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ABSTRACT 

Analyses of the roles of cement-based barriers in radioactive waste isolation show that 
models used to estimate their characteristics during the lifetime of the repository must 
consider the alteration of material properties with time due to degradation processes. 

Reinforced concrete barriers at repositories shall be designed in such manner that they 
fulfil besides isolative capabilities also the required functions of mechanical resistance and 
stability. 

Key elements of safety evaluation are mainly the correct selection of materials for 
mineral composites with cement binder (cements, aggregates, mineral additives and chemical 
admixtures) and their design, execution of construction works and production of precast 
concrete containers (continuous casting of concrete - no cold joints, limited number of 
construction joints, proper placing and consolidation, finishing and curing), strict control of 
used materials and inspection of works, as well as investigation after the construction (visual 
inspection, non-destructive testing, monitoring, ageing assessment on test containers). 

According to the methodology presented in this paper the lifetime of the repository can 
be estimated and, if shorter than 300 years or shorter than the period resulting from safety 
analysis, appropriate corrective measures shall be taken. 

1 INTRODUCTION 

Engineering barriers are elements of disposal system made or altered by humans during 
the construction, operation and closure of a repository and intended to contribute to its overall 
containment. Materials used for engineered elements have to enable optimization and control. 
These requirements are fulfilled when cement-based materials such are grouts, mortars and 
concretes are employed.  

In the design of repositories for low and intermediate level radioactive waste (LILW), 
especially of highly engineered near surface facilities, cement-based materials are used for the 
fabrication of structural elements such as reinforced concrete walls and basement and roofing 
slabs, for casting of waste containers and as waste conditioning matrices and backfills. Broad 
applicability of these materials in LILW repositories is the consequence of high pH value of 
cement matrix (initial value around 13) which enables conditioning of near field chemical 
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environment and great flexibility in materials formulation, and thus in mass transport 
properties important for physical barrier functions. By selecting adequate mix proportion, 
especially water/cement ratio, a cement-based barrier can provide control of water ingress 
(water-tight concrete) or facilitate escape of any gases that might be generated in disposal 
units (porous cement-based matrix). And finally, due to adequate properties of concrete 
mixtures in fresh and hardened state, their combination with steel reinforcement results in 
excellent composite construction material for safe and reliable structures exposed to 
demanding and varying environments.  

The structural integrity and long-term durability of cement-based engineered barriers 
can be adversely affected by exposure to different environments or degradation mechanisms. 
Aside from earthquakes, floods, and other short-term events, concrete degradation 
mechanisms are considered to be continuous processes that can potentially result in long-term 
deterioration [1]. Target service life of the LILW repository is often between 300 and 500 
years. Although cement-based materials may be very durable (evidence is more than 2000 
year old mortars from Roman period), records of modern reinforced concrete made by 
Portland cement are only 120 years old. In addition, important changes in cement production 
technology have occurred during the last century. Therefore only experiences with reinforced 
concrete structures during the last 30 years are adequate starting-point for service life 
prediction of waste disposal options. Service life models that consider alteration of cement-
based materials due to degradation mechanisms are thus key components of safety evaluations 
of LILW repositories. Such safety evaluations must be based on good understanding of the 
processes involved in the release and transport of radionuclides, as well as those acting or 
likely to act on the disposal facility. 

2 DESIGN CONSIDERATION 

In modern designs of highly engineered LILW repositories (near surface disposal 
facilities) the concept of multiple complementary barriers is broadly adopted, with robust 
design of engineered barrier systems in which combination of physical barriers and chemical 
controls can provide a high level of containment [2]. Cement based materials and structural 
elements have limited capability to act as a barrier to the release of waste due to their potential 
for cracking, permeability and potential loss of durability due to environmental effects, as 
well as due to the presence of construction joints. Therefore the multiple barrier concept is 
advisable also for “cementitious repository”, where the majority of engineering barriers are 
from cement-based materials.  

