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Summary

The thesis describes a programme of research designed to identify concretes
for application at cryogenic temperature, in particular for storage, of
Liquefied Natural Gas which is maintained at a temperature of -165°C. The
programme was undertaken in two stages. Stage 1 involved screening tests on
seventeen concrete mixes to investigate the effects of strength grade (and
water/cement ratio), air entrainment, aggregate type and cement type. Four
mixes were selected on the basis of low temperature strength, residual
strength after thermal cycling and permeability at ambient temperature. In
Stage 2 the selected mixes were subjected to a comprehensive range of tests
to measure those properties which determine the leak tightness of a concrete
tank at temperatures down to -165°C. These included gas permeability;
tensile strength, strain capacity, thermal expansion coefficient and elastic
modulus, which in combination provide a measure of resistance to cracking;
and bond to reinforcement, which is one of the determining factors regarding
crack size and spacing.

The results demonstrated that the properties of concrete were generally
enhanced at cryogenic temperature, with reduced permeability, reduced crack
proneness and, by virtue of increased bond to reinforcement, better control
of cracking should it occur. Of the concretes tested, a lightweight mix
containing sintered PFA aggregate exhibited the best performance at ambient
and cryogenic temperature, having appreciably lower permeability and higher
crack resistance than normal weight concretes of the same strength grade.
The lightweight mix was most sensitive to thermal cycling, but there was
limited evidence that this behaviour would not be significant if the concrete
was prestressed.

Relationships between various properties have been identified, the most
significant being the reduction in gas permeability with increasing strain

capacity. The structural implications of the changing properties of the
concrete have also been considered.
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1. INTRODUCTION

1.1 BACKGROUND

Liquefied Natural Gas (LNG) is stored at a temperature of -1650C.
This enables large volumes of gas, primarily methane, to be stored in
relatively small containments, the volume of the 1liquid methane
occupying only 1/600th of the gaseous volume. For many years double
skinned steel tanks were used to contain LNG. The most common systems
comprise an inner tank of 9% nickel steel, to maintain ductility at the
very low operating temperature, and a carbon steel outer tank. The
annular space between the two is filled with insulation, usually
powdered perlite, to minimise boil-off. In recent years the use of
increasingly larger tanks has created difficulties with the
conventional double skinned steel containments, particularly in welding
the thick sections required. Combined with the introduction of even
more stringent safety requlations, this has led to a new design
philosophy and the introduction of composite tanks using prestressed
concrete(1,2,3). A steel liner is used to provide an impermeable
gas barrier, whilst the concrete provides structural rigidity. This
system permits the use of easily fabricated thin steel plate to form
the liner. Some typical LNG tank configurations are shown in

Figure 1.1.

In addition to providing structural stability, the prestressed concrete
provides a number of benefits when compared with steel tanks. For
example, the unzipping mode of failure of a primary steel tank, albeit
unlikely with the use of special cryogenic steel, would be avoided with
the use of prestressed concrete as a primary containment. This in
turn would permit a more rational design of the secondary or outer tank
which would no longer have to withstand the possible dynamic load from
spilling LNG of up to six times the hydrostatic l1oad(4).  Concrete
has also demonstrated its ability to withstand severe fires due to its
low conductivity and slow reduction in strength when exposed to
elevated temperatures(5). It will also withstand considerable
impact. For example, a lm thick reinforced concrete wall will resist

the impact of a light aircraft travelling at 220m/sec(6).
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llustration removed for copyright restrictions

FIGURE 1.1. Typical LNG tank configurations (Ref. 3)
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1.2 LNG TANK DESIGN

1.3

The design of cryogenic containment structures incorporacing
prestressed concrete is generally based on the ambient material
properties of the concrete. This 1is considered to be a sare
assumption, the mechanical properties of concrete having been shown to
be enhanced at low temperature(l). The strength may increase bv as
much as 200% when concrete is cooled from ambient to -1659C, whilst

the elastic modulus can increase by 50%.

In addition to being structurally sound at cryogenic temperature,
concrete has also been used for many years for a range of water
retaining structures, such as dams, header tanks and reservoirs.
Nevertheless, unlined prestressed concrete has still not been used for
LNG containment. The reason for this is related to risk. For the
containment of LNG, the continued leak tightness of the structure is
the single most important design criterion(7).  The consequence of
a major leak could be catastrophic and the probability of such an

occurrence must, therefore, be extremely low.

In an unlined concrete tank leak tightness is determined by both the
inherent permeability of the concrete and the extent to which flaws
occur during construction, commissioning and operation of a tank, i.e.
the structural permeability. Whilst a well designed concrete may, in
theory, be sufficiently impermeable to contain LNG, concerns over the
possibility of cracks, opening of joints and localised areas of high
permeability, cause the designer, user and insurer to doubt structural

impermeability and demand a liner to prevent leakage.

STRUCTURAL PERMEABILITY

The ability of structural prestressed concrete to contain LNG must
therefore be proven if a liner is to be omitted. If the liner could be
omitted, not only would unlined tanks provide a lower cost alternative
to current designs but also concrete could be considered as a secondary

impermeable barrier in new or existing composite systems.

At present unlined concrete is more likely to be used for secondary

leak containment where designers may be urged to provide enhanced
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resistance to external accidents. However, advances in construction
and materials technology may alleviate some of the fears associatzs
with the use of concrete for primary containment of LM\G. Admixtures
which impart high levels of workability to low w/c ratio concretes

facilitate transportation, placing and compaction with mirimum

effort(8). Materials can be selected and construction sequences
designed to minimise the risk of early thermal cracking due to heat of
hydration(9)- Techniques are available for achieving leak tight
construction joints(ln). Such methods have been used for high

technology structures such as nuclear pressure vessels, gas tight
secondary containments for nuclear reactors and o0il production

platforms.

So by careful materials selection, mix design and construction
procedures, a low permeability structure may be achieved at ambient
temperature. For the storage of LNG, this performance must be

maintained at cryogenic temperature.

RELEVANT CONCRETE PROPERTIES

The fact that even mature concrete contains some free water, which will
freeze when the temperature is reduced sufficiently, infers that the

permeability will reduce at cryogenic temperature.

Regarding defects, cracking is likely to be of major concern. The
initial cooldown of a tank, its filling with LNG and any subsequent
level changes will all cause thermal stresses. These operations are
generally controlled, in order that the level of thermal stress be
maintained within acceptable limits. Prestress is also used to limit
tension in the concrete. In the event of an accident however ,
conditions are not controlled. In such circumstances, where
temperature differentials of the order of 180°C may exist through the
tank wall, cracking cannot be prevented, but can be limited. To
minimise cracking, desirable properties of the concrete include a low
thermal expansion coefficient and a high tensile strain capacity. A
low expansion coefficient will result in smaller strains for a given
temperature change, and a high capacity for tensile strain will enable

the thermal strains to be sustained more easily.
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Reinforcement is, of course, included to limit crack widths in the
event that cracking occurs. The efficiency of the reinforcement in

this respect is directly related to the concrete-steel bond strenagtn as

in conventional r.c. design.

To assess structural permeability, data is therefore required for ‘he
following concrete properties at both ambient and cryogenic

temperatures:-

- Permeability
~ Strain capacity in tension
- Thermal expansion coefficient

- Bond strength to reinforcement.

DEVELOPMENT OF THE TEST PROGRAMME

Previous test programmes to investigate the performance of concrete
down to cryogenic temperatures have, in general, been limited to
conventional structural concretes. Variations in mix proportions have
been considered, in particular the water-cement ratio, and
occasionally cements other than OPC have been included. Air-entrained
concrete has often been used, on the assumption that resistance to
environmental freeze-thaw conditions might be extended to the extreme
temperature changes occurring in cryogenic storage facilities. The

influence of moisture content has also been widely studied.

The properties which have been measured most commonly at cryogenic
temperature are compressive strength, tensile and flexural strength,
elastic modulus and thermal contraction. In relation to structural
permeability, properties which are of specific interest are
permeability, thermal expansion, strain capacity and bond to
reinforcement. The test programme was therefore designed to measure
these particular properties of the concrete, and to identify whether
one or more types of concrete would yield superior performance with

respect to these properties.
With these objectives in mind, the programme was divided into two

distinct phases. Phase 1 comprised screening tests on 17 concrete

mixes, selected to investigate a range of mix parameters as follows:-
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1) Strength grade, as determined by cement content and water-cement
ratio.

2) Aggregate types; gravel, crushed rock and lightweignt.

3) The use of Pulverised Fuel Ash (PFA) and Ground Granulated
Blastfurnace Slag (GGBS) to partially replace OPC.

4) The use of admixtures, including air entraining agents and
superplasticers.

Tests used to rank the performance of these 17 concretes were as
follows:

- Compressive strength at cryogenic temperature and after thermal
cycling.

- Tensile splitting strength at cryogenic temperature and after
thermal cyecling.

- Water permeability at ambient temperature.

Based on the results obtained from these screening tests, four
concretes were selected for more comprehensive testing to determine the

following properties at cryogenic temperature.

(i) Permeability.

(ii) Strain capacity in direct tension and in flexure.
(iii) Thermal contraction.

(iv) Elastic modulus

(v) Bond strength to reinforcement.

In addition, tests were carried out on each of the four concretes to
determine the influence of thermal cycling between ambient and
cryogenic temperature on gas permeability and for two of the four
concretes the relationship between permeability and pore structure was

investigated.
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2.1

2.2

2. LITERATURE ANALYSIS

INTRODUCTION

The properties of concrete under normal environmental conditions

L

are
determined primarily by the constituent materials and the mix
proportions, in particular the water-cement ratio. With regarcd to
structural performance, other factors, such as curing and moisture
content, are generally of secondary importance (although where
durability is a primary design requirement this may not be the case).
In relation to the use of concrete for cryogenic applications, however,
there are two additional primary factors which influence the in-service

properties of the concrete, namely

i) Temperature

ii) Moisture content.

The way in which these two factors influence the performance of
concrete at cryogenic temperature is a clear indication that property
changes are related to the formation of 1ice in both the large
capillaries and finer pores in the cement paste, and the subsequent
contraction of the ice as the temperature is reduced below its freezing

point.

ICE FORMATION

Work by Yamane et al(ll) indicated that between 00C and -50C,
freezing of the water in the larger pores of about 100 A was
predominant, and that at temperatures between -300C and -400C
freezing of water in smaller pores of 10 A was predominant due to the
reduced freezing point of the capillary water. Turner(12)  has
suggested that freezing is initiated in the larger capillaries, which
contain some 30% of the free water, at about -39C to -40C and
continues gradually until all the capillary water is frozen at about
-200C.  According to Tognon(13), the water in the finer pores
begins to freeze at -300C and this gradually continues until all the
free water has frozen at about -709C. This progressive ice formation
and associated pore filling therefore results in a gradual strenqgth

increase over this temperature range.
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The continual increase in strength at temperatures below -70°C is
attributed by Tognon(lj) to 'internal prestressing'. The ice has a
higher coefficient of contrzction than the other constituents of
concrete, i.e. 53 microstrain per °C compared with 10 microstrain per
sgl14) (1 microstrain = 10-6 strain), and therefore places the
concrete wunder triaxial compression which increases its strength
considerably. The magnitude of effective prestress applied by the ice
contraction has been determined by Tognon by recording the level of
biaxial restraint required to increase the strength of moist concrete
to values equal to those measured at low temperature. These results
are shown in Figure 2.1. So, for example, to achieve an increase in
strength from 25 N/mmZ under uniaxial conditions at 20°C to 90 N/mm2
would require either a reduction in temperature to -100°C or biaxial

restraint equivalent to a stress of 9 N/mmZ2.

At a temperature of -1159C, ice changes from its hexagonal structure
(ICE I) to an orthorhombic structure (ICE II). At this stage, the
volume of the ice decreases suddenly so that its density increases to
1.15 kg/mj. There is limited evidence to suggest that this may cause
the strength of concrete to decrease slightly(lB}, although the
vast majority of data indicate little change in strength below this
temperature. A further phase change takes place at -155°C when ice
crystallizes in tetragonal form (ICE III). Again there is no evidence
to suggest that this has a significant effect on the strength of the
concrete. It should be noted however that these changes occur in pure
water. Whilst similar changes are likely to take place in the free
water in concrete, the absolute temperatures at which the changes occur
are likely to differ significantly from those above due to the complex

nature of the pore fluids.

INFLUENCE OF MOISTURE CONTENT ON STRENGTH

The compressive strength of concrete is the property which has been
most widely examined at low temperature, work having been undertaken
in Italy(l3), Germany(lsj, Japan(ll’l7"2“), United
States(l5’25) and Russia(25,27). This property has therefore
been selected to identify the influence of moisture content on low

temperature behaviour.
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Aston University

Hlustration removed for copyright restrictions

FIGURE 2.1. Equivalent biaxial restraint required to cause a
compressive strength increase comparable to that
achieved by raduced temperature (Ref. 13).
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2.3.2

Saturated Concrete

To 1illustrate the influence of temperature on CCAprs33iva
strength and to show the general consistency of data from
different sources, results obtained by Monfore and Lent::ls),
Okada and Iguro(zo), Goto and Miura(l7), Tognon(l3) and
Yamane et al(ll) gare included in Figure 2.2 for saturzted
concrete. The results are presented in terms of both the
increase in strength with reducing temperature (Figure 2.2a) and
the relationship between cold strength at -509C, -1009C and
-160°C and the strength at 200C (Figure 2.2b). It will be
seen from Figure 2.2a that between 20°C and 0°C the strength
is largely unaffacted. Below 0°C, as the free water freezes,
there is a gradual increase in strength down to a temperature of
about -1200°C. The increase is almost linear with reducing
temperature, the strength gain being equivalent to about 6 N/mmZ
for each 10°C drop. Below -1209C, the strength is largely

unaffected by further reducing the temperature.

The alternative presentation of the data in Figure (2.2b) shows
the relationship between the cold strength and the strength at
209C to be approximately linear. Furthermore, the slope of the
curves at each of the temperature levels examined was constant,
the curve simply being shifted upwards as the temperature

dropped.

Partially Dry Concrete

Many researchers have tested concretes which have been subjected
to atmospheric drying, typically at 200C, 65% RH. This
condition, between saturated and oven dry has been defined as
partially dry. Relationships based on data obtained by Monfore
and Lentz(ls), Tngnon(l3) and Iwata et al(22) are
included in Figure 2.3 for partially dry concrete and again
indicate close agreement. The increase in strength, as expected,
was lower than recorded for saturated concrete but was still of
the order of 2 N/mm? per 10°C drop in temperature down to
-120°C (Figure 2.3a). The linear relationship between cold
strength and strength at 20°C was again observed (Figure 2.3b),
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FIGURE 2.2. The influence of temperature on the compressive
strength of saturated concrete.
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FIGURE 2.3. The influence of temperature on the compressive
strength of partially dried concrete.
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FIGURE 2.4. The influence of temperature on the compressive
strength of oven dried concrete.
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2.3.4

the slope of the curves being the same at each t:mperatur: =nd

more importantly, the same as recorded for saturated concrete.

Oven Dried Concrete

Data on oven dried concrete obtained by Tognon(13), Goto and

Miura(18) and Monfore and Lentz(15) are included 1in

ar

Figure 2.4. Whilst results are limited, there is sufficient ata
to indicate a small increase in strength with reducing
temperature. The results are more scattered however, perhaps
indicating that the extent of moisture loss under oven drying
conditions was not consistent between the various researchers.
This condition is not, however, typical of insitu concrete which
has a moisture content of about 5%(28). It is interesting to
note that the relationship between cold strength and strength at
200C can again be approximated by a straight line with the same
slope derived for saturated and partially dried concrete (Figure
2.4b).

Estimating Cold Strength

Based on the above data, a simple equation has been derived for
estimating the cold strength of concrete within the range 0°C
to -120°C. Above 00C there is no significant effect of
temperature for the normal operating range and similarly, below
-120°C, there is no appreciable change in strength as
temperature is reduced. Within the range 0°C to =-1200C the
cold strength can be related to the ambient strength at 20°C,
the percentage moisture content by weight of concrete, m, and the

temperature £ , by the equation,

beto) = Fecor - B.m (2.1)
/2
Values of strength predicted using equation 2.1 are illustrated
in Figure 2.5 together with a summary of the data presented in
Figures 2.2, 2.3 and 2.4 for concretes at different moisture

contents. Other relationships have been derived by Goto and
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contents.
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FIGURE 2.6. A comparison between predicted compressive strengths
obtained using different empirical equations.
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Muira(17) ang Okada and Iguro(ZO), defined by the

following equations.

Ly =l *(’2 -(5 +/80)* M. (3:9)
2700
/(:mg)= Gty + 5L —0D86L.6 — 000274 5% (2.3)

Equation 2.3 applies to saturated concrete only.

A comparison of predicted strength using equations 2.1 and 2.2
over the range +20°C to -160°C is shown in Figure 2.6 for a
35 N/mm2 concrete with a moisture content of 5%, the latter being
typical of site concrete. Strengths determined using equation
2.2 are in excess of the authors predicted values by up to 10%.
However, both equations clearly illustrate the significance of

moisture content on the property change with temperature.

2.4 PERMEABILITY

The inherent material permeability is the first factor to be considered
when assessing the suitability of a particular material for primary
containment of LNG. Traditional LNG storage tanks consist of a double
walled containment, the inner tank usually being constructed of 9%
nickel steel or aluminium, the outer comprising carbon steel. The
function of the inner tank is to form the impermeable barrier to the
liquid gas, the outer tank prevents the ingress of moisture into the
insulating material contained in the annular space. Therefore, if
unlined prestressed concrete is to be considered as a primary
containment, its permeability must be acceptably low and the factors
which affect it, well defined.

Unfortunately, very little data exists on the permeability of concrete
to liquefied natural gas at cryogenic temperature. This property is
least adequately covered in the literature, although limited work has
been carried out by the US Institute of Gas Technology(zg) on the
permeability of concrete to both 1liquid and gaseous methane at
temperatures down to -143°C, and by Imperial College of Science and

Technology on permeability of concrete to liquid nitrogen at
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—19600(30:31). The reason for the lack of experimentation in
this area is believed to be due not only to the fact that a metallic
barrier is generally used to contain the LNG, but also because cf the
problems associated with the accurate measurement of concrete

permeability to LNG and gaseous methane at cryogenic temperatures.

There are, however, extensive data on the permeability of concretz to
both 1liquids and gases at room temperature. One of the most
comprehensive investigations into the water permeability of concrete
was carried out by Glanville as long ago as 1926(32) . More recent
studies have been carried by Murata(33) and Goto and Roy(34)
and many other workers. Gas permeability results have been reported by
Huart(35), Loughhorough(36) and Graiffer et 31(37), amongst
others. The factors which influence permeability have been well

defined and can be divided into four main areas,
i) Constituent materials and mix proportions
ii) Degree of compaction

iii) Curing regime and extent of cement hydration
iv)  Moisture content

and these are described in the following sections.

2.4.1 Effect of Constituent Materials and Mix Proportions

For normal dense aggregate, the range of values of measured water
permeability coefficient are of the same order as measured for
mature cement pastes i.e. 1 X 10-9 m/sec to 2.5 x 10-14
m/sec(ja). The aggregate is, however, a discontinuous phase
and, therefore, has a less significant effect on the permeability
of concrete than that of the continuous cement paste phase.
Changes in aggregate type therefore tend to have only a marginal

effect on concrete permeability.

There is no evidence to suggest that changes in the nature of OPC
appreciably influence the permeability of concrete. However,
results obtained by the US Bureau of Reclamation have indicated
that the use of pulverised fuel ash (PFA) to replace 30% of OPC

may cause a reduction in permeability of about one order of
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magnitude(39). More recently, tests using ground granulated
blastfurnace slag (GGBS) have identified that this materizl may
also provide benefits in terms of reduced permeabilitv in
structural concrete(40). However, the benefit of reduced

permeability with both PFA and GGBS is dependent on adequate

curing.

Early work by Powers et al(41) iliustrated the importance of
w/c ratio on the permeability of cement paste. A variation in
w/c ratio from 0.4 to 0.7 caused an increase in permeability of
about two orders of magnitude. Powers also found that there was
a critical w/c ratio of about 0.4 above which it was impossible
to achieve a discontinuous capillary state in the cement paste
and that, below this value of w/c, the permeability was markedly
reduced. Similarly, Huart found that a reduction in cement
content from 600 kg/m> to 200 kg/m> with an associated change in
w/c ratio increased the gas permeability by a factor of
35(35) . More recent tests indicate that the influence of
w/c ratio is less marked than that observed by Powers. A summary
of results is included in Figure 2.7, which includes data from
References 32-34 and 42-46. Whilst the results are scattered,
the relative change in permeability within each test programme,
over the range of w/c ratios reported by Powers, is the order of
only 10 times. This is illustrated more clearly in Figure 2.8,
in which the results have been presented in relation to a datum
value of a w/c of 0.45. The difference in the results may be due
to the change in cement properties since Powers early work.
Also, much of the recent research used concretes rather than

cement pastes.

Both water-reducing and air-entraining admixtures can be used to
reduce the permeability of concrete. Water reducing admixtures
can be used either to enable a reduction in w/c ratio, with the
associated reduction in permeability, or to improve workability
and hence enable more complete compaction. Air entraining agents
(AEA) can effectively improve the cement paste permeability by
enabling a small reduction in w/c and also by uniformly
distributing discrete voids in the cement paste. This

improvement in permeability using an AEA is usually small
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2.4.2

2.4.3

2.4.4

compared with the effects of moisture content or water/cement

ratio(33), but can be as high as two orders of
magnitude(37) .

Degree of Compaction

To achieve its optimum performance concrete must be thoroughly
compacted. An increase in permeability of several orders of
magnitude can easily result from inadequate compaction(Bz).
However, over compaction can often result in the top surface zone
having a higher w/c ratio than the bulk of the pour due to upward
migration of water as the concrete settles. This results in a
surface zone with increased permeability but is generally only a
major problem in concretes which have been poorly designed. In
general, concrete cast on site would be expected to be less
resistant to water and gas penetration than concrete produced in
the laboratory, due not only to a better quality control of the
material which can be achieved in the laboratory, but also to

better compaction.

Curing

Previous tests have been carried out by Taylor Woodrow on the
effects of different curing regimes on the permeability of
concrete in relation to the durability of offshore
structures(47). Standard water curing, fog curing and air
curing (no cure) have all been investigated. The results showed
a reduction in the permeability of water cured concretes of 3
orders of magnitude or more, illustrating the importance of

adequately curing concrete on site.

In addition, the permeability of air cured concrete was found to
be reduced significantly whilst being tested using water due to
renewed hydration of the cement. This occurred at whatever age

the concrete was tested, even 35 years(aa).

Moisture

Moisture content is a very important factor controlling the gas
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2.4.5

permeability of concrete not only by blocking the pores in the
concrete, but also by allowing further hydration to take place,
as described above. Increases of the evaporable moisturs cont:znt

of concrete from zero (oven dried) to 100% (saturated) have been

found to reduce the gas permeability by a factor of as much s
two orders of magnitude(37).

Temperature

As indicated previously, very 1little data exists on the
permeability of concrete to liquefied methane or natural gas at
cryogenic temperatures. The Institute of Gas Technology(zg)
carried out short term tests on one mix only. Variations in the
permeability of concrete to methane gas were recorded at
different degrees of saturation, oven-dry, dried at 50% relative
humidity and fully saturated. The permeability at both room
temperature and down to -143°C reduced as the moisture content
increased to the extent that, under fully saturated conditions,
the concrete was found to be impervious to methane gas even under
a pressure of 0.276 N/mm2 (40 p.s.i.). Values of gas
permeability coefficient for oven dried concrete and specimens
stored at 50% RH were of the order of 1.3 x 10-13 and 1.1 x 10-15
m2(a) respectively, the former being very permeable even
under a pressure of only 0.97 x 10-3 N/mmZ2 (0.14 p.s.i.). These

results are shown in Figure 2.9.

