A small gap will be formed between the plug and the 

rock due to the shrinkage of concrete. Moving water may dissolve concrete ingredients. 
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Figure 2-1. Junction of central tunnel and deposition tunnel. (Kirkkomäki et. al, 2005). 

 

 

Figure 2-2. Cross-section of deposition tunnel (Keto, 2006). 
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3. PLUG DESIGN PRINCIPLES  

This study will be carried out at a sketch level. The following principles will be utilized 

in the design of the repository plugs. 

The factors identified by Auld (1996) to consider when designing a plug: 

1. Identify which of the four types of plug you are designing: 

 precautionary plug 

 control plug 

 emergency plug 

 temporary plug (this is closest to the case in Olkiluoto) 

2. What is the nature of the excavation being plugged? 

3. Where is the plug to be located? 

4. What is the shape of the plug to be installed? 

5. What hydraulic head must be restrained? 

6. What are the local rock and stress conditions? 

7. What are the strength and stress conditions in the plug? 

8. How is the plug to be constructed? 

 

3.1 Selection of materials and determination of properties 

The principles adopted from conventional plug design have been used in order to select 

suitable plug components for the deposition tunnels. 

 

3.1.1 Cement-Concrete 

The required properties of concrete include: 

 as small an amount of cement as possible, without compromising the strength 

 low pH cement 

 sulphate resistant cement (the chloride content of water can be 3%) 

 low generation of hydration heat 

 small shrinkage.  

Heat generation and shrinkage can be controlled by keeping the strength category 

requirement of concrete as low as possible and the maximum grain size of rock 

aggregate as great as possible. When the strength category of concrete decreases, the 

need for cement as well as heat generation and shrinkage decrease. An increase in 

aggregate grain size decreases shrinkage further. The strength category of concrete is 

K35-1 in this work (SFS, 1992). The strength category has been raised from K30-1 

(Haaramo, 1999) because of the elevated temperatures in surrounding bedrock. 

The amount of cement can be reduced by compensating part of the cement with 

additives such as blast furnace cinder, fly ash or silica. Silica influences mainly the 

strength and durability of the cement mix and only reduces the need for cement slightly. 

Besides, it does not reduce the generation of hydratation heat. Fresh cement mix 

containing large amounts of silica is also hard to process. The calculation formulae for 

the maximum values of cement/additive ratios are given on page 164 of (SBY, 2004b). 
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Table 3-1. Requirements in terms of consistency and properties of blast furnace cinder 

(SBY, 2004b). 

Object of test Requirement 

 

activity index 

 

         7d 

         28d  

     hydration time 

      

     S²¯ 

     Cl¯ 

     MgO  

      

 
 

 

 

 

     50 % 

     75 % 

  ≥ 45 min 

  ≤ 8 h 

  ≤ 2,0 % 

  ≤ 0,05 % 

  ≤ 16,0 % 

  

 ≥ 1,0 

 

 

The use of blast furnace cinder reduces the need for cement noticeably. The reduction in 

the amount of cement is more than twice as large as with fly ash. Blast furnace cinder 

will therefore result in the smallest cement amount (cement is possibly harmful to 

bentonite) and in smallest heat generation during the hardening of concrete. Blast 

furnace cinder concrete also resists sulphates more effectively than silica- or fly ash 

mixed concretes. The required amount of cement is 100 kg /m³ and the required amount 

of blast furnace cinder 250 kg/m³. However, the use of a small amount of a cementing 

agent results in the need to use plasticizers. These additives always include organic 

material. The required composition of cinder is illustrated in Table 3-1. 

 

Table 3-2. Maximum amounts of fly ash, blast furnace cinder and silica, given as 

percentage of the amount of cement in concrete (SBY, 2004b). 

 

   Material     XS1      XS2 

  Silica     11%      11% 

  Fly ash     45%      30% 

 Blast furnace cinder     375%      20% 
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The change from environmental condition class XS1 to XS2 is dramatic (Table 3-2). 

XS1 refers to a situation where the structure is on the shore of sea, and XS2 to a 

situation where the structure is under seawater. The plug side interfaces are 

concrete/rock. Both ends of the plug are in direct contact with saltwater. If necessary, a 

protecting layer (e.g. copper) can be used on each end of the plug. The effect of this is 

only small, however, as a thin layer on a thick structure will degrade within 100 years.  

The possibility of leaving out the cooling pipe net shall be studied with calculations and 

tests. This is only possible when using blast furnace cinder, because of the lower 

generation of hydratation heat in comparison with the use of silica or fly ash. The 

majority of interfaces are rock/plug and backfill/plug. This means that evaporation of 

water through these interfaces is prevented. The strength development of curing 

concrete is presented in Figure 3-1. 

In order to achieve a final strength of K35-K45, the water-cement ratio of the concrete 

mix must be exceptionally low. This results in the need for plasticizers, but the 

processing of the concrete mix can still be difficult. The lower the target strength, the 

easier the processing of concrete mix. The amount of plasticizer is about 1% of the 

amount of the cementing agent. Blast furnace cinder is also considered a cementing 

agent. The necessary total amount of cement and blast furnace cinder is about 350 

kg/m
3
. The content of organic material in the plasticizer is about 120 g/kg. This means 

that the plasticizer brings about 0.4 kg of organic material into one cubic meter of 

concrete. The concrete volume of the plug in the deposition tunnel is 130-280 m³. The 

amount of organic material in one plug is then about 50-112 kg.  

 

Figure 3-1. Strength development of concretes with various cement types and 

water/cement ratios (RIL, 1979). 
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3.1.2 Steel and copper 

Steel A500HW will be used as reinforcing steel close to the surface in the plug. This is 

the most common grade of reinforcement steel used in concrete structures in Finland. 

The reinforcement is protected by a concrete cover. The other parts of the plug will be 

reinforced with steel fibers to create a tough homogenous structure. Low pH concrete 

does not provide very good protection against chloride. Silica mix improves this 

protection to some degree. The steel bars can be coated with zinc or epoxy. The best, 

but also the most expensive solution is to use stainless steel rebars. 

With watertight concrete and fairly thick rebars, the question of corrosion during the life 

cycle of the plug becomes irrelevant.  

To protect the backfill from the influence of fresh concrete and to improve the tightness 

of concrete, a 2 – 3 mm thick copper plate will be installed on the pressure side of the 

plug. The non-pressured end of the plug can also be protected with a copper plate 

against the influence of saltwater. The long-term durability of copper is good in the 

reducing conditions prevailing in the repository. 