Reinforced concrete barriers at LILW repositories are designed to satisfy besides 
isolative capabilities also the required functions of mechanical resistance and stability, with 
special attention given to constructability and durability. Although the design approach is to a 
large extent similar to that of important civil engineering structures, increased emphasis in 
certain areas may be required to accommodate the environmental and extended service life 
requirements (e.g., accommodation of thermal gradients, increased quality and thickness of 
concrete cover above reinforcement, reduced permeability, adequate selection of design 
earthquake(s), etc.). Key design considerations include loads (normal and accident 
conditions), steel reinforcement requirements and detailing, concrete mix design for 
workability, strength, impermeability and durability, control of crack widths, thermal and 
shrinkage stresses, and expected service life [3]. Reinforced concrete barriers at LILW 
repositories must have sufficient capacity for normal and off-normal loads without permanent 
deformation and with no reduction of capability to resist future loads, in order to retain their 
isolative function. It means that they have to stay in elastic range during the target service life 
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and that cracks need to be controlled to limit the ingress of harmful substances in the concrete 
structure and migration of materials from the waste forms to the environment.  

The design of reinforced concrete barriers (structural elements) shall be carried out in 
accordance with recognised international specifications that also give approaches for the 
design of important structures. For this reason in Slovenia at least provisions of the relevant 
Eurocodes must be considered. Further on, we also recommend taking into account codes and 
standards specific to radioactive and hazardous waste facilities available in some foreign 
countries (e.g. USA). It is important that the chosen designer provides adequate proofs of 
his/her qualification for the design according to the required technical specifications, while 
the reviewers of individual parts of the project shall be recognised experts from individual 
areas (concrete technology, earthquake engineering, soil mechanics, fire engineering, etc.). 
The final result of the structural design is the data on characteristics of concrete mixture, 
dimensions of reinforced concrete elements, the required reinforcement and its distribution 
along the cross-sections and the way structural joins and other relevant details are executed.  

Due to high level of uncertainty regarding the safety evaluation of the LILW repository 
related mainly to the long target service life of the facility and the possible changes of the 
environmental properties (climatic changes, changes in the presence of aggressive substances, 
underground water oscillations, etc.), the largest possible durability of materials with cement 
binder shall be assured, assuming larger level of aggressive substances than those shown by 
field tests at the repository site and by laboratory testing of materials taken from the site. 
Adequately high durability of materials with cement binder is achieved with the right 
selection of the basic materials that shall comply with the requirements of the relevant 
Slovenian (SIST or SIST EN), European (EN) and international (ISO) standards, with the 
proper design of mixtures (regarding the required properties in fresh and hardened state), with 
their adequate placing, consolidation, finishing and curing. As far as reinforced concrete 
elements are concerned, it is also necessary to select the right type of reinforcement, the right 
distribution of reinforcing rods and adequate thickness and quality of the cover concrete. 
Since the limitation in the formation and propagation of cracks in concrete barriers at LILW 
repositories is of essential importance, we recommend selecting larger number of 
reinforcement rods of smaller diameters, distributed at the smallest possible distance to each 
other that still allows efficient placing and consolidation of concrete in the formwork. To 
assure adequate protection of the reinforcement against corrosion, it is necessary to design 
cover concrete above the reinforcement to meet requirements regarding density, quality and 
thickness in order to resist the most severe potential environmental conditions in the 
repository and in the near-field. The phase of designing reinforced concrete barriers shall also 
be based on the results of preliminary laboratory and field tests. We especially recommend 
carrying out impact (drop) test for the reinforced concrete containers and tests of adequacy of 
the selected details of structural joints.  

2.1 Cement-based materials for engineering barriers 

Like for the design of reinforced concrete barriers also in the design of cement-based 
materials for engineering barriers recognised international specifications and standards have 
to be considered. Regarding concrete mixtures basic standards are SIST EN 206-1 [4] and 
SIST 1026 [5], however also national additions to the European concrete standard EN 206-1 
[6] of other European countries can be helpful. Based on long target service life of the LILW 
repository and its sheltering function, additional requirements regarding basic materials and 
cement-based mixtures are highly advisable. Since in civil engineering practice there are often 
problems with new materials, due to their in-adequate long-lasting properties or lack of 
knowledge about these materials resulting in in-adequate application techniques, we 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, Sept. 10-13, 2007 



710.4 

recommend to select basic materials for the cement-based barriers according to the following 
requirements: 
- only traditionally used and continuously tested basic materials (stone aggregate, cement, 

lime, mineral additions) should be selected, with records of performance for long enough 
time period ( i.e. 25 or 30 years), 