It 1is therefore apparent that the moisture content plays an
equally important role in determining the permeability of
concrete at both cryogenic and room temperature. The effect of
cooling to -1430C was to reduce the permeability coefficient by
a factor of 3. This relatively small reduction is believed to be
due to the general contraction of the pore sizes within the

cement paste combined with the formation of ice.

(a)

The gas permeability coefficient is expressed in units of m2. This

differs from the Darcy coefficient for non-compressible liquids for

which the units are m/sec. Permeability coefficients are discussed in

greater detail in Section 4.2.
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In a preliminary study undertaken by Imperial College(zq) tne
work was of a qualitative nature and no specific values of
permeability were reported. However, the results did ingi:=at:
that within the limits of the testing technique, concrete could
be made impermeable to nitrogen at temperatures down to -:7¢OC.
This involved the wuse of surface treatments and polimer
impregnation. However, the tests were only short term, generally
of the order of minutes, and no definite conclusions couls ue
drawn from the work other than to say that certain types of
surface treatment were effective in reducing concrete

permeability to nitrogen at -196°C, in the short term.

More recent tests at Imperial College(31) have provided
quantitative data on the permeability of concrete to liquid
nitrogen with permeability coefficients of the order of 10-10
m/sec. However, by the very nature of the tests it was

impossible to identify the influence of temperature.

2.5 TENSILE & FLEXURAL PROPERTIES

2.5.1 Tensile Splitting Test

Extensive measurements of the tensile strength of concrete have
been undertaken in Japan, US and Spain at temperatures down to
-1570c.  Data obtained by Iwata et al(22), Okada and
Iguro(zo), Yamane et al(ll) Monfore and Lentz(15) and
Elices et al(49) are included in Figure 2.10. The majority
of data are for saturated concrete but limited results for
partially dry(l5,22) and oven dry(zz) concrete were also
recorded. In each case, the tensile strength increased with
reducing temperature but the relationship was less well defined

than that observed for compressive strength.

2.5.1.1 Saturated concrete

Results for saturated concrete measured by Monfore and
Lentz(15) showed a maximum increase in strength of
the order of 150% at a temperature of about -60°C. As

the temperature dropped below -60°C there was a
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FIGURE 2.10. The influence of temperature on tensile strength.
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reduction from the peak value such that at -1570C, the
increase in strength above that at 209C was about 1005.
A siinilzr effzct was observed by Iuata(EZ), althcuen
the general level of the peak strength increase was
lower. Okada and Iguro(zo), however, recorded a
steady increase in strength down to -100°C (no results
were obtained below this temperature) whilst Yaman:z et
al(11) indicated that the peak strength was achizved
at a temperature of -40°C with no further change down
to -70°C.  Elices et al (49) carried out tests at
20°C and -196°C and recorded an increase in strength

of 188% at the lower temperature.

Partially dried and oven dried concrete

For partially dried and oven dried concretes the increase
in tensile strength with reduced temperature was, in the
case of data from Montfore and Lentz(ls),
considerably less than recorded for saturated concrete,
but did indicate a gradual and continuous increase as the
temperature reduced down to -1579C. Iwata et
a1(22) however, found that there was little
difference in the behaviour of water cured and air dried
specimens down to -1509C. Elices recorded an increase

of 50% for concrete with a moisture content of
29, (49) .

Estimating cold strength

Whilst the tensile strength of concrete is clearly
influenced by both the temperature and the moisture
content in a similar way to compressive strength, the
data available is not sufficiently consistent to enable a
general predictive equation to be derived based on these
factors. This may be due to the fact that the tensile
strength is more sensitive to small changes in moisture
content and possible disruption due to the progressive

ice formation. Unfortunately, specific values for
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moisture content have not been reportzd zno hence. t-is

cannot be confirmed.

It should be noted that the change in the tensile
strength of concrete will have a significant effect on
the design of reinforcement for crack control and must
therefore be considered in this respect. This 1is
discussed in greater detail in Section 9.3.2. To enatle
the tensile strength to be estimated, relationships
between tensile and compressive strength are illustrated
in Figure 2.11. Equations describing the relationship
have been derived by Okada(20) (equation 2.4) and
Goto(18) (equation 2.5) and are as follows:

A = 0083L +2L) WNimm'® (2.4)

3
o= 020L B Wiwm® (2.5)

where /} represents tensile splitting strength and
AL represents compressive strength, both measured using
cylinders with a 2:1 aspect ratio. In the UK, where
compressive strength is measured using 150mm cubes, these
equations have to be modified by multiplying the value of
/l for cylinders by 1.25(50), The revised equations

are,

equ (2.4) /{ O 0SoLL + Cl (2.6)

581 (2.7)

equ (2.5) f;

Predicting tensile strength values using each of these
equations for concretes with cold compressive strengths
typically within the range 60 - 100 N/mm? will result in
values which differ by about 2 N/mmZ, the higher values

being achieved using equation 2.6. For design purposes,
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FIGURE 2.11. The relationship between tensile and compressive
strength at temperatures down to —-196°C.
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when a value is being estimated in relation to the design
of reinforcement, the upper value is recommended; when
the value is being estimated in relation to th: load
bearing capacity of concrete in tension the low value

from equation 2.7 should be used.

2.5.2 Flexural Strenath (Modulus of Rupture)

2.5.2.1 Effect of temperature

The recorded variation in flexural strength with
temperature is illustrated in Figure 2.12. Results have
been obtained by Tognon(lj), Yamane et al(ll),
Okada et al(l9) and Iwata et a1(22). As observed
for tensile strength, there was considerable variation in
the results of the different researchers which may again
have been due to variations in moisture content, although
the majority of tests were undertaken using concrete
which had been either water cured or fog cured at 100% RH

for some considerable time.

Not only was there a range in the magnitude of values of
flexural strength, but also a variation in the form of
the strength/temperature relationship. Tognon(13),
who undertook by far the most comprehensive series of
tests, found that the strength increased to a peak value
at a temperature of -50°C to -60°C, reduced as the
temperature dropped further to a value of about -90°C,
and then recovered again as the temperature reduced to
-1800C. This phenomenon was observed for a range of
concretes with different aggregate types (including
limestone, granite, silica, phorphyry, basalt) and with
both OPC and pozzolanic cement. A similar form of
strength/temperature relationship was also recorded by
Yamane et al(ll) with the initial peak strength
occurring at a slightly higher temperature of -309C.
The tests were only carried out down to -70°C, however,
and the lower value beyond which Tognon had observed

a recovery in strength was not reached. Values of
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(Data from Refs. 11, 13, 19, 22)
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FIGURE 2.12. The influence of temperature on flexural strength.
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2.98242

flexural strength reported by Yamane et al were presented
in terms of the percentage change from the value at

20%C., Absolutz values werz not given and wer

i

therefore estimated using values of tensile splitting
strength and the relationship between flexural and

tensile splitting strength derived from results of Okaia
et a1(19),

The influence of temperature on flexural strength
observed by Okada et al{19) and Iwata et a1(22)
was considerably different to that described above.
Whilst the initial increase in strength was observed, in
one case this continued at a reduced rate as the
temperature reduced down to -10000(19), and in the
other(22), increased down to -50°C with no
appreciable change thereafter. In the latter -case,
similar behaviour was observed for water cured and air
dried concrete, although the magnitude of strength
increase was, as expected, lower for air dried

specimens.

The difference in concrete behaviour indicated by the two
sets of results is difficult to explain, the only

significant difference in test conditions being the age

. of the specimens. Tognon(13) and Yamane et

al(11) carried out tests on concrete at an age of 5 -
6 months, whilst Iwata et al(22) and Dkada(l9)
undertook tests on concrete at an age of only 28 days.
This would explain the higher strengths recorded for the
older concrete, but does not indicate why the strength
change with reducing temperature has maximum and minimum
values at -50°C and -909C, respectively. This is

clearly an area which requires further investigation.

Estimating cold strength

The relationship between flexural and compressive
strength is shown in Figure 2.13. Again there was a

considerable scatter of results making it difficult to

_50_



Ref. 11
Ref. 22
Ref. 13

— Ref, 20

e E »

FLEXURAL STRENGTH

(N/mm? )

10~

l I | | | |

FIGURE 2.13.

20 40 60 80 100 120

COMPRESSIVE STRENGTH (N/mm?)

The relationship between flexural strength and
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derive a genz2ral equation. However, Okada et al(19)
have determined a linear relationship between flexural

and compressive sirength over the range -10°C to
-100°C of the form.

A = 00218 + 45 (2.8)
In view of the scatter of results this would appear to be
a reasonable approximation for the data included in

Figure 2.13.

2.6 THERMAL PROPERTIES

2.6.1 Thermal Expansion Coefficient

Of the strains induced in the wall or base of an LNG tank, by far
the most significant are those resulting from changes in
temperature. For example, during cooldown from 20°C to
-165°C, the concrete may contract by as much as 1500
microstrain (this is equivalent to 90 mm movement for a 60 m
diameter tank), compared with strains of the order of 300
microstrain due to a prestress of 10 N/mm?. Further, if concrete
contracts at a different rate to the reinforcing and prestressing
steel, internal stresses and changes in prestress may occur
during the cooldown process. It is therefore important that the
thermal contraction of concrete is known with some degree of
accuracy, in order to be able to design prestressed concrete
tanks with predictable performance. Various factors which
influence the thermal contraction of concrete have been
investigated including constituent materials, mix proportions,
curing regime and moisture content, age at test and rate of
cooldown. However, whilst individual researchers have been able
to observe the effects of these parameters, the variation between
the results of the different workers has made it difficult to

determine general trends in behaviour.

A summary of results from five sources is shown in Figure 2.14.
Data obtained by I!lonfore and Lentz(15), Tognon(l3) and

Yamane (11) are generally in close agreement; the total
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(Data from Refs. 11, 13, 15, THERMAL STRAIN
51, 52) (Microstrain)
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FIGURE 2.14. Temperature-gtrain relétionships for concrete in
the range 20°C to -165°C.
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contraction measured over the range +209C to -170°C was ztou

cr

1300 + 200 microstrain, i.e. a variation of + 15% from the mean.
These results covered a range of mix proportions and roisture
contents. For example, Monfore and Lentz examined concretes with
cement contents from 237 to 415 kg/m3 and moisture contzats
from saturated to oven dried. Tognon also examined a range of
moisture conditions but for one mix only, whilst Yamane et =1l
examined a range of mix proportions (227 to 353 kg/m3 cement

content) under a single saturated moisture condition.

Data obtained by both Marachel(®1) and Rostasy et a1(52)
indicated a significant difference in the thermal contraction
of concrete, especially within the temperature range =300 to
-700C, when a nett expansion was observed in each case. This
phenomenon was most prominent, as recorded by Rostasy, for water
saturated concrete cooled at the rate of 60°C per hour.
Rostasy also carried out tests using mortars and cement pastes
and was able to identify the influence of moisture content in
terms of both the initial w/c ratio and the pore water content.
This is shown in Figure 2.15 for saturated and oven dried
specimens with w/c ratios of 0.8, 0.5 and 0.3. It is clear that
increasing the w/c ratio increased the extent of the
discontinuity as did increasing the moisture content at test.
This led Rostasy to conclude that the expansion was a result of
ice formation in the finer pores accompanied by an internal
pressure increase. It is interesting to note that for saturated
specimens with the same w/c ratio, the thermal deformation was
very similar for both mortar and concrete. This was so with the
use of both OPC and blastfurnace slag cement, although in the
latter case the expansion which occurred was 2- 3 times higher
than recorded for OPC specimens. This was attributed by Rostasy
to the larger proportion of finer pores measured for b.f.s.
cement paste and hence, a larger proportion of evaporable water
creating internal pressure when forming ice. Marachel(51)
observing a similar expansion over the range -18° to -500C,
put forward a similar argument to explain this behaviour. In
addition, he also identified that in concretes with a high cement
content (500 kg/m’) and a low w/c ratio (0.36), the expansion

phenomenon did not occur despite curing at 98% R.H. He suqgested
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————— Ordinary Portland Cement
—— Slag Cement

1,2 Saturated Mortar, w/c = 0.8

3,5 Saturated Mortar, w/c = 0.5

4,6  Saturated Concrete, w/c = 0.5
7,10 Saturated Cement Paste, w/c = 0.3
8,9 Dry Mortar, w/c = 0.5

(From Ref. 52)
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FIGURE 2.15. The influence of initial water/cement ratio and
moisture content on thermal contraction of cement
paste, mortars and concretes.
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that this was due to the lack of evaporable water, the majority
having been used for hydration. This may also have been due to
the formation of a discontinuous caprllary system as describag oy
Powers(al), for concretes with a w/c less than 0.4. This
would result in a very low permeability matrix preventing the
ingress of atmospheric moisture in the curing environment to
replace that used for hydration.

Having highlighted the influence of moisture content,
reinspection of the results obtained by Monfore and
Lentz(ls), Tognon(13) and Yamane et a1(ll) indicated
that similar behaviour had occurred but to a far lesser extent.
For example, Tognon had recorded a nett expansion over the
temperature range -350 to -450C, but only of the order of 50
microstrain. The fundamental difference between those concretes
exhibiting apparently wuniform contraction and those with a
discontinuity is therefore clearly attributable to the moisture

content in relation to the void space in the concrete.

Concretes tested by Monfore and Lentz were air entrained, whilst
Tognon generally examined air dried concrete with no air
entrainment. Marachel and Rostasy both tested non air-entrained,
moist concretes. This makes the findings of Marachel for low w/c
concrete particularly relevant, indicating that the use of low
w/c can be as effective as air entrainment for minimising
freezing effects. This provides an alternative approach to the

design of concrete for low temperature application.

The data for non air entrained concrete 1is important in
confirming the influence of ice on the behaviour of concrete. In
particular, it stresses the need to avoid internal pressure
generated by the expansion of water to ice. The resulting
expansion of concrete, which occurs between -200C and -500C,
can be up to 800 microstrain; this would hardly be compatible
with the contraction of about 400 microstrain for reinforcing and
prestressing steel which would occur over the same temperature

range.
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2.6.2 Thermal Conductivitw

It is unlikely that concrete will ever be used to provide heat
insulation for an LNG tank, values of conductivity being some two
orders of magnitude higher than those of typicel insulating
materials. However, the thermal conductivity is important in
relation to the rate of thermal stress development during initial
cooldown and any subsequent temperature excursions. A frigh
conductivity concrete will enable steady state conditions to be
established more rapidly and may reduce the magnitude of the:rmal

gradients.

Measurements of thermal conductivity have been undertaken by
Monfore and Lentz(53s54), Iwata et al(22) and Yoshiwa and
Iwata(21), By far the most comprehensive programme was
carried out by Monfore and Lentz who examined a range of concrete
mixes under three moisture conditions defined as moist, dried at
50% R.H. and oven dried. The results are shown in Figure 2.1l6.
For moist concrete with dense aggregates, the thermal
conductivity increased linearly with reducing temperature over
the range +25°9 to -1579C by about 60%. Partially dry
concrete exhibited a smaller increase, about 20% over the same
range, and oven dried concrete was virtually unaffected by
temperature. It was apparent, therefore, that the increase in
thermal conductivity with reducing temperature was primarily a
function of the ice in the system. Further tests by Monfore and
Lentz on cement paste and aggregates led to the conclusion that
the conductivity of concrete was primarily influenced by the
conductivity of the aggregate at comparable moisture content and
temperature, and that w/c and degree of hydration had virtually

no effect.

Tests undertaken by Iwata et a1(22) and Yoshiwa and
Iwata(2l) on moist and air dried concrete confirmed the
influence of moisture content on conductivity. The data are also
included in Figure 2.16. For moist concrete the increase in
conductivity was less than recorded previously, being of the
order of 30% over the range +40°C to -170°C. The results for

air dried concrete were, however, in very close agreement with
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(Data from Refs. 21, 22, 53, 54)
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2.6.3

the data of Monfore and Lentz for concrete dried at 50% R.H. a~4

using a similar gravel aggregate.

Based on the limited data, an equation has been developed which
relates the conductivity of the concrete Agat temperature &, :o
the conductivity at room temperature, X ,, and the moisture
content of the concrete, 47 expressed as percentage by weinht

of concrete.

Ko = Ay //— 0535 -20)m (2.9)
ooo

It may be difficult to incorporate the changing conductivity into
a transient heat flow calculation. However, when predicting
thermal gradients, the worst case will generally occur when the
conductivity is lowest. To achieve a conservative estimate of
thermal gradients, it is therefore recommended that values used

in the analysis be those recorded under ambient conditions.

Unlike normal dense aggregate concrete, lightweight concrete was
found by Monfore and Lentz to be unaffected by temperature,
regardless of its moisture content. The reason for this is not
altogether clear but may be due to the fact that, even when fog
cured, there is still an appreciable volume of air in the
lightweight aggregate which would offset the influence of the

changing state of ice during cooldown.

Specific Heat

Under steady state conditions, heat flow can be calculated
directly from the thermal conductivity of the concrete. However,
under transient conditions, knowledge of the variation of the
specific heat of the concrete is required to enable thermal

gradients to be established.

The only data identified relating to the specific heat of
concrete was reported by Iwata et a1(22) . The results are
given in Figure 2.17. For both water cured and air dried

concrete a reduction in specific heat of about 60% was recorded.
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FIGURE 2.17. The influence of temperature on specific heat.
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2.6.4

There was a small difference between the two concretes probaciy

due to the additional water in the moist specimen.

The influence of temperature in reducing specific heat is of
significance and should be taken into account when analysing
transient conditions. In the absence of more comprehensive data,
a relationship between the specific heat, S , and temperature £,

has been derived from the results of Iwata, of the form,

S By (/ - 03//5-20)/ (2.10)

The specific heat is not significantly affected by changes in mix
proportions and constituent materials and this relationship is

therefore likely to hold true for a range of concretes.

Thermal Diffusivity

The thermal diffusivity is used to calculate heat flow under
transient conditions and is related to the conductivity by the

equation:-

De = Ks (2.11)
.5910
where
Ks is the thermal conductivity in W/m°C
Ss is the specific heat in J/kg®C
(9 is the density in kg/m>

It has been seen that whilst the conductivity increases with
reducing temperature, the specific heat reduces. This will
therefore, have a compound effect on diffusivity. Substituting

for #» and Ss in equation 2.11, this now becomes

s // O63/5-20)m

s = /000 .
S20 /7 + O 31(6-20)
w( ) ¢
but K20 =
@.Szo
' / - Dﬂéﬁ-@)m} (2.19)
. Ds _ /000
yary i 03/[5‘2[))}
/00
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FIGURE 2.18. The change in thermal diffusivity with temperature

derived from reported changes in thermal conducti-
vity and specific heat.
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This relationship between and temperature is illustrated
in Figure 2.18, for concrete with moisture contents of 3, 5 and
7%. It can be seen that at -1600C, the diffusivity can be 3 to
4 times the value at 200C. This should certainly be taken into

account when predicting the development of thermal gradients.

2.7 ELASTIC MODULUS

2.7.1 Effect of Temperature

Values of elastic modulus have been measured by Monfore and Lentz
(15), Yamane et al(ll), Marachel(55), Okada and Iguro
(20) | wWozniak et al(56) and Iwata et al(22). In each
case, there was found to be a general tendency for the modulus of
moist concrete to increase with reducing temperature, as shown in
Figure 2.19. However, unlike the strength characteristics which
resulted in typical increases of up to 200%, the influence of
temperature on elastic modulus was much less significant.
Recorded 1increases were generally of the order of 50%, the
majority of which occurred within the temperature range -20°C to
-120°C. The increase in modulus at temperatures below -120°C was
small. The influence of temperature within the range +20°C to
-20°C was erratic with changes in modulus varying from 20%,
recorded by Monfore and Lentz(15), to -24% recorded by Yamane
et al(1ll). The reason for this is not clear. No change would
be expected within the range 20°C to 0°C and assuming the modulus
to be related to strength, an increase would have been expected

from 0°C to -20°C.

Untypical behaviour was also recorded for concretes examined by
Marachel(55) and Yamane(ll) which exhibited peak values
at -50°C. In the latter case, this was recorded for only one of
four mixes examined. Marachel attributed this to changes in
internal stresses due to the expansion of progressive ice
formation in the finer pores over the temperature range -18°C to
-50°C. This behaviour was similar to the variation in flexural
strength with temperature recorded by Tognon(l3) and Yamane
et al(ll) and it is interesting to note that the test

specimens were in each case cured for periods of the order of 6
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FIGURE 2.19. The influence of temperature on elastic modulus.
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2.7'2

months prior to testing. In all other cases, specimens wers
cured for a maximum period of 28 days after which time they were
either tested immediately or stored in air or sealed contziners

prior to testing at a later date.

On the basis of the flexural strength results, it was considered
that the age of the concrete at test defined its behaviour at low
temperature. In the light of the additional modulus results, it
now seems clear that it is not simply the age of the concrete but
the duration of fog or water curing which is the important
factor. The mechanism suggested by Marachel to explain the peak
values at -50°C (i.e. ice formation in the finer pores) would be
most effective in a moist concrete which has a high proportion of
finer pores. This will be the case for well cured concretes in
which the hydration of the cement has proceeded to a greater

extent.

The influence of moisture has been recorded by both Monfore and
Lentz(ls), for concretes dried at 50% relative humidity and
oven dried, and Iwata et al(22) for air dried concrete. For
oven dried concrete there appeared to be no increase in modulus
with reduced temperature(l5). The behaviour of air dried
concrete was inconsistent, with recorded increases in modulus
from only 7% to as high as 93%. The latter value was not typical

however, being in excess of values recorded for moist concrete.

Estimating Elastic Modulus

The relationship between elastic modulus and compressive strength
is shown in Figure 2.20. Whilst the results are generally
scattered, the data obtained from the individual test programmes
indicate a linear relationship between modulus and strength. An
equation relating the modulus |, £f, and compressive cylinder
strength . /L, has been derived by Okada and Iguro(zn) over
the range -10°C to -100°C, of the form

£ =03/k7/3b KN/mm2 (2.13)

To relate £ to cube strength the equation becomes,
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FIGURE 2.20. The relationship between elastic modulus and com-
pressive strength at temperatures down to -1657C.
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E£=p20L +/246  KN/mn2 (2.1%)

This equation does not initially appear to represent datz from
other sources. For example, Monfore and Lentz (15) recorded
values of modulus which were 10 - 15 kN/mm2 higher than reported
by Okada for a given compressive strength, whilst results
obtained by Yamane et al(ll) and Iwata et al(22) ere in
relatively close agreement. The difference can be attributed
however, to the different methods of testing employed. Monfore
and Lentz measured the dynamic modulus using the resonance
frequency method whilst the other researchers determined Youngs
Modulus by stress-strain measurement. According to the British
Code for Concrete CP 110, 1972(57)  the values of moduli can
be related by the equation,

Le = L2E8Ls =18 00 e (2.15)

Where £s and £» are expressed in kN/mm2. Adjusting the data
of Monfore and Lentz using this equation brings the values of
elasticity into much closer agreement with the results obtained
using the static test. It is therefore recommended that equation

(2.14) be used for the determination of elastic modulus.

