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Preface 
 
 
This study has been carried out within COIN - Concrete Innovation Centre - one of presently 
14 Centres for Research based Innovation (CRI), which is an initiative by the Research 
Council of Norway. The main objective for the CRIs is to enhance the capability of the 
business sector to innovate by focusing on long-term research based on forging close 
alliances between research-intensive enterprises and prominent research groups. 
 
The vision of COIN is creation of more attractive concrete buildings and constructions. 
Attractiveness implies aesthetics, functionality, sustainability, energy efficiency, indoor 
climate, industrialized construction, improved work environment, and cost efficiency during 
the whole service life. The primary goal is to fulfil this vision by bringing the development a 
major leap forward by more fundamental understanding of the mechanisms in order to 
develop advanced materials, efficient construction techniques and new design concepts 
combined with more environmentally friendly material production.  
 
The corporate partners are leading multinational companies in the cement and building 
industry and the aim of COIN is to increase their value creation and strengthen their research 
activities in Norway. Our over-all ambition is to establish COIN as the display window for 
concrete innovation in Europe. 
 
About 25 researchers from SINTEF (host), the Norwegian University of Science and 
Technology - NTNU (research partner) and industry partners, 15 - 20 PhD-students, 5 - 10 
MSc-students every year and a number of international guest researchers, work on presently 
5 projects: 
 
• Advanced cementing materials and admixtures 
• Improved construction techniques 
• Innovative construction concepts 
• Operational service life design 
• Energy efficiency and comfort of concrete structures 
 
COIN has presently a budget of NOK 200 mill over 8 years (from 2007), and is financed by 
the Research Council of Norway (approx. 40 %), industrial partners (approx 45 %) and by 
SINTEF Building and Infrastructure and NTNU (in all approx 15 %). 
 
For more information, see www.coinweb.no 
 
 
 
 
 

 
 

Tor Arne Hammer 
Centre Manager 

 

Tore Myrland Jensen 
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Summary 
 
A brief literature review has been made with respect to imperviousness of reinforced 
concrete structures. Both diffusivity and permeability of reinforced concrete related to gas 
and liquid penetration are covered, without focus on any specific gas or liquid.   
 
This report gives an overview of factors that may affect the tightness, especially related to 
cracks and low temperatures. The report also summarizes mechanical and thermal 
properties of reinforced concrete at low temperatures. Properties at low temperatures that 
somehow may affect the imperviousness of a reinforced concrete structure are 
implemented, specially related to possible influence on development of cracks.  
 
To achieve a impervious concrete structure, it is assumed that the main challenge is to 
avoid crack formation. This can be achieved by a combination of proper structural design 
and materials technology. If the structure is exposed to cryogenic temperatures, special 
considerations must be taken due to prevent development of cracks. Most likely it will be 
important to see this project in relation with the material approach in COIN P1 (advanced 
cementing materials) and COIN P2 (improved construction technology) with respect to 
tight concrete structures. 
 

The content in this report is a result of a preliminary study finished within limited time and 
resources. The conclusion (Ch. 6) may be used as a basis for planning of further research. 
The report must not be considered as a complete state of the art. In further work it is also 
necessary to make more specific primary objective regarding to function and acceptance 
criterion. 
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1  Introduction 
 
Concrete is known to be a porous material that somehow can get penetrated by gas or liquid 
due to both diffusion as a result of concentration gradients, and other transport mechanisms 
like capillary suction as a result of cycles of wetting and drying. Transport mechanism due to 
possible pressure gradients (e.g. in LNG tanks) must also be implemented when the 
imperviousness of a concrete structure is evaluated.  
 
It is of great interest to develop concrete structures that work as a tight barrier against 
intrusion of gas or liquid without the usual application of an external tight membrane. 
 
This report gives an overview of factors that may affect the imperviousness of a concrete 
structure, especially related to cracks and low temperatures. 
 
In the following, basic theory due to diffusion and permeability is presented in general. 
 
Diffusion 
 
Diffusion (result of concentration gradients) through (steady state flow) porous media, e.g. 
concrete, can be modelled by a linear diffusion equation, Fick’s 1st law, in the following 
form for one dimension; 
 

t
CDJ
δ
δ
⋅−=         (1.1) 

L
CAD

J eff Δ⋅⋅
−=        (1.2) 

 
Where J is the quantity of substance in question diffused per time interval [mol/s or g/s] 
through the porous media of area A [m2] and thickness L [m], ΔC is the concentration 
difference of the substance [mol/m3 or g/m3] across the material thickness L and Deff is the 
effective diffusion coefficient [m2/s]. J is often called the flux of substance diffusing. 
 
Diffusion into (non-steady state flow) a porous media like concrete can be modelled by  
Fick’s 2nd law of diffusion for one dimension; 
 

2

2

x
CD

t
C

δ
δ

δ
δ

⋅=         (1.3) 

where 
  C   =  molecule concentration   
  t     =  exposure time     
  D   =  diffusion coefficient    
  x    =  distance from exposed surface  
 
Considering a constant diffusion coefficient an analytical solution of Eq. (1.3) has the form 

tD
xerfCCCtxC iss
⋅

⋅⋅−−=
2

)(),(     (1.4) 

where 
  C(x,t) =   gas or liquid concentration in the concrete  

Cs =   gas or liquid concentration in the environment 
  erf =   the error function 
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The diffusion coefficient D, depends among other things on: 
- Porosity  
- Amount of cracks, crack widths and crack depths 
- w/c ratio 
- Type of cement 
- Degree of hydration 
- Content of pozzolanas 
- Exposure time, see Eq. (1.5) 
- Temperature, see Eq. (1.6) 
 
Note that several of the preceding factors are strongly coupled. For instance will 
increased w/c ratio mean increased porosity. 
 
The diffusion coefficient at different exposure time is often found to be well predicted by 
 

α)/( 00 itti ttDD ⋅=        (1.5) 
 
where 

Dti = the diffusion coefficient at time ti 
Dt0 = the diffusion coefficient at time t0 
α = aging parameter between 0 and 1, dependent on concrete and 
environment 

 
The diffusion coefficient at different temperatures is often found to be well predicted by 
 

⎟
⎠
⎞

⎜
⎝
⎛ −⋅

⋅= 2
1

1
1

12
TTR

E

TT

A

eDD        (1.6) 
 

where 
DT1 =  the diffusion coefficient at temperature T1 
DT2 =  the diffusion coefficient temperature T2  
EA =  the activation energy for diffusion [J/mol]                 
T =  the temperature [K]  
R =  the gas constant [J/K·mol] 

 
Many analytical problems arise when Fick’s 2nd law is integrated for finite geometries with 
discontinuities like notches and cracks, which is relevant for concrete.  
 
Permeability 
 
Permeability is the ability of fluids and gases to flow through porous media like concrete 
under the influence of a constant pressure difference over the specimen.  
 