- among cements that fulfil the first requirement, cements with moderate heat of hydration 
are appropriate, due to relatively high thickness of structural reinforced concrete elements, 
and with composition that assures at the same time the highest possible resistance to the 
possible aggressive substances (below grade elements can be exposed to sulphate attack, 
therefore cement with low tricalcium aluminate (C3A) content is advised to be used)  

- among stone aggregates that fulfil the first requirement, aggregates without potentially 
reactive and/or harmful substances and those that have not caused deterioration of 
concrete in environments similar to that of repository site should be selected (in Slovenia 
crushed limestone aggregate with high compressive strength and minimum content of 
fines is probably the right solution), 

- mineral additions such as ground granulated blast furnace slag (GGBS) and fly ash (FA) 
should be used predominantly for cement-based grouts and mortars used as 
immobilisation matrices or backfills; when high level of chemical containment and/or 
higher permeability for gasses is required, addition of hydrated lime that forms part of the 
binder can be adequate solution 

- selection of superplasticizing (SP) admixture, which is essential component of cement-
based materials with adequate workability (flowing consistency) and high impermeability, 
should be based on results of adequate tests such as those establishing the effect of SP 
admixtures on retention behaviour of cement matrix for radionuclides. 

 
Composition of cement-based mixtures is the result of mixture proportioning process 

resulting in the right combination of cement, aggregates, water, additives and admixture for 
making cement-based material according to given specifications in fresh and hardened state. 
Specifications in case of cement-based materials for the engineering barriers are as a rule as 
follows:  
- cement-based mixture in fresh state should possess adequate workability and stability; due 

to reinforced concrete elements with increased congestion of the reinforcement and 
requirements regarding grouts or mortars for backfills that should encapsulate containers 
and/or waste packages only through the action of gravity, flowing consistency of grout, 
mortar and/or concrete is required; flowing consistency enables transport of cement-based 
materials by pumping and with minimum energy for consolidation and is generally 
achieved by using SP admixture, when certain requirements regarding hardened concrete 
(impermeability and high compressive strength) also have to be fulfilled, 

- adequate impermeability or permeability of cement based materials depends on possible 
aggressive substances in environment, probability of gases generation in the repository  
and number and type of successive barriers in the repository; 

o for reinforced concrete barriers that are also structural elements and are exposed to 
geosphere (for above-grade vault disposal also to atmosphere until the closure of the 
repository) high impermeability is required, which can be achieved by low 
water/cement ratio (generally not higher than 0.45 for cement CEM I) and optimum 
grain size distribution of used aggregate (enables filling maximum possible volume 
part of concrete with aggregate under condition of fulfilling also other requirements) 
and in certain cases also by using adequate mineral additive; besides mechanical 
resistance and stability these barriers should also prevent ingress of water and 
aggressive substances to the repository; we recommend that concrete for the 
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reinforced concrete barriers fulfils at least the requirement for the class of resistance 
to water penetration equal to PV-III according to SIST 1026 [5] 

o for backfills requirements depend strongly on the quantity of generated gases in the 
repository and if requirement regarding high level of chemical containment is set; 
when higher quantity of generated gases are expected in the repository, it is 
important that this gas should be allowed to migrate away from the waste packages 
and out of the repository vaults in order to avoid over-pressurisation; porous 
structure of the backfill makes it gas permeable and it can be achieved by selecting 
high enough water/cement ratio of the cement-based material; by choosing 
combination of cement and hydrated lime in order to increase the level of chemical 
containment of the backfill material we can attain easily also high porosity of the 
material; when low porosity of the backfill material is required, the same measures 
already explained for the reinforced concrete barriers have to be adopted 

-  adequate isolative potential of cement-based matrix for radioactive waste; increased 
isolative potential can be achieved by using GGBS or FA as mineral addition to the 
cement binder in high enough quantity, or by using hydrated lime; however the last one 
only for backfills. 