2.8 BOND STRENGTH TO REINFORCEMENT

PN
Q$ um]‘;‘\

The bond strength of both plain and deformed reinforcement to concrete
has been measured by Yamane et al(1l) using bars mounted
horizontally in 150 mm cubes. The influence of temperature for water
cured concretes is shown in Figure 2.21. Tests were generally
undertaken down to a temperature of -70°C and over this range, a
gradual increase in bond strength was observed. For deformed bars, the
bond strength was increased by about 100% from a typical value at
200C of 8 N/mm?2. For plain round bars, the proportional increase in
bond was significantly higher, up to 400% in the case of concretes with
higher levels of air entrainment and w/c ratio. Yamane et al
attributed the improved performance of air entrained concrete to the
reduced bleed characteristics and hence, the smaller amount of water
under the horizontally embedded steel. This effect was not observed

for deformed bars which tend to rely largely on mechanical bond rather
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FIGURE 2.21. The influence of temperature on bond strength of
concrete to reinforcement.
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FIGURE 2.22. The relationship between bond strength and com-
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than adhesion. These results apply to water curea moist concrete.
Additional data recorded by Yamane et al showed that, for air drizg
concrete with a low moisture content, the increase in bord was
considerably lower for plain round bars. No tests were undertaken to
determine the influence of moisture content using deformed bars, but a
similar effect could be expected. The results obtained by
Yamane(11) have been confirmed by Goto and Miura(l7), who also
recorded increases in bond strength in excess of 100% at a temperacure

of -160°C. These results are also shown in Figure 2.21.

The relationship between bond strength and compressive strength is
shown in Figure 2.22. For deformed bars, the bond strength /l was
found to be proportional to compressive strength fl and related by

the equation:-

Lo =0/ ?7/.; (2.16)

This applies to moist concrete and is independent of concrete mix
proportions, air content, etc. The compressive strengths were however
measured using 2:1 cylinders, and equation 2.16 must therefore be
adjusted if bond strength is to be based on the B.S5. cube using the
factor e (cylinder) x 1.25 = /. (cube). Hence equation 2.16

becomes
£ = 0142 Le (2.17)

The equivalent relationship for plain round bars in moist concrete
appears to be dependent on mix proportions and air content, as
described previously. For a cohesive concrete with low bleed
characteristics (i.e. assuming uniform bond around the bar), the bond

strength can be defined by the equation

fe = 0. 095 L(cylinder) (2.18)
or

S ﬁ'OVL(?/.’:(cube) (2.19)

There is insufficient data to adequately describe the influence of

moisture content on bond, although it is clear that for plain round
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2.9

bars, there is a smaller increase in bond strength at low temperature

when the moisture content of the concrete is low.

INFLUENCE OF THERMAL CYCLING

Under normal service conditions a storage tank for LNG would not be
subject to freeze thaw cycles. Once the tank is cooled down and put
into service, it would not be expected to return to above freezing
unless taken out of service for maintenance or inspection. The most
severe cyclic conditions is likely to be one in which the temperature
at the top of a tank, which is being continually filled and emptied
(e.g. at a receiving terminal), will fluctuate in the range -1620C to
perhaps -909C. Tests have, however, been undertaken to establish the
effects of freeze thaw cycling and observe the performance of concrete

under these particularly arduous conditions.

2.9.1 Compressive Strength

The compressive strength of concretes subjected to up to 12 cold
cycles within the temperature range +200C to -196°C have been
measured by Tognon(l3), Iwata et 31(22), Rostasy et
al(52) and Yamane et al(ll). A summary of the results is
shown in Figure 2.23 which illustrates the residual strength in
terms of the percentage of the strength at 200C against number
of cold cycles. It will be seen that the influence of cycling
varied considerably. At one extreme the strength was found to
increase even after ten cycles, whilst at the other extreme the
strength was reduced by 70% after only four cycles. Inspection
of the mixes tested and the experimental conditions indicated
that three factors were of prime importance in relation to the
freeze thaw resistance of concrete, the strength being most

adversely affected for the following conditions:-

i)  High moisture content of the concrete
ii) Low air content of the concrete

iii) High rate of cooldown

In general, concretes cured in moist conditions, i-.e. underwater

or at 100% R.H., are most severely affected by freeze thaw

i
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FIGURE 2.23. The influence of thermal cycling in the range 20°C
to -196°C on compressive strength.
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2.9

cycling due to their high moisture content and the facizue
effects of the expansion and contraction of ice. However, for
the most severely damaged concretzs, the high moisture ccntent
was associated with either a rapid rate of cooldown, a lack of
air entrainment or a combination of both. At moderate rates of
cooling (e.g. 109C per hour) and with sufficient air
entrainment (e.g. 3% minimum), cold cycling need not have an

adverse effect even after 10 cycles(zz).

Similarly, rapid cooldown (i.e. immersion in liquid nitrogen at
-1960C) may not adversely affect the strength if the concrete
is air entrained and has a low moisture content(22), although
data for this condition is only available for up to 5 cycles.
Also concretes with no air entrainment may not be damaged if the

moisture content and rate of cooling are low(13).

Iwata et 31(22), testing water cured concrete cooled
instantaneously to -196°C, recorded a strength reduction of 45%
after only 5 cycles. A similar reduction was recorded by Rostasy
et al (52) for water cured concretes and mortars with no air
entrainment and cooled at a rate of 60°C per hour; Yamane et al
(11) pecorded a 50% reduction after only 3 cycles for air-
entrained, moist concrete cooled instantaneously to -1960C.
The most severe damage was recorded by Rostasy et al for non air-
entrained, moist concrete cooled rapidly to -1969C, with the

strength being reduced by 70% after only 4 cycles.
It would therefore appear that for serious damage to result from
cold cycling, two of the three conditions described above must be

met.

Tensile Strength

The tensile and flexural strength of concretes subjected to up to
10 cold cycles within the range +20°C to -196°C have been
measured by Tognon(lj), Iwata et a1(22) and Rostasy et
al(52), A summary of the results is shown 1in Figure 2.24
which illustrates the residusl tensile strength in terms of the

percentage of the strength at 200C against the number of cold
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2.9.3

cycles. Again, a considerable variation in results was ootained
varying from a flexural strength increase of 10% after 10 cycles
to a reduction in tensile splitting strength of 85% after cniy &
cycles. The factors which influenced the degree of strength loss
were similar to those identified from compressive strength dzta,
although, where damage was observed, the extent of the tensile
strength loss was greater. For example, in the most extreme case
of rapid cooldown for a non air-entrained moist concrete, the
tensile strength was reduced by 85% after 4 cycles compared with

a 70% reduction in compressive strength.

Thermal Contraction

Hysteresis curves for concretes and mortars subjected to cooling
and warming cycles have been measured by Tognon(l3) and
Rostasy et a1(52), A summary of the results is given in
Figure 2.25. For fog-cured mortars cycled between +200C and
-1500C, Tognon observed a residual expansion of 340 microstrain
after 3 cycles. For fog cured mortars between +200 and
-550C, the residual strain increased linearly to a value of 340

microstrain after 5 cycles.

Storing concrete at 90% R.H. reduced the residual expansion to
less than 50 microstrain after 3 cycles and oven drying
eliminated the hysteresis effect altogether. These were for
short term tests, however. For concretes cured at 85% R.H. and
subjected to 10 cycles in the range +200 to -196°C over a
period of 1 year, the residual strain was of the order of 150
microstrain contraction. However, some drying of the specimens
would have occurred during this period (for non-cycled specimens
stored at 20°C at 85% R.H. this was found to be about 300
microstrain) . The cycled specimens when compared with drying
control specimens, therefore, indicate a potential residual
expansion. The magnitude of the residual expansion cannot,
however, be determined precisely as the rate of drying will bhave

been influenced by the thermal cycling.

Tests undertaken by Rostasy(52) indicated a considerably

greater hysteresis effect, although the results were obtained for
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2.9.4

a moist mortar using blastfurnace slag cement and cooled at a
rate of 150°C per hour. The residual expansion was of the
order of 1600 microstrain after 5 cycles and 2700 microstrzin
after 12 cycles. The reason for the considerable difference in
the results compared with those of Tognon is not altogetner
clear. Both mortars have high moisture contents and neither are
reported as having air entrainment. The mortar tested by Rostasy
did contain blastfurnace slag cement which was shown to have a
higher proportion of finer pores than OPC paste and hence, be
more susceptible to internal bursting stresses during cooldown.
It is unlikely, however, that this factor alone would cause such
dissimilar behaviour. The more rapid rate of cooldown used by
Rostasy (1509C per hour) may have been an additional
contributory factor. This was certainly significant in relation
to the strength loss after cold cycling. Without additional

data, however, it is impossible to define the precise cause.

General Discussion

Three prime factors have been identified as affecting the
residual properties of concrete after thermal cycling. These

are:-

i) Moisture content of the concrete
ii) Air content of the concrete

iii) Rate of cooldown.

In primary containments for LNG, the rate of cooldown will be
controlled and air entrainment will most certainly be used in the
light of existing results. The third factor, moisture content,
is less easily controlled. In a thick section, say 500mm, drying
will take some considerable time and the moisture content of
structural concrete is likely to be relatively high. However, it

is unlikely that the concrete will be saturated.

In any event, it is improbable that the concrete will ever be
subjected to cold cycling to the extent examined (i.e. +200C
to -1960), a more probable cycle being in the range -162°C to

_900C as discussed previously. Cycling in this range would not
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be expected to cause the same extent of damage. Rostasy has
investigated the extent of cold cycling down to temperatures of
-3009C, -70°C and -170°C. The strength 1loss resulting from
12 cycles between +200C and -170°C was no worse than that
which occurred for 12 cycles between +20° and -70°C, as shown
in Figure 2.26. This indicates that the disruptive forces
resulting from ice formation occur at temperatures down to
-709C but are no worse at lower temperatures. Varying the
temperatures within the range -70° to -1629C is, therefore,
unlikely to cause additional disruption. To support this
argument, Tognon, whilst not presenting specific results,
observed that for cooling and warming between =509 and -90°C,

no hysteresis effect occurred.
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3. SCREENING 7Z57 PROGRAMIIE

3.1 SELECTION OF CONCRETE 41X PARAMETZRS

Concretes for study in the screening test programme were not selecc=d
soley on the basis of proven or expected good performance at cryocenic
temperatures. Other properties, which have been shown to influence
construction and subsequent performance under normal environmental

conditions, were also considered.

3.1.1 Strength Grade

It has been demonstrated that concretes with low water-cement
ratio (w/c) are less likely to be disrupted by ice formation
during cooldown(52) . Also, low w/c concretes have been shown
to exhibit low permeability, particularly at values of w/c below
about 0.4 (see Section 2.4.1). Six mixes were designed to
encompass a wide strength range. These have been designated mixes
51 to S6 (See Table 3.1) and include typical structural concretes
with values of w/c in the range 0.4 to 0.55, as well as mixes
with very high (0.84) and very low (0.32) w/c ratios. The latter
was achieved by the use of a superplasticiser to reduce the water

demand.

3.1.2 Air Entrainment

The use of air entraining agents (AEA) is common in concretes
which are to be exposed to freeze-thaw conditions. AEA's have
also been shown to provide resistance to degradation under
conditions of extreme thermal cycling to cryogenic temperatures
(see Section 2.8.6). The use of an AEA has therefore been
included in the screening test programme. Three doseage levels
were used, x3, standard and x2. The mixes have been designated

AE1l to AE3.

3.1.3 Aggregate Type

During cooldown, disruption may occur not only due to the

formation of ice, but also due to the differential thermal
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contraction of the aggregate and cement paste. Studies of
strength loss resulting from exposure to elevated temperature
have identified that the extent to which demage occurs is a
function of both modulus of elasticity, A{ qy and thermal
expansion coefficient, ol a» of the aggregate. In general
aggregates have a much lower thermal expansion coefficient than
cement paste, and a much higher modulus of elasticity. Hence the

magnitude of thermal stress developed is a function of &Kc é;;.
Ka Ke.

Three aggregates have been selected for screening tests, a
gravel, a crushed dolerite, and a lightweight aggregate (sintered
PFA). These provide a range of values of both modulus and
thermal expansion coefficient(38), The two crushed dolerite
mixes have been designated Al and A2 and the two lightweight
mixes A3 and A4. The gravel mixes are S1 and AE2, from 3.1.1 and
3.1.2 above.

3.1.4 Cement Type

The use of pulverised fuel ash (PFA) and ground granulated
blastfurnace slag (GGBS) is becoming increasingly common in large
civil engineering structures(29) . In addition to providing
economies in materials costs, a number of technical benefits can

also be achieved. These include:

i) improved placing characteristics i.e. better flow, improved
pumpability, easier compaction,

ii) delayed setting time, minimising the occurrence of cold
joints in large pours,

iii) reduced heat of hydration, reducing the risk of thermal
cracking during the early age heat cycle,

iv) enhanced in-situ strength in the long term,

v) reduced permeability if properly cured.
Concretes containing either PFA or GGBS to partially replace UPC
have therefore been investigated. The two PFA mixes have been

designated Cl and (2, the two GGBS mixes, C3 and C4.
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3.2

3.3

CONCRETE MIX DETAILS

Based on the above criteria, a total of 17 No. concrete mixes .2re
selected. Two control mixes were designed to achieve a grade 35N
concrete, using OPC and gravel aggregate, one containing a standard
dose of air entraining agent. General details of the 17 No. mixes are

given in Table 3.1. Specific mix proportions are given in Table 3.2.

EXPERIMENTAL DETAILS

The following tests were carried out in order to rank the performance

of the 17 No. concretes investigated.

1) Cube crushing strength at 209C, at -1659C and after thermal
cycling in the range 20 to -165 to 200°C.

2) Tensile splitting strength at 209C, at -1659C and after
thermal cycling in the range 20 to -165 to -200°C.

3) Water permeability at 20°C.

3.3.1 Manufacture of Test Specimens

Each mix comprised 14 No. 100mm cubes for strength measurement
and 2 No. cylindrical specimens, 100mm diameter by 50mm thick,
for the measurement of water permeability. Batching, mixing and
casting the specimens were carried out in general accordance with
BS 1881. However, the method of curing was modified to be more
representative of that which occurs insitu. Instead of storing
the specimens underwater at 200C, as specified in
BS 1881(50), the specimens were sealed in plastic bags
immediately after being stripped from their moulds at an age of
24 hours. The sealed bags were then stored in a constant
temperature room at 20°C until the specimens were removed for
testing. This method of 'sealed' curing simulates the condition
in which the only water available for curing is that which is
introduced at the mixing stage, this being the condition that

exists in the bulk of a thick structural member.
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MIX STRENGTH | SEL AGGREGATE | o7
m Sl LS S R Lol
NO. ot e GRADE ENTRADNMENT |  TYPE TYPE
STRENGTH GralE
Sl Non air entrained concrol 35 - Gravel OPC
S2 Low grade, with reduced cement content 10 = Gravel oic
S3 High grade, with increased cement content 50 = Gravel oprC
High 51 j 1
sS4 IEP grave, as 51, with reduced w/c using 50 _ Gravil OPC
Very high grade, with increased cement
$5 and reduced w/c 85 - Gravel OpC
Very high grade, with increased cement
36 and reduced w/c 85 = Cravel 0Opc
AIR CONTENT (Control Mix S1)
% x Std dose AEA and modified mix to
AE] maintain strength 35 % x Std dose Cravel 0opC
1 x Std dose AFA and modified mix to
AE2 maintain strength 35 1 x Std dose | Gravel OPC
2 x Std dose AFA and modified mix to
AE3 maintain strength 35 2 x Std dose | Gravel OPC
AGCREGATE TYPE (Gravel Control Mixes Sl
and AE2
Al Crushed Dolerite, non AE 35 = Dolerite OPC
A2 Crushed Dolerite, 1 x Std dose AEA 35 1 x Std dose | Dolerite OPC
A3 Lytag, non AE 35 = Lytag OPC
Al Lytag, 1 x Std Dose AE 35 1 x Std dose Lytag QOPC
CEMENT TYPE (OPC Control Mixes Sl and
AE2)
Cl OPC/PFA, non AE 35 = Gravel OPC/PFA
c2 OPC/PFA, 1 x Std Dose AEA 35 1 x Std dose Gravel OPC/FFA
C3 OPC/GGBFS, non AE 35 = Gravel OPC/GGBFS
C4 OPC/GGBFS, 1 x Std Dose AEA 35 1 x Std dose Gravel OPC/GGBFS

TABLE 3.1. General details of the 17 candidate mixes selected
for screening tests.

prall) 20m 10mm AIR p—

MIX | OPC | or coBrs(?) | acc. AGG. (ﬁ,) ‘f‘;‘fﬂ?}) oﬁ? CONTENT | ¢ | /e
hO.. | e/ (kg/m?) | (kg/m) | (kg/m®) (%)
s1 355 ~ 760 300 740 185 - 1.0 60 | 0.5
s2 215 - 795 315 815 180 - 1.3 60 | 0.8
s3 420 - 770 305 685 180 - 1.2 75 | 0.43
4 370 - 770 305 750 165 spl 1.5 90 | 0.45
S5 455 - 800 355 620 165 Spl 0.9 100 | 0.36
S6 475 - 805 355 625 155 SPl 0.9 90 | 0.32

- 770 305 670 185 | & AEA 1.7 70 | 0.46
E ﬁg - 790 310 600 170 | L AEA | 3.5 70 | 0.3
AE3 500 - 755 300 530 160 |24RA ] 7.2 85 | 0.32

- 820(3) | 375(3) 655 200 - 0.5 g0 | 0.55
2:12 283 - 845(3) | 385(3) 560 185 [ 1aa | 2.4 75 | 0.46
A3 410 - - 695(4) 560 220 | 1 AEA 6.0 75 | 0.54
AL 480 - - 695(4) 505 205 [1AEA | 9.4 85 | 0.43

120(1) 730 290 700 185 - 0.9 85 | 0.46

Ezlr §§'2 150¢1) 730 290 605 185 | 1 AEA 1.0 gs | 0.37
c3 110 255(2) 760 300 735 180 - 0.9 95 | 0.49
c4 130 300(2) 765 295 580 175 | 1 AEA 4.8 85 | 0.41
(1) PFA
(2) GGBFS

(3) Crushed Dolerite
(4) Lytag, sintered PFA, 12m

TABLE 3.2. Concrete mix proportions for the 17 candidate mixes.
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3.3.2 Compressive Strength

Six cubes were tested in compression for each mix, 2 No. con‘rol
cubes at ambient temperature, 2 No. cubes at cryogenic
temperature and 2 No. cubes after thermal cycling. Ais far as
possible, cubes were tested according to BS 1881(503, using a
Denison Loading Machine. Some changes to the standard testing
procedure were required, however, to accommodate the low
temperature specimens which were placed in special stainless
steel rigs prior to testing, as shown in Figure 3.1(a). The rigs
were used to prevent the cold concrete specimens coming into
direct contact with the warm platens of the loading machine and,
in the case of the splitting test specimens, to avoid unnecessary
handling when locating the specimens in the loading machine. The
specimens were cooled down at a rate of 60°C per hour in an
insulated cabinet, then removed and allowed to warm up in the
laboratory air. Cooling was achieved by spraying liquid
nitrogen, which has a boiling point of -196°C into the cabinet,
at a controlled rate. Cycled and control specimens were also
tested in restraining rigs. The former were not contained in
rigs during the cold cycle but installed immediately prior to

testing as were the cubes tested at ambient temperature.

The cryogenic specimens were cooled to -180°C and then removed
from the cold cabinet and tested in the Denison. During testing,
two 100mm cube stainless steel spacers were placed between the
rig and the plattens of the loading machine, to take the whole of
the temperature gradient between the cryogenic specimens and the
loading machine as shown in Figure 3.l1. To be consistent, this
condition was also maintained for cycled and control specimens
tested at ambient temperature. There was a period of up to 5
minutes between the removal of the specimens from the cold
cabinet and failure in the test machine. During this time,
measures were taken to reduce the heat flow into the specimen by
using expanded polystyrene insulation placed around the test
cubes. Some heat flow was expected and to compensate for this
the specimens were cooled to -180°C, this being some 150C

below the required test temperature. Furthermore, analysis of
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FIGURE 3.1. Arrangement for compressive and tensile testing of
pre—cooled cubes located in restraining rigs.
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3.3.3

published data had shown that, at temperatures below -120°C,

the variation in strength was small, compared with changes whi:h
had already taken place.

To ensure that the heat flow was not excessive, three
instrumented test cubes were run through the test procedure and
the temperatures at the centre and the surface of each cube were
monitored using embedded thermocouples. The results are shown in
Figure 3.2. The maximum temperature achieved during these trials
was -1359C. For the purpose of screening tests this was felt

to be acceptable.

Tensile Splitting Strength

Tensile strengths were measured by splitting concrete cubes. The
specimens were stored, cooled and tested under similar conditions
to the compressive test specimens. The restraining rigs were
slightly modified, however, as shown in Figure 3.1(b). The test
differed from a conventional splitting test in as much as the
spacers at the top and bottom of the cube, through which the line
loads were applied, were stainless steel rods. At ambient
temperature 'soft' timber spacers are normally used, hence the
load is spread over a small area. There was concern, however,
that a soft spacer would change its properties at low temperature
and that this would invalidate comparisons between tensile
splitting strength over the range of test temperatures. The
stainless steel rods were therefore chosen, as their hardness and
stiffness would be similar at ambient and cryogenic temperature.
It was recognised, however, that this may influence the absolute
values of tensile splitting strength. The tensile strength was

calculated using the equation

fe - 2 (3.1)
77’

AN
"

tensile stress

RN

maximum load applied

side of cube

NN
i
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FIGURE 3.2. Heating curves recorded for three trial cubes during
compressive strength testing.
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3.3.4 Water Permeability

The water permeability of concrete discs at zmbient temperaz.re,
was determined by using a rig developed within Taylor Woodrow
Research Laboratories, as shown in Figure 3.3 and Plate 3.1. The
100mm dia. test specimens were prepared by placing them in brass
moulds 110mm in diameter and filling the 5mm annular space with
epoxy resin to form a tapered resin sleeve. After the resin had
cured for 24 hours, the specimens were taken out of the moulds
and put into the cylindrical brass test rig. A rubber '0' ring
was used to form a watertight seal. The brass rig was then
bolted between the top steel plate (with the perspex observation
disc) and the bottom plate, and a pressure equivalent to 100m
head of water was applied over the bottom plate. As soon as the
sample was fully saturated, determined by visual observation of
the top surface, a reading was taken to calculate the rate of
flow through the specimen. This was achieved by connecting a 4mm
diameter pipe to the top of the rig and measuring the rise of
water over a period of 10 minutes. A second reading was taken 24

hours after application of pressure.

For high permeability concretes, a period of only 1 minute was
sufficient to obtain a reading. In the case of very low
permeability concrete, complete penetration was not always
achieved within 24 hours. In such cases the specimens were
maintained under pressure for a period of 7 days. If complete
penetration had still not occurred, the specimens were then
removed from their rigs and split to expose the penetration
front. A permeability coefficient was then calculated from the
average penetration depth. The equations used to calculate the

coefficient of permeability (60) are as follows:-

a) By Flow (Darcy) b) By penetration (Valenta)
k-0 x (3.2) /= x. ) (.3
A A At
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FIGURE 3.3. Water permeability test rig.



PLATE 3.1. Water permeability test rigs.
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Where = coefficient of permeability (m/s)

= volume flow rate (m3/s)

specimen thickness in the direction of flow ‘2)
= head of water (m)

= depth of penetration (m)

CcR >k DA

= volume of voids filled by water in the penetrated
zone (determined by measuring weight gain)
£ = time to penetrate to depth, 2o (s).

3.4 TEST RESULTS

Values of compressive cube strength and tensile splitting strength are
given in Table 3.3. Values of water permeability obtained 24 hours
after the start of the test (or by observation of penetration depth at
a later age if complete penetration was not achieved) are given in
Table 3.4. It should be noted that as the water permeability test
proceeds the flow rate decreases. In order to compare results the
values must therefore be quoted at a specific time. This will be

discussed in more detail in Section 3.4.2.