 

3.1.3 Rock blocks 

Rock blocks can be used as fill material in the concrete structure to decrease the amount 

of cement. Stone quarries can deliver large second-grade blocks of a relatively regular 

shape. These second-grade blocks are a byproduct of quarrying operations and cannot 

be used in applications where high-quality building stone is needed. Quarrying will 

produce more second-grade rock blocks than first-grade blocks, and thus the cost of 

these blocks is very low.  

The main requirement for the blocks is high compressive strength. The blocks should 

preferably have a rough surface. If needed, the surfaces can be roughened. Rock blocks 

cannot be used on the watertight pressure side of the plug because of the block/concrete 

interface and possible fractures in blocks. 

When stone blocks are used in the plug, reinforcement will be necessary. The short-term 

and long-term modulus of elasticity of concrete differs from that of rock blocks. This 

will induce harmful tensile stresses. The very high pressure load also requires a 

homogenous structure. 

 

3.2 Rise of temperature in deposition area 

Temperature will rise slowly in the deposition tunnels and in the surrounding rock. It is 

estimated to reach a near-perimeter maximum value after about 50 years  

(Pastina & Hellä, 2006). The elevated temperatures will cause a stress increase in the 

surrounding rock, and the stress will also propagate to the backfill and the plug 

structure. The rock will subsequently deform a few millimetres inwards and compress 

the plug structure. This phenomenon will increase stresses on the plug and represents 

the most conservative case of the loads the plug structure needs to resist (See Ch. 7.1.1).  

If the temperature rise elevates plug stresses to 15 – 30 MPa, the strength of the plug 

concrete must be very high. The demand for higher strength of the concrete results in 
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increased shrinkage, hydratation heat and consumption of cement. The rise in the 

temperature decreases fast, as the distance between the deposition holes and the plug 

increases. If the thermal expansion of the bedrock can be kept at less than about 2 mm, 

no problems will be encountered. In other words, there is a high probability that the 

eventual position of the plug will be determined by the thermal behavior of the plug and 

the surrounding rock.  

 

3.3 Plug alternatives 

Concrete plugs can be divided on the basis of the operating principle into the following 

groups:  

 Straight plug.  

 Butt plug. 

 Irregular plug. 

 Wedge-shaped plug. 

 Dome-shaped plug. 

 

3.3.1 Straight plug 

The principle of the straight plug is based on an uneven interface between rock and 

concrete that transmits pressure to the surrounding rock. The benefit of the straight plug 

is its simplicity, it needs no reservation. On the other hand, the plug is very long, about 

20 m (Figure 3-2.) EDZ in surrounding rock must be removed from a large interface. 

The 20 m long plug requires about 28 tons of cement and 70 tons of blast furnace 

cinder. The plug length shall be at least eight times the radius of the tunnel (Akgun and 

Daemen, 1999). This means that the minimum length is about 18 metres with pressure 

smaller than the pressure is in Olkiluoto, according to the input data.  

A straight plug needs a lot of construction materials and tunnel length. It will not be 

studied further in this report. 

 

Figure 3-2.  Straight plug. 
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3.3.2 Butt plug 

This plug type transmits the pressure load through the straight butt to the opposite rock 

surface, or the plug is supported on the rock threshold surrounding the tunnel. 

With a butt plug, forces are transmitted in a clear manner. Filling stones can be used. 

This can only be built at the junction of the central tunnel and the deposition tunnel. The 

operational use of the central tunnel is in practice impossible after the plug has been 

built. The butt plug contains about 10 tons of cement and 25 tons of blast furnace 

cinder.  

On the rock threshold the butting plug carries loads through the high shear strength of 

the rock. It is therefore sensitive to changes in rock quality. The butt requires a lot of 

construction material and closes the central tunnel, preventing operations there. It will 

not be studied further in this report. 

 

Figure 3-3. Butt plug. 



15 

  

3.3.3 Irregular plug 

The irregular type of plug is located at a curve of the deposition tunnel. This form 

induces high tension and bending-related stresses on the plug. 

The high pressure load causes great internal forces on an irregular plug. Because of this 

the irregular plug needs a lot of reinforcement. The curve in the deposition tunnel can 

also cause operational problems. The benefit is that the cross-section of the tunnel 

remains constant. This plug will not be studied further in this report. 

 

 

Figure 3-4. Irregular plug. 
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3.3.4 Wedge-shaped plug  

The wedge-shaped plug is confined in a wedge-shaped excavated slot. The higher the 

pressure grows, the tighter the plug squeezes into its slot in the rock.  

The wedge shaped form of the plug gives it added reliability. Reliability also adds to the 

3-axial state of stress. The use of filling stones is possible, although it makes the 

building process difficult. Reliability decreases because of the non- homogeneous 

internal structure of the plug. The amount of necessary reinforcing will grow due to the 

large-size of the stone blocks.  

A wedge shaped slot must be excavated for the plug. The amount of cementing agent is 

smaller than in the aforementioned plug structures (irregular and straight types). This 

plug type will be studied further in this report. 

 

Figure 3-5. Wedge-shaped plug. 
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Wedge shaped plugs have been used to seal mine tunnels on several occasions 

(Pacovsky, 1999, Chandler et al, 2002, Sitz et al, 2002). The axial force caused by 

pressure is mainly transmitted as a side compression force to the surrounding rock. The 

rock/concrete interface plays a significant role in terms of friction and shear. The 

interaction of these is here called joint resistance. Because of the wedge shaped form, 

the plug "becomes wedged" all the more tighter the higher the pressure that pushes it.  

 

Joint resistance has an essential effect on the magnitude of the side force. When the 

wedge angle is 14º per one side (Haaramo, 1999), the total side compression varies 

between 178 MN and 916 MN and joint resistance between 178 MN and 0 MN. If joint 

resistance is expressed as a friction angle, a side compression of 178 MN corresponds to 

a friction angle of 45 degrees and a side compression of 916 MN corresponds to a 

friction angle of 0 degrees. The pressure acting on the plug is 7.5 MPa. The 

phenomenon is complicated, as joint resistance affects the magnitude of the side force 

and vice versa. The calculation basis is an initial joint friction angle of 38 degrees 

(friction coefficient 0.78) and a mobilized angle of 20 degrees (coefficient 0.36). 

In principle, this plug does not need reinforcement. Local tensile stress can cause local 

cracks. This does not have much effect on the carrying capacity of the plug. Because of 

the conditions and the very high pressure load, it is advisable to reinforce the plug. 