Darcy's law, se Eq. (1.7), is a simple proportional relationship between the instantaneous 
discharge rate through a porous medium (also called flux), the viscosity of the fluid and the 
pressure drop over a given media thickness. 

http://en.wikipedia.org/wiki/Activation_energy�
http://en.wikipedia.org/wiki/Gas_constant�
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L
PPAQ ab )( −

⋅
⋅−

=
μ
κ

       (1.7)  

where 
Q = total discharge [m3/s] 
κ = permeability coefficient [m2] 
(Pb − Pa) = constant pressure drop [Pa = N/m2 = kg/m·s2] 
μ = the dynamic viscosity of the fluid [kg/m·s] 
L = length the pressure drop is taking place over (e.g. wall thickness) 
[m] 
A = area of  penetrated medium perpendicular to the direction of Q 
                [m2] 
 

The total discharge, Q [m³/s], is equal to the product of the permeability coefficient, κ [m²], 
of the medium, the cross-sectional area, A [m2], perpendicular to the flow direction and the 
pressure drop, (Pb − Pa) [Pa], all divided by the dynamic viscosity, μ [kg/m·s or Pa·s], and 
the thickness,  
L [m], of the media experiencing the pressure drop.  
 
Darcy's law is a simple mathematical statement which neatly summarizes several familiar 
properties, including: 

• if there is no pressure gradient over a distance, no flow occurs (this is hydrostatic 
conditions),  

• if there is a pressure gradient, flow will occur from high pressure towards low 
pressure (opposite the direction of increasing gradient - hence the negative sign in 
Darcy's law),  

• the greater the pressure gradient (through the same formation material), the greater 
the discharge rate, and  

• the discharge rate of fluid will often be different — through different formation 
materials (or even through the same material, in a different direction) — even if the 
same pressure gradient exists in both cases. 

For composite materials such as concrete, modification of Darcy’s law is necessary for 
calculation of permeability.  
 
Cracks in reinforced concrete structures 
 
In concrete, micro cracks already exist due to its condition as a composite material. Some 
other cracks develop when concrete is exposed to environmental gradients or service loads. 
Therefore, studies on cracked reinforced concrete are essential. 
 
Both new and older literature have shown that cracks have a significant influence on both 
diffusivity and permeability of a concrete structure. For example the influence of crack width 
on the diffusion coefficient, D, of CO2 is illustrated in Ch 3.3. Similar influence on the 
permeability coefficient for liquids, κ, is illustrated in Ch. 3.4. A literature review on effects 
of low temperature is shown in Ch. 4. This is included due to possible direct and indirect 
influence on development of cracks, together with direct influence on the permeability for 
the un-cracked material. 
 

http://en.wikipedia.org/wiki/Viscosity�
http://en.wikipedia.org/wiki/Permeability_(fluid)�
http://en.wikipedia.org/wiki/Dynamic_viscosity�
http://en.wikipedia.org/wiki/Hydrostatics�
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2 Objective 
 
The objective of this report is to make a brief review of factors that somehow may affect the 
imperviousness of a concrete structure.  The focus is on tightness of reinforced concrete 
structures specially related to cracks and possible effects of low temperatures, herein 
cryogenic conditions. 
 
The content in this report is a result of a preliminary study finished within limited time and 
resources. The conclusion (Ch. 6) may be used as a basis for planning of further research.  
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3 Tightness of concrete structures 

3.1 Introduction 
The imperviousness or tightness, i.e. the inverse of permeability, of concrete is primarily 
governed by the w/c-ratio (mass ratio) and the degree of hydration. Tightness is also closely 
related to the pore structure of the concrete, where the connectivity of the pores is very 
important as well as the tortuosity. The effect of the pore structure in aggregates and cement 
paste has to be looked upon separately (see COIN P1), but is generally believed that the 
permeability of normal weight aggregate is less than the cementitious binder at least the first 
year. However, this is not necessarily true. Tab. 3.1 shows the permeability coefficient for a 
number of rocks and the corresponding w/c of a fully hydrated cement paste [48]. 
 
Table 3.1 Permeability of some rocks compared to that of fully hydrated cement paste [48] 
 
Rock type Permeability 

coefficient 
(10-12 m/s) 

w/c of fully hydrated 
cement paste with same 

permeability 
dense igneous rock 
quartz-diorite 
marble 
marble 
granite 
sandstone 
granite 

0.0247 
0.0824 

0.239 
5.77 
53.5 
123 
156

0.38 
0.42 
0.48 
0.66 
0.70 
0.71 
0.71 

 
 
In the following tightness of concrete structures is reviewed. In this relation, possible cracks 
related to temperature gradient, shear and bending, hydration, etc. are very determining for 
the imperviousness regarding to both diffusion (concentration gradients) and permeation 
(pressure gradients). 
 
Cracks become a main path for gas and liquid penetration inside concrete, so that e.g. the 
diffusion is accelerated in cracked concrete. Cracks that are through a concrete structure are 
of course very critical for the tightness of the structure.   
 
Permeability (permeability coefficient) and diffusivity (diffusion coefficient) in sound and 
cracked concrete also depend on the sort of gas or fluid a concrete structure is exposed to. 
 
 

3.2 Permeability 
Low permeability coefficient is an important property for concrete used in e.g. storage tanks. 
In general the concretes w/c-ratio is the most important parameter. For gas penetration 
caused by pressure gradients, the degree of water saturation has considerable influence.  
Experiments with nitrogen gas permeability indicate that the permeability coefficient for 
humid concrete reduces with cryogenic temperature, but the coefficient changes less than a 
factor of about 10-1. 
 
Therefore the influence of temperature depression and appurtenant ice formation seem to be 
essential less than the influence of the concrete composition and water content. 
This may be different for fluid penetration, especially if the fluid react with the water and 
make a tight solid in the concrete at low temperature, which is the case for the system 
methane/ice. 
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3.3 Gas and liquid penetration of reinforced concrete - new literature 
A simplified research in new literature related to diffusion and permeability of concrete 
structures has been made, see Tab. 3.2. Only reference [33] from Tab. 3.2 is briefly reviewed 
in the following. This is more like an approach to the problem related to permeability and 
diffusivity of concrete structures. 
 
 
Table 3.2  
Simplified literature research related to gas and liquid penetration of concrete structures  
 

Theme Reference Short description/headwords 

Review [26] 

Review that summarises the availability and utility of 
experimental data on the rates of spread and vaporisation of 
spillages of pressure liquefied and cryogenic liquids on a 
variety of surfaces including concrete. 

Permeability and  
diffusivity of concrete  
as function of  
temperature, cracks,  
degree of saturation,  
etc. 

[27] 
[28] 
[29] 
[30] 
[31] 
[32] 
[33] 
[34] 

 
 

Modelling and experiments of gas and liquid transport 
through concrete structures, herein effects of: 
- temperature 
- crack width 
- degree of saturation 
- w/c ratio 
- pore radius 
- porosity 
- self-healing of cracks 
- molecular diffusion 
- Knudsen diffusion 
- damage on permeability 
- etc. 

Influence of cracks on  
chloride diffusion into  
concrete 

[35] 
[36] 

Modelling and experiments of chloride diffusion into 
concrete, herein effects of: 
- crack depth 
- crack width 
- concrete age 
- cement content 
- w/c ratio 

Simulation of diffusion 
of cryogenic gas like 
LNG 

[37] 
Simulation of important aspects of the diffusion of a 
cryogenic gas like LNG by using a numerical model and 
wind tunnel.  