3.4.1 Compressive and Tensile Strength

The results are summarized in Table 3.5 which shows the average
value at each condition. As expected, the compressive strength
of all concretes tested increased considerably when cooled down
to about -1650C. The relationship between the control strength
at 20°C and the cold strength is illustrated in Figure 3.4. It
can be seen that the results generally agree closely with curves
derived using equation 2.1 for concretes with a moisture content
in the range 4-6%, this being typical of site cured concrete. It
is also significant that, despite the range of concretes
examined, the same relationship could generally be applied to
each mix. This indicates that the approximate cold strength can
be predicted using equation 2.1 (see Section 2.3.4) regardless of

the mix proportions or constituent materials.
Three types of concrete appeared to have cold strengths
marginally higher than the rest. These were concretes containing

crushed rock aggregate (mixes Al and A2), lightweight aggregate
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COMPRESSIVE STRENGTH TENSILE SPLITTING STRENGTH
MIX g{ﬂé Ambient Cryogenic Residual Ambient Cryogenic Residual
Failure Failure Failure Failure Failure Failure

Load kN | N/mm? Load kN | N/mm? | Load k4 | Njmm® | Load kN | N/mn® | Load kN | N/mm? | Load kN | N/mm?
100mm 520 52.0 1120 112.0 520 52.0 24.0 1.48 82.5 5.25 20.0 1.27
510 51.0 1110 111.0 560 56.0 18.0 B 115.0 7.32 28.0 1.78
S2 4 ins 170 16.5 380 36.8 165 16.0 17.0 1.05 70.0 4.32 12.5 0.77
170 16.5 770 4.5 165 16.0 17.5 1.08 72.5 4.47 13.0 0.80
53 100mm 595 56.5 1030 103.0 605 60.5 46.0 2.93 90.0 5.73 42.0 2.67
630 63.0 1100 110.0 580 58.0 30.0 1.91 77.5 4.93 38.0 2.42
S4 4 ins 590 57.2 1090 105.6 655 63.5 45.0 2.78 107.5 6.63 37.5 2.3
660 63.9 1050 101.7 640 62.0 42.5 2.62 107.5 6.63 45.0 2.78
55 100mm 970 47.0 1720 172.0 975 97.5 62.5 3.98 107.5 6.84 52:3 3.34
970 97.0 1600 160.0 980 98.0 42.5 2.70 114.0 1.26 57.5 3.66
56 100mm 1020 102.0 1840 184.0 980 98.0 62.0 3.94 122.5 7.80 52.0 in
985 58.5 1580 158.0 960 96.0 60.0 3.82 125.0 7.96 59.0 3.76
AEl | 4 ins 480 46.5 1000 96.9 550 53.3 34.5 2.13 107.5 6.63 22.5 1.39
450 43.6 1030 99.8 440 42.6 225 1.39 72.0 4,64 38.0 2.35
AE2 | 100mm 540 54.0 1000 100.0 525 52.5 30.0 1.91 90.0 5.73 25.0 1.59
460 46.0 1100 110.0 600 60.0 27.0 1.72 52.5 3.34 33.0 2.10
AE3 | 100mm 415 41.5 910 91.0 515 51.5 30.0 1.91 67.5 4.30 26.5 1.69
480 48.0 1000 100.0 520 52.0 30.0 1.91 87.5 5.57 17.5 1.11
Al 100mm 485 48.5 1210 121.0 470 47.0 38.0 2.42 B0.0 5.09 26.5 1.69
485 48.5 1160 116.0 445 44,5 33.5 2.11 70.0 4.46 30.0 1.91
A2 4 ins 575 55.7 1240 120.1 560 54.3 3.0 2.10 92.5 8.70 35.0 2.16
580 56.2 1240 120.1 520 50.4 45.0 2.78 92.0 5.67 43.0 2.65
A3 4 ins 480 46.5 1135 109.9 475 46.0 375 2.31 87.0 5.36 29.5 1.82
530 51.3 1130 109.5 505 43.9 35.0 2.16 96.0 5.86 3.5 2.13
A 100mm 418 41.8 1200 120.0 500 50.0 33.5 2.13 75.5 4.81 32.5 2.07
400 40.0 1150 115.0 435 43.5 32.5 2,07 88.0 5.09 30.0 1.91
4 ins 443 42.9 1030 99.8 460 44,6 30.0 1.85 105.0 6.48 264.0 1.48
440 42.6 1085 105.1 475 46.0 22.5 1.89 92.5 5.90 35.0 2.16
100mm 530 53.0 1040 104.0 545 54.5 25.0 1.59 108.0 6.88 35.0 2.23
570 57.0 1000 100.0 560 56.0 30.0 1.91 B2.5 5.25 21.0 1.33
4 ins 370 35.8 790 76.5 323 31.3 27.5 1.70 60.0 im0 16.0 0.99
350 33.9 715 69.3 325 31.3 21.0 1.30 51.5 3.5 13.0 0.80
4 ins 375 36.3 860 83.3 345 33.4 19.0 1.17 76.5 4.72 27.0 1.67
390 37.8 740 1.7 343 3.2 18.0 1.11 60.0 3.70 20.0 1.23

TABLE 3.3. Individual results from compressive strength and
tensile splitting strength tests.
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SPECIMEN DETAILS FLOW MEASUREMENTS [ i
MIX ; . Rise in &mm | Penetration : Flow Fate !
e | e | (@ | SR e | RS T | R
(rm) (im) (10 /s)
s1 52 102 8170 83 600 17.38 11.06
52 102 8170 66 600 13.82 8.50
52 47 102 8170 150 60 314.10 180.73
48 103 8330 135 - 90 188.50 108.62
s3 49 102 8170 8 - 600 1.68 1.01
52 102 8170 11 - 600 2.53 1.61
s4 46 102 8170 30 - 600 6.28 3.54
56 102 8170 8 - 600 1.68 1.03
s5 52 102 8170 31 7 days - 0.048
51 102 8170 - 28 7 days - 0.040
s6 52 102 8170 - 23 7 days - 0.027
50 102 8170 E 21 7 days 0.021
AE1 50 102 8170 18 - 600 3.7 2.31
52 102 8170 19 - 600 3.98 2.53
AE2 52 102 8170 23 - 600 4.82 3.07
52 102 8170 35 - 600 7.34 4.67
AE3 47 104 8500 20 - 900 2.78 1.54
52 102 8170 17 - 600 3.56 2.2
Al 52 102 8170 75 - 600 15.71 10.00
52 102 8170 106 B 600 22.23 14.17
52 102 8170 40 - 600 8.37 5.33
52 102 8170 42 600 8.80 5.60
a3 52 102 8170 - 23 8 dys 5 hrs 0.048
51 102 8170 - 20 8 dys 5 hrs - 0.034
" 52 102 8170 10 7 days 0.010
52 102 8170 - 43 90 days - 0.014
a 51 103 8330 2 - 600 5.03 3.08
52 102 8170 2 - 600 5.03 3.20
2 52 102 8170 28 600 5.87 3.73
52 102 8170 17 600 3.56 2.23
c3 52 102 8170 60 600 12.57 8.00
52 100 7860 145 - 600 30.37 20.10
c4 52 102 8170 60 - 600 12.57 8.00
52 102 8170 75 600 15.71 10.00
TABLE 3.4. Individual results from water permeability tests.
COMPRESSIVE STRENGTH TENSILE STRENGTH "
i (N/mm?) (N/mm’) COEFFJ CTENT
At 20°C | At -165°C | Residual | Ac 20°% | At -165°C | Residual | % 1077 "™/s)
s1 51.5 111.5 54.0 1.30 6.29 1.53 9.87
$2 16.5 55.7 16.0 1.06 4.40 0.79 140.11
s3 61.3 106.5 59.3 2.42 5.33 2.55 1.28
S4 €0.6 103.7 62.8 2.70 6.63 2.55 1.91
s5 97.0 172.0 97.8 3.3 7.05 3.50 0.044
s6 | 100.3 191.0 97.0 3.88 7.8 3.564 0.024
AEL | 45.1 98.4 48.0 1.76 5.54 1.87 2.41
AE2 | 50.0 105.0 56.2 1.82 4.54 1.85 3.79
AE3 | 44.8 95.5 51.8 1.91 4.94 1.40 1.87
Al 48.5 118.5 45.8 | 2.27 4.78 1.80 11.90
A2 56.0 120.1 52.4 2.4k 5.69 2.41 5.46
A3 8.9 109.5 47.5 2.24 5.61 1.98 0.040
A 40.9 117.5 46.8 2.10 4.95 1.99 0.012
c1 42.3 102.5 45.3 1.62 6.09 1.82 3.14
Q 55.0 102.0 55.3 1.75 6.07 1.78 2.88
a3 3.9 72.9 3.4 1.50 3.63 0.90 12.68
C4 37.0 71.5 33. 1.14 4.21 1.45 8.9
TABLE 3.5. Average values of compressive strength, tensile

splitting strength and water permeability.
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(mixes A3 and A4) and the very high strength gragz 85 mixes (S5
and S6). In the case of mixes Al to A4 the initial water content
required to achieve the workability was highsr than for :re
gravel aggregate mixes and this may account for the additicnal
strength increment. The reason for the higher increase in
strength of mixes S5 and S6 is less clear as both mixes were
designed with low water contents, achieved by the use o7 a

superplasticiser.

One result was appreciably lower than the remainder. In the case
of mix 53 the result was believed to be suspect. The cold
strength appeared to have reduced from 61.3 N/mm2 at 20°C to
55 N/mmZ at low temperature. The test was therefore repeated
with the two spare cubes and in this case a cold strength of
106.5 N/mm2 was recorded. The original result was therefore

excluded from the analysis.

The residual compressive strength after cold cycling is shown in
Figure 3.5, related to the control strength. It would appear
that the compressive strength was unaffected to any appreciable
extent with no one concrete differing significantly from any
other. This is most likely due to the partially dry condition
achieved by sealed curing. These results agree closely with the
results of Tognon(l3) for concretes cycled 10 times between

+20°C and -196°C, which are also shown in Figure 3.5.

A considerable increase in tensile splitting strength was also
observed at low temperature; in some cases the increase was up to
400% as shown in Figure 3.6, which illustrates the relationship
between the control strength and the strength at -1650C. This
increase in tensile strength was generally higher than recorded
for compressive strength. This is compatible with the hypothesis
by Tngnon(l3) that at very low tempertures the contraction of
the ice effectively prestresses the concrete, resulting in a
state of triaxial compression. For failure to occur in tension,
not only must the tensile strength of the concrete be exceeded,
but also the precompression. It may be for this reason that the

scatter of results for tensile strength was appreciably greater
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than recorded in compression. The temperature control during the
test was solely reliant on the insulation placed around the test
specimen during loading and it was accepted that the sctual
temperature at failure could vary from specimen to specimen by
several degrees. In compression, this was not believec fo te
significant as published results indicated only marginal changes
in compressive strength below about -120°C. In tension
however, their is limited evidence to suggest that significant
changes in strength may occur at temperatures below -120°C.
Hence, the lack of a more reliable method of temperature control

may have introduced at least part of the variation.

Another possible cause of variation was the use of the stainless
steel rods used for application of the point loads. Under normal
ambient conditions the point loads are applied through a
relatively soft material (e.g. timber) hence the load is spread
over a small area. For low temperature testing, the change in
properties of this material was of concern. Hence stainless
steel rods were chosen, which would have similar hardness and
stiffness at ambient and cryogenic temperature, enabling direct

comparison of the results.

With regard to variation it should be noted that those concretes
which merited particular attention resulting from their behaviour
in compression (i.e. concrete with crushed rock or lightweight
aggregate and the grade 85 mixes) conformed with the general
trend in behaviour in tension. This suggests that the scatter
may have been due simﬁly to random variation and that care should
be taken when drawing conclusions from individual results.
Concretes exhibiting the most significant increase in tensile
strength were mixes S1, Cl, C2 and S4. Mix Sl was a non-air
entrained gravel concrete; mix Cl was a similar concrete with PFA
replacing 30% of the OPC, mix C2 was an air-entrained PFA
concrete, and mix S4 was a superplasticised flowing concrete. In
no case has any particular reason been identified to explain why
the performance should have been better than any other concrete,

again indicating random scatter of the results.
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The effect of cold cycling on the tensile splitting strength is
illustrated in Figure 3.7 which shows the strength before and
after the thermal cycle. It is apparent that for many of the
concretes tested, the tensile strength was adversely affected by
thermal cycling. It is not surprising, however, that defects
were detected by tensile strength measurement which were not
observed by compressive strength tests. Any internal cracking,
either at the aggregate-cement paste interface or through the
cement matrix may close up under compressive loading, depending
on their orientation. Under a tensile stress however, these
cracks would tend to propogate, and hence influence the concrete

behaviour more significantly.

The concrete which appeared to be most adversely affected by the
cold cycle was mix AE2. No reason has been identified why this
particular mix should have suffered most severely. Indeed, being
air-entrained it would have been expected to provide more

resistance to thermal cycling than the non air-entrained mixes.

The relationship between tensile and compressive strength is
shown in Figure 3.8. At room temperature the results indicate
that the tensile strength is generally 3 to 5% of the compressive
cube strength(28).  When testing in accordance with BS
1881(50), the tensile strength would normally be expected to
be 5 to 7% of the cube strength and it is believed that the
testing technique is to blame for the lower ratio. As discussed
previously, point loads applied to the specimens are normally via
a 'soft' material, e.g. timber. The rigid stainless steel rods
used in the current tests are believed to have concentrated the
stress, hence reducing the load required to cause a splitting

failure.

At cryogenic temperature the tensile splitting strength increased
to a value generally within the range 4 to 6% of the compressive
strength. This relative increase in tensile strength can again
be attributed to the suggested prestress imposed by contracting
ice. This would tend to increase the tensile strength, the
applied stress having to overcome precompression, but partially

of fset the increase in compressive strength.
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3.4.2 Water Permeability

The results are summarized in Table 3.5 together with strength
data. Permeability coefficients represent average values
obtained for each mix. In general permeability coefficients fell
within the range 1.5 x 10-10 to 1.5 x 10-11 m/sec. Notable

exceptions to this were mixes 52, S5, S6, A3 and A4.

Mix 52 was a low grade concrete with an abnormally high w/c ratio
of 0.84; the permeability coefficient was high also. Mixes S5
and 56 were very high grade concretes (85N) with very low w/c
ratios (0.36 and 0.32); the permeability coefficients were low
also. Mixes A3 and A4 were lightweight concretes. The reason
for the very low permeabilities was not immediately obvious but
it is believed that this was the result of a combination of

factors including:

(i) The high cement contents required to achieve concrete of
structural quality with lightweight aggregate.

(ii) Absorption of mix water into the aggregate resulting in an
effectively lower w/c ratio paste.

(iii) Internal curing provided by water absorbed into the
aggregate particles, resulting in a greater degree of
hydration, and hence a less permeable cement paste phase.

(iv) A possible reaction between the sintered PFA aggregate and
the cement, resulting in chemical bonding between the
aggregate and cement paste, and hence less likelihood of
potential leak paths at aggregate/cement paste boundaries.

(v) The spherical shape and low modulus of elasticity of the

aggregate minimising the occurence of microcracking.

The relative contributions of each of the above factors has not
been established, being outside the scope of the study. However,
this is ~clearly an area where further research would be

beneficial.
It has been identified in previous research that the w/c ratio

has a significant influence on permeability(41). The

relationship between permeability coefficient and w/c has
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therefore been plotted in Figure 3.9. For the dense aggreaate
concretes which are non air-entrained and contain OPC a
relationship clearly exists. The effect of air =ntrainment can
also be seen. Whilst the air-entrained concretes were, in =zall
cases, less permeable than the control mixes with no zir
entrainment, it is clear that the reduction was due not to the
air itself, but primarily due to the reduced w/c ratio. The
results indicate that at a given w/c ratio, air entrainment may
cause an increase in permeability. Similar findings have been
reported by Murata(33), the effect of air entrainment being
to increase the water permeability in concretes with w/c ratio
less than 0.6. At higher w/c ratios Murata found that air
entrainment reduced permeability. The use of both PFA and GGBS
also resulted in an increase in permeability at a given w/c

ratio.

The lightweight concretes deviated significantly from the general
relationship having much lower permeability coefficients than
could be attributed simply to w/c ratio. Possible reasons for

this have been discussed above.

In practice, concretes are specified by strength. The
relationship between permeability and cube strength is
illustrated in Figure 3.10. Again a relationship clearly exists
with the permeability reducing logarithmically as the strength
increases. The effects of air entrainment, PFA and GGBS appear
more beneficial when considered on a strength basis. Increasing
the air content (whilst adjusting the mix proportions to maintain
strength) tends to result in reduced permeability. Similarly the
use of PFA and GGBS tend to yield lower permeability than 0PC

concrete, when designed to achieve equal strength.

Again, the most significant deviation from the general
relationship occurred with lightweight mixes A3 and A4 which
achieved considerably lower permeability in relation to their

strength.
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5.5 SELECTION OF MIXES FOR THE MAIN TEST PROGRAMME

It was proposed at the outset of the programme to select four concretezs

on the following basis:-

i) Increase in strength at cryogenic temperature comparable with
published data.

ii) Greatest resistance to thermal cycling, i.e. minimum strength
loss.

iii) Lowest water permeability.

In every case the increase in both compressive and tensile strength was
acceptable. Mix selection has therefore been based on resicdual

strength and permeability alone.

To obtain an initial short 1list, concretes were eliminated which
exhibited a compressive or tensile strength loss of 10% or more after
thermal cycling. This is a somewhat arbitrary value but at least
provided a starting point for the analysis. Using this criterion the

following concretes were eliminated:-
52, AE3, Al, A3, C3, C4

The remaining 11 mixes were then considered in relation to their water
permeability. Three of these clearly exhibited much lower values than
the majority of concretes tested, namely mixes S5, S6 and A4. Mix A3
also had a very low permeability but had already been eliminated.
Mixes 55 and 56 were very similar and hence only one of these, mix 56,
was selected for more detailed study. Mix A4, the air entrained
lightweight mix was also selected, not only because of its low
permeability, but also because at ambient temperature, other important
properties related to crack resistance, such as strain capacity and
thermal expansion coefficient, have been shown to be superior to dense

aggregate concrete(9).
Of the remaining 8 concretes, there was very little difference in

performance. Permeability coefficients all fell within the range Ya3l

to 9.93 x 10-11 m/sec, with none of the mixes exhibiting a significant
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change
for in
follow

i)

ii)

in strength due to thermal cycling. The two additional mixes
clusion in the main test programme were therefore selected on the

ing basis:

Mix AE2 represents the type of structural concrete which is
currently likely to be used for cryogenic applications, a grade
35 air entrained concrete. Much of the published data has been
obtained for a concrete of this type. As the permeability
coefficient of 3.87 x 10-11 m/sec was at the lower end of the
range for the remaining 8 mixes, this was therefore selected as a

control concrete against which to compare the other 3 concretes.

Mix Cl contains PFA as 30% of the total cementitious material
(OPC + PFA). As discussed in Section 3.1.4, PFA can impart a
number of technical benefits in both the fresh, hardening and
hardened concrete and it is now commonly used in large civil
engineering structures (e.g. nuclear power stations, offshore oil
production platforms). In view of this, and the relatively low
permeability coefficient (3.14 x 10-11 m/sec), mix Cl was
therefore selected to complete the set of 4 concretes for

comprehensive testing.

The four mixes selected as the basis for further investigation in the

main t

Mix AE
Mix S6
Mix A4
Mix Cl

est programme were therefore as follows:

2 Air entrained, gravel aggregate, OPC, grade 35.

Non air entrained, gravel aggregate, OPC, grade 85.

Air entrained, lightweight aggregate, OPC, grade 35.

Non air entrained, gravel aggregate, OPC/PFA, grade 35.
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4.1

4.2

4. PERMEABILITY AND POROSITY

INTRODUCTION

The objective of this phase of the programme was to investigate. for

the four concretes selected from the screening tests, the following:-

(i)  Gas permeability and its change with reducing temperature.
(ii) The residual permeability after thermal cycling and the influence
of rate of cool down.

(iii) The relationship between permeability and pore structure.

During the course of the work it was also possible to investigate the

relationship between water and gas permeability.

PERMEABILITY COEFFICIENTS

The results obtained from water permeability tests described in Section
5.5.4 were presented in terms of the Darcy coefficient of permeability
in units of m/sec. The Darcy coefficient is derived for a specific
fluid, flowing through a specific porous medium. For this reason it is
impossible to specify a Darcy permeability coefficient for the flow of
gas through concrete. Being compressible, the density of the gas
varies with pressure, hence whilst the mass flow rate through a
concrete specimen will be constant along the direction of flow, the
volume flow rate (used to derive the Darcy permeability coefficient)
will vary. Also, the pressure gradient through concrete, subjected to
gas pressure on one face, may not be linear. In the Darcy flow
equation for non-compressible fluids the pressure gradient is assumed

to be uniform.

For gas flow it is therefore, necessary to derive an alternative flow
equation. For a compressible fluid the general equation governing flow

through a porous medium(61l) is:

QA = LAP-A) (4.1)
2.

-~ 108 -



where (N = volume flow rate

A = cross sectional area
A = upstream pressure
A = downstream pressure
P = pressure at which § is measured
In the above expression A is called the 'permeability'. Multiplving

the permeability by the specimen thickness, X, gives the 'permeabiiity
coefficient' £.x. , which is dependent on both pore strudure and the
nature of the gas. Multiplying the permeability coefficient by the
viscosity, ? , gives the specific permeability, ,é..:z./? , which should
depend only on the pore structure, and be independent of the nature of
the gas. If the specific permeability é.x.g is designated, £, |,

then the substitution can be made in equation 4.1 as follows:

B - Bod . BB (4.2)
.:2:/2 27

The dimensions of »é? are L2. In SI, the units are m2.

For non-compressible fluids a similar specific permeability can be

derived using the equation

A = 4k,A (A-F) (4.3)
x:7

where ,éz is again in units of m2. This can be compared with the

Darcy equation (73.2).

p- AKhL = AKLE-£), whrx AR - heg
> S

tence, Abilsh) _ AKLAE)
z 7 e

£ = Ky (4.4)
eg
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4.3

For water,

0.01 poise = 10-3Nsec/m2
1000 kg/m?

9.81 m/sec-

bey: PRy
1

-3 =
Hence, ;é{ = K =/0 — 1022107 K
1000 = 2-8/
The specific permeability, Aﬂ , in units of m2, determined using water

is, therefore, approximately equal to the Darcy coefficient, £ in

units of m/sec, multiplied by a factor of 107, i.e. 10-11 m/sec =
10-18 n2,

EXPERIMENTAL DETAILS

4.3.1 Concrete Mixes

The mix proportions for the four selected concretes are given in
Table 4.1. To enable the concretes to be more readily

identified, the mix designations have been changed as follows;

Mix Details Original New

Designation Designation

Air entrained AE2 AEC - Air Entrained Control
Gravel Aggregate

OPC

Grade 35

Non air entrained 56 HS - High Strength
Gravel Aggregate

opPC

Grade 85

Air entrained A4 LW - Lightweight
Lightweight Aggregate

0OPC

Grade 35
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4.3.2

Mix Details Original New

Designation Designation

Non air entrained Cl PFA - Pulverised Fuel Asn

Gravel Aggregate
OPC/PFA
Grade 35

Mixes AEC and HS have exactly the same mix proportions as mixes
AE2 and S6 respectively. Mixes A4 and Cl were modified slightly,
however, to increase the strength. Mix LW has an increased
cement content of 505 kg/m> compared with 480 kg/m> in mix A4.
The coarse aggregate content has also been marginally increased
and the sand content marginally reduced. The cement content of
mix PFA was also greater than mix Cl, with the sand content being

reduced to compensate.