Concrete with steel fiber reinforcement gives the plug a more homogenized structure 

and improves its shear and tension durability. 
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3.3.5 Dome-shaped plug  

The pressured end of a dome plug is a straight wall because of the construction 

technique. The non-pressure end is cupola shaped. The thickness depends on the water 

tightness and strength of the concrete. 

A dome shaped plug needs about 6 m³ less concrete than a wedge shaped plug. The 

cross-section of the tunnel at the location of the plug is circular. The diameter of the 

circle is rather long with respect to the height of the tunnel. A triangular slot must be 

excavated for the plug. The prevention of inflow along the concrete/rock interface must 

be considered very carefully. The pressure gradient of the inflow passing the plug is 

shorter than in the case of the other plug types. 

As the tunnel cross-section widens in the case of a dome-shaped plug, the pressure load 

increases as well. The accuracy of excavation influences the total horizontal pressure 

force acting on the plug. It therefore influences the design and the size of the plug. If 

differences from the theoretical measures are greater than the given tolerances, the 

design of the plug must be checked according to this new situation. 

The dome shape gives the plug added reliability. Reliability is not as good as with the 

wedge shaped plug. The plug is more sensitive to tolerance problems in excavation. The 

dome plug will be studied further in this report. 

The dome form is structurally reasonable. It is possible to model so that the principal 

stress appearing is compression stress. Because of the high pressure and water tightness, 

the cupola structure must be massive. The thickness/radius ratio is rather high. Because 

of this also bending-related tensile stress will affect the dome. The deposition tunnel 

will be excavated in a circular shape at the plug's position. The diameter of the circle is 

5.5 metres at the ends of the plug and about 8.5 metres at the bottom of the slot ring. 

The thickness of the dome is 2.3 m in the middle part.  

 

Figure 3-6. Dome shaped plug. 
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The mechanical stresses acting on the plug can be calculated more accurately than in the 

case of the other plug types. Tests need to be concentrated on water leakage past the 

plug, behavior in the slot and construction technique. 

A dome shaped test plug with a thickness of about 1.2 metres has been constructed in 

Äspö in Sweden (Gunnarsson et al, 2002). Water flow past the plug under a pressure of 

400 - 500 kPa was about 0.9 l/h. Were the hydraulic head to be increased to 6 MPa and 

Darcian flow behavior observed, seepage past the concrete bulkhead would increase to 

approximately 13.6 l/h. At 13.6 l/h seepage the issue of localized erosion of the 

bentonite gasket material might exist, if the seepage path(s) are not confined to EDZ 

(SKB, 2005). The plug seems to be partially located in a damaged area (EDZ in side 

wall), which worsens the situation. The seepage path of the water past the concrete plug 

is considerably shorter than with the wedge shaped plug. From this point of view the 

rock/concrete interface should develop to be considerably more watertight. 
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4. LOCATION OF PLUG 

4.1 Modelling tool 

In order to study the influence of the location of the plug on the stability of the tunnels 

and the surrounding bedrock, a numerical rock mechanics modelling of the plug and its 

surroundings was carried out. The aim of the work was to study the stability effects of 

different distances of the plug from the central tunnel and deposition tunnel orientations. 

The work was performed with three-dimensional distinct element code 3DEC (Itasca 

Consulting Group). It is designed to model discontinuous materials, such as sparsely 

jointed rock masses as an assemblage of discrete blocks. The discontinuities (joints, 

faults) are handled as boundary conditions between blocks, and the model allows large 

displacements and rotations of blocks. The block material can be rigid or deformable 

(Itasca, 2007). 

 

4.2 Modelling cases 

The model was built inside a cube of material with a 60-metre edge length. The 

discretisation boundaries were first cut out as two sets of boxes within each other. The 

tunnels were cut out from the inner boxes. A central tunnel runs through the entire 

model along the Z-axis of the model. A single deposition tunnel begins at the centre of 

the model and connects to the central tunnel. In cases 1 and 2 it runs along the X-axis to 

the model boundary. The Y-axis of the model is vertical. 

A single wedge-shaped plug has been cut out in the deposition tunnel by molding the 

tunnel to the shape of the plug. The analyzed cases have different deposition tunnel 

directions and variable plug distances along the deposition tunnel. The following cases 

have been analyzed: 

 Case 1: Deposition tunnel at an angle of 90 degrees to the central tunnel, 5 m plug 

distance. 

 Case 2: Deposition tunnel at an angle of 90 degrees to the central tunnel, 10 m 

distance. 

 Case 3: Deposition tunnel at an angle of 60 degrees to the central tunnel, 5 m 

distance. 

 Case 4: Deposition tunnel at an angle of 30 degrees to the central tunnel, 10 m 

distance. 

 Case 5: Deposition tunnel at an angle of 90 degrees to the central tunnel, 10 m 

distance. Dome shaped plug. 

 

4.3 Boundary conditions and input parameters 

Identical boundary and initial conditions were set in all the five standard cases. The 

model's in-situ stress was constant with maximum, intermediate and minor principal 

stresses of 25.9, 15.6 and 10.9 MPa, respectively. The major principal stress was always 

horizontal and aligned along the deposition tunnel. In other words, the major principal 

stress was rotated with differently striking deposition tunnels. The state of the stress was 
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set according to Site Report 2008 (Posiva, 2009) and represents the best current 

understanding.  

The rock mass was given an elasto-plastic constitutive model based on the Mohr-

Coulomb strength criterion. The plug material was linear elastic with Young’s modulus 

and a Poisson ratio of K35 of concrete. The material properties of the rock mass were 

established on the basis of laboratory test results presented in Site Report 2006 

(Andersson et al, 2007). A utility program named RocLab (RocScience Inc.) was used 

in the process. The properties that were input in the 3DEC model are given in Table 4-1.  

No joints were cut in the rock mass, as the rock is assumed to be intact at the deposition 

depth. Only the contact between the rock and the plug is active in these calculations, all 

other discontinuities have been immobilized. The plug-rock contact was given a 

cohesion of 0.2 MPa (contact strength of concrete) and an initial friction angle of 38 

degrees (friction coefficient 0.78). After slip had occurred, the cohesion was set to zero 

and the friction angle to 20 degrees (0.36). The contact also had an initial tensile 

strength of 0.2 MPa.  

Model cases 1 and 4 were also analyzed with different stress states. The modified case 1 

was calculated with increased in-situ stresses. The purpose was to model the effect of 

temperature increase caused by the decay heat of deposited canisters. The stress 

increase due to thermal expansion was 13 MPa for the major principal stress, 11 MPa 

for the intermediate stress and 7 MPa for the minor principal stress. This stress state was 

taken from another 3DEC model, which calculated the thermal stress 40 years after the 

deposition of the canisters, at 6 m distance from the last canister of a single deposition 

tunnel. 