- adequate resistance to action of aggressive substances that can enter into concrete from 
environment; it can be achieved by adequate impermeability of the cement-based material 
for such substances, adequate selection of cement and aggregate type that do not react 
with these substances or at least limit aggressive attack to cement-based material to a 
minimum; for aggressive substances that react with free lime in the hydrated cement paste 
employment of pozzolanic mineral addition can be solution, since in pozzolanic reaction 
free lime is consumed 

- adequate resistance to freezing-thawing (requirement that can be set for above-grade 
repository); if we do not expect presence of chlorides in higher concentration in the 
repository it is recommendable to focus on the resistance of concrete to internal 
microcracking due to freezing and thawing cycles; adequate resistance to freezing-thawing 
should be reached solely by adequate selection of component materials and mixture 
proportioning; we do not recommend usage of air entraining agent, since combination of 
two chemical admixtures, superplasticizer and air entraining agent, is too risky regarding 
long-term durability of reinforced concrete elements, 

- small shrinkage of cement-based material; it can be achieved by selecting adequate 
aggregate with the highest possible modulus of elasticity and with the highest possible 
volume part in cement-based material (adequate grain size distribution of aggregate and 
shape of its grains) 

- required strength characteristics and modulus of elasticity; requirements regarding 
durability of cement-based materials for barriers are usually more severe and are therefore 
resulting also in adequate compressive strength of these materials; for this reason the 
required compressive strength is attained without problems; modulus of elasticity of 
cement-based material depends primary on characteristics of selected aggregate 

- adequate resistance to surface wear; it depends on the organisation of the repository and 
foreseen transport of waste packages; such loading is less intensive if the transport is 
carried out by cranes and more intensive if it is carried out by vehicles; it can also depend 
on velocity of water running through or around the repository, particularly when water 
contains suspended solid particles; adequate resistance to surface wear can be attained by 
selecting aggregate with high resistance to wear and adequate grain size distribution and 
with high quality of cement-based matrix with low water/cement ratio. 
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Selecting of constituent materials and proportioning cement-based mixtures for 
engineering barriers of LILW repository should be based on framework of initial tests, 
collecting records and other data on behaviour of Slovenian reinforced concrete structures 
exposed to aggressive environment, such as purifying plants, reservoirs for fluid storage, 
dams, etc. This should be performed and concrete composition should be determined for most 
and less durable exemplary constituent materials. The data may be used as additional 
information that could limit the number of cement-based mixtures for initial test, which shall 
establish a cement-based mixture that satisfies all specified requirements for fresh and 
hardened state, including consistency, density, strength, durability and protection of 
embedded steel against corrosion. Adequate test method for establishing conformity of 
particular property of cement-based material with set requirement has to be carried out on 
relatively high number of specimens (determination of coefficient of variation for 
probabilistic approach), representing whole material structure (in case of concrete, for 
example, interfacial transition zone between coarse aggregate and cement matrix can 
influence transport characteristics of the concrete considerably, therefore permeability test 
should not be carried out only on the cement matrix). For long-lasting tests their duration 
should be adequately increased compared to that carried out for the reinforced concrete 
structures with target life of 50 or 75 years and for all the required tests test conditions should 
be equal to those at the repository site or in the repository, or shall be preferably more severe. 
The tests should also provide data required by selected service life models that consider 
alteration of cement-based materials due to deterioration mechanisms identified as relevant 
for the repository. Additionally, limit states of relevant deterioration mechanisms have to be 
adopted.  

Models of cement-based material deterioration selected for the service life prediction 
have to be robust and generally recognized, such as models for concrete carbonation, chloride 
ingress and internal freezing and thawing, and should consider all the important parameters 
that can influence particular deterioration mechanisms. They should also enable probabilistic 
approach to the prediction of service life of the LILW repository that should be at least 300 
years when considering realistic data about the engineering barriers, selected materials, 
identified deterioration mechanisms and environmental conditions, based on design phase.  