Test Specimens

Two sets of test specimens were prepared. For low temperature
testing, cylindrical specimens 100mm in diameter and 75mm long
were cast. It was originally proposed to test each of the four
mixes so as to assess the influence of curing conditions (sealed
and water cured) and moisture content (as cured and air dried at
65% relative humidity). A total of 12 specimens were, therefore,
cast from each mix, three for testing after each combination of

curing and drying.

The water cured specimens were stripped after 24 hours storage at
20°C and immersed in water at 20°C for a further 27 days. They
were then removed from the tank and divided into two equal sets.
One set was sealed in heavy duty polythene bags, the other being
stored in air at 20°C and 65% relative humidity. The sealed
cured specimens were also removed from their moulds at 24 hours.
They were then sealed in heavy duty polythene bags and stored at
20°C. At 28 days, half the specimens were removed from the bags
and exposed to drying at 20°C and 65% relative humidity.
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AEC HS L PFA !

OPC 440 475 505 335 |
PFA - - - 115 |
Gravel (20-5rm) 1100 1160 < 1100 |
Lytag (12mm) - = 780+ =
Sand (Zone 2) 600 625 495 563 |
Water 170 155 205 185
Melment L10 = 7 litres = =
Sika AEA 0.31 litres = 0.18 litres -
w/C 0.39 0.33 0.41 0.41
Slump (mm) 75 80 70 70
Air Content (%) 4.8 1.3 6.4 0.8
28 Day Compressive

Cube Strength 51.9 90.3 49.5 57.0

(MPa)

Saturated surface dry value with 127 moisture content

** Free water content, excluding water absorbed into the aggregate

TABLE 4.1. Concrete mix details for concretes selected for the

main test programme.

To Soap Bubble Flowmeter

-«——M.S. Top Plate

Rubber Seal

Resin Coating
Rubber Seal
M.S. Bottom Plate

Ve Air Inlet

FIGURE 4.1. Gas permeability test rig.
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4.3.3

For additional water permeability tests and to measure the effect
of thermal cycling on gas permeability, standard test specimens
were employed. These comprised 100mm diameter 5y 50mm thick
discs, cut from 100mm diameter by 200mm long cylinders. For each
concrete 3 No. cylinders were cast together with 6 No. 100mm
cubes for control purposes. The cylinders were stored in their
covered moulds for a period of 24 hours in a constant temperature
room at 20°cC. They were then stripped from the mouids,
individually sealed in heavy duty polythene bags and stored in
the a room maintained at 20°C, 65% RH until the time of
testing. One week before testing, the cylinders were removed
from the plastic bags, and cut using a diamond saw into three
50mm thick slices, having removed the 25mm thick layer from the
top and bottom. The slices were stored for 24 hours at 200C,
65% RH to allow the surface moisture, absorbed during the cutting
process, to dry out. They were then replaced in their plastic
bags and stored at 20°C until installation in the permeability

cells.

Gas Permeability at Ambient Temperature

/
The test rig used to measure gas permeability at ambient
temperature is basically similar to the water permeability rig
described in Section 3.3.4 with a modified top plate. The
composite steel/perspex top plate was replaced with a solid steel
plate as shown in Figure 4.1. To prevent gas leakage through the
curved face of the cylindrical specimen, two coats of epoxy resin
were brush applied with a 24 hour delay between coats. Before
application of the second coat, the first coat was roughened with
emery cloth. The specimen was not tested until the top coat had

cured for at least 24 hours.

The effectiveness of the resin in preventing gas leakage from the
curved surface of the specimen was established by measuring flow
rates through a specimen before and after the application of one
or two coats. The results were compared with a flow analysis
carried out using the electrical analogy(éz), with flow lines
through the specimen being derived using Teledeltos conducting

paper. This is a standard method for predicting seepage of water

= 118 -




through soils. Actual and theoretical flow rates are given in
Table 4.2. The flow rate in the uncoated specimen was estimated
to be about 25% of the sealed specimen. This has been calzulated
from the flow net shown in Figure 4.2 derived using the
Teledeltos paper. Following flow lines from the upstream to the
downstream face illustrates that only gas within the central area
of the upstream face (defined by a circle with half the radius of
the exposed surface) is collected from the downstream face. The
remainder is lost through the curved surface of the specimen.
Hence by simple calculation, the volume of gas collected at the
downstream face would be expected to equal about one quarter of
the inflow. An effective surface sealer could therefore be
defined as a material which increases the outflow through the
downstream face by a factor of four. The results obtained using
a single coat of epoxy resin increased the flow by a factor of
3.27 indicating that some gas loss was still occurring. However,
after a second coat the flow increased by a factor of 4.32 over
the uncoated specimen, indicating that gas leakage had been
eliminated. Leakage at the rubber seals was checked visually

using soapy water. No leakage was observed.

Having prepared the specimen, it was located in the test rig.
Sealing between the specimen and the top and bottom platens was
achieved using rubber seals to accommodate the roughness of the
concrete surface. Nitrogen, at a pressure of 1.03 MPa (150 psi),
was applied through the rig to the bottom face of the specimen
and the flow rate of gas through the concrete was measured using
a soap bubble flow meter. Three rigs were used to enable three

specimens to be tested simultaneously.

Having applied the pressure, the flow was maintained for a period
of 10 minutes before a reading was taken. Ten successive
readings then taken, each measuring the time to achieve 2cm’
flow. When the flow rate at a pressure of 1.03 MPa was too fast
for a bubble to be formed in the flowmeter, the tests were
repeated using a reduced pressure of 0.69 MPa (100 p.s«i )
Using equation 4.2 this would theoretically reduce the rate of

flow by 52%.
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JO0ES TOR | AVERACE FUH. | RmaTIvE FLOW | FREDICTED REVATEYS
cc FLOW RATE RATES FLCh AATZ3 __
(Secs) (cc/min) ik )
No Coat 19.5
18.6
18.6 6.5 1.00 1.00 i
18.1 i
17.8 i
18.2
One Coat 6.2
6.2
5:2
5.5 2%+3 3:.27 4.00
DD
5.2
Two Coats 5.2
4.2
4.0
4.0 28.1 4.32 4.00
4.2
4.0
TABLE 4.2. Measured and calculated flow rates through a gas

permeability test specimen used to establish the
efficiency of resin coating as a gas tight seal.

FIGURE 4.2.
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4.3.4 Gas Permeability at Low Temperature

To monitor the <change in gas permeability with reduzing
temperature, a new experimental system was designed. Accurste
flow measurement is essential for the determination or
permeability, and this is especially so for the high grade, low
permeability concretes required for containment structures. To
determine the required precision of flow measurement for the low
temperature test, calculations have been carried out to identify
the acceptable level of permeability for an LNG storage tank wall
(see Section 9.2). To prevent penetration of liquefied methane
through a 500mm thick wall of a typical 100,000m> tank within an
assumed 30 year design life, requires the specific permeability
of the concrete to be no greater than 7 x 10-21 m2 at the bottom
of the wall where the hydrostatic pressure is greatest. This
value was derived for liquid flow. For gas flow, the value of
specific permeability is generally between 10 and 100 times
greater (see Section 4.4.5). Hence, if the required maximum
specific liquid permeability is 7 x 10-21p2, the equivalent value
for gas is likely to be within the range 7 X 10-20m2 to 7 x
10-19m2. For the design of the experiment, the lower value was

assumed.

To measure flow rates through concrete with this low level of
permeability, requires a high degree of precision. For a 100mm
diameter by 75mm thick specimen, the theoretical time taken to
achieve lem? flow under an applied pressure of 1 bar, determined
by equation 4.2, is given in Table 4.3 for different specific gas
permeability coefficients. These figures take no account of
possible reductions in permeability with temperature. At the
very low permeability levels, requiring measurements over several
days, changes in environmental conditions, (e.g. laboratory
temperature and barometric pressure), would make the accurate
measurement of very low flow rates difficult. An alternative
method for measuring gas permeability for high quality concretes
was therefore devised. This involved the use of methane as the
test gas and nitrogen as a carrier gas on the downstream face to
collect the methane which had permeated through the concrete.
This technique has been used previously by Chen and Katz at

ambient temperature (63).
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TABLE 4.3.

CAS
*conFrrcraNT | TR
(m?)
10717 5 mins
1078 55 mins
10_19 9 hours
1029 90 hours

Calculated times for 1 cm® flow at 1 bar pressure,
through concretes with a range of permeability

coefficients.
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4.3.4.1

4.3.4.2

Permeability Cell

Tests were carried out using the experimental z:s:zq
illustrated in Figure 4.3. The permeability cell, shown
in Figure 4.4, comprised a cylindrical stainless steel
chamber with bolt on end plates. Working drawings =re
included in Appendix 1. The internal surface of the
cylinder was tapered, the diameter reducing from 106mm
at one end to 102mm at the other, over a length of

160mm. Concrete specimens were 100mm diameter.

The seal between the concrete and the stainless steel
was made using an epoxy resin, Araldite AYll. This was
selected after extensive discussions with material
suppliers to identify materials which were compatible
with concrete, and which would operate at cryogenic
temperatures (see Appendix 2). The efficiency of the
seal was further increased by the taper, the pressure
being applied at the wide end of the tube, and at low
temperature by the thermal contraction of the steel
cylinder onto the concrete as the permeability cell was
cooled down. Raco cryogenic seals were used between the

cylinder and the end plates.
Cryogenic Enclosure

To enable the specimens to be cooled down to cryogenic
temperatures, the three permeability cells were located
in a cryogenic cabinet. Cooling was achieved by
controlled injection of liquid nitrogen (LN7) to achieve
a specified rate of cooldown within the cabinet. The
temperature in the cabinet was monitored using a
thermocouple located adjacent to the permeability cells.
This was linked to a temperature controller with a
ramping facility, which in turn activated a solenoid

valve in the LNy supply line. This enabled either a
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FIGURE 4.4. Details of the stainless steel permeability test
cell for cryogenic testing.
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4.3.4.3

constant temperature to be maintained in the cabinet
(within + 59C) or the temperature to be decreased a: a

- L

preprogrammed rate. A fan in the cabinet was usz: %3

[

minimise the temperature variation by circulating the

cold gas. In addition, baffles were used at the nas
inlet port, to protect the contents of the chamber frecm
being sprayed directly with LN, and to disperse the cas

around the chamber.
Direct Flow Measurement

At the higher levels of permeability (i.e. 10-18n2)
direct flow measurement was achieved using a simple soap
bubble flowmeter. The test gas was supplied at a
pressure of 3.5 bar from a standard nitrogen gas bottle
using a pressure regulator. To cool the test gas to the
temperature of the cabinet a 1.5m long length of coiled
copper pipe was used to form a heat exchanger. A
similar device was used to reheat the gas to ambient

temperature upstream of the flowmeter.

Nitrogen was used as the test gas for two specific
reasons. Firstly, nitrogen is inert and could be used
without introducing the additional hazards associated
with the use of methane. And secondly, higher pressures
could be applied to nitrogen at the low test
temperatures whilst maintaining a gaseous state. For
methane, the boiling point is increased with

pressure(64) as shown below.

Pressure Boiling Point °C
Atmospheric -162

1.0 bar -153

3.5 bar -140

10.0 bar -123
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4.3.4.4

Using methane, a low pressure would therefors be
necessary to avoid condensation of the gas. This in
turn would reduce flow rates and make measurement more
difficult.

Measurement Using Carrier Gas

For the detection of flow at permeability coefficients
beyond the precision of the direct flow test, the
alternative method of flow measurement was wused.
Methane was used as the test gas at an applied pressure
of 1 bar. As shown in Section 4.3.4.3 above, the
boiling point of methane at a pressure of 1 bar, is
-153°C. Cryogenic testing was therefore carried out at
temperatures down to -145°C only, to ensure that
condensation would not occur. The downstream face of
the specimen was purged with nitrogen at a rate of 15
cm2/min. The nitrogen carrier gas was sampled
periodically and analysed using a Perkin Elmer gas
chromatograph (GC) to determine the quantity of methane
collected, enabling the flow rate of methane through the

concrete to be derived.

The experimental apparatus is illustrated in Figure 4.3.
In addition to analysing the carrier gas from each of
the three permeability cells, samples of gas were also

collected from,

a) a standard gas bottle with 0.25% CHg in nitrogen
for continuous calibration,

b) the cryogenic chamber, to identify methane leaks
from the pressurised end of the system,

c) the laboratory atmosphere, to identify methane

leaks outside the cryogenic chamber.
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4.3.4.5

It should be noted that considerable difficulties were
experienced with this method of measurement, primarily
due to leaks which developed at low temperature, anc
this part of the test programme was terminated aft=r

testing only 5 specimens.
Leak Tests

To check the efficiency of the end plate seals,
preliminary tests were carried out prior to the
installation of concrete specimens into the rigs. With
the top and bottom plates fixed, an inlet flow rate of
about 4cm’/min was established from a nitrogen cylinder
and the outlet flow monitored. Leakage from the system
was to be assessed by comparing the inlet and outlet
flow. Measurements were taken over a period of 6 hours
using Hastings Mass Flowmeters on the inlet and outlet
streams. The results are shown in Table 4.4. At the
start of the test, the recorded outlet flow was about
30% less than the recorded inlet flow. Three possible
reasons were considered for this difference between

inlet and outlet flow:-

(1) Errors in the flowmeters.
(2) Time lag due to the system filling.
(3) Leakage from the system.

To establish the accuracy of the flow measurement, tests
were carried out in which the two mass flowmeters, one
calibrated for nitrogen and the other calibrated for
oxygen, were installed in series with a soap bubble flow
meter. Nitrogen gas was then used to compare the three
flow meters at flow rates up to 4.4 cmd/min. The
results are shown in Figure 4.5. At low flow rates the
mass flow meters tended to overestimate the flow, the

error reducing as the flow rate increased. At 4em3/min
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TIME | INLET PRESSURE | INLET FLOW | OUTLET FLOW ggg%%%g"ogs
3 - 3 2
(Hours) (cm Hg) (cm® /min) (cm? /min) INLET FLOW
1 10.4 4.15 2,77 0.67
2 10.4 4.15 2.76 0.67
3 10.4 4.15 3.13 0.75
4 10.4 4.15 4.13 0.99
5 10.3 4.15 377 0.91
6 11.0 4.20 4.30 1.02
7 11.0 4.20 = =
8 11.0 3.97 4.13 1.04
TABLE 4.4. 1Inlet and outlet flow rates recorded during ambient
leak testing.
MEASURED FLOW RATE L
SET FLOW RATE B i
(cm® /min)
Cell 1 Cell 2 | Cell 3
2.32 285 2.47 2.40
3.00 3.16 3.16 3.08
TABLE 4.5. Measured flow rates compared with the 'set' value to

establish the degree of control and the likelihood
of leakage.
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FIGURE 4.5.

Results of calibration tests on mass flow meters
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there was less than 10% difference between the three
readings. Surprisingly, the mass flowmeter calibrated
for oxygen indicated a value closer to the soap 5uohis
flow meter reading, than did the mass flow meter
calibrated for nitrogen. However, as the indicatz~ Flow
was similar for all three devices, errors in flow meter
readings were not considered to have contributed
significantly to the difference between flow into and

out of the system.

The possibility of a time lag due to the mass of gas in
the chamber increasing was, therefore, investigated as
it was noted that as the end plate seal test proceeded,
the outlet flow progressively increased until, after a
period of 4 hours, the two values were almost identical.
The increasing ratio of outlet to inlet flow with time
is illustrated in Figure 4.6. The reason for the time
taken for the inlet and outlet flow to become equal was
believed to be due to the relatively large volume of the
permeability chamber (approximately 1,250 cm? plus the
associated pipework) in relation to the flow rate,
combined with the resistance to flow offered by the

downstream mass flowmeters.

Using Boyles Law (PV = constant) and the results
obtained during the leak test, this hypothesis was
confirmed. During the test, the difference between
inlet and outlet flow varied between about 1.5cm?/min at
the start of the test and zero, after a period of about
4 hours. During this time the average difference can be
assumed to be approximately 0.75 cm?/min. Hence, over a
4 hour period the nett volume increase (at atmospheric
pressure) was 180 cm?. The applied pressure to achieve
the flow rate was 11 cm of mercury, hence the pressure
in the chamber (assuming negligible losses due to flow)

was approximately 15% above atmospheric. The volume of
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FIGURE 4.6. Changes in the relative inlet and outlet flow rates
during leak testing of the gas permeability system
at ambient temperature.
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the chamber was l,2500m3, hence at the increased
pressure, the equivalent atmospheric volume of
additional gas which could be accommodated was 0.15 x
1,250 = 188 cm®. This figure is very close to the
estimated nett inflow, supporting the hypothesis that
the initial difference between inlet and outlet flow was
not leakage, but simply the relatively large volume of
the chamber accommodating an increased atmospheric

volume of gas at the increased pressure.

Additional tests were carried out to support this theory
in which inlet and outlet measurements were taken with
the outlet flow either completely blocked with a
shut-of f valve, or fully open, using a soap bubble flow-

meter to detect flow.

With the valve closed, and hence no outlet flow, an
inlet flow of 1.5cm’/min was established at a pressure
of 10cm Hg. With the valve open, the inlet flow
increased to 3.20cm’/min and the recorded outlet flow

was 3.18cm’/min.

Similar tests were carried out with the gas
chromatograph sampler in the line. In this case, the
initial outlet flow was reduced to 0.2lem?/sec from an
inlet flow value of 2.9cm’/sec. This difference was
again believed to be due to the relatively low flow
rates in relation to the volume of the permeability
cells and the restriction to flow offered by the GC

sampler.

In view of the time dependent variations in flow rate
resulting from the pressure build-up in the permeability
cells and the observed flow restrictions caused by both
the flowmeters and the GC sampler, it was decided to
modify the system to control the outlet flow

independently using vacuum pumps. The inlet and outlet
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flow would, therefore, be maintained independently at
the same rate. Flow tests were carried out using this
system and the results are shown in Tabls 4.5. T-an
sample line was recorded independently, the other lir=s
being pumped through the exhaust. In every case, the
measured output from the GC was marginally higher than
the adjusted flow rate, by about 5%. This dif ference
was considered acceptable in view of the anticipated
orders of magnitude variations in concrete

permeability.

Having established that leakage was minimal and that
steady flow rates could be established at ambient
temperature, low temperature tests were carried out.
The first trial involved pumping methane into the system
at a pressure of 0.14 N/mm2 (20 psi), the cells being
blocked using stainless steel plugs. After an initial
inflow of gas it was expected that the flow would
progressively approach zero. This was achieved at
ambient temperature and the temperature was then reduced
at a rate of 20°C per hour. Stability was maintained at
temperatures down to -75°C, when there was a sudden
increase in the flow of methane into the system
indicating that one or more leaks had developed. The
flow was immediately shut off, the system allowed to
return to ambient temperature and all the connections
were tightened. Whilst for safety reasons the leakage
of methane was undesirable, with regard to the
experiment the leakage of methane into the cryogenic
cabinet would only be of significance if the gas could
be drawn back into the nitrogen carrier gas lines which
run at sub-atmospheric pressure, thus bypassing the test
specimen. To test whether this was likely to occur, a
further series of tests were carried out using air as
the test gas with a nitrogen/oxygen ratio of 3.8. The
carrier gas was helium and the gas in the cabinet, by
test, had an Ny/0; ratio of about 40. If leakage
occurred through the resin seal around the specimen,

this would be indicated by an increase of both N, and 0p
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in the ratio 3.8:1. Leakage into the purge gas from
the cabinet would be detected by a disproportionately
large increase in Np. The test was run with the air st
a pressure of 0.14 N/mm2 (20psi), the cabinet being
cooled at 20°C per hour. In addition to monitoring :he
Np and 02 content in the helium purge gas from each of
the three rigs, gas from the cryogenic cabinet ancd the
laboratory was also sampled. The results are shown in
Figure 4.7. Within two hours Np and 0 were detected in
the carrier gas from all three rigs (graphs 1-3), the
ratio being consistent with air leakage through the
resin seal (graph 4). However, the leakage rate was
equivalent to flow through a concrete specimen with a
gas permeability coefficient of the order of 3 «x
10-22m2. This is two orders of magnitude lower than the
expected value for good quality structural concrete and,
therefore, acceptable. As cooling continued, the
leakage rate increased slowly in all three rigs until at
-40°C the leakage rate had about doubled to an

equivalent permeability coefficient of 6 x 10-22m2,

Below -40°C, however, the leakage rate increased
significantly in rig 3 (graph 3). In this case,
however, the No/0p ratio also increased dramatically
indicating the leakage of nitrogen from the cabinet
directly into the carrier gas line (graph 4). Ffrom
-40°C to -120°C the Np/0p ratio recorded in rig 3 (graph
3) was very erratic, some variation was observed in rig
2, and rig 1 remained stable. The test was stopped at
-120°C and further checks on all connections were made.
However, identification of the specific location of
leaks was only possible at ambient temperature and even
though these could then be made good, there could be no
guarantee that leaks would not again occur on further
cooling. It was, therefore, decided to proceed with the
tests on the concrete samples, and to take sufficient
measurements to enable a reasonable estimate of concrete
permeability to be made. A discussion of these results

is given in Section 4.4.1.
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4.3.4.6 Calculation of Permeability Using the Carrisr Gas

Method

For conditions of direct flow the specific permeabii:ty
coefficient is calculated by rearranging equation 4.2 as

follows;

/é = 2 & w4 4 ﬁ (Q-S)
A (LE-1%%)

Using the carrier gas method Q is not measured directly
but is derived from analysis of the quantity of
permeating gas (in this case methane) collected by the
nitrogen carrier gas. The flow rate of the methane test
gas through the concrete specimen Qf is calculated by
multiplying the flow rate of the nitrogen carrier gas
(Re by the mole fraction of methane collected by the
nitrogen b/

Hence, ﬁQﬁ = (ﬁk VA

Equation (4.5) is, therefore, modified as follows:

420 % xn (4.6)
A (%157 )

For the low temperature test, the equation must be
modified further. The flow of methane occurs at low
temperature and is collected by nitrogen at low
temperature, but the flow of nitrogen is measured at
200C. The value of Qe must, therefore, be modified
to take into account the lower volume flow rate at the

absolute test temperature in the permeability cell.

&c leedl) Xf‘

]

Hence, Cﬁtdzﬂ)

\

But, Qe teen (tatmos) Breelt)

ngbﬁwog)
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By substitution, equation (4.5) now becomes

;é = 2 Qe tasovos) % i o /07 é[’c{,//}
A (A% -157) Bormise)

4.3.5 Thermal Cycling

To establish the residual permeability after thermal cycling,
tests were carried out on 18 month old concrete. The specimens
were cut from the 100mm diameter by 200mm long cylinders which
had been stored in sealed plastic bags as described in Section
4.3.1. To establish the influence of thermal cycling on the
residual properties, measurements were made of gas permeability
at 209C. This test, described in Section 4.3.3, was selected
because the gas permeability measurements could be repeated on
the same specimen before and after thermal cycling. Tests with
water(32) have been shown to change the permeability of the
concrete as the test proceeds and repeat tests would not
therefore provide data on the influence of thermal cycling alone.
Water permeability tests were carried out, however, for
comparison with the previous tests and to identify whether there
was a relationship between the permeabilities to gas and water.
The procedure for the water permeability tests is described in
Section 3.3.4.

To establish the influence of rate of thermal cycling, two rates
of cooling were used. Slow cooling, at a rate of 40C per hour
down to -1650C, was achieved by placing the specimens in a
cryogenic chamber, similar to that used for the low temperature
permeability cells (see Section 4.3.3).  Liquid nitrogen was
supplied at a rate controlled by a solenoid valve and temperature

ramping unit to cool the chamber at the predetermined rate.