 
 
A brief summary of the main results from [27] to [34]: 
 
1. Permeability and diffusivity of concrete as function of temperature: 

 Considerable increase of permeability and diffusivity of concrete with temperature. 
 Considerable variation depending on types of concrete. 
 Reasonable to good agreement between theory and experiment. 
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2. Permeability and diffusivity of concrete as function of different cracks: 
 Non-structural (limited depth) cracks have less influence on the diffusivity than 

structural  
cracks going through the concrete. 

 Both permeability and diffusivity are strongly affected by increasing crack widths 
and crack depths. 

 Faster healing of cracks that have a smaller crack width. 
 

3. Permeability of concrete as function of degree of water saturation: 
 Gas permeability decreases considerably with increasing degree of water saturation. 
 Liquid (water) permeability increases considerably when degree of water saturation 

reaches a certain limit. 
 
4. Permeability and diffusivity of concrete as function of w/c ratio and pore radius: 

 Both permeability and diffusivity decrease considerable with decreasing w/c ratio. 
 The flux seems to become independent of pore radius as the average pore radius 

exceeds a certain limit (about 30 nm), and this limit varies slightly with total 
porosity. 

 
5. The effect of cracking is relative more determining for tight materials with a low 

diffusion coefficient for the un-cracked (sound) material. 
 
 
A brief summary of the main results from [35] and [36]: 
 
1. The chloride diffusion coefficient increases with increasing crack depth. 
 
2. The chloride diffusion coefficient increases with increasing crack width up to a given 

value, however the relationship is not clear. 
 
3. The diffusion coefficient through the crack seems to be independent of material 

parameters. 
 
 
Influence of cracks on the diffusivity of concrete 
 
H. Song at al. [33] developed an analytical technique for carbonation prediction in early-
aged cracked concrete for considering both CO2 diffusion in sound and cracked concrete.  
 
The CO2 diffusion in cracked concrete can be formulated by averaging the CO2 diffusion in 
sound concrete volume, which does not have cracks, and the CO2 diffusion in cracked 
concrete volume having different crack widths. Equivalent diffusivity of CO2 in cracked 
concrete is derived analytically with an assumption that liquid and gaseous flow rate of CO2 
(mol/s) are constant in the so-called representative element volume (REV) of cracked 
concrete, see equation (3.1).  
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Figure 3.1: Representative element volume (REV) in cracked concrete [33] 
 
 
Equivalent CO2 diffusion coefficient (diffusivity) of cracked concrete can be written 
as 

g

a

COdg

K

COeq
CO D

SR
SfK

DSD
N
KS

D 00

4

0

4 )(
)1(

)1(
22

2 φ
φφφ Ω

+
Ω

+
+Ω

−
=   (3.1) 

 
where 

=gD0 1.0 · 10-9 m2/s (basic CO2 diffusion coefficient for gaseous state) 
=dD0 1.34 · 10-9 m2/s (basic CO2 diffusion coefficient for dissolved 

state) 
cra AAR /0= (total area/crack area) 

=Ω  average tortuosity of single pore 
=

2COK Equilibrium factor 
=KN Knudsen number 

=φ Porosity 
=S Saturation 

=)( Sf φ resistant function representing the characteristics of paths of  
the cracks 

 
 
Eq. (3.1) shows that increased crack width, rcr, considered in Ra accelerates diffusion of CO2 
in cracked concrete. First term in Eq. (3.1) represents gaseous CO2 diffusion in non-saturated 
pore volume, while second term represents liquid CO2 diffusion in saturated pore volume. 
Last term in Eq. (3.1) represents gaseous CO2 diffusion in crack.  
CO2 diffusion in crack is almost the same as CO2 diffusion in the air. Therefore CO2 
diffusion in crack is expressed with the CO2 diffusion coefficient in air, gD0 .  
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Figure 3.2: Diffusivity of CO2 vs. crack width for various w/c ratios [33] 
 
 
The variation of the ratio 

22
/ CO

eq
CO DD  (“total diffusivity”/”un-cracked diffusivity”) 

with the crack width for the different w/c ratios is illustrated in Fig. 3.3. 
 

 

 
Figure 3.3: Ratio of 

22
/ CO

eq
CO DD  vs. crack width for various w/c ratios [33] 

 
The result presented in Fig. 3.3 essentially means that the effect of cracking on 

22
/ CO

eq
CO DD  is more important for dense materials with a low diffusion coefficient for 

the un-cracked material, in this case obtained by lower w/c ratio. This is analogue to 
the results obtained by A. Djerbi et al. [36], where the effect of cracking on the 
chloride diffusion is relative more determining for dense materials with a low 
diffusion coefficient for the un-cracked material. 
 
Comparison of experimental data with numerical results obtained gave reasonable results for 
concrete with three different w/c-ratios (0.45, 0.55 and 0.65) and varying crack widths (see  
Fig. 3.4). 
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Figure 3.4: Effect of cracks and w/c ratio in carbonation process (diffusion of CO2) [33] 
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Figure 3.5: Computational scheme of coupled modelling of carbonation in cracked concrete 
[33] 
 
 
Fig. 3.5 illustrates the iteration process used for carbonation prediction [33].  
The figure also illustrates the complexity of geometrical data, mixture proportions, exposure 
conditions, etc. that have to be taken into account in the prediction. 
 
 
Remark: 
COIN P4, SP 4.6 STAR: “Residual service life and load bearing capacity of corroded 
concrete structures”, also review the effect of cracks on the chloride and carbon dioxide 
penetration of concrete. 
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3.4 Gas and liquid penetration of reinforced concrete - the COSMAR project 
From the project COSMAR sub-project PP3, the following reports are reviewed: 

 
Reference: Title:  
[40] PP 3-4-4: “Calculation of Leakage Rates of Uncracked and Cracked Concrete 

structures” 
[41] PP 3-5-3: “Tests for Determination of the Permeability of Uncracked Concrete” 
[42] PP 3-5-4: “Tests for Determination of the Permeability of Cracked Concrete” 
[43] PP 3-6-1: “Design Criteria for Marine Concrete LNG Structures” 
[44] PP 3-6-4: “Liquid Tightness of LNG Storage Tanks” 
[45] PP 3-6-6: “Design criteria for concrete LNG tanks in a marine environment” 
 
The content of the reports listed above is not reviewed in detail in the following, but some 
extracts from the reports are shown. These extracts are related to test procedures and results.  
Concrete composition and theory to determinate the characteristic value of permeability are 
not extracted. The investigation due to permeability worked out in [40] to [45] did not take 
into account effects related to cryogenic temperatures.  
 
Serviceability limit state of liquid tightness [43]: 
 
For concrete barriers it will be necessary to specify serviceability criteria for tightness. 
Material specifications must be given providing for concrete of sufficiently low 
permeability. Similarly details such as construction joints, formwork ties and inserts will 
have to be treated. 
 
Tab. 3.3 shows the number and types of land storage tanks for LNG up to 1978. The great 
majority of tanks are seen to be of type 1. Concept for a concrete LNG storage tank type II is 
shown in Fig. 3.6. 
 
 
Table 3.3: Statistics of different storage tank types (1978) [45]  
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Figure 3.6: Concept for a concrete LNG storage tank (tank type II) [44] 
 
 
 
Tests for determination of the permeability of cracked concrete, [42]: 
 
Fig. 3.7 to 3.9 show the principle of the test arrangement used for determination of 
permeability of concrete, while Fig. 3.10, 3.11 and Tab. 3.4 show some of the result 
obtained, due to respectively uncracked and cracked concrete [41], [42].   
 