The second modified model was case 4; this variant was analyzed with the major 

principal stress striking horizontally in a direction perpendicular to the deposition 

tunnel, rather than parallel. This stress state is the most unfavorable situation.  

 

Table 4-1. Material parameters used in the numerical analyses. The highlighted values 

have been input to the program. (Modified from Andersson et al. 2007). 

 

Rock Mass parameters:
Volume weight 2700 kg/m

3

GSI GSI index 90

Mohr-Coulomb strength parameters:

c Cohesion 9.5 MPa

Friction angle 53

Dilatation angle 12

t Tensile strength 3.78 MPa

Elastic parameters:

Poisson's ratio 0.25

Ei Young's modulus, Intact rock 61.4 GPa

Erm Young's modulus, rock blocks 58.9 GPa

Parameters of plug material:

Volume weight 2400 kg/m
3

E Young's modulus 29.6 GPa

Poisson's ratio 0.2  
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4.4 Modelling results 

4.4.1 Standard cases 

The behavior of the model is dominantly controlled by the tunnel excavations. The 

excavations redistribute the stress field inducing large resultant stresses on the apex and 

root of the central tunnel (Figure 4-1). As the major principal stress runs parallel to the 

deposition tunnel, the resultant stresses around it are moderate (Figure 4-2). This stress 

distribution is fairly similar in all standard model cases, as the stresses are rotated with 

the deposition tunnel. The sign convention of 3DEC (compression negative) differs 

from rock mechanics rules. This needs to be remembered when examining the figures. 

Minor principal stress resultants are tensile on central tunnel sidewalls and floor, with a 

maximum tension of ~2 MPa. The minor stress is close to zero on the deposition tunnel 

perimeter, with only random elements under tension. 

Stresses on the rock surrounding the plug structure are only altered in the immediate 

vicinity of the plug. The principal stresses are magnified from the stress levels on tunnel 

perimeters outside the plug slot. However, the stresses do not grow significantly past the 

far-field magnitudes (Figure 4-3 & Figure 4-4). The state of stress in the plug is studied 

in Chapters 5.1.8 and 5.2.8. 

 

Figure 4-1. Resultant stresses around the central tunnel, major principal component. 

Maximum stresses are 75-80 MPa. Note! Compressive stresses are negative in 3DEC. 
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Figure 4-2. Major principal stress resultants around the deposition tunnel. The contour 

scale differs from Figure 5-1. Max stress level 35-45 MPa. 

 

 

Figure 4-3. Major principal stress distribution in a vertical section running through the 

deposition tunnel midpoint.  
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Figure 4-4. Horizontal section of the major principal stress distribution around the 

plug structure. Contour scale identical with Figure 4-3. 

 

The displacements of the model occur as the tunnels are excavated; the effect of the 

plug is negligible. The walls of the central tunnel displace inwards by slightly less than 

three mm, these are the largest deformations in the model (Figure 4-5). The deformation 

of the deposition tunnel outside the tunnel crossing is less than 1.5 mm (Figure 4-6). 

The plug itself is compressed by ~1.2 mm due to the applied pressure of 7.5 MPa 

(Figure 5-6). 

The displacements in other standard cases show only small changes. The only 

difference between cases 1 and 2 (plug at 10-metre distance, same direction) is that in 

case 2 the plug is outside the area where displacements are altered by both tunnels. Case 

5 (dome plug model) is identical to case 2. 

In case 3 (deposition tunnel at 60 degrees), the deformations of the central tunnel are 

almost similar in magnitude as in case 1, but the directions are aligned to the major 

principal stress direction (Figure 4-7). The deposition tunnel deforms asymmetrically 

before the plug, this is related to the combined effect of the two tunnels. Deformations 

inside the deposition tunnel do not differ from case 1. 

Displacements in case 4 are rather similar to case 3. The displacements of the central 

tunnel are now smaller in magnitude (max. def. about 2.1 mm), but similar in direction. 

The asymmetry of deformations around the plug area is more clearly pronounced 

(Figure 4-8). 
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Figure 4-5. Displacements in central tunnel, maximum value ~2.9 mm (the legend units 

are metres). 

 

Figure 4-6. Displacements in deposition tunnel, contour scale same as in previous 

figure. 
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Figure 4-7. Horizontal section image of displacements in case 3.  

 

 

Figure 4-8. Horizontal section of displacements in case 4. 
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The plasticity state of the model is difficult to interpret, because the program calculates 

stresses and displacements by dynamic equations that are damped in “static” problems. 

Due to this, the program displays currently yielding elements (shear/tension-now) and 

those that have yielded “in the past” (shear/tension-previous). The plug structure is 

represented by an elastic material, and plasticity has not been analyzed.  

Furthermore, the simple Mohr-Coulomb block constitutive model applied to bedrock 

does not soften when yielded, unlike real material. The overstress is released during the 

yield as additional deformation, but the material can still carry unrealistically high loads 

after yielding. Thus the “previously” yielded elements should not be ignored.  

The plasticity states of different calculation cases differ greatly from each other. This is 

due to the combined damage zones of the two tunnels, and is greater when the angle 

between the tunnels decreases. This might determine the minimum plug distance, 

because the plug needs to reside in non-yielded rock.  

Cases 1, 2 and 5 (Figures 4-9, 4-10, and 4-11) would seem to be safe as the plug is well 

outside the damaged crossing area of two tunnels. Case 3 is still acceptable, although 

there is quite a large yielded area between the crossing and the plug slot (Figure 4-12).  

Case 4 is the worst one. In this model the bedrock has yielded extensively on the right 

compressive side of the plug slot. In addition, this yielded area extends through the 

pillar between the plug and the central tunnel. This position is not acceptable, and a 

distance longer than 10 m is needed if the angle between the tunnels is 30 or less 

(Figures 4-13 and 4-14). 

 

Figure 4-9. Plasticity state in calculation case 1, horizontal section at 2.5 metres from 

tunnel floor. 
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Figure 4-10. Plasticity state in calculation case 2. The damage zone is much more 

narrow around the deposition tunnel than around central tunnel.  

 

Figure 4-11. Plasticity state of case 5 (dome plug model). The lack of damage zone 

around deposition tunnel is due to the circular cross-section of the tunnel.  
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Figure 4-12. Horizontal section of plasticity state in case 3. Rock mass intact at plug 

slot.  

 

Figure 4-13. Horizontal section of plasticity state of case 4, 2.5 metres from the tunnel 

floor. The location of Figure 5-13 marked with A. The left side of plug slot has yielded 

extensively. 
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Figure 4-14. Vertical section of plasticity state, at location A shown in previous Figure. 