3 CONSTRUCTION AND PRODUCTION 

For adequate durability of cement-based engineering barriers their construction (load 
bearing barriers), production (precast containers made from reinforced concrete) or casting 
(backfills) are essential. The site selected for the LILW repository should not be influenced by 
strayed currents and highly aggressive substances should not be present. The construction 
works should be carried out during optimum building season regarding day and night 
temperatures. Load bearing reinforced concrete elements (structure) should be monolithically 
executed (cast in place). Works should be carried out continuously, without cold joints, in 
order to prevent cracking at the interface between pours, due to different thermal movements 
and shrinkage. Since also construction joints, beside cold joints, are potential sources of 
weakness in structure, their number should be limited to a minimum. Special care has to be 
dedicated to adequate placing, compacting and finishing of concrete as well as to proper 
curing procedure in order to prevent or at least minimize defects such as pockets of empty 
space, entrapped air, shrinkage cracks, etc. To resume, with adequate execution of 
construction works formation of weak parts in the engineering barriers should be prevented or 
at least limited to a minimum. This can be achieved by selecting contractor with adequate 
references in the area of execution of demanding structures and by strict control of all 
materials and products and strict inspection of execution of works. 
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During the construction phase specimens of all materials used for the construction of the 
LILW repository should be taken continuously and the same tests as in the design phase 
should be carried out in order to obtain data about properties of inbuilt materials. Once the 
structure is built and before filling of the repository with waste packages or containers starts, 
precise condition assessment of all constructed elements should be carried out, visually and 
by using adequate non-destructive test methods. First of all, characteristic depths of concrete 
cover above reinforcement and its permeability to water and gasses should be established and 
actual homogeneity of constructed elements should be estimated. In case that the test results 
obtained in this way show lower strength and durability characteristics of inbuilt materials 
and constructed elements as in the design phase, service life prediction should be carried out 
by using data obtained during the construction phase. If service life estimated in this way is 
shorter than 300 years or shorter than the period resulting from safety analysis, retrofitting of 
the structure by adequate repair interventions has to be carried out.  

Reinforced concrete containers should be prefabricated in purposely constructed plant 
with adequate ambient conditions and quality control system in order to assure the highest 
possible quality of the containers. Also here specimens of built in materials should be taken 
continuously for the selected testing programme. Before accepting the particular container, 
strict control with help of non-destructive testing methods should be carried out and in case of 
deviation from the specifications the container should be rejected.  

4 AGEING ASSESSMENT 

Due to long target service life of the cement-based engineering barriers in the LILW 
repository adequate ageing assessment system has to be established at the site of the 
repository in order to verify correctness of set presumptions and selected parameters of 
service life models. Methods for assessing the continuing performance of important 
reinforced-concrete engineering structures are well known and established. Visual 
examination is usually the first step followed by combination of non-destructive (ultrasound 
tests – transmission or in tomography mode, georadar, impact-echo, permeability tests, 
rebound hammer, etc.) and destructive (taking concrete cores from construction elements in 
order to determine compressive strength, homogeneity, depth of carbonation, chloride 
contain, etc.) test methods. Destructive test methods are not permitted for the LILW 
repository and also non-destructive tests execution is limited due to prevented or at least 
restricted access to the majority of the barriers. Therefore very precise planning of the 
monitoring system and condition assessment in the repository and its surroundings is of great 
importance. For the cement-based materials and engineering barriers adequate data can be 
obtained with the help of test reinforced-concrete containers (the same that will be used in the 
repository) placed close to the repository facilities, where conditions are identical to those at 
the waste disposal site. The containers should be equipped with a set of internal instruments 
allowing insight into their long-term behaviour. At least instruments and sensors for 
measuring temperature, deformation, corrosion potential, resistivity, availability of O2 and 
corrosion rate should be used and at least one container should enable taking concrete cores in 
specified time intervals. On the concrete cores laboratory tests for the determination of the 
parameters of selected service life models should be carried out. The monitoring and 
condition assessment on the test containers should start as soon as possible and last 
throughout the construction, operation and closure phase as well as during institutional 
control period. Ageing assessment of the repository barriers should be carried out with the 
help of drainage control network for collecting liquids from the repository cells and 
inspection galleries located below the cells. To ensure that the surrounding environment is 
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protected and to detect changes in the environmental properties monitoring of near-field and 
far-field environmental conditions should be carried out as well. 

With the results of the monitoring and laboratory tests actual long-term behaviour of 
used cement-based materials can be estimated and service life of the repository can be 
predicted by using parameters closer to reality. When service life of the repository estimated 
in this way is shorter than 300 years or shorter than the period resulting from safety analysis, 
adequate measures have to be adopted. In the operational phase certain repair interventions 
are still possible. 

5 CONCLUSIONS 

The use of cement-based materials and especially reinforced concrete for the 
construction of engineering barriers at LILW repository, where target service life is often 300 
years, represents challenges in terms of design, material behaviour, construction, inspection 
and ageing assessment. Although durability is essential property in modern concrete design 
codes, the given guidances generally relate to structures with target service life less than 100 
years. Therefore for the LILW repository the basic principle to be applied is “defence in 
depth”, i.e. multiple barriers, robust design with inbuilt structural redundancy and redundancy 
of material characteristics, strict inspection, adequate monitoring system and condition 
assessment approach and retrofitting strategies. 
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