 
Figure 3.7: Test arrangement principle for determination of fluid-permeability of  
concrete [40] 
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Figure 3.8: Test arrangement principle for determination of gas-permeability of concrete [40] 
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Figure 3.9: Test arrangement principle for determination of permeability of cracks in 
concrete [40] 
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Figure 3.10: Flow of nitrogen as a function of different pressure drops ∆P through 0.15 m 
thick uncracked concrete at 20˚C  [41] 
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Figure 3.11: Flow rate as a function of pressure drop and time; crack width: 0.10 mm, test 
fluid: n-heptane [42] 
 
 
Table 3.4: Flow rate qL, measured and calculated, as a function of crack width and pressure drop [42] 
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A brief summary of the maim results from [41] and [42]: 
 
1. Considerable influence of varying moisture levels on the gas permeability, see Fig 3.10. 
2. Considerable influence of crack widths on the permeability for liquids, see Tab. 3.4. 
3. Dependence on pressure drops due to both flow rates of gas and liquids, see Fig. 3.10  

and Tab. 3.4. 
4. Some time-related reduction in flow rate for cracket concrete, see Fig. 3.11. 
 
 
Recommendation for design from [44] and [45]: 
 
Under normal service conditions it should at all times be ensured that the concentration of 
flammable gas in interbarrier voids shall not exceed 30% of the lower flammability level of 
the relevant gas. Gas detection instrumentation shall be installed to ensure that critical gas 
concentration does not arise. Interbarrier spaces shall be filled with inert gas. 
In the accidental event of primary barrier failure in which the secondary barrier is exposed to 
liquid natural gas, permeation should be limited to a level ensuring that flammable gas 
concentration do not exceed 30% of the lower flammability level externally to the secondary 
barrier. Provided the secondary barrier is externally exposed, the dilution effect provided by 
natural convection arising adjacent to a cold surface may be taken into account. Membranes 
incorporated in secondary barrier construction may be taken into account if of cryogenic 
quality. 
 
Secondary barriers constructed in reinforced or prestressed concrete may be taken to satisfy 
the above requirement if the following criteria can be satisfied by the following calculations 
in the accident limit state: 
 
1. The depth of the compressive zone shall at all points exceed 40% of the overall 

construction depth. If there is a minimum prestress of 0.5 MPa in the external “fibre” on 
the pressure zone of the concrete, it can be taken that penetrating cracks will not occur. 

 
2. Calculations of gas permeability allowing for crack depth and assuming no resistance to 

flow in cracks should demonstrate that permeation will not exceed the levels given in the 
following table: 
 
LNG pool depth 3 m 3 m 10 m 
Temperature 
difference between 
tank wall surface and 
ambient 

20˚C 40˚C 40˚C 

Permissible 
permeation 0.5 m3/m2h 0.7 m3/m2h 0.4 m3/m2h 

 
3. In the event of a local cool down due to leakage or insulation failure it will be sufficient 

to document that there will be a residual prestress strain in the extreme “fibre” of the 
concrete under the assumption of rigid restraint by the surrounding structure 

 
 
Tightness [45]: 
A primary barrier with a concrete structure may or may not be supplemented with an inert 
gas or inert gas and liquid tight membrane. Concrete may thus be required to act as fluid and 
gas tight. A concrete barrier can be considered fluid tight providing the fluid permeation will 
not exceed the rate of boil off in any local area. 
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4 Effects of low temperatures 

4.1 Introduction 
In connection with imperviousness of concrete structures it is relevant to look into possible 
effects of low temperatures. Concrete is known to maintain its favourable properties within a 
very broad temperature range. However, if a concrete structure is assumed to be exposed to, 
for instance, liquefied natural gas (LNG) without any inside steel membrane or similar, it is 
important to understand the effect of low temperature. Low temperatures and cyclic 
temperature load may have a considerable influence for a reinforced concrete structure 
regarding tightness with respect to both concentration and pressure gradients. 
 
The following chapters summarize mechanical and thermal properties of reinforced concrete 
from the literature reviewed. Only properties that may affect the tightness of a reinforced 
concrete structure due to low temperatures are implemented. Concrete handbooks are also 
consulted to include any new information. 

 
 

4.2 Concrete properties at low temperatures 

4.2.1 Introduction 
Concrete is frequently used, for instance, in storage tanks of liquefied natural gas (LNG) 
with a boiling point of -162˚C. Concrete structures can withstand long duration of high 
temperatures up to about +500˚C and for shorter periods even higher temperatures up to 
about 1,000-1,200˚C. 
Nevertheless, the material response knowledge is still rather limited in particular in view of 
the serious consequences of material collapse in the actual fields of application. 
 
In this chapter a survey of the concrete properties under low temperatures is given. 
The behaviour of concrete at low temperatures depends on cement type, w/c-ratio, aggregate, 
etc. The factor that gives the largest effect is the degree of water saturation. Mechanical 
properties at low temperature (i.e. below the freezing point of pore water) increase with 
increasing water saturation. 
 

4.2.2 Compressive strength 
Wischers and Dahms [1] have investigated the influence of low temperatures on the 
compressive strength of a concrete based on Portland cement (w/c = 0.46) and quarts 
aggregates. They found, as shown in Fig. 4.1, a significant influence of the moisture content. 
The water cured specimens obtained a compressive strength at -100˚C that was three times 
higher than at +20˚C. Specimens stored at 50% RH obtained a 50% increase, while 
specimens dried at +105˚C before testing gained an increase of 20% only. 
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Figure 4.1: The influence of temperature and moisture content on the compressive strength 
of concrete [1] 
 
The increase of compressive strength at low temperature is, as shown in Fig. 4.2, not as 
considerable for light weight concrete as for normal weight concrete.  

 
Figure 4.2: The influence of temperature and moisture content on the cylinder strength of 
light weight concrete [2] 
 
 
Increase in compressive strength at low temperatures is a result of transformation of liquid 
water to solid ice. Freezing causes an increase in 10vol% of the “water phase”. Fig. 4.1 and 
4.2 indicate that there is little or no increase of the compressive strength below -120˚C. The 
reason is that there is a phase change of ice at -113˚C, which cause a volume reduction of 
20%.   
 
The increase in compressive strength at -160˚C relative to +20˚C with increased humidity is 
independent of w/c-ratio, as shown in Fig. 4.3 [3], because the increase is a result of 
transformation of liquid water to solid ice.  
 
Rosásy and Wiedeman [5] investigated compressive strength versus low temperature for a 
224 days old concrete with w/c = 0.56. Fig. 4.4 gives the relative increase in compressive 
strength as the temperature decreases.   
 