Elevation of horizontal section shown. 

 

4.4.2 Modified cases 4 and 1 

The modified case 4 (the worst-case stress orientation) shows most differences in 

stresses and displacements. The yield state is affected only slightly. The stress 

concentrations on the deposition tunnel apex and lower corners are magnified by 10-15 

MPa, but are still below the suggested spalling strength of 66 MPa (57% of UCS, 

Posiva 2009) of Olkiluoto gneiss (Figures 4-15 and 4-16).  

The displacements of the deposition tunnel are somewhat altered by stress rotation. The 

maximum displacement occurs on tunnel sides in both cases, but the magnitudes 

increase from 2.1 mm to 2.7 mm in the central tunnel and from 1.2 mm to 1.7 mm in the 

deposition tunnel. The displacements are asymmetric, because the wedge-shaped pillar 

between the tunnels is partially de-stressed and deforms less than the rock outside the 

tunnels (Figures 4-17 and 4-18).  

The rotation of stress field has little effect on the stress components of the plug in the 

final equilibrium state. The x-axis normal component and xz-plane shear components 

increase by roughly 0.5 MPa (Figures 4-19 and 4-20). The same also applies to the 

major principal stress in the plug (Figures 4-21 and 4-22). 
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Figure 4-15. Major principal stress resultant in the deposition tunnel, from standard 

case 4. Maximum stresses ~35 MPa in the apex and ~45 MPa on lower corners. 

 

 

Figure 4-16. Secondary major principal stress around deposition tunnel, modifíed case 

4. The maximum stresses are ~45 MPa on the apex and ~55 MPa in lower corners. 
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Figure 4-17. Displacements of deposition tunnel, standard case 4. The asymmetry of 

deformations is clearly shown (central tunnel to the right). 

 

 

Figure 4-18. Displacements of deposition tunnel, modified case 4. The perpendicular 

major principal has increased both magnitudes and asymmetry of deformation.  
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Figure 4-19. Time-history of normal and horizontal plane shear stress components, 

normal case 4. 

 

Figure 4-20. Stress history of plug in modified case 4. The difference from standard 

case is very small. 
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Figure 4-21. Major principal stress in plug, standard case 4. The stress in plug centre 

is about 6 MPa.  

 

 

Figure 4-22. Major principal stress in plug, modified case 4. Stress at plug centre is 

~7 MPa. 
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The stress state in modified case 1 (model with thermal stresses) was magnified by 13, 

11 and 7 MPa (major, int. and minor principal stresses). The main purpose of this model 

was to examine the stress state of the plug structure 40 years after the closure. The 

current planning locates the plug very close (about 6 m) to the last canister. At this time, 

the stress level of the surrounding rock at this distance has grown by the above-

mentioned components, which is the most highly stressed (worst-case) situation. 

The stiffness ratio of the bedrock and plug material (K35 concrete) is close to two, when 

the peak stiffness of concrete is considered. This means that a stress change of the 

bedrock does not transfer directly to the plug material. And furthermore, the long-term 

stiffness of concrete tends to decrease from the peak value. Thus, the model should be 

calculated with reduced stiffness after the increase of stress.  

The stress components of the plug increase with several megapascals. The axial stress of 

the plug (X-direction) has a maximum of 15-16 MPa that seems to concentrate on the 

non-pressure end of the plug. The vertical (Y-axis) stress becomes ~7 MPa at plug 

centre and 10-12 MPa at plug ends. The transversal (Z-direction) stress has also two 

maxima of 11-12 MPa at plug ends (Figures 4-23, 4-24 and 4-25).  

The simple approach used in this analysis could not reproduce the thermally induced 

additional deformation of the plug with sufficient accuracy. This is a drawback as the 

evaluation of the long-term stability of the plug is based on allowable displacements.  

It is possible that the currently planned distance between the plug and the last fuel 

canister is too short due to the high thermally-induced stresses and displacements of 

bedrock. Thus a proper analysis would require a coupled thermo-mechanical calculation 

with embedded heat sources to represent the fuel canisters.  

 

Figure 4-23. XX (axial) stress component in plug, 40 year thermal stress state. Viewing 

direction outward from the non-pressure face.  
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Figure 4-24. YY (vertical) stress component in plug, at 40 years after closure. 

 

 

Figure 4-25. ZZ (transversal) stress component in plug structure, 40-year thermal 

stress state. 
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5. SELECTED PLUGS 

5.1 Wedge shaped plug 

5.1.1 Accuracy requirements 

The wedge angle of the slot must be the same or greater than the theoretical angle. The 

angle can vary between 14º - 20º. The allowed ridge height between boreholes is 30 mm 

or less. 

 

5.1.2 Excavation technique 

The excavation of the deposition tunnel at the plug's position must be carried out as 

precision excavation. The possible EDZ-zone has to be removed. After that the shape of 

the tunnel cross-section should be close to theoretical. The rock has to be reinforced 

prior to the start of excavation of a slot reservation for the wedge shaped form of the 

plug. Reinforcing bolts are needed at both ends of the plug. The rock will also be pre-

grouted and investigated to locate any potential water bearing structures that may 

require more accurate grouting.  

The slot surfaces have to be drilled with narrow hole spacing. Removal takes place with 

careful blasting and a small amount of explosives or with non-explosive methods.  

 

5.1.3 Preparation work 

During the backfilling of the last few metres of the deposition tunnel, all the materials 

needed for the construction of the plug have to be transported to a location close to the 

plug. It is possible to prefabricate the reinforcement, the formwork, the copper plate, the 

pressure decreasing pipes and the injection pipes to speed up the assembly work. 

 

5.1.4 Formwork 

The deposition tunnel will be backfilled using backfill blocks and bentonite pellets. The 

front of the backfill could be built with a vertical end (Figure 5-1). There is no need for 

formwork on the pressure side of the plug. Instead, a protective copper sheet (Ch 3.1.2) 

and a steel grid will be placed against the backfill to support the backfill front. The 

copper sheet is placed against the concrete. The steel grid needs to be placed in every 

case to provide support. The only side, where formwork is needed, is the non-pressured 

end of the plug. The formwork is realized so that it can be mounted as prefabricated 

parts. The assembly does not take much time. The formwork is made of plywood and 

timber.  
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Figure 5-1. Cross-section of a deposition tunnel backfilled with bentonite blocks  

(Keto et al, 2009).  