Rapid cooling was achieved by immersing the specimens in liquid
nitrogen at a temperature of -196°C. The specimens remained
immersed until the boil-off of liquid nitrogen had reduced to the
level prior to immersion, indicating that no further heat was
being removed from the specimen. This generally occurred within

a period of about 15 to 20 minutes.
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4.3.6

The allocation of tests specimens is shown in Table 4.6. \ine
test specimens were cut from three cylinders for each mix. The
three specimens from each mix were designatzd 1, 2 ard 3, ard the
slices cut from each specimen a, b and ¢ from the top tc the
bottom. Hence specimen No. AEC/3c was the bottom slice, cut from
specimen No. 3, cast using mix AEC. Of the nine specimens
available for each mix, six were selected for gas permeability

measurement, the remaining three being tested using water.

Having tested the six specimens from each mix for gas
permeability at ambient temperature, the selection of specimens
for thermal cycling was made on the basis of these results. From
each mix two specimens were selected for slow cycling and two for
fast cycling. Within each pair, one specimen was selected which
had yielded a gas permeability coefficient at the high end of the
range recorded for that particular mix; the other was selected

from the low end of the range.

The specimens were then subjected to thermal cycling as described
above. After completion of the thermal cycle an additional
coating of epoxy resin was applied to the curved surface of the
specimen to seal any cracks which may have occurred. After
allowing a 24 hour period for the resin to cure the gas

permeability was remeasured.

Porosity and Pore Size Distribution

The characteristic distribution of pore sizes in hydrated cement
paste, mortar and concrete has been shown to influence both
strength and permeability(55). It was, therefore, decided to
use the mercury intrusion technique to determine the porosity and

pore size distribution and their relationship with permeability.

Mercury porosimetry provides information on pore radii from an
upper radius of 75 um, to a lower limit of 0.05 pm (75,000 A and
50 A respectively). This range covers pore sizes just larger
than those for gel pores, but includes the range for capillary
pores whose size and number vary considerably with water/cement

ratio and maturity. The method works as follows. A non-wetting

~ 134 =



GAS PERMEABILITY PORE STRUCTURE ANALYSIS

MIX SPECIMEN WATER Residual After Residual After
i

NO. PERMEABILITY . ;
Ambient | g1y | Rapid | A™LENC | S5y | Rapic
Cycle | Cycle Cycle | Cvcle

AEC la @
1b
lc
2a
2b ]
2c
3a
3b
3¢ @

AW la ®
1b
lc
2a
2b o
2c
3a
3b
3¢

1b
lc
2a

2c
3a
3b
3c

000 o0o0¢
®0

PFA la @
1b
lc
2a
2b &
2c
3a
3b
3c @

TABLE 4.6. Allocation of test specimens for assessment of the
: influence of thermal cycling.
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liquid, i.e. one forming a contact angle with a given solid of
greater than 90 degrees, will intrude open pores in a solid only
under applisd pressure. The pressure required is a functi=n of
the contact angle, the surface energy of the liquid and the
geometry of the pores. For the case of cylindrical pores, the

relation is given by the Washburn equation(éé):

P= 2 ¥ cos® (4.8)

f—/
Where:
/7 = pressure required to intrude a pore (kg/cm2)
/- = radius of intruded pore (A)
d = surface energy of the liquid (dyn/cm)
£ = contact angle between liquid and pore wall (deg).

Mercury is generally used because it has a low vapour pressure,
it is relatively chemically inert and it does not wet most

surfaces. Therefore, equation(“°8) reduces to (65);

r = 75,000 (4.9)
P

At a given pressure 'P;', a volume of mercury will be intruded
into all pores of radii not less than r. This volume will be

equal to the volume of pores of radius r, in the sample.

By incrementally increasing the pressure, the cumulative pore
volume distribution is obtained for smaller pore radii over the
working range of 75,000 A to 50 A.

Five major sources of error have to be allowed for during the

measurement of pore radii(66);
1) Moisture content of the specimen. Different moisture

contents will produce different results, as pores containing

water will not be intruded by mercury. All specimens must
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be oven dried to a constant weight and then cooled in a

dessicator. This in itself may alter the pore structur=.

2)  Air content of the specimen. Air in the pores will resist

mercury intrusion. All specimens must be placed in a vacuum

before immersion in mercury.

3) Compressibility of the Mercury. A correction has to be

applied to allow for compressibility of the mercury as the

pressure is increased.

4) Thermal expansion of the mercury. Test specimens and the
test equipment must be at a constant temperature during the
test.

5) Concrete is a composite material and the recorded pore
structure will be determined by the properties of the

different phases and any discontinuities between them.

The term 'radius' in equation(4'9) refers to the "pore entry
radius" which exists at the surface of the specimen. Although an
internal pore may have a larger diameter than the pore connecting
it to the surface, it will not be intruded until the pressure is
sufficient for intrusion of the smaller pore. Also, if the pore
entry radius is less than 50 A, the larger internal pore will not
be intruded. This is offset by the fact that at high pressures,
the walls of discrete pores can be ruptured, giving access for
mercury to enter these spaces. As a consequence of the above,
and the limited intrudable range of 50 A to 75,000 A, the
measured intruded pore volume will be less than the total pore

volume.

Many authors(65-67) report that mercury intrusion
measurements on dried cement paste, give a reproducible and
apparently satisfactory direct method for the assessment of pore
size distribution. This indicates that the assumptions made
above concerning the cylindricity of the pores and the pore entry

radius, affect the results in a relatively consistent manner.
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From the results of a mercury porosimetry test, the pore sizs
distribution can be represented by a cumulative plot of intruded
pore volume against pore radius. The differentizl pore size

distribution can also be calculated, using the equation:

f(r) = dv (4.10)
dr
Where f(r) = frequency of occurrence of pores of radius r on an

equal radius internal distribution curve

-
1]

pore volume (cm?)

e}
1"

pore radius (A)

However, because of the wide range of pore sizes involved, this

is normally transformed to:

f(r) o = dv (4.11)
2.303 d Logjgr

Therefore, a graph of dV against r will give the pore size

distribution d Logjgr

For cement paste it has been reported(58’69) that the
distribution is affected by both the water/cement ratio and the
degree of hydration of the cement. The higher the water/cement
ratio the larger will be the grain spacing and hence the larger
will be the size and number of capillary pores in the hardened
cement for a given maturity. The degree of hydration determines
what proportion of the cement has reacted and so also affects the

size and number of capillary pores.

Three further pore parameters can be calculated from the results
obtained by mercury intrusion porosimetry(éa):—

1. Surface Area of Intruded Pores

St = 2dv; (m2/q) (4.12)
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2. Hydraulic radius (rp) of the pore system which is the
ratio of total intruded pore volume to the total surface

area, is given by:

Th = _V_rnax (A) (4.13)
5t
Where n = number of volume steps used
Vmax = total intruded pore volume at the

maximum pressure, usually 1,500 kg/cmp.

3. Maximum continuous pore radius (rp), which is defined as
the pore radius at which dV has a maximum value.
dpP

The surface area and hydraulic radius of the pore system give
some measure of the overall distribution of pores between the
intruded range of 50 A to 75,000 A. The maximum continuous pore
radius (MCPR) is more specific. By definition, it gives the
pore radius above which very little mercury is intruded, but
below which rapid intrusion occurs. This is believed to indicate

that pores of this radius are continuous to some extent.

With regard to durability of the hardened cement paste, the size
and number of capillary pores will affect factors such as the
permeability and gas diffusion. However, below a certain radius,
gas and water movement will be so slow as to be negligible in
comparison with flow though the larger pores. Mehta(70)
considers pores below 660 A radius do not contribute to water
permeability. Therefore, calculating the values of surface area
and hydraulic radius of only those pores greater than 660A radius

may give a more relevant measure of pore distribution.

Results for concretes and mortars are complicated by two

factors:
1) The aggregate generally has a lower porosity than the cement

paste. The measured intruded pore volume will be a

superposition of the pore size distributions for cement
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paste and aggregate, factored in accordance with the surface

available for mercury intrusion.

2)  Non-cylindrical microcracks are likely to Fform a: the
aggregate paste interface due to a combination of plastic
movement (shrinkage, settlement) and stresses generated
during oven drying (drying shrinkage, thermal

incompatibility etc).

Correcting for the volume of paste replaced by aggregate should
enable results for pastes, mortars and concretes to be compared.
However, the extent of microcracking will be dependent upon the
aggregate type, the amount of aggregate present (aggregate volume
concentration or AVC) and the water/cement ratio. Published data
shown in Figure 4.8 gives an example of the cumulative pore size
distribution for hardened cement paste and mortars of 0.5
water/cement ratio and 28 days curing(58). The corrected
intruded paste volumes are also shown, along with the specific

surface area and hydraulic radius.

When mixes of the same aggregate volume concentration are
compared, the effects of water/cement ratio and curing are
similar to those for hardened cement paste shown in Figure
4.9(55), namely an increase in w/c ratio or a decrease in the
length of cure will produce an increase in both the MCPR, and the
surface area. For the hydraulic radius, the trend is less

obvious.

From the above, it may be expected that good agreement will be
found between the pore size distribution of concretes having the

following properties:

1) similar aggregate volume concentrations,
2) similar water/cement ratios,

3) similar degree of hydration.

As items (2) and (3) control the size and number of capillary
voids in the concrete, the test may be used to indicate

variations in the quality of a particular concretes.
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Hustration removed for copyright restrictions
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FIGURE 4.8. The effect of aggregate volume concentration on
cunulative pore size distribution. (Ref. 68)
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Aston University

Hlustration removed for copyright restrictions

FIGURE 4.9. The effect of water/cement ratio and curing period
on cumulative pore size distribution. (Ref. 65)
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For comparison with other properties of concrete such as water
permeability, the volume of pores with radii below 660 A may te
disregarded(70). The volume and distribution of peoras

greater than 660 A will indicate the permeability of th

4]

concrete. kaala(ﬁa) has shown that good agreement may »e
obtained between the effective hydraulic radius of pores greater

than 650 A and oil permeability of mortar (Figure 4.10).

In view of the lack of data on mortar and concrete it would be
unfair to specify limits of acceptability based on the pore size
distribution. However, as stated above, the use of mercury
porosimetry can be useful by providing a measure of the change in

pore structure for a specific concrete.

Tests have been carried out on mixes AEC and LW only. Two 10 x
10 x 50mm samples were cut from each of three 50mm thick by 100mm
diameter discs providing six samples for each of the two mixes.
Of the two samples from each core, one was cut from the surface
and one from the centre. To establish the influence of thermal
cycling on pore structure, porosimetry tests were carried out on
specimens taken from uncycled cores, and cores which had been

subjected to both the slow and rapid cooling regimes.

4.4 TEST RESULTS AND INTERPRETATION

4.4.1 Effect of Temperature

At the start of the programme it had been proposed that a full
factorial test programme be carried out on four selected
concretes, subjected to two curing conditions and tested at two
moisture contents. Tests were to be carried out using methane in
both the gaseous and liquid state. In the latter case, because
of the very low flow rates, it was proposed that temperature and
pressure be adjusted to generate two phase flow, with the methane
entering one face of the concrete as a liquid, and leaving the
other face as a gas. This would provide greater accuracy of flow
measurement at the downstream face. Unfortunately, the

considerable difficulties experienced with the apparatus resulted
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FIGURE 4.10. The effect of pore radius on permeability of con-
crete to oil. (Ref. 68)
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in this part of the test programme being significantly curtailed.
Only gas flow measurements were ultimately carried out on a

reduced number of spscimens.

Details of the specimens which were tested at low temperatur= are
given in Table 4.7. Out of the proposed 16 conditions only 6
were investigated. Fortunately, these included the two extreme
moisture conditions; sealed-cured, air-dried concrete; and
water-cured concrete with no dfying. Whilst the test was
sufficiently sensitive to detect the gross differences between
these two conditions there were a number of inconsistencies,
which render the results suspect in absolute terms. Specific

values should therefore be viewed with caution.

The effect of low temperature was monitored in three separate

test runs as follows:

Run 1 Rig 1 - Control mix AEC; sealed cured and air dried.
Rig 2 - Control mix AEC; sealed cured and air dried.
Rig 3 - Steel blank.
Test Gas - Nitrogen.
Temperature Range - +20 to -165°C.

Permeability determined by direct flow measurement.

Run 2 Rig 1 - Mix LW, sealed cured, as cured.
Rig 2 - Steel blank.
Rig 3 - Mix AEC, sealed cured, as cured.
Test Gas - Methane.
Temperature Range - +20°C to -145°C.

Permeability determined by analysis of carrier gas.

Run 3 Rig 1 - Mix LW, water cured, as cured.
Rig 2 - Mix PFA, water cured, as cured.
Rig 3 - Mix AEC, water cured, as cured.
Test Gas - Methane.
Temperature Range - +20°C to -70°C.

Permeability determined by analysis of carrier gas.
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The results obtained during each test run are illustrated in
Figures 4.11, 4.12 and 4.13.

An examination of the results obtained from Run 2, an: in
particular rig 2 which contained the steel blank, illustrates
some of the leakage problems identified during proof testing of
the carrier gas system. The CHg concentration collected by the
purge gas increased with the CHyq concentration in the cryogenic
cabinet, as shown 1in Figure 4.14. This suggests that at
temperatures below -70°C, leaks occurred in both the upstream and
downstream ends of the system with the transfer of methane from
one end to the other via the cabinet thus bypassing the test
specimen. The presentation of data graphically in Figure 4.14
enables the leakage rate through the resin seal to be estimated.
The linear relationship between the logarithm of CHy
concentration in the carrier gas, and CHy concentration in the
cabinet, meets the vertical axis at a point which represents
leakage through the resin seal alone, i.e. when the CHy
concentration in the cabinet is zero. The calculated equivalent
permeability coefficient associated with this CHgq concentration
is 9 x 10-22m2, being very similar to the value derived from the
leakage tests described in Section 4.3.4.5. Hence, whilst
permeability coefficients determined at temperatures above -70°C
are not likely to have been significantly influenced by leakage,
values measured at -145°C must represent upper bound values only.

Comments on each of the three test runs are as follows.
4.4.1.1 Run 1

In run 1, permeability was measured by flow using a soap
bubble flow-meter. No results are given for the cell
containing the steel blank as no flow was detected.
This indicates that leakage through the resin seal was
certainly less than 0.2cm? per hour, this being the
lower limit of detection and equivalent to a
permeability coefficient of 10-20 m2. This 1is
consistent with the leakage rates measured during proof
testing of the system. Furthermore, as the specimens

were of relatively high permeability, being of the order
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CURING MOISTURE SHICRATE ML
CONDITION STATE AEC HS IW PFA
Sealed As Cured X v | v x

Air Dried | V// | X | X X
Immersed As Cured v/ v/ v/
Air Dried | x x | x %

Jindicates specimens tested

TABLE 4.7. Specimen allocation for low temperature gas per-
meability testing.

GAS PERMEABILITY
COEFFICIENT
() 15
Spec. A 7 10

- —= Spec. B

10

10
-180 =140 -120 -60 =20 20

TEMPERATURE (°C)

FIGURE 4.11. Gas permeability coefficients down to -165°C

obtained by direct flow measurement using nitrogen
(Run 1).
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GAS PERMEABILITY
COEFFICIENT (m?)

Solid lines indicate
periods during which
measurements were taken

20°¢C -70°%¢ =145°¢C 20°C
Mix HS | .
L . = h\.w_\ ~ - # i
Mix IW NS o N7
~ T \(
| . S | A
10—19"
A
/
10720 /
’ .
fl N
rl A
s N
10721 1’ N
Steel Blank / \\
10722 'v\/'\/\l\ e
” .
,/
10_23_' I
1
] | | F L ] |
0 1 2 3 4 9 10 11

TIME (DAYS)

FIGURE 4.12. Gas permeability coefficients down to =145°C
obtained using the carrier gas method with methane
as the test gas (Run 2).
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GAS PERMFABILITY
COEFFICIENT (m?)

Solid lines indicate
periods during which

measurements were taken
10—19 -
20°C ——~{ s
’r’ ,z,\lis & — Mix PFA
--;ﬁ___ —F—‘f':,' f’f 7
A\ Y
=20 I~ / - S
10 / / p v
”I ,’, PFA ZWNL %“"'W SesmeII]T
/ / A VY Mix HS
. \ :
\ ( W .
\ % o
o - “ \! e~ ,\’ _M
\ Mix LW
10-21 1
\
\
\
\
\
\
)
‘ .
10722 ||||1l:|| R R
0 1 2 3 4 5 6 7 8 9 10 11 12

TIME (DAYS)

FIGURE 4.13. Gas permeability coefficients down to -70°C obtained

using the carrier gas method with methane as the
test gas (Run 3).
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G.C. RESULT
(Integrated Area)

RIG 2
2,
2B
A7
P
1,000 |- ’
--------- 8
100 |- .
10|
CH, LEAK FROM CABINET
= ———— =0 x 107222 PERMEABILITY
D ’
o FLOW THROUGH RESIN SEAL
0y
| | | | ! | 1 | | | | | |
0 200 400 600 800 1000 1200
GAS CHROMATOGRAPH RESULT (Integrated Area)
CRYOGENIC CABINET
FIGURE 4.14.

The methane concentration in the cryogenic cabinet

vs the methane leakage into the permeability cell
containing a steel blank.
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4.4‘1.2

4.4.1.3

of 3 x 10-17 m2, leakage will have been of .less
significance compared with the high flow rates through

the concrete (10 cm?/min).

The two specimens were both cycled three times between
20°C and -165°C, and the results are plotted in Figure
4,11 It was interesting to observe that with
progressive cycles, no significant changes were recorded
in permeability. However, the specimens were sealed
cured and air dried prior to testing and so the moisture
content at test will have been very low. Hence, damage

due to ice formation will have been minimised.

Run 2

Two specimens were tested, one from each of mixes HS and
LW, as illustrated in Figure 4.12. Both specimens were
maintained in a sealed cured condition until testing.
Whilst rig 2, which contained the steel blank, exhibited
erratic flow behaviour, the cells containing the two
concrete specimens stabilised very quickly at each test
temperature and maintained constant flow rates for
several hours. Furthermore, after completion of the
test, both specimens returned to their original ambient
permeability, once again exhibiting no signs of

disruption due to the thermal cycle.
Run 3

Following the success of run 2, it was decided to test
concrete specimens in each of the three rigs. OSamples
were selected for mixes HS, LW and PFA. In this case,
all three specimens had been water cured for 28 days,
followed by storage in sealed conditions. Permeability
coefficients were generally about 100 times lower than
recorded during run 2 with values round 10-20p2.  As
shown in Figure 4.13, readings were taken over a period
of several days at ambient temperature before stability

was achieved. Whist it was expected that these very
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low permeability mixes would take a long period to
achieve steady state conditions, the variability of
results at ambient temperature was surprising. It is
possible that moisture vapour from the water cureg
specimens caused problems with the gas chromatograpn,

but no specific reason was established.

On cooldown to -70°C the results stabilised, contrary to
the proof test results which indicated that at low
temperature leakage would be more of a problem. The
lowest permeability coefficient was again recorded for
mix LW with a value of about 1.5 x 10-21m2 at -70°C and
about 4 times lower than mixes HS and PFA, which
stabilised at about 6 x 10-21p2.

A summary of permeability coefficients obtained during the low
temperature tests is given in Table 4.8. It is interesting to
note that reducing the temperature, to as low as -1659C, has a
relatively small effect on the specific gas permeability, in
general less than an order of magnitude. The change in
permeability with reducing temperature for each of the seven
specimens is shown in Figure 4.15 together with data published by
the US Institute of Gas Technology(29). The relative change
in permeability, related to the value at 209C is shown in
Figure 4.16. Whilst there is clearly a reduction in specific gas
permeability with reducing temperature, its effect in relation to
other influencing factors, such as mix proportions, curing and
moisture content is small. This is not surprising. If it is
assumed that the only change in the concrete with reducing
temperature is its porosity as water expands to form ice, this
change will be small, since the water only expands by 9% to form
ice. In concrete the total porosity may be of the order of 20%
and part of this will be filled with water. For typical in-situ
concrete the moisture content by weight is about 5% i.e. 12% by
volume. Hence, the remaining 8% of the voids are empty and it is
through these voids that gas may flow. When the water is frozen,

its volume will increase by 9%, i.e. from 12% to 13% by volume
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GAS PERMEABILITY
COEFFICIENT (m?)

B
Oven Dr_i_Ec-i__
Ref. 29, —=—"
g
10—13
— 10—14
y 507% RH
M %.?. " 4..-15
el 10
— 10-—16
Sealed Cured and
Air Dried
ARG _
o L B

10
AEC

// I 1 0_1 8
HS Sealed Cured

LW

HS

Water Cured /
LW

L VO (O S S SR, W

-180  -140 -100  -60
TEMPERATURE (°C)

FIGURE 4.15. The influence of temperature on the gas permeability
coefficient of concretes subjected to different

curing and drying regimes.
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TEST CAS GAS PERMEABILITY (m?)
x | SPECHEN | o MEmiOD | CYCLE ~
USE 20° ¢ -70C -145% -165°C
AEC | Sealed cure | Nitrogen by | 1 | 5.03 x 10017 | 1.02 x 107}/ 0.23 x 10717
Air dried | direct flow | 2 1.96 x 10_y3 | 1.06 x 10_)° 0.29 x 10_."
i T 1.91 x 10 1.42 x 10 0.96 x 10 °°
AEC | Sealed cure | Nitrogen by | 1 | 5.50 x 10_;7 | 0.85 x 10 -1.28 x 10237
Air dried | direct flow | 2 2.70 x 10_ 7 | 2.16 x 10 0.86 x 107
3 5.30 x 10 - 0.56 x 10
HS | Sealed cure | Methane by 1 | 1.05% 10718 | 0.70 x 10718 0.30 x 10718
As cured carrier gas
W Sealed cure | Methane by 1 0.89 x 10_13 0.50 x 10_18 0.20 x 10_13
As cured carrier gas
HS Water cured | Methane by 1 2.50 x 10.-20 0.60 x 10_20
As cured carrier gas
W | Water cured | Methane by 1 |060x1020 | 0.17 x 10720
As cured carrier gas
PFA | Water cured | Methane by 1 1.90 x 10_20 0.80 x 10_20
As cured carrier gas
TABLE 4.8. Summary of low temperature gas permeability results.
o)
TEMPERATURE (~C)
-180 -140 -100 -60 -20 20 1
1 I ol i
-—
,
== 0.1
- 0.01
PROPORTION OF GAS "
PERMEABILITY AT 20°C
FIGURE 4.16. Summary of results showing the relative change 1in

gas permeability coefficient with temperature.
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4.4.2

of the concrete, difference of only 1%. The open voids still

comprise 7%, hence the modest reductions at low temperature are
not unexpected.

Despite the experimental problems, the limited results obtained
are generally consistent within themselves and when compared both
with published data and the earlier water permeability tests
(Section 3.4.2). The highest results were obtained for sealed
cured, air dried concrete, whilst the lowest values were achieved
with water cured concrete. Also the lightweight mix consistently
ylelded the lowest permeability when compared with other
concretes subjected to similar curing conditions. It is
therefore likely that the results obtained are a true reflection
of the relative performance of the different concretes, the
effect of curing and the change in permeability with reducing

temperature.

Effect of Thermal Cycling

Gas permeability results obtained at a pressure of 1.03 N/mm2 are
presented in Table 4.9 for each of the 24 no. specimens tested.
For each concrete 6 individual specimens were tested prior to
thermal cycling, 2 of these specimens were then tested after slow
cycling at the rate of 49C per hour and 2 further specimens

were tested after rapid cycling by immersion in liquid nitrogen.