Compressive strength versus low temperature is also investigated of Marshall [6] versus 
moisture (Fig. 4.5) and w/c-ratio (Fig. 4.6) and Yamane et al. [7] versus w/c ratio (Fig. 4.7). 
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Figure 4.3: Variation of compressive strength versus temperature from +20˚C to -160˚C and 
moisture content of concrete with different w/c-ratio [3] 

 
Figure 4.4: Relative compressive strengths (relative to +20˚C) versus temperature in water 
saturated concrete [5] 
 

 
Figure 4.5: Variation of compressive strength with temperature and degree of water 
saturation [6] 
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Figure 4.6: Idealized variation in relative strength with w/c-ratio and temperature [6] 
 
 

 
 
 
Figure 4.7: Compressive strength of saturated concrete versus temperature and w/c-ratio [7] 
 
 

4.2.3 Tensile splitting strength 
Wischers and Dahms [1] investigated the influence of temperature on the tensile splitting 
strength. Again, as shown in Fig. 4.8, a significant impact of moisture content is present. The 
tensile splitting strength shows a more rapid increase with reduced temperature as compared 
with the compressive strength, while at -100°C the increase in tensile splitting strength is 
less than in compression. Quit similar response was determined by Turner [8] in test of air-
entrained (7 vol %) concrete with w/c ratio 0.43 as shown in Fig. 4.10. 
 
The influence of temperature and moisture content on the tensile splitting strength of light 
weight concrete, [2], is shown in Fig. 4.9. 
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Figure 4.8: The influence of temperature and moisture content on the tensile splitting 
strength of concrete [1] 
 
 

 
Figure 4.9: The influence of temperature and moisture content on the tensile splitting 
strength of light weight concrete [2] 
 
 
 

 
 
Figure 4.10: Variation in tensile splitting strength with moisture content [8] 
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4.2.4 Modulus of elasticity 
Wischers and Dahms [1] studied the influence of temperature on the modulus of elasticity. 
The results, Fig. 4.11, show the same influence of moisture content as for the compressive 
and tensile strengths (Fig. 4.1 and 4.8). The increase due to reduced temperature is, however, 
less significant and for the moist cured (50% RH) and the dried specimens the increase is 
negligible. 
 

 
 
Figure 4.11: The influence of temperature and moisture content on the modulus of elasticity 
of concrete [1] 
 
 

4.2.5 Ultimate strain capacity 
The results presented in Fig 4.1 and 4.11 indicate that the ultimate strain ought to increase 
with reduced temperature. Nevertheless, this does not seem to be an unique relation in 
compression. 
 
Rostásy and Wiedemann [5] determined the compressive stress-strain curves for water 
saturated concrete at temperatures ranging from +20˚C down to -170˚C. The curves 
presented in Fig. 4.12 indicate that the ultimate strain increase down to -70˚C, and at further 
reduction in temperature the strain decrease towards a value less than at +20˚C. The reason 
for this variation in ultimate strain is probably a gradual phase change in the pore structure. 
However, the author did not have an adequate explanation for the phenomenon. 
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Figure 4.12: Stress- strain curves for water saturated concrete at various temperatures [5] 
 
 
The relative changes in the ultimate strain from Fig. 4.12 is presented in Fig. 4.13 
 
 
 

 
Figure 4.13: Relative compressive strains versus temperature in water saturated concrete [5] 
 
In concrete stored at 65% RH a small increase in strain at -170˚C is found compared with 
strain at +20˚C, Fig. 4.14. 
 

w/c = 0.54 
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Figure 4.14: Stress- strain curves for concrete with different moisture at +20˚C  
and -170˚C [5] 
 
 
Tests by Hoff [9] on 216 days old concrete stored at 50% RH show that the ultimate strain 
increases down to -100°C, as shown in Fig. 4.15. Fig. 4.15 does not show the same tendency 
as Fig. 4.12. This indicates that it is the influence of the water and ice that cause the effects 
observed in Fig. 4.12. 
 

 
Figure 4.15: Stress- strain curves for concrete stored at 50 % RH [9] 
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4.2.6 Influence of temperature variations 
Freeze-thaw cycles are known to have a deteriorating effect on concrete, if not the concrete 
has a uniform dispersion of small air bubbles that may unload the pressure from the volume 
expansion of water turning to ice. It is, therefore, reasonable to assume that temperature 
variations between ambient and cryogenic temperatures are unfavourable with respect to 
concrete strength. Such temperature cycles are relevant for storage tanks for LNG. Usually 
the temperature in storage tanks are reduced according to a strictly defined procedure and 
then kept at the operating temperature. However, the tank may have to be emptied and, thus, 
warmed to ambient temperature in cases of technical difficulties like repair of technical 
installations. 
 
Tests by Rostásy and Wiedeman [10], presented in Fig. 4.16, confirm this assumption. The 
stress-strain curves determined after various numbers of cycles from +20˚C to -170˚C and 
back to +20˚C show a considerable reduction in concrete strength and modulus of elasticity 
after a few cycles. These tests were conducted on water saturated 150 days old mortar with a 
w/c ratio of 0.5 and a compressive cylinder strength of 49 MPa at 20˚C 
 
One cycle +20˚C  -170 ˚C  +20 ˚C appear, according to Fig. 4.16, to be much more 
destructive to the concrete than several cycles +20˚C  -20˚C  +20˚C according to 
ordinary testing of frost resistance. 
 
Even for relative dry concrete samples stored at 50 % relative humidity the experience show 
considerable reduction in strength and modulus of elasticity for one cycle +22 ˚C  -28 ˚C 

 +22 ˚C  -100 ˚C  +22 ˚C as shown under “cycle” in Tab. 4.1. 
 
Table 4.1: Relative property data for concrete stored at 50 % relative humidity when 
exposed to different temperatures [9] 

 
 
 
 
 

 

 
Figure 4.16: Stress- strain curves of mortar specimens subjected to various numbers of 
temperature cycles (+20˚C  -170˚C  +20˚C) [10] 
 

Temperature +22 ˚C -28 ˚C -100 ˚C “cycle” 
Fracture stress 
Ultimate strain 
Modulus of elasticity 

1,0 
1,0 
1,0 

1,23 
1,08 
1,13 

1,97 
1,20 
1,20 

0,95 
0,93 
0,84 
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4.2.7 Fracture energy and the influence of high strain rate 
Körmeling [11] investigated the tensile strength and the fracture energy over a wide range of 
deformation rates, both at +20°C and -170°C. In each case uniaxially tensiled specimens 
were used. As can be seen from the results in Tab. 4.2 and the load-deformation curves in 
Fig. 4.17, the tensile strength and the fracture energy has the highest value at -170°C when a 
low deformation rate is used. When a high deformation rate is applied, the tensile strength at 
-170°C is smaller than the strength at +20°C. On the other hand the increase in fracture 
energy at a high deformation rate is almost the same at -170°C and at +20°C. 
 
Table 4.2:  
Results from uniaxial tensile test at low and high deformation rates at both +20˚C  
and -170˚C [11] 

Temperature 
(°C) 

Deformation rate 
(mm/s) 

fct 
(N/mm2) 

Δct 
(mm) 

GF 
(N/m) 

+20 
Low 
Intermediate 
High 

0.125⋅10-3 
28 
2400 

3.28 ± 0.44 
4.79 ± 0.61 
5.48 ± 0.46 

0.0123 ± 0,0021 
0.0170 ± 0,0010 
0.0169 ± 0,0024 

131 ± 34 
172 ± 18 
323 ± 58 

-170 Low 
High 

0.125⋅10-3 
2400 

4.28 ± 0.14 
4.99 ± 0.31 

0.0142 ± 0,0008 
0.0170 ± 0,0010 

205 ± 5 
480 ± 66 

 
 

 

 
Fig. 4.17: Load-deformation curves for uniaxially tensiled specimens at +20˚C and -170˚C 
for both low and high deformation rates [11] 
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4.2.8 Creep 
There are few available results on the influence of low temperature on the creep deformation 
of concrete. Results from Japan by Okada and Iguro [12] indicate that the creep deformation 
after 3 months at -30˚C is only 50 % of the creep deformation at +20˚C. There is no good 
explanation for this phenomenon, but this may be the result of different dehydration. 
 