 

5.1.5 Rock/concrete interface 

The bearing part of the slot surface is prepared for contact grouting. The preparation 

consists of an assembly of grouting tubes and bentonite stripes (thin flexible bentonite 

sheets, dimensions 30x20 mm). The common material of grouting tubes is plastic. The 

possibility of using tubes made of soft copper could also be investigated. Grouting shall 

be implemented in two stages, after the plug has been constructed – the first stage about 

two months later and the second three months later. The shrinkage and cooling of 

concrete is a slow process. The purpose of the bentonite stripes is to prevent water flow 

along the concrete/rock interface during contact grouting to prevent water from carrying 

fresh grouting material away. 

 

5.1.6 Casting of plug 

The concreting work has been specified in Posiva Work report 99-71 (Haaramo, 1999). 

The required equipment depends on the concreting technique. Fresh concrete is 

transported either by rotating tank trucks or one provided with a concreting pump. The 

clearance of the deposition tunnel is not high enough for a pump truck. The pumping 

arm normally requires a height of about 6 metres. A pressure generating pump facility 

(or equivalent) is in any case needed for concreting the upper part of the plug. The 

clearance of the deposition tunnel is enough (4.4 m) for an ordinary concreting truck 

with a rotating tank. 

The clearance issues for tunnel transport are more severe, when there are installations 

on the tunnel roof. The need for space has to be studied more carefully in these cases. In 

more than 80% of the plug volume, a maximum grain size of rock aggregate of 64 mm 

can be used. This is appropriate in terms of the shrinkage of concrete. The grain size 

will be smaller in the upper slot where concreting takes place with a pressure pump. A 

low water/cement ratio can raise more questions on pumping.  
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The hydrostatic pressure of the backfill is controlled by leakage tubes during the 

construction of the plug and the hardening of concrete. The development of strength of 

the concrete is presented in Figure 3-1.  

 

5.1.7 Cooling during hardening 

During hardening, concrete generates heat, which will cause volume expansion and 

thermal stresses. This phenomenon can create cracks. According to experience gained in 

practice, the temperature difference between the surface and the internal part of the plug 

should not exceed 13°C (Haaramo, 1999). The use of blast furnace cinder together with 

a small amount of cement reduces heat generation.  

The plug case differs from the aforementioned case in that due to the shrinkage of 

concrete, dehydratation and cooling, gaps may form at the interface between the rock 

and the plug body. Because of the hydrostatic load and to prevent leaking these gaps 

need to be grouted afterwards to establish a firm mechanical interaction between the 

rock and the plug. A cooling water net may be needed to get an even temperature in the 

plug and to reduce the temperature to close to the final level as soon as possible (see Ch. 

5.1.5). 

The behavior of the plug in this alternative needs to be investigated during the possible 

pre-tests. 

 

5.1.8 Stress development in wedge-shaped plug 

The maximum allowed compression strength in concrete K35-1 is 18.1 MPa in ultimate 

state (SBY, 2004b). Due to side compression a higher value can be chosen (SFS, 1992). 

The results of the numerical analysis described in Chapter 4 are studied below, 

emphasizing the plug structure. After pressurization of the plug end, normal stress in the 

axial direction of the plug is 6.5 MPa in the middle point of the plug. The maximum 

stress at the pressure end is 8.3 MPa. The plug is compacted by ~1.2 mm (see Figure 5-

6). 

Normal stresses orthogonal to the plug axis (y- and z-directions) in the middle of the 

plug are about 1 MPa in the 2 m long pressure side wedge part of the plug. These 

stresses increase towards the outer surface of the plug and reach their maximum level of 

3.5 MPa at the outer perimeter of the wedges. Normal stresses are compressive in all 

three coordinate axis directions. Average compression stresses are smaller 

(Figures 5-2 – 5-4). Noteworthy shear stresses (~3 MPa) only appear in the outer rim of 

the pressure side wedge (Figure 5-5). These stresses leave a strength reserve if the 

concrete is K35-1. This is needed because of the long-term temperature rise due to the 

decay heat from spent fuel (see Ch. 3.2).  
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Figure 5-2. Normal stress in x-axis direction. The peak values (>15 MPa) of single 

corner elements can be ignored. 

 

Figure 5-3. Normal stress in y-axis (vertical) direction. 
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Figure 5-4. Normal stress in z-axis direction. 

 

 

Figure 5-5. XZ-shear stress of plug, horizontal plane section. Outside the peak areas 

stress is less than 1 MPa. 
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Figure 5-6. Displacements of the plug, with direction-indicating vectors. Max. 

displacement 1.2 mm. 

 

The conclusion with respect to the stress distributions mentioned above is that computer 

calculations alone are not sufficient. The results change a lot depending on the input 

data. The real behavior and especially the true ultimate strength can only be clarified by 

in-situ tests (see Ch 7.1). The plug of the numerical model was elastic and had no 

ultimate strength. 

The behavior of the plug can also be examined in smaller scale tests. Pressure can be 

simulated by tensioning or by pushing with a jack tool. It would be expedient to 

perform tests on a reinforced concrete plug as well as on a plug completely without 

reinforcement. Measurements should be performed during the tests to enable 

conclusions to be drawn of both short-term and long-term behavior. The construction 

method and the tightness of the rock/concrete interface will be investigated by means of 

the same tests. 

 

5.2 Dome shaped plug 

5.2.1 Accuracy requirements 

The permissible tolerance values are smaller than in the case of a wedge shaped form. In 

tests performed in Äspö in Sweden the requirements for the excavation of the slot 

included: 

 ridges between bore holes 0 – 30 mm 

 within O-ring, roughness of surface ±10mm/dm³  
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5.2.2 Excavation technique 

The excavation technique is similar to the wedge shaped plug (see Ch. 5.1.2). 

 

5.2.3 Preparation work 

Preparation work, the rock/concrete interface and the casting of the plug are similar to 

the wedge shaped plug (Ch. 5.1.3). The assembly of reinforcement is more complicated 

than in the case of the wedge shape, because the rebar network is denser. 

 

5.2.4 Formwork 

As with the wedge-shaped plug, there is no need for formwork on the pressure side of 

the plug. The backfill front can be built vertical also in the circular tunnel required by 

the dome-shaped plug. What is specific for the dome shape plug is that the non 

pressured end is arched. This is also the place where formwork is needed. Because of 

this, the formwork needs to be arched as well making its construction in situ a slow 

process. The dome-shaped formwork should allow mounting as prefabricated parts. The 

assembly does not take much time. The formwork is made of plywood and timber. 