The tests prior to thermal cycling were carried out at a pressure
of 1.03 N/mm2. At this pressure the flow rates were sufficient
to enable rapid measurement whilst being slow enough to allow a
soap bubble to form in the flow meter. After thermal cycling,
however, the permeability of some specimens was such that, at a
pressure of 1.03 N/mmZ, the gas flow was too fast for a soap
bubble to form. The measurements were therefore repeated at a
lower pressure of 0.69 N/mmZ for all the heat cycled samples.
The results obtained at the lower pressure are given in Table
4.10. The relationship between coefficients obtained at the two
pressure levels is shown in Figure 4.17 indicating that the
permeability coefficient was marginally increased at the lower

pressure. The reason for this is discussed in Section 4.4.4.
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GAS PERMEABILITY COEFFICIENT
1.03N/mm? (m?)

10—16 E /‘_///
[ n,/
¥ /.'/
0 /"

=17 .l.//v

I 7
= W
e 27
= ./
§ -//

l

’— Line of

10-18 - e ah oy / Theoretical relationship
= taking into account gas
= slippage.
= //

2

//i IR R B BB N1 | B N N RN
10 =19 10 b 10—17 10—16

GAS PERMEABILITY AT 0.69N/mm? (m?)

FIGURE 4.17. The relationship between gas permeability coefficients
derived at pressures of 1.03N/mm? and 0.69N/mm?.
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The change in gas permeability resulting from thermal cycling is

illustrated in Figure 4.18 which includes the following:-

(1) Individual results obtained before and after therral
cycling.

(2) Mean values of permeability coefficient derived from all
specimens tested i.e. 6 no. prior to thermal cycling and 2
no. after either slow or rapid cycling. As the permeability
coefficient changes logarithmically, geometric mean values
have been determined.

(3) Relative changes in permeability coefficient derived from
changes in the geometric mean of specific pairs of

specimens, tested before and after thermal cycling.

Permeability coefficients presented in Figure 4.18 have been
derived largely from values obtained at the higher pressure of
1.03 N/mmz, as all the ambient results were obtained at this
pressure. Exceptions to this are specimens AEC/2B and AEC/2D
after rapid thermal cycling for which the flow rate at the higher
pressure was too rapid for a soap bubble to form. For these two
specimens therefore, the values obtained at the lower pressure
have been used, having been corrected for the pressure difference

using equations 4.14 and 4.16.

Examination of the data in Figure 4.18, indicates that the
permeability increased as a result of thermal cycling, and more
so as the rate of temperature change increased. Three points are

of particular interest, however.

(i) The increase in permeability of the dense aggregate mixes
HS, AEC and PFA was only marginal when thermal cycling
was slow. Mix HS, the worst affected, increased by a
factor of only 2.

(ii) Even after immersion in LNp, the increase in the
permeability of mixes HS, AEC and PFA was generally
within an order of magnitude. In comparison with changes
associated with other factors, e.g. curing, this does not
seem excessive, particularly in view of the extreme

thermal shock to which the concrete was exposed.
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(iii)  The lightweight concrete, mix LW, was most saverely
affected by thermal cycling, the coefficient of
permeability increasing by 100 times, regardless of the
rate of cooldown. Hence, despite having an appreciably
lower permeability at ambient temperature compared with
the dense aggregate concretes, after slow thermal cycling
the lightweight mix yielded the highest permeability
coefficient. After rapid cooling there was little

difference between all four concretes.

The reason for the considerably greater increase in the
permeability of the lightweight concrete compared with the normal
weight mixes has been considered, particularly as the results of
previous tests described in Section 4.4.1.2 and illustrated in
Figures 4.12 and 4.13, gave no indication of disruption of the
lightweight concrete after cooling to -165°C. There are two
likely causes of disruption; the expansion of ice in the gel
pores and capillaries, which occurs in progressively smaller
pores over the temperature range -20 to -709C (see Section
2.2); and the differential thermal contraction of aggregate and

cement paste and their relative stiffness.

Consider firstly the relative properties of aggregate and cement
paste. Disruption will occur due to differential thermal
contraction and the associated differential stresses between the
two materials, determined by their relative modulus values.
Previous work at elevated temperatures(7l) has related
strength loss to the function s £z where olcand ola
Xa Lc

represent the thermal expansion coefficient for cement paste and
aggregate respectively and Ec and Ea are the respective values of
elastic modulus. Lightweight aggregate has a 1low thermal
expansion coefficient , & , but also a low value of elastic
modulus compared with dense aggregate. These two factors are
counteracting, the lower value of (e resulting 1in higher
differential thermal strains, whilst the lower modulus reduces
the associated stresses. The nett effect is difficult to
quantify but the influence of low modulus is likely to be

predominant as, in terms of concrete properties, the use of
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lightweight aggregate has a more significant effect on =lastic
modulus than it does on thermal expansion coefficient(72),
This being the case disruption due to differential tharmal
stresses would be expected to be reduced by the us:z of

lightweight aggregate.

Now consider the likely disruption due to ice formation during
cooling. Lightweight concrete has a much higher moisture content
by virtue of the porous aggregate. However, the volume of water
penetrable voids is also greater. Relative values of water/voids
ratio have not been measured. However, the total porosity of the
lightweight mix has been determined by mercury porosimetry and
compared with results obtained for mix AEC, the air entrained
control concrete. These results are discussed in more detail in
Section 4.4.3 but average values of total porosity for the two
mixes, tested prior to thermal cycling, were 9.8% for mix AEC and
22.6% for mix LW, an absolute difference of 12.8% but a relative
difference of almost 100%. The difference in free moisture would
be largely due to the water absorbed by the lightweight
aggregate. For mix design purposes this is normally assumed to
by 12% by weight of dry aggregate, in this case 0.12 x 720 = 86.4

litres = 0.0864m> or 8.6% by volume of the concrete.

The extent of damage likely to occur due to the formation of ice
would be expected to be determined by the ratio of water content
to water penetrable voids. If the above analysis is correct, and
total porosity determined by mercury intrusion can be assumed to
be equivalent to water penetrable voids, the ratio reduces for
Lytag concrete i.e. the increase in porosity compared with normal
weight concrete is greater than the increase in moisture content.
This being the case, less disruption would be expected. This is
not consistent with the considerable increase in permeability.
All the pores in concrete are not water penetrable, however. It
has been reported that, in water permeability tests, no flow is
achieved through pores with a radius less than 6504.(70)
The average values of porosity obtained for mixes AEC and LW,
recalculated to omit pores smaller than 650R radius are 11.0% and
5.1%, an absolute difference of only 5.9% but again a relative

difference of 100%. Using these modified figures, the
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4.4.3

increase in water penetrable porosity associated with the use of
the lightweight aggregate is less than the increase in water
content hence, as observed, disruption is mors likelv =s

discussed in Section 4.4.3.

As the permeability of the 1lightweight concrete increased
significantly as a result of thermal cycling, the predominant
effect, therefore, must have been the increased ratio of water
content to water penetrable voids. The influence of the thermal
expansion coefficient and lower modulus of the aggregate, which
would tend to minimise the disruption of the lightweight concrete
is apparently of secondary importance under conditions of extreme

thermal cycling to very low temperatures.

The above analysis applies to concrete in which the expansion due
to ice formation can occur unrestrained. In the previous tests,
however, in which the residual permeability after thermal cycling
was unaffected, the concrete specimens were confined in the
stainless steel cell. Furthermore, as the specimens were cooled
down, contraction of the cell would impose an effective prestress
in the concrete. Hence, ice formation would be unable to cause
expansive and disruptive strains. Measurement of the thermal
contraction of both unrestrained and prestressed concrete has
been undertaken by Elices(73) which has demonstrated that
even modest prestress will inhibit the expansion caused by ice
formation, supporting the above hypothesis. This is clearly an
area which requires further investigation as in most instances
the concrete used in cryogenic storage tanks, particularly in

primary containments, will be prestressed.

Relationship between Permeability and Pore Structure

Graphical presentations of differential and cumulative pore size
distributions for individual test specimens obtained using
mercury intrusion porosimetry are given in Figures 4.19 and 4.20,
to compare the pore characteristics of mixes AEC and LW. Various
pore parameters have been derived from the test. These include
total pore volume and the associated surface area and hydraulic

radius, the maximum continuous pore radius (MCPR), and the pore
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FIGURE 4.20. Cumulative pore size distributions for Mixes AEC
and LW before and after thermal cycling.
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volume, surface area and hydraulic radius excluding pores less

than 660A radius. These pore parameters are given in Tabie
4.3 .

There are two particular features of the results which are of

interest.

(i) The difference in the pore structures of the two mixes is
clearly identified. The lightweight mix has a total pore
volume of the order of 20-25%, compared with a value of
the order of 10% for the control mix. The difference is
largely due to a higher proportion of voids in the
lightweight concrete in two ranges; 100-10008 and above
about 5000A. Within each range, the additional volume of
voids present in the lightweight mix is of the order of

7% and 5% respectively.

(ii) Thermal cycling does not appear to have significantly
affected the pore size distribution of either concrete,
as determined by mercury intrusion porosimetry. Despite
the 100 times increase in gas permeability coefficient
for mix LW (after both slow and rapid cooling) and almost
ten times increase for mix AEC after rapid cycling, gross
changes in the pore parameters were not detected. Small
increases in the average pore volume were identified for
the cycled specimens however. These average changes in
pore volume are presented graphically in Figure 4.21 in
relation to the average increase in gas permeability
determined previously. Whilst the trend is for
increasing gas permeability with increasing pore volume,
the scatter of results prohibits a more detailed

analysis.

Hence for each individual concrete, thermal cycling resulted in
an increase in average porosity, with the tendency for the
greatest increase in porosity to be associated with the greatest
increase in gas permeability. However, comparing the two
concretes (mixes AEC and LW), the lightweight mix has a porosity
which is more than double that of the gravel aggregate concrete,

but as shown in Table 4.9 has a gas permeability which is, on
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SPEC | TEMP I(Joafr{i}’: f‘c%t)m 1{RYA?IJRIL?AJ%H( ) Sl(ij?Ck): =

X o | ovoi e MR
Total 660A | Total 660A | Total 660A

AEC | 1bM - 0.099 0.054 | 192.6 | 1192.2 5.16 0.46 31,250

1b-S = 0.097 0.048 | 123.6 | 1282.3 7.83 0.37 31,250

2¢cM | Slow 0.115 0.059 | 169.2 | 1237.9 6.81 0.48 21,875

2¢-S | Slow 0.081 0.049 | 283.4 | 1253.6 2.87 0.39 21,875

3a-M | Rapid | 0.103 0.055 | 114.7 | 1130.6 7.10 0.49 16,875

3a-S | Rapid | 0.091 0.054 | 135.6 | 1084.9 6.72 0.50 16,875

W 1bM = 0.247 0.116 | 146.1 | 1218.6 | 16.93 0.95 21,875

1b-S o 0.205 0.103 | 173.0 | 1380.5 | 11.82 0.74 31,250

2¢cM | Slow 0.229 0.116 | 172.4 | 1340.2 | 13.28 0.86 31,250

2¢c-S | Slow 0.245 0.122 | 159.9 | 1538.0 | 15.33 0.79 31,250

2a-M | Rapid | 0.229 0.118 | 180.4 | 1440.9 | 12.71 0.82 21,875

2a-S | Rapid | 0.250 0.110 | 158.8 975.0 | 15.72 1.13 21,875
TABLE 4.11. Concrete pore characteristics before and after

thermal cycling.
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RATIO TO PERMEABILITY
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UNCYCLED CCNCRETE
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FIGURE 4.21. The relationship between the change in gas per-
meability coefficient and the change in porosity.
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4-4.4

average, about 30 times lower. This clearly indicates that the
measurement of porosity, using the mercury porosimeter above, is
unlikely to be sufficient to predict, or even crudely esti-ate
the value of gas permeability. Other pore parameters have tzen
considered such as hydraulic radius, surface area and lCPR, for
both the total porosity and for pores greater than 6604 radius.
Once again, the higher values are associated with the lightweight

concrete, despite its lower permeability.

Relationship Between Water and Gas Permeability

Values of water permeability obtained for the four mixes are
given in Table 4.12. The low permeability coefficients were
derived from penetration measurements using the Valenta equation
discussed in Section 4.2. Only two specimens from mix AEC were
sufficiently permeable for flow measurement to be achieved within
24 hours of the start of the test. The water permeability
coefficients, converted to units of m?2 are given in Table 4.13
together with the gas permeability coefficients for non-cycled
specimens presented in Table 4.7. For each cylinder two values
of gas permeability and one value of water permeabiity have been
determined. Also included in Table 4.13 are geometric mean

values for each mix.

The results are presented graphically in Figure 4.22. As
expected there is a relationship between the two coefficients,
but the values are not equal, with the difference increasing as
the permeability reduces. For the most permeable concrete, mix
AEC, the gas permeability coefficient is 5 to 6 times the water
permeability coefficient (13.35 x 10718 c.f. 2.39 x 10-18).  For
mix LW, the least permeable concrete, the difference is of the
order of 60 times (0.43 x 10718 c.f. 0.73 x 10-20).

The difference between values of permeability obtained using
liquid and gas has been investigated previously by
Klinkenberg(7a). Tests were carried out using relatively
high permeability materials (largely in the range 10-15 to 10-13
mZ2) to support calculations of flow in underground oil and gas

reservoirs. Klinkenberg reported a difference 1in permeability
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opEcvEy | CAS PERMEABILITY | WATER PERMEABILITY
MIx | SPEC COEFFICI%ET ke COEFFICEEﬁT kl | ke/kl
’ (107 1%m2?) (10" *%n*)
AEC 1 11.44/9.81 3.9
2 18.31/12.49 0.81
3 14.46/15.26 4.52
Mean (13.35) (2.39) 5.6
HS 1 5.61/3.09 5.44 x 102
2 0.77/0.29 3.16 x 1072
3 0.95/0.31 2.68 x 1072
Mean (1.02) (3.58 x 10°%) 28.5
LW 1 0.39/0.50 3.27 x 10°°
2 0.43/0.20 2.59 x 105
3 0.45/0.79 46.05 x 105
Maan (0.43) (7.31 x 103) | 58.8
PFA ] 2.80/5.97 5.07 x 102
2 2.99/3.57 2.71 x 1072
3 2.11/1.96 4.09 x 102
Magn (3.01) (3.83 x 109 78.5
TABLE 4.13. Average water permeability and gas permeability

coefficients.
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FIGURE 4.22. The relationship between water permeability and gas
permeability showing individual test results.
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coefficient for 1liguids and gases and stated that '.....ith
highly permeable media, the differences between liquid and air
permeability were small, whereas these differences uer2
considerable for media of low permeability'. The difference wsas
explained by the theory of slip in the flow of gas, whereby the
gas in the immediate vicinity of the wall has a finite velocity.
As a consequence the quantity of gas flowing through a capillary
is larger than would be predicted from Poiseulles formula. The
gas slippage theory suggests that the flow of gas will be
affected by pressure (which in turn influences the mean free
path) and Klinkenberg derived an equation relating liquid and gas
permeability ,é( and Zf to the mean pressure at which the

gas is flowing /), as follows.

L, = &5 (4.14)
/ + b
o

where A is a constant for a given gas and a given porous medium.
The work by Klinkenburg was extented by an API Special Research
Project(?5) in which the constant b was derived for o0il sands

from various sources by the equation

b=o0rr Y (4.15)

where /é( is measured in millidarcies = 10-15m2.

From these two equations it will be seen that, as stated by
Klinkenberg, the difference between ,éz and Z} increases as
the permeability reduces. The relationship between X4 and
[f? , calculated using equations (4.14) and (4.15) is shown
in Figure 4.23 assuming a mean gas pressure of 5 bar (as used
during this test programme) . It will be seen that the equation
tends to over estimate the value of Af[ when derived from ,é? .
Clearly, the relationship between £, and the constant 4,
derived for oil sands does not apply to concrete. An alternative
relationship between 12 and 4 has therefore been derived from

the results of the current programme.
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FIGURE 4.23. Theoretical relationship between water permeability
and gas permeability coefficients based on
Klinkenberg's equation and API Data for oil sands.

=~ 174 =

B st a v -



Values of A , calculated from the average values of water
permeability fé and gas permeability, é& , for each of the
four concretes tested, are illustrated in Figure 4.2¢4. 3130
included is the relationship for oil sands proposed by the API
and some original data published by Kinkenberg for Jena Glass and
core samples. It would appear that a single relationship can be
derived which is applicable to both Klinkenbergs data and the
results for concrete. This is of the form

b = 1835 ki (4.16)
sl

where 4, is measured in units of m2. Using this equation to
calculate values for b, and by substitution in equation 4.14, the
relationship between ;ég and 19 has been derived. This is
also shown in Figure 4.23 and provides a reasonable

representation of the results obtained.

The slippage theory proposed by Klinkenberg to explain
differences between permeabilities measured using liquid and gas,
can therefore be applied to concrete. It should be noted however
that other factors, such as moisture content, will influence the
relationship between A?é and Z} . However, this is beyond the

scope of the current work.

Having established that the slippage theory proposed by
Klinkenberg can be used to explain differences between
permeability coefficients for concrete measured using liquid and
gas, it is possible to predict specific permeability from values
of gas permeability and the applied test pressure. Figure 4.25
has been developed using equations 4.14 and 4.16 and illustrates
the relationship between Ve and f? for a range of mean
pressures from 0.1 to 100 atmospheres. For typical structural
concrete, which is likely to have an intrinsic permeability in
the range 10-19 to 10-17 m2(60)' gas permeability values may
be one to two orders of magnitude higher. For example, at a mean

pressure of 5 atmospheres, concrete with a water permeability of
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FIGURE 4.24. Relationship between water permeability and the
constant b.
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10-18 m2 may yield a gas permeability coefficient of about 10-17
m2. The largest difference would occur when testing using a
partial vacuum. For the typical structural concrete consi:zreg
above, the difference between gas and water permeability could be
as large as 100 times under such conditions. It is, therefore
essential that when interpreting results obtained from
measurements of gas permeability, the effect of slippage is taken

into account.

This is of particular importance as there appears to be a move
towards gas permeability measurements as a means of assessing
quality. Test pressures vary from sub-atmospheric using the Figg
test(76) to 1 MPa, used by the BRE in their recently proposed
test using 100mm concrete cubes(77), Without an
understanding of the nature of gas flow through concrete, and the
significance of test pressure, a comparison between the results

from the different tests cannot be made.
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5.1

5‘2

5% TENSILE CHARACTERISTICS

INTRODUCTION

The ability of concrete to resist cracking is determined primarily by
its tensile properties. Either the tensile strength must exceed the
imposed tensile stress, or the tensile strain capacity must exceed the
tensile strain. When the strains are thermally induced the thermal
expansion coefficient of the concrete is also an important factor. If
the thermal expansion coefficient is low, the strain associated with a
given temperature change will also be low. Hence, to minimise cracking
in a structure which will be subject to thermal load, the concrete
should have a low thermal expansion coefficient combined with a high

strain capacity.

Tests have been carried out to measure these characteristics for the
four selected concretes described in Table 4.1. The tensile behaviour
has been measured both in direct tension and under flexural load. The
measurement of thermal expansion coefficient is described in
Chapter 6.

EXPERIMENTAL DETAILS

5.2.1 Strain Measurement

The measurement of strain capacity, whether in direct tension or

in flexure, over the temperature range imposed upon a LNG tank in

service, required a method of strain measurement which would
operate down to -165°C. Vibrating Wire Strain Gauges (VWG's) had
been extensively used by Taylor Woodrow at elevated
temperatures(78) and it was, therefore, decided to evaluate
their performance at cryogenic temperature. As the name
indicates, VWG's operate on the principal of changing frequency
of vibration with changing stress in a tensioned wire. (Figure
5.1). When a gauge is embedded into, or fixed to the surface of,
a concrete specimen, changes in strain in the concrete are

measured as changes in the period of vibration for 100 cycles.
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1.43kg/cm Wire to tube

140mm long

FIGURE 5.1. Vibrating wire strain gauges (VWG)
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The frequency of vibration (f), is given by equation:-

£ = o _fg (3.
2L Nm

length of the wire (in m)

wn
S

[

where [/
2

/M = mass per unit length of wire (in kg/m).

n

I

load in the wire (in N)

The load in the wire /2 = A A

Where /4-

A

stress (in N/m2)

cross section area (in m2).

£ £

But, /Z

where 15’: elastic modulus of the wire (in N/m2)

£

strain in the wire (in m/m)

Hence /A =££/4 3

Substituting in equation 5.1.

LR T T T T

L= f JEEH
Vg4

2L
Rearranging,
= 4(%
A £

The change in strain is calculated from the change in period

reading, where fﬂ =

o
/£

Hence, AL = L2~ é[z ) (5:.2)
25
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. ;
The term ££4°m™m is the gauge factor, as the wvalues (5, m

are generaffquixed for a particular gauge. The influence}of
temperature on each of these factors has been consicer-1 in
relation to the change in gauge factor likely to occur at -155°C.
In a gauge which is unrestrained, the length will change in
proportion to the thermal expansion coefficient of the stainless
steel tube which separates the plattens to which the wire is
clamped. From a review of the literature on the cryogenic
properties of steel, summarised in reference 79, the average
thermal expansion coefficient will be about 9 microstrain per °C,

resulting in a total shortening of 1665 microstrain between 20°C
and -165°C.

This is about 0.17%. As the wire shortens, the weight per unit
length will increase by a similar amount. In addition, the cross
sectional area will reduce by about 0.35%. The major change will
occur in the elastic modulus. For reinforcing steel and
prestressing strand, the modulus increases as the temperature is
reduced(79). At -165°C the modulus is 5-10% higher than at
20°C. The changes resulting from thermal contraction and its
effect on weight per unit length and c.s.a. amount to about 0.5%
and are not, therefore, considered to be significant. The change
in modulus of the wire, however, would be expected to reduce the

gauge factor by between 5 and 10%.

Calibration tests were carried out to check the gauge factor at
ambient temperature, and to determine the change in gauge factor
as the temperature reduced to -165°C. A rig was manufactured
specifically for this purpose. This is illustrated in Figure 5.2
and full details of the gauge calibration tests are given in
Appendix 3. To check the gauge factor at ambient temperature,
four dial gauges were incorporated into the' system. Strain was
imposed on the gauges using a differential screw system which
gave 478.5 microstrain (+ 2%) per revolution over the 140mm gauge

length. Calibration tests were carried out as follows:-

i) Three test runs with all eight gauges at ambient temperature

to determine the gauge factor at 20°C.
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Differential Screw

Vibrating Wire Gauges (4 No.)

(NB. For ambient calibration tests
2 No. WG's were replaced by dial
gauges)

Insulated Cabinet

Temperature Controlled Environ-
ment (ambient to —-196 C)

Gauges for Calibration
at Low Temperature

|
=—ml

FIGURE 5.2. Test rig for WG calibration at ambient and cryogenic
temperature.
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5.2.2

ii) Four test runs with four gauges at 20°C and four <3uass st
"1620[:-

A summary of gauge factors derived from the calibration tssts is
given in Table 5.1. It will be seen that the gauge factsr was
marginally reduced at low temperature. However, the reduction
was less than 2%, this being appreciably lower than the predicted
range of 5-10%, and suggests that the elastic modulus of the nigh
tensile piano wire used in the VWG's may not be as significantly
affected by reducing temperature as either reinforecing or

prestressing steel.

Test Specimens

For the measurement of direct tensile strength and strain
capacity, dog-bone shaped specimens with a 100mm square neck area
were used. The overall length was 750mm. Details are given in
Figure 5.3(a). After casting, the specimens were covered with
polythene sheets and stored at 20°C for 24 hours. The moulds
were then stripped and the specimens sealed in plastic bags and
stored at 20°C until they were instrumented prior to testing at

an age of about 8 weeks.

The method of 'sealed curing' is designed to simulate the insitu
curing conditions in a thick concrete section, in which only the
initial mix water is available for hydration. A total of 60 No.
specimens were cast, 15 No. from each of the four concretes
described in Table 4.1. From each set of 15 No. specimens, five
sets of three were to be tested at temperatures of 20, -20, -70,
-120 and -165°C. The non-standard shape of the specimens
necessitated the manufacture of special moulds. Details are
given in Appendix 1 on three drawings numbered TWC Dé6351/014,
Sheets 1-3.