4.2.9 The coefficient of thermal expansion at low temperature 
The influence of temperature on the thermal expansion depends on the concrete moisture 
content. Tests by Rostásy et al. [13] on water saturated mortar with w/c-ratio 0.8 and 0.5, and 
on dried mortar with w/c ratio 0.5, presented in Fig  4.18 (a), clearly reflects this moisture 
dependency. For the two water saturated mortars an expansion is observed when the 
temperature is reduced from 0˚C to -70˚C, while no such expansion is present in the dried 
specimen. The expansion is related to the freezing of water in the capillary and gel pores, 
which is reflected in the larger expansion of the most porous mortar. 
 

                                       
(a)        (b) 

Figure 4.18: Temperature induced strains in mortar at various moisture (a) and water 
saturated concrete (b) [13] 
 
The thermal coefficient of expansion, i.e., the slope of the curves in Fig. 4.18, increases from 
a minimum at -4˚C up to a maximum at -15˚C. In general, the thermal coefficient of 
expansion, neglecting the expansion due to freezing, is at low temperatures reduced to about 
5-6·10-6/˚C from about 10-12·10-6/˚C (same as for steel, see Ch. 4.3.3) at ambient 
temperature. 
 
The thermal coefficient of expansion, α, for concrete versus temperature is shown in  
Fig. 4.22.   
 
The influence of different material- and environmental parameters on the ice formation is 
identified by freeze calorimetric experiments by De Fontenay and Sellevold [14], Sellevold 
and Bager [15], and Bager and Sellevold [16]. These results are shown in Fig. 4.19 to 4.21. 
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Figure 4.19: Ice formation in water saturated cement paste with different w/c-ratio. The area 
below the top of the curves is proportional with the amount of ice [14] 
 
 

 
Figure 4.20: Ice formation in water saturated mortar before and after drying/saturation [15] 
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Figure 4.22: Thermal coefficient, α, of concrete versus temperature [17] 
 
Fig 4.23 shows the thermal strain in water saturated cylinders during two thermal cycles. In 
the specimens subjected to an external load the micro crack development due to freezing of 
water is suppressed in the direction perpendicular to the load and, consequently, no 
expansion in the direction of the load is observed  for temperatures from -20˚C to -50˚C [18]. 
 

 
Figure 4.23: Thermal strains (‰) in loaded and unloaded specimens versus  
temperature [18] 
 
 

4.2.10 Thermal conductivity 
According to tests referred by Wischers and Dahms [1] the thermal conductivity, λ, increases 
with reduced temperature as shown in Fig. 4.24. In both water saturated and moist cured 
specimens of normal density concrete the increase from +20°C to -160°C, was about 40%. 
A high moisture content increases the conductivity. In lightweight aggregate concrete the 
increase in conductivity with reduced temperature was almost negligible. 
 
 

Stored for  
7 days in water 

Dried at +105˚C 

Temperature [˚C] 
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Figure 4.24: Influence of reduced temperature on the thermal conductivity, λ, of water stored 
concrete [1]. Filled circles, triangles and squares represent concrete with marmor, limestone 
and sandstone aggregate, respectively. 
 
 

4.3 Steel properties at low temperatures 

4.3.1 Introduction 
The temperature has a influence on the mechanical properties for all types of steel. As for 
concrete the temperature level, the heating or cooling rate and the load history are of 
importance. The response to both low and high temperatures of different types of steel will 
vary depending on the production techniques used. 
 
The structure of steel depends on the carbon content and on the cooling procedure from mass 
steel to solid steel bar at ambient temperature. The properties do also depend on whether the 
steel has been cold-worked or hot-rolled. If steel is reheated the properties will change.  
 
At reduced temperature the failure mode of carbon steel changes from ductile to brittle. The 
temperature, at which this transition occurs, depends on several factors including carbon 
content, size of crystals, amount and presence of micro cracks and notches. The specimen 
size and the loading rate do also have an influence on the measured behaviour. For deformed 
bars hot spots may occur, which may be disadvantageous especially at low temperatures. 
 

4.3.2 Stress-strain curves 
Stress-strain curves for hot-rolled reinforcing steel at low temperatures are presented in  
Fig. 4.25. It is seen that the yield strength increases with decreasing temperatures. At the 
same time it is a tendency of reduced ductility. The size of the reduction may, however, vary 
significantly due to differences in the chemical composition of steel from different countries. 
Although the ultimate elongation is reduced, the ductility is considered to be sufficient. It is 
sufficient as long as the elongation after yielding exceeds the limit 4%, which is taken as an 
acceptable limit in the design against seismic loads. 
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Figure 4.25: Stress-strain curves at low temperatures for hot-rolled reinforcement [19] 
 
The stress-strain curves for cold-drawn prestressing wires are shown in Fig. 4.26. Again an 
increase in yield and ultimate strengths is observed at lower temperatures. The increase is, 
however, not as pronounced as for hot-rolled steels. 
The ultimate elongation at low temperatures varies. In the investigation presented in Fig. 
4.26, the elongation increases slightly when the temperature is reduced from +20˚C to -
165˚C. Other results show, on the other hand, a significant decrease in the ultimate 
elongation. 
 
Although, the ultimate elongation is often found to decrease, prestressing steels are normally 
considered to be well suited for low temperatures. 
 
As for reinforcing steels, the modulus of elasticity of prestressing steels is not significantly 
influenced by low temperatures. When the temperature is reduced from +20˚C to cryogenic 
conditions, the modulus of elasticity increases about 6-10% [8]. 
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Figure 4.26: Stress-strain curves for cold-drawn prestressing wire at +20˚C and -165˚C [21] 
 
 
 

4.3.3 Fracture toughness 
The fracture toughness of steel may be determined by the Charpy pendulum impact test. In 
such tests a substantial drop in fracture energy is observed for hot-rolled and cold-worked 
steels already at temperatures in the range -20°C to -40°C [20]. The reduction in fracture 
energy is less pronounced for steel alloys containing nickel. 
 
It is, however, questioned whether the fracture energy determined on notched specimens 
subjected to impact loads is representative of the toughness under service conditions. Impact 
tests on un-notched reinforcing bars, for instance, demonstrated ductile deformations even at 
-120°C. 
 