 

5.2.5 Rock/concrete interface 

The bearing part of the slot surface is prepared for contact grouting. The preparation 

consists of the assembly of grouting tubes and bentonite stripes. The common material 

of grouting tubes is plastic. It could also be appropriate to study the possibility of using 

tubes made of soft copper. Grouting shall be implemented in two stages, after the plug 

has been constructed – first about two months later and second three months later. The 

shrinkage and cooling of concrete is a slow process. 

 

5.2.6  Casting of plug 

The casting of the plug is otherwise similar to the wedge shaped plug (Ch 5.1.6) but 

reinforcement hampers the casting of the dome plug more than in the case of the wedge 

shaped plug. 

 

5.2.7  Cooling during hardening 

The amount of concrete is close to the amount of concrete in the wedge shaped plug. 

The required measures are therefore similar in both cases. 

 

5.2.8 Stress development in dome plug 

The dome-shaped plug develops a different stress distribution than the wedge plug, with 

the stress state much more uniaxial than in other cases (Figures 5-7 - 5-9). The 
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distribution of axial (X-direction) stress is symmetrical about the plug axis and the other 

normal components concentrate on their corresponding side of the plug. In transversal 

directions (Y and Z) the middle section of the plug is under weak (< 1 MPa) tensile 

stress. This tension is probably related to the bending action of the plug. 

Shear stresses develop on both axial planes (XZ and XY); they are distributed 

symmetrically about the plug centre (Figures 5-10 and 5-11). The magnitudes are  5 

MPa. On average, the stresses concentrated on the dome are clearly higher than those in 

the wedge-shaped plug. The dome plug is compressed by ~1 mm; the displacements 

turn inside the plug to face the plug slot (Figure 5-12). 

 

 

Figure 5-7. Axial (x-direction) normal stress in dome plug. The high stress 

concentration at the peak of invert is due to the sharp corners and will not be 

reproduced in the real dome plug. 
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Figure 5-8. Vertical (y-direction) normal stress in dome plug. 

 

 

Figure 5-9. Normal stress in z direction, dome plug. 
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Figure 5-10. XZ-shear stresses in dome plug, horizontal plane section. 

 

 

Figure 5-11. XY-shear stresses in dome plug, vertical section.  
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Figure 5-12. Displacements of dome plug, horizontal section. Displacement directions 

are illustrated by vectors. 
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6. CONSTRUCTION 

The location of the plug must be taken into consideration in the construction of the 

deposition tunnel. The location for the plug structure must be excavated very carefully. 

EDZ must be removed for all plug alternatives, as the rock/concrete interface will 

transmit high loads. Inflow passing the plug along EDZ must be prevented. The shape 

of the tunnel cross-section must be close to the theoretical, after EDZ has been removed.  

The slot for a wedge- or dome-shaped plug can be excavated later but has to be done 

before disposal operations start. The transportation of construction materials has to be 

scheduled so that the construction of the plug can be started immediately after the 

backfill work has been completed. The swelling pressure of the backfill starts to rise 

gradually. The level of the pressure can be adjusted with leakage pipes at an early stage. 

It is estimated that the construction of a plug structure will take 40 calendar days. This 

period also includes the hardening time of concrete, about 20 calendar days, which 

roughly applies to all alternatives. The necessary materials have been listed in  

Table 6-1. 

The plug can become loaded over a short period of time by a pressure smaller than the 

total pressure to be developed. The period between the completion of the backfill and 

the completion of the plug can be shortened by careful preliminary works. However, 

shrinkage and cooling takes place slowly, which shall be taken into consideration. 

 

Table 6-1. List of materials needed for constructing a single plug.
 

Item Wedge-shaped plug Dome plug 

Anchor steel 1800 kg 2200 kg 

Plug reinforcement steel 4500 kg 13000 kg 

Plug steel fibers 6500 kg  

Steel grill 350 kg 600 kg 

Copper or steel pipes d80 50 m 40 m 

Copper or steel pipes d25 250 m 210 m 

Copper plate 360 kg 600 kg 

Hose-plastic or copper 200 m 180 m 

Cement for grouting 300 kg 300 kg 

Cement for plug 14000 kg 15000 kg 

Blast furnace cinder 34000 kg 36000 kg 

Plasticizer/organic material 480 kg/58 kg 510 kg/61 kg 

Epoxy resin 60 l 60 l 

Bentonite (stripes) 70 m 70 m 
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7. EVOLUTION OF PLUG 

The evolution of the plug incorporates the processes and phenomena that take place 

after the closure of the central tunnels. The most important process is the additional 

deformation of bedrock caused by a stress increase due to the heating effect of the 

canisters. 

 

7.1 Long-term stress development 

7.1.1 Wedge-shaped plug 

The long-term thermal stresses acting on the wedge-shaped plug are given in Table 7-1. 

They have been calculated using a linear comparison of the long-term and the short-

term modulus of elasticity of concrete. The calculation strength (=maximum allowable 

stress) of concrete in ultimate state has been given values ranging from 18.1 to 23.5 

MPa, depending on the stress state of the studied point (see Figure 7-1) (SFS, 1992). 

 

Table 7-1. Calculated long-term stresses of plug, in MPa. 

Direction         Location 1.Long-

term th. 

Stress

2.Pressure 

stress

Thermal 

stress

Sum 1+2 Safe level 

compared 

to Max

Max. 

allowable 

stress

xx 1 -6.1 -7.5 -11 -13.6 1.7 -23.5

xx 2 -8.5 0 -15.5 -8.5 2.1 -18.1

xx 3 -6.6 -5 -12 -11.6 1.8 -20.8

xx 4 -6.1 -6 -11 -12.1 1.7 -20.8

xx 5 -6.1 -5 -11 -11.1 1.6 -18.1

yy 1 -4.1 -2.5 -7.5 -6.6 3.5 -23.5

yy 2 -6.6 -2.8 -12 -9.4 1.9 -18.1

yy 3 -3.6 -1.5 -6.5 -5.1 4.1 -20.8

yy 4 -4.1 -1.5 -7.5 -5.6 3.7 -20.8

yy 5 -3.6 -2.5 -6.5 -6.1 3 -18.1

zz 1 -6.9 -3.5 -12.5 -10.4 2.2 -23.5

zz 2 -6.6 -1.5 -12 -8.1 2.2 -20.8

zz 3 -3.9 -1.5 -7 -5.4 3.8 -20.8

zz 4 -5 -1 -9 -6 3.4 -20.8

zz 5 -3.6 -2 -6.5 -5.6 3.2 -18.1  

 

The wedge shape of the plug increases its load capacity by 20 to 60 percent, because its 

expansion is restricted. So the maximum allowable stresses in the plug during its 

operational period are about 67 % of the theoretical capacity of K35 concrete. 