The influence of temperature on the fracture toughness of hot-rolled steel determined in 
stable tests on three different types of notched specimens is shown in Fig. 4.27. The 
reduction in fracture toughness from +20°C to -196°C is about 50%. 
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Figure 4.27: Influence of temperature on the fracture toughness of hot-rolled steel 
determined in stable tests on notched specimens [19] 
 
 

4.3.4 The coefficient of thermal expansion at low temperature 
For most types of steel the coefficient of thermal expansion, α, is considered to be constant 
in the temperature range -50°C to +20°C. The α-value varies in the range 10-12⋅10-6/°C, 
depending on the steel quality. For reinforcing steels no change of α-value was found when 
the temperature was reduced from +20°C to -165°C, while for prestressing steel it was found 
to decrease from  
10.5⋅10-6/°C to 7.6⋅10-6/°C at -165°C. 
 
The α-value of concrete is reduced at low temperatures, see Ch. 4.2.9. The reduction 
corresponds approximately to the reduction for prestressing steel. Since the α-value is not 
reduced for the reinforcing steel, the contraction of the reinforcement will be larger than the 
contraction of concrete at cryogenic temperatures. This will cause tensile forces in the 
reinforcement and compressive forces in concrete. In the design of structures subjected to 
cryogenic temperatures it is, therefore, necessary to consider the influence of differences in 
α-values. 
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4.4 Constructional elements at low temperatures 
Several tests with reinforced and prestressed concrete beams at low temperatures has been 
carried out to look into moment capacity, shear capacity and bonding- and anchor capacity. 
 

4.4.1 Moment capacity 
Fig. 4.28 shows a test rig for bending of reinforced concrete beams. Amount of 
reinforcement and temperature varied. Fig. 4.29 shows how moment of rupture for normal-
reinforced beams and over-reinforced beams develops as function of temperature. 
 

 
 
Figure 4.28: Test rig for concrete beam at low temperatures [22] 
 
 
Fig. 4.29 is showing that by lowered temperature the moment of rupture increases 
considerably. 
When it comes to both beams the increase is about 100% when the temperature is lowered 
from +20°C to -150°C 
 
At the same time the increase of the yield stress of the reinforcement is about 75%, while the 
increase of the compressive strength of the concrete from +20°C to -105°C is 142% (from 
38.3 to 92.6 MPa). The compressive strength at -150°C was not given [22]. 
 
When using standard procedures considering the increase in compressive strength for 
concrete and the yield stress of the reinforcement to estimate the moment of rupture the 
result is in accordance also at low temperatures. 
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Figure 4.29: Fracture moment versus temperature and amount of reinforcement for water 
stored beams [22] 
 
 
Okada and Iguro’s [23] experiments on prestressed concrete beams also showed an increase 
of ultimate strain at the pressure edge at lowered temperature. 
 
Fig. 4.30 shows the results from experiments with prestressed concrete beams. 
Two similar beams were tested at +20°C and -70°C. 
 

 
Figure 4.30: Strain at pressure edge of a prestressed concrete beam versus bending 
moment and temperature [23] 
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4.4.2 Shear capacity 
According to shear capacity of reinforced concrete beams [24] tests have been carried out as 
showed in Fig. 4.31.  The beams are continuous across two similar spans. 
The following clamping conditions are used at the end supports: 1) Revolving and flexible in 
the longitudinal direction, 2) fixed and flexible in the longitudinal direction and 3) fixed and 
strapped against longitudinal change. 
 
The beams were tested with standard procedures with monotonous load increase up to shear 
fracture at room temperature. 
 
The beam which was to be cooled down was first loaded to a certain “application load”.   
Then the upper side of the beam was sprayed with liquid nitrogen (see Fig. 4.31), while the 
load was held constant. The cool down continued until it was a stable temperature gradient 
over the beams height (ca +20°C to - 196°C). Then the load was increased to fracture.  
 
The purpose of this procedure was to simulate a load case by liquefied gas flowing towards a 
constructional element which is loaded and normally not exposed for lower temperature, 
ergo an accident load.  As a result of this the experiments are not ideal to find shear capacity 
as a function of temperature. However the results are interesting.  
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Figure 4.31: Test rig for concrete beams at low temperature [24] 
 
 
For beams that have revolving end support and are flexible in the longitudinal direction, an 
increase in fracture load from 30-60% (related to a temperature at 20°C) was found 
depending on whether the beam had shear reinforcement or not. 
 
The beams that had fixed end support and were flexible in the longitudinal direction also 
showed an increase in fracture load of about 60%. The beams that had fixed end support and 
were strapped against longitudinal change, so that the beam applied a tensile force, exhibited 
a reduction in fracture load of about 13%. 
 
These experiments show both that the shear capacity increases with lowered temperature, but 
also that the capacity at temperature load like this is considerably affected by the support 
conditions. 
However, it is first at complete restraint the shear capacity is reduced compared with +20°C. 
 
The effect of restraint in the longitudinal direction is known from analogous experiments 
with fire load on concrete structures where the result of the expansion is an eccentric axial 
pressure and an appurtenant increase in shear capacity. 
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4.4.3 Bonding – and anchor capacity 
According to the results showed in Ch. 4.2, there is reason to believe that the bonding 
capacity at anchoring of reinforcement in concrete also increases at lowered temperatures. 
In Fig. 4.32 we can see that the anchor capacity (fracture) is doubled from +20°C to -160°C 
for an extension (bonding) experiment. 
 

 
Figure 4.32: Reinforcing bar stress at failure versus anchorage length and temperature [25] 
 
 

4.5 Concluding remarks due to low temperatures 

4.5.1 Concrete properties at low temperatures 
The strength of dry concrete is nearly unaffected by reduced temperatures. In moist concrete 
the strength is significantly increased, by a factor of three when the temperature is reduced 
form +20 °C to -100°C. This is due to the freezing of water in the pores and voids. The 
major problem with respect to concrete service under low temperature is the deteriorating 
effect of temperature cycles, especially if the concrete is water saturated. In storage tanks for 
LNG this problem may be avoided or at least controlled. Utilization of high strength concrete 
that has increased resistance towards freezing and thawing, may give beneficial results. A 
slow freezing rate is also advantageous. 
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4.5.2 Steel properties at low temperature 
At low temperatures reinforcing steel becomes more brittle and the ultimate elongation is 
reduced. Nevertheless, the ductility is considered to be sufficient and prestressing steels are 
normally regarded to be well suited for low temperatures. The coefficient of thermal 
expansion is a little bigger than for concrete (Δα ≈ 4⋅10-6/°C), which should be accounted for 
in calculations of tensions when cool-down of a reinforced concrete structure is relevant. 
 

4.5.3 Construction elements at low temperature 
Results are showing good functionality at cryogenic temperature for both reinforced and 
prestressed beams. However, it is important to take into consideration, by constructive 
design, the effect of temperature to reduce restraint forces that may occur. 
 
Capacity 
 
When the temperature is decreasing below 0°C, flexible structural elements of reinforced and 
prestressed concrete are normally showing a considerable increase of capacity regarding both 
axial-, moment- and shear force. The capacity of both axial- and moment force can be 
estimated with good accordance using standard procedures when the increased strength and 
possible reduced ultimate strain is taken into account. While the shear force capacity for 
flexible structural elements also increases, it may not be to the same extent as the increase of 
the tensile strength of the materials. 
 
The coefficient of thermal expansion and mutual restraint 
 
• The coefficient of thermal expansion (with normal range 10 – 12⋅10-6/°C) for the 

reinforcement seems to be rather independent of temperature. The concrete, which often 
has a lower coefficient compared with steel, normally get a certain reduction of the 
coefficient with lowered temperature. Concrete with a high degree of water content also 
get a considerable expansion caused by ice formation, especially at temperatures from -
20 to -70°C. 