If bentonite blocks have been installed on the plug side 0-2 m from the pressured end as 

a solution absorbent (Figure 7-1, surface 6), pressure will probably stay at same level in 

this layer as in the backfilled deposition tunnel. 
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Figure 7-1. The stress calculation points for data in Table 7-1. 

 

7.1.2 Dome plug 

The dome-shaped plug develops a different stress distribution than a wedge plug also 

under thermal loads. It is more sensitive to small rock movement into the deposition 

tunnel. The side compression caused by the long-term rise of temperature causes great 

bending moments because of the arched shape of the plug structure. The dome must be 

heavily reinforced. The strength category of the plug concrete must be K40 – K45. 

Because of the higher strength of the concrete thermal stresses increase by 10% and 

entire stresses by about 5%. The strength of the concrete increases about 20% compared 

with concrete K35. 

 

7.1.3 Degradation of plug 

The plug placed at the entrance of the deposition tunnels shall have long-term filling 

properties. Concrete will decompose over long-term. Part of the ingredients of cement 

will be dissolved by water. The interspaces formed due to cement dissolution may 

decrease the backfill density, causing possible erosion of bentonite and transportation to 

the plug. The decrease in backfill density is estimated on the basis of the amount of 

cement in the plug. (Figures 7-2 and 7-3). In Figure 7-2 blue refers to unacceptable, 

yellow to a critical area and other colors to allowable conditions. 

2  5   3    4    6 1 
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Figure 7-2. An estimate of the density of backfill at an xtunnel long tunnel section, in 

which mcement tons of cement has been dissolved and included as an empty space for 

backfill to penetrate. The density is illustrated by the color scale. 

 

 

Figure 7-3. An estimate of the density of backfill at an xtunnel long tunnel section in 

which 15.5 tons of cement is regarded as dissolved. Backfill densities less than 1320 

kg/m
3
 refer to the amount of swelling minerals giving rise to swelling pressures less 

than 0.1 MPa.  
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Figures 7-2 and 7-3 show how changes in the amount of cement affect the length of the 

tunnel section backfilled with Friedland clay (with initial density of 1866 kg/m3) 

starting from the plug influenced by dissolution of cementitious materials. When 

backfill density is less than 1320 kg/m3, its swelling pressure drops below 0.1 MPa and 

its safety functions are no longer valid. To highlight this violation of safety function, an 

abrupt density drop at this limit value has been added that is shown in Figure 7-3. 

  

Other factors such as the long-term temperature rise in the deposition spaces affect the 

distance in question (x≥6 m) more than the degradation of the plug. Some other 

cementing agent will be used in addition to cement. Their influence shall also be 

considered bearing this in mind. Highly compacted (HCB) bentonite blocks or so called 

bentonite stripes can be used along the interface of the plug and the rock at 0-2 metres 

from the pressured end of the plug. Bentonite works as a solution sink and ensures the 

water tightness of the plug. In order to block the pathway for leached components 

through the plug, a thin bentonite wall can be considered between the plug and the 

backfill front. The construction of neither the bentonite stripes nor the bentonite wall is 

described in this report and the need for these has to be decided on separately. 
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8. SUMMARY AND CONCLUSIONS 

Five different types of plugs were examined in this work. All types of plugs are loaded 

by groundwater and backfill pressures, and depending on the distance of the plug from 

the deposition holes may experience significant additional stresses due to long-term 

thermal expansion of bedrock, which has been evaluated. Because of the creep behavior 

of concrete, the stresses transferred to the plugs are about 55 percent of the ones caused 

by short-term loading. The straight plug and the butt plug require a lot of construction 

materials. Moreover, the butt plug closes the central tunnel preventing operations there. 

The irregular plug requires much reinforcement and an extra curve in the deposition 

tunnel. The wedge shaped plug and the dome plug were examined in more detail. Of the 

two of them, the wedge-shaped plug proved to be most feasible in technical sense. 

The wedge shape of the plug increases its load capacity by 20 to 60 percent, because its 

expansion is restricted. The maximum allowable stresses in the plug during its 

operational period are about 67% of the theoretical capacity of K35 concrete. The 

average stress level in the plug is considerably lower than the peak values. Because of 

the wedge shaped form, the plug "becomes wedged" all the more tighter the greater the 

pressure that pushes it. The theoretical wedge angle is 14º. It can be also greater, up to 

20 degrees. As a result, the accuracy requirements for excavation are not very tight (Ch. 

5.1.1). The wedge shaped plug requires less construction materials than the other 

alternatives studied here (Ch. 6). 

The eventual magnitudes of thermally-induced stresses can be best controlled by 

increasing the distance between the plug and the deposition holes. The second 

influencing factor is the relative orientation of the central tunnel and the deposition 

tunnels. Because the deposition tunnels need to be oriented parallel to the major 

principal stress component, the connection of the central tunnel and the deposition 

tunnels might not be orthogonal. The sharper the angle between two tunnels, the further 

away the plug needs to be placed. This needs to be considered if the angle between the 

tunnels is less than 60 degrees.  

If the plug is placed at a correct distance (8-10 m from the central tunnel) and the 

surrounding rock is intact, as has been assumed, the influence of the plug on the 

stability of the deposition tunnels and the slot excavation is marginal. The dimensioning 

stress of 7.5 MPa is considerably lower than the minor principal stress (11 MPa) of the 

surrounding rock. This means that the stability analyses can be concentrated on the plug 

structure.  

The plug itself is a massive concrete structure, which is prone to develop internal 

cracking. To prevent this, the plug should be a reinforced structure. Reinforcement 

should be realized with steel fibers and additional rebars. The fibers need to be evenly 

distributed in the structure to ensure a homogenous structure. 

The behavior of the plug is also affected by lateral compression and contact strength at 

the rock-concrete interface. Several variables and phenomena affect the true 

performance of the plugs, and the sealing requirements are tight. These factors make 

plug design a demanding task. Numerical modelling indicates plug behavior partially, 

but its results depend heavily on the input parameters. Thus, it might be unwise to rely 

on modelling only, and the construction of an experimental plug is recommended. This 
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would enable tests on reinforcement, the thermal engineering of the plug and the 

construction methods.  

The limited application of thermally-induced stresses in this work was not very 

efficient, but it is probable that the current design distance of 6 meters between the plug 

and the last fuel canister is too short. Therefore an additional analysis of a thermo-

mechanically coupled numerical model is recommended, in order to determine the 

influence of temperature increase on the plug structure. 
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