 
• In most cases the expected pre-tensioning effect of internal restraint caused by a higher 

coefficient of thermal expansion for the reinforcement compared with concrete at low 
temperatures, may be favourable since it normally will reduce the development of 
tension cracks. 

 
• The main effect of restraint stresses caused by temperature differences between various 

constructional elements is that this may cause development of cracks during cool-down. 
In this connection observations of the expansion of concrete caused by ice formation at 
temperatures from -20 to -70 °C seems to disappear when the concrete has a pressure 
load. 
 

• Restraint stresses caused by hindered temperature shortening may lead to reduced 
fracture capacity. This is especially determining for the shear capacity due to not shear 
reinforced structures. The resulting requirement due to crack dispersion at cryogenic 
temperatures is increased amount of minimum reinforcement. 
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Deterioration due to cyclic temperature variations 
 
• After cryogenic temperature cycles, tests are showing that the concrete obtain reduced 

stiffness and strength at climatic temperatures. In addition to the minimum temperature 
and number of cycles the damage is also especially dependent on the concretes water 
saturation. Accordingly increased water content causes increased strength in cold 
condition, but also increased damage after warm-up.  
 

• It is likely that the same parameters which are increasing the frost resistance of the 
concrete at climatic conditions also will reduce the damage at cryogenic temperature 
cycles. Increased frost resistance is achieved by reduction of w/c ratio (increased 
strength) and use of air entraining admixtures.  Moist curing over a relative long time 
period, reduction in water content before freezing and reduced speed of cool-down are 
also assumed to reduce the frost damage.  

 
• The extent of the observed strength reduction is dependent of how many cryogenic 

temperature cycles the structure will be exposed to. 
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5 Effect of water pressure on concrete structures 
 
In the SINTEF report STF65 A90005 [47] water absorption, water penetration and 
permeability of concrete are briefly reviewed. The knowledge of the effect of water and 
water pressure on concrete structures loaded by static and dynamic loads is also summarized. 
This report [47] is a state of the art of the effect of water pressure on concrete structures, and 
is not reviewed in this preliminary study. However, the content in the SINTEF report [47] is 
considered to be relevant if the primary objective in further research can be related to 
concrete structures exposed to water pressure. 
 
The main contents in SINTEF Report STF65 A90005 [47] are: 

 Effect of water and water pressure: 
o Water absorption, water penetration and permeability  

(herein also influence of sea water) 
o Effect of pore pressure 
o Deformation properties of submerged concrete 
o Concrete strength under hydrostatic pressure 
o Hydrostatic loaded beams 

 Fatigue strength of concrete in water: 
o Normal density concrete 
o Light weight aggregate concrete 
o Concrete strength under hydrostatic pressure 
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6 Conclusions and further research 
 
To achieve an impervious concrete structure, it is assumed that the main challenge is related 
to prevention of crack formation. This can be achieved through a combination of proper 
structural design and materials technology. If the structure is exposed to cryogenic 
temperatures, special considerations must be taken to prevent development of cracks, 
especially if the structure also is supposed to be the impervious barrier without supplement 
of any gas and liquid tight membrane. A considerable number of factors that somehow may 
affect the tightness of concrete structures (e.g. temperature, degree of saturation, crack width, 
etc.) are summarized in this report. 
 
In further work regarding tightness of concrete structures it is necessary to make more 
specific: 
 
 Primary objective due to functionality, acceptance criterion with respect to  

tightness, etc. 
 
 Type of gas and/or liquid (Water, Propane, Nitrogen, LNG, etc) that should be focused 

on, herein whether the tightness has to resist diffusion (i.e. concentration gradients) 
and/or permeation (i.e. pressure gradients). 

 
 Type of structure, e.g. volume, height, width, etc. 

 
Most likely it will be important to see this project in relation with the material approach in 
COIN P1 (advanced cementing materials) and COIN P2 (improved construction technology), 
as shown below. 
 
The following primary objectives should be considered to achieve requested tightness:  
 
1. Concrete (mixture proportions) with sufficiently low diffusivity and 

permeability due to actual gas and/or liquid exposure 
 

 (COIN P1) 

2. Prevent cracks in the curing process caused by shrinkage and early  
thermal contraction (external- and internal restraint) 
 

 (COIN P2) 

3. Maintain the tightness (prevent cracks) during the operating time of  
the structure  

 COIN P3 

 
 
Based on point 3 above the following should be considered in further work: 
 
3.1 Investigate tightness criterion based on actual gas/liquid, mixture proportions and 

acceptance criterion: 
• Sufficient depth of the compressive zone. 
• Sufficient depth of the overall construction (cross-section of wall, roof, etc.). 
• Sufficient amount and performance of reinforcement and prestressing steel. 
• Sufficient limitation of cracks due to crack widths and crack depths. 

 
3.2 Development of models to predict diffusivity and permeability from geometrical data 

including cracks (point 3.1 above), mixture proportions (point 1. above) and exposure 
conditions (type of gas or liquid, pressure gradients, concentration gradients, 
temperature, etc.). Review of existing calculation models should be a part of this work, 
together with supplementary experiments. 
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3.3 Development of constructional design in order to prevent cracks caused by static and  
dynamic loads (shear cracks and tension bending cracks), herein: 
• Design that prevent mutual restraint and appurtenant possible tensile forces between 

different constructional elements caused by external load and internal forces from 
prestressing wires, etc., for a statically undetermined structure. 

• Details such as construction joints (flexible joints, sliding plates, etc.), formwork ties 
and inserts may have to be treated with respect to both tightness and functionality to 
satisfy the condition in the calculation model. 
 

3.4 Development of design to prevent cracks caused by temperature gradients in the 
structure and restraint between different constructional elements: 
• Design as listed in point 3.3. 
• Insulation 
• Functional description for technical installations to maintain sufficient uniform 

temperature distribution in the structure (cooling tubes, etc.). 
 
3.5 Development of methods to re-establish sufficient tightness: 

• Method to re-establish sufficient tightness concerning possible damages due to bad 
concreting, such as honeycombs and badly compacted concrete. 

• Method to re-establish sufficient tightness hampered by possibly occurring dead- or 
living cracks. 

 
3.6 For structures exposed to cryogenic temperatures (e.g. LNG tanks) some additional 

effects may be crucial for the structures tightness and should therefore be investigated: 
• Design to prevent mutual restraint also in case of shutdown. 
• Deterioration in case of shut down (see Ch. 4.2.6) 
• Possible negative effects of the difference between concrete and reinforcement due 

to the coefficient of thermal expansion at low temperatures (see Ch. 4.2.9, 4.3.4 and 
4.5.2). 

• Positive and negative influence of temperature depression and appurtenant ice 
formation (see Ch.3.2, 4.2, 4.3 and 4.4). 

 
3.7 Possible superimpose of e.g. diffusion (result of concentration gradients) on other 

transport phenomena such as: 
• penetration caused by pressure gradients 
• convection (result of temperature gradients) 
• migration  
• capillary suction (pumping effect caused by cycles of wetting and drying) 
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