For the measurement of strength and strain capacity in flexure,

standard beams measuring 100 x 100 x 500mm long were used in

compliance with BS 1881(50) Details are given in Figure
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(a) TENSILE TEST SPECIMEN
100 x 100mm square neck

100

’///,/’////;;;T; located on two
faces at mid point
f}/’// p

~ :

WG's located 15mm
from top and bottom
edges.

100

[[S-

500
100

(b) FLEXURAL TEST SPECIMEN

FIGURE 5.3. Test specimens for the measurement of direct tensile
strength and flexural strength.
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5.2.3

5.2.4

5.3b. Curing and storage conditions were identical to those used
for the tensile test specimens. Fifteen specimens were again
cast from each of the four mixes, three to be tested at 29. -20,
-70, -120 and -165°C.

Specimen Casting and Allocation

For each mix, five 200kg batches of concrete were cast over a
period of 10 days. From each batch, three dog-bone specimens and
three 100 x 100 x 500mm prisms were cast. The specimens were
then allocated to a particular test temperature as shown in Table
5.2, Tensile and flexural test specimens were allocated in
pairs, with both a tensile test and a flexural test being carried
out at a particular temperature on specimens from the same
batch.

Fixing of VWG's

To measure the stress-strain behaviour of the concrete in direct
tension up to failure, two continuously vibrating wire strain
gauges were fixed to the neck of the dogbone specimens along the

axis of loading and on opposite faces as shown in Figure 5.3(a).

The gauges were attached using a two part epoxy resin after
having carefully prepared the concrete surface. This involved
allowing the surface to dry and removing the paste layer from the
surface to expose the aggregate. Prior to fixing the gauges the
specimens were wrapped in plastic film. Only those areas
required for gauge attachment were exposed to prevent a

significant change in the moisture content of the specimen.

To ensure that the initial gauge length was the same for all
gauges, they were set up on a template before being tensioned and
adhered to the concrete. This ensured that no variations in
gauge factor would occur as a result of individual gauges being
of marginally different lengths. Also, by maintaining the end
platens at a fixed distance apart, the load generated on the
platens when the wire was tensioned (about 10 Newtons) was not
transferred to the adhesive. This minimised the risk of the

gauges becoming debonded during the 24 hour period whilst the
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oo | O RE | GAUGE FACTORs | AVERAGE
1 20 2.922
2 20 2.933
3 20 2.927 2.927
4 -162 2.890
5 -162 2.832
6 -162 2.889
7 -162 2.952 2.888

TABLE 5.1. Gauge factorsoderived from calibration tests at
20°C and -1627C

e TEST TEMPERATURE (°C)
N | 99 20 | -70 | -120 | -165
1 ® @
2 [ ®
3 ® ® ®
4 ® 9 e
5 ® ®

TABLE 5.2. Specimen allocation for tensile and flexural tests.
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5: 2.5

resin adhesive was curing. The templates were then removes. A
further precaution to minimise debonding after removal of the

template, was to modify the gauges by the incorporatior. o° -
collar and spring as shown in Figure 5.1. The colisr ‘:ias
adjusted to induce a load in the spring which was approximatzly
equal to the load in the tensioned wire. Hence the load in the
wire was transferred through the stainless steel wire-housing

tube and not through the concrete via the adhesive.

To measure the stress-strain behaviour of the prisms in flexure,
four VWG's were located at mid span, two on each of the opposite
vertical faces. The gauges were orientated along the horizontal
axis of the prisms, one gauge being mounted close to the top
surface and one close to the bottom. The method of fixing was

identical to that described above.

Loading Rigs

The design of the direct tensile test rig was based on a method
previously used by Komlos(80), A general arrangement is
shown in Figure 5.4 and working drawings (TWC/D 6351/011A, Sheets
1-5) are included in Appendix 1. The rig comprised a reaction
frame which separates two jaws which have universal joints. OUne
jaw is fixed, the other being connected to a 200kN jack and free
to slide. The specimen is located horizontally, with the jaws
and the specimen being supported on rods fixed to the reaction
frame. To avoid problems of embrittlement at low temperature,

the rig was fabricated using stainless steel EN 58B.

The flexural test rig was designed to meet the requirements of BS
1881(50) A general arrangement is shown in Figure 5.5 and
working drawings (TWC/D 6351/012 A - Sheets 1-4) are also
included in Appendix 1. Load was applied using either a 45 kN
jack at temperatures down to -20°C, or a 120 kN jack at lower
temperatures. Again stainless steel was used to avoid

embrittlement at low temperature.
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Insulated Cabinet Hydraulic Jack

: .
SRR I IR N ST R R N T S T N e
ELEVATTON

Test Specimen —\ Reaction Frame7
|

Rotat 1ng G?;:ﬁs
.- N ¥ %

D

\—Umversal J omts :

' PLAN Tufnol Blocks

FIGURE 5.4. General arrangement of the loading rig for the
measurement of direct tensile strength.
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FIGURE 5.5. General arrangement of the loading rig for the
measurement of flexural strength.
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5.2.6

5.2.7

Cryogenic Containments

To achieve the low temperatures required for testing, the test
rigs were housed in stainless steel insulated cabinets, as chown
in Figures 5.4 and 5.5. The systems were designed such that the
hydraulics remained at ambient temperature, being located outside
the controlled cryogenic environment. Low temperatures were
achieved by spraying liquid nitrogen (LNp) into the cabinet
through perforated copper pipes fixed to the inside walls.
Thermocouples linked to a temperature control unit and solenoid
valve limited the flow of LNy into the cabinet and hence the

temperature of the cryogenic environment.

To achieve load transfer through the cabinet walls from the jacks
located externally, high strength insulating spacers were
incorporated, using Tufnol. This prevented excessive heat flow
into the cabinets where the loading bar penetrated the cabinet
wall.

It was decided to house the whole of the loading frames inside

the cryogenic environment for the following reasons:-

i) The mass of the loading rig would provide a degree of
temperature stability, particularly in the event of a loss
of coolant.

ii) Temperature gradients within the specimen would be

minimised.

Test Procedures

Rates of cooldown likely to occur in a LNG containment are of the
order of 1°C per hour. At this rate, cooling the specimens from
+20°C to -165°C would take nearly 8 days. To cool 60 specimens
individually in the loading rig at this slow rate would require a
period of about 16 months. To overcome this problem two

decisions were made. Firstly the rate of cooling
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would be doubled to 2°C per hour. Secondly the specimens would
be cooled in a separate chamber so that several specimens could
be cooled simultaneously. These two changes enabled the 60 tests
to be completed in each rig within an 8 weeks period, two weeks
for each of the 4 concretes. The programme of cooling and

testing over a typical 2 week period is shown in Table 5.3.

The main problem in cooling and testing the specimens in
different cabinets was in ensuring a minimal change of
temperature during transfer. Tests were carried out to determine
the rate of warm up when specimens at -165°C were removed from
the cooling cabinet. For the first five minutes the rate of
heating was approximately constant being 5°C per minute at the
surface. The time for transfer was generally less than 1 minute

and not therefore considered to be a problem.

Having located the specimen within the loading rig the gauge
leads were connected and a period of at least 30 minutes allowed
for stabilization of the gauges and the environment. Stability
was detected by observing the strain gauge output. Having
achieved temperature stability, datum readings were taken on the
gauges and loading commenced. An electric pump was used to apply
the hydraulic load such that the stress on the specimen increased
at a rate of approximately 1.5 N/mm2 per minute. Both stress and
strains were displayed on a U-V recorder which provided a

permanent record of the data up to failure.

Tensile and flexural test specimens, with VWG's attached, and

located in the loading rigs are shown in Plates 5.1 and 5.2.

5.3 TEST RESULTS

5.3.1 Direct Tensile Strength

Values of direct tensile strength recorded for each of the 60
specimens tested are given in Table 5.4 together with mean values
at each of the five temperature levels. The results are
presented graphically in Figure 5.6 which shows the influence of

temperature on the tensile strength of the four concretes tested.
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T = Tensile Test F = Flexural test

Tuesday:

Wednesday:

Thursday:

Friday:

Saturday/
Sunday:

WEEK 2

Monday:

Tuesday:

Wednesday:

Thursday:
Friday:

Saturday/
Sunday:

6T agd 6F located %n cooling cabinet, cooling rate set
at 2°C/hour to -20°C.

After 20°C tests, rigs cooled to -20°C overnight.

Cabinet maintained at -20°C until BT and 3F tested.
Cooling rate set at 2°C/hour to -70°C.

Test rigs maintained at -20°C.
Test rigs cooled down to -70°C overnight.

Cabinet maintained at -70°C until 3T and 3F tested,
then allowed to warm up to ambient.

63 and 6F 10categ in cabinet; cooling rate set at
2°C/hour to -120°C.

Test rigs maintained at -70°C.

Speglmens cooling to -120° C, rigs maintained at
=707 C-

Test rigs crash cooled to -120°C. Cooling cabinets
malntalned at -120°C ungll 3T and 3F tested, then
set at 2°C/hour to -165°C.

Test rigs maintained at -120°C.

Specimens cooling to -165°C. Test rigs cooled to
-165°C overnight.

Cooling cabinet maintained at -165°C until 3T and 3F
tested, then allowed to warm up to ambient.

Test rigs allowed to warm up to ambient.

TESTIE

3T) s
3F) af 20°¢
3T) s
3F) at =zG .
3T) i
3F) at -70°C
gg) at -120°C
3T) o)
3F) at -165°C

L T T

NB. Days with no testing were used to retrieve and clean gauges and instrument
new specimens prior to cooling.

TABLE 5.3.

and flexural strength.
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PLATE 5.1. Direct tensile test specimen located in the
loading rig.

PIATE 5.2. Flexural test specimen located in the loading rig.
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S DIRECT TENSILE STRENGTH (N/mm?) AT TEMPERATURES INDICATED
' 20°C -20°C -70°C -120°C -165°C
AEC 1.18" 1.61(2.43) | 0.58% 5.13(5.78) | 3.97(4.79)
1.39¢1.76) | 2.02¢2.71) | 5.80(6.09) | 5.22(6.41) | 5.34(5.3%)
1.60(1.79) | 2.74(3.11) | 4.14(6.04) | 4.97(5.36) | 4.31(5.15)
Mean | 1.39 2.21 4.97 5.11 4.59
HS 1.71(2.48) | 2.09 4.14(5.15) | 5.53(6.64) | 5.49"
2.21(4.42) | 2.52 0 6.21(6.85) | 4.93(6.28)
2.61(3.86) | 2.38 5.59" 4.62(5.27) | 5.18(5.42)
Mean | 2.18 2.33 5.28 5.45 5.20
LW 2.14(2.91) | 3.00(3.69) | 2.41(2.85) | 5.49(5.82) | 3.16(3.98)
1.55" 2.85(3.66) | 3.40(4.14) | 5.35(6.46) | 4.55(7.69)
176" 3.54(4.74) = 3.07(3.49) | 4.90(7.36)
Mean | 1.82 3.13 2.91 4. 64 4.20 |
PFA 2.19(2.73) | 3.63(4.01) | 5.69(6.56) | 5.30(7.33) | 7.66(8.46) i |
2.43(2.65) | 2.38(2.83) | 4.50(4.61) | 5.85(6.44) | 4.55(6.17) 1
2.21(2.55) | 2.90(3.14) | 6.04(6.63) = 5.86(6.73) ;
I
Mean | 2.28 3.00 5.41 5.63 6.02 :

Premature failure, data not included in the mean.
+ Only one gauge working.

() Indicates calculated stress at location of gauge indicating the highest

strain at failure.

TABLE 5.4. Direct Sensile strength recorded at temperatures down
to -165°C.
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5.3.2

For the three normal weight mixes the rate of strength ga.n was
most noticeable in the range -20 to -70°C. Between 20 and -20°C
there was a small increase, of the order of 20%, and belcw -73°C
there was no significant change in strength. Between -2°C and
-70°C the strength more than doubled. These resul:z are
consistent with published data, reported in Section 2.5:1, for
the influence of temperature on the tensile splitting strength,
and support the hypothesis that all the free water in concrete
has frozen at -70°C.

The rate of strength increase of the lightweight concrete
differed from the normal weight mixes. The most significant
increase in strength occurred within the temperature range +20 to
-20°C. Between -20 and -70°C there was a marginal reduction in
the average strength. Below -70°C, the strength increased again
down to -120°C followed by a further small reduction in the range
-120 to -165°C.

The difference in the behaviour of the normal and lightweight
concretes is believed to be, at least in part, due to the
difference in pore structure. The increase in strength of the
lightweight mix between +20 and -20°C is most likely due to the
high proportion of larger pores, as shown in Figure 4.19, in
which the water will have frozen once the temperature has reached
about -5°C (see Section 2.2). The lack of strength gain between
-20°C and -70°C, together with the continued increase in strength
below -70°C would indicate that the capillary pores in the
lightweight concrete are smaller than those present in the normal
weight mixes. Results of porosimetry measurements, however, show
a higher proportion of pores in the lightweight mix over the size
range 50 to 75000 A (Figure 4.19). This suggests that either the
moisture in the lightweight mix is predominant in pores smaller
than 50A or that the moisture content is small in relation to the
pore volume available and ice formation 1is therefore less

effective in filling the voids and reducing the porosity.

Flexural Strength (Modulus of Rupture)

Values of flexural strength recorded for each of the 60 specimens
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FLEXURAL STRENGTH (N/mm?) AT
— TEMPERATURES INDICATED
20°¢ | -20°% | -70°% | -120°% | -165°C
AEC 3.20 | 4.14 8.50 | 9.29 9.23
3.12 | 4.87 9.23 | 8.86 9.57
3.50 | 3.50 8.99 | 9.76 | 10.9
Mean | 3.27 | 4.17 8.91 | 9.30 9.65
HS 4.52 | 5.49 8.62 | 11.90 | 10.33
4.35 | 4.10 8.99 | 11.66 | 10.35
4.26 | 4.97 9.62 | 11.66 -
Mean | 4.38 | 4.85 9.08 | 11.74 | 10.34
W 4.12 | 6.87 6.13 | 7.37 9.08
3.80 | 6.37 6.40 | 7.93 8.73
3.74 | 6.20 5.92 | 7.43 | 10.01
Mean | 3.89 | 6.48 6.15 | 7.58 9.27
PFA 3.42 | 6.67 | 11.79 | 10.43 | 10.82
1.537| 5.22 9.49 | 7.93 9.70
3.77 | 6.20 9.85 | 10.97 | 12.39
Mean | 3.60 | 6.03 | 10.38 | 9.68 10.97

+ Only one gauge working

TABLE 5.5. Flexural strength and str%in capacity recorded at
temperatures down to —-1657C.
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TENSILE STRENGTE

(N/mm? )
\\— by 6
o——-’/‘\‘:
N\ :
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3
®m Mix AEC
® Mix HS 2
¥ Mix IW
A Mix PFA : .
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-180 -140 -100 -60 -20 20
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FIGURE 5.6. The influence of temperature on direct tensile
strength

FLEXURAL STRENGTH
(N/mm?)

Mix AEC

6
e Mix HS
v Mix LW 5
A Mix PFA 4
; " A N n 1 4 i L 1 = 3
-180 =140 -100 -60 =20 20
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FIGURE 5.7. The influence of temperature on flexural strength.
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FLEXURAL STRENGTH, f,
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FIGURE 5.8. The relationship between direct tensile and flexgral
strength over the temperature range 20°C to -165°C.
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5.3.3

tested are given in Table 5.5. The results are summarizzd in
Figure 5.7 which shows the influence of temperature on the Ffour
concretes tested. It will be seen that the flexural strznoth
increased with reducing temperature in much the same way as the
direct tensile strength. However, the magnitude of Fflexural
strength was approximately double the tensile strength over the
range of temperatures investigated. This is shown in Figure 5.8
which illustrates the relationship between tensile and flexurazl

strength for all four concretes over the range of test

temperatures.

Strain Capacity in Direct Tension

Stress-strain curves for each concrete are illustrated in Figure
5.9 (a-d) for mixes AEC, HS, LW and PFA respectively. Each
figure includes the five stress-strain curves recorded at 20,
-20, -70, -120 and -165°C, and each curve represents the average

from three specimens tested for each mix, at each temperature.

The magnitude of tensile strain capacity of the concrete, i.e.
the strain at failure, can be derived in a number of ways. The
most straightforward interpretation is to simply take the mean
strain recorded across the specimen at failure. These values are
given in Table 5.6. Being highly sensitive to the "weakest link
theory" values of tensile strain capacity (and tensile strength)
tended to be scattered. A closer examination of the results,
however, shows that some of this scatter can be explained by
non-axial loading of specimens. Failure occurs when the stress
(or strain) at any point in the specimen exceeds the strength (or
strain capacity). If the specimen is non-axially loaded, as
indicated by differential elongation during the test, the actual
stress at the point of failure will be in excess of the mean
value. Hence representing strain capacity in terms of the mean
value provides a conservative estimate. Values of maximum strain
at failure are also given in Table 5.6 for each specimen, it

being assumed that cracking was initiated at the location of the
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FIGURE 5.9. Stress—strain curves measured in direct tension.

Each curve represents the average from three test
specimens.
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DIRECT TENSILE STRAIN CAPACITY (1 x 10‘6)
b A AT TEMPERATURE INDICATED
20°¢C -20°¢ -70°C -120°C -165°%
AEC 49" 58 (75) 7% 101(110) 74 (86)
34 (43) 40 (53) | 118 (124) | 105 (129) | 108 (108)
33 (37) 81 (92) 87 (127) | 88 (93) 72 (86)
Mean 36 61 103 98 85
HS 69 (100) = 70 (87) 55 (66) 92"
73 (146) = 100" 78 (86) 73 (93)
75 (110) = 103" 71 (81) -
Mean 72 = 91 68 83
W 80 (102) | 112 (135) | 94 (109) | 190 (199) | 162 (193)
87" 111 (140) | 126 (149) | 195 (231) | 267 (436)
90" 132 (176) = 92 (100) | 130 (196)
Mean 86 118 110 189 186
PFA 39 (48) 86 (95) | 109 (125) | 81 (112) | 125 (138)
55 (60) 54 (61) 84 (86) | 106 (114) | 58 (78)
59 (68) 74 (80) | 122 (134) - 99 (107)
Mean 51 71 105 94 94
Premature failure, data not included in the mean.

+ Only one gauge working.

() Indicates strain recorded at gauge with greatest elongation.

TABLE 5.6.

Strain capacity measured in direct tension at
0
temperatures down to —-165°C
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5.3.4

gauge exhibiting the higher strain. The difference between the

mean and the maximum strain values indicate the degree of

non-axiality of loacing.

The relationship between the mean tensile strain capacity and
temperature is shown in Figure 5.10 for the four concretes
tested. In every case the strain capacity increased as
temperature was reduced in much the same way as strength. The
strain capacity of the 1lightweight concrete was however,
noticeably different from the normal weight concretes being of
consistently greater magnitude; this despite the fact that the
tensile strength was not appreciably different from the other
three concretes. This 1is largely due to the lower elastic
modulus of the lightweight concrete and the different mode of
failure. Failure of the normal weight concrete occurred due to
breakdown of the aggregate/cement paste bond. The lightweight
aggregate did not debond, however, with failure occurring through
the aggregate particles and hence utilizing the inherent strength

and strain capacity of the aggregate.

Considering the normal weight concretes as a single population,
the strain capacity increased from about 50 to 100 microstrain
over the range 20 to -70°C with a small reduction to about 90
microstrain at -165°C. The strain capacity of lightweight
concrete increased from 86 to 160 microstrain. Both normal and
lightweight aggregate concrete therefore became appreciably more
crack resistant as the temperature reduced down to cryogenic
levels, the lightweight concrete gaining most benefit from the

low temperatures.

Strain Capacity in Flexure

Stress-strain curves for each concrete are illustrated in Figure
5.11(a-d). Each curve represents the average from three
specimens tested for each mix at each temperature. These
stress-strain curves do not however, represent the behaviour of
the extreme fibre as the gauges were located only 35mm below the

neutral axis. (This was necessary in order to avoid damaging the
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FIGURE 5.10. The influence of temperature on the strain capacity
measured in direct tension.
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FIGURE 5.11. Stress—strain curves measured in flexure. Each
curve represents the average from three test
specimens.
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FLEXURAL STRAIN CAPACITY (1 x 10™®) AT TEMPERATURE INDICATZD
MIX NO.
20°¢C -20°C -70°C -120°C -165°C
AEC 113 91 108 138 115
72 133 144 135 108
96 123 148" 103 157
Mean 94 (134) | 116 (166) | 133 (190) | 125 (179) | 127 (181)
HS 147 66" og* 132 118"
115 65 115 127 144
63" 110" 120 108 -
Mean | 108 (154) | 80 (114) | 111 (159) | 122 (174) | 131 (187)
W 141 211 194 154 293
128 199 170 168 265
136 161 166 202 256
Mean | 135 (193) | 190 (272) | 177 (253) | 175 (250) | 271 (387
PFA 95" 161 187 137 140
106 207 128 130 139
119 216 158 152 189
Mean | 107 (153) | 195 (279) | 158 (226) | 139 (199) | 156 (223)

+ Only one gauge working.

() Indicates calculated extreme fibre strain at failure.

TABLE 5.7.

Strain capac%ty measured in flexure at temperatures
down to -165°C.
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5.3.5

gauges when the specimen failed). Assuming a linear =z:irain
distribution throughout the specimen the strain at the extreme
fibre would be greater than the measured strain by a factor of 52

= 35 = 1.429;

Values of flexural strain capacity are given in Table 5.7.
Included are the individual mean strains recorded for each
specimen together with the mean strain for each concrete at each
temperature and the corresponding extreme fibre strain calculated
using the factor of 1.429.

The relationship between the mean flexural strain capacity,
calculated for the extreme fibre, and temperature is shown in
Figure 5.12 for the four concretes tested. In every case the
strain capacity increased as the temperature reduced. At -165°C
the strain at failure was typically 30-50% greater than recorded
at ambient temperature. Again the lightweight aggreqate concrete
was noticeably different from the normal weight concretes, having
a significantly higher strain at failure. The most pronounced
difference was at -165°C when the lightweight concrete exhibited
about double the strain recorded for the other three mixes. At
higher temperatures the difference was typically 30-50%.

The relationship between the flexural strain capacity and the
tensile strain capacity is shown in Figure 5.13. The former was
of the order of 60% greater in magnitude based on measured
strains, but some 100% greater based on estimated extreme fibre

strains at failure.

Relationship Between Strength and Strain Capacity

Relationships between strength and strain capacity are given in
Figure 5.14. Data are included from both the direct tensile
tests and flexural tests. For the lightweight concrete there
appears to be a single linear relationship between strength and
strain capacity which applies both in direct tension and to the
extreme fibre stress in bending. For the three normal weight
mixes, however, the strain capacity does not increase in direct

proportion to strength. At the higher strength levels there
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FIGURE 5.12. The influence of temperature on the strain
capacity measured in flexure.
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appears to be a limiting strain value which it is difficu’lt o
exceed. In direct tension this value is about 110 microstrain: in
flexure the equivalent value is of the order of 220 micro:z--ain,

about double the value in tension.

Whilst the tensile strain behaviour at cryogenic temperature has
not been investigated previously, considerable research has bzen
carried out on concrete at ambient temperature. A summary of
tensile strain capacities reported in the literature (81-85) is
given in Table 5.8. Whilst reported values of tensile strength
varied from less than 1 N/mm2 up to 4.5 N/mm? the tensile strain
capacity remained largely within the range 50-100 microstrain,

these values being compatible with the authors results.

= 23] =



REF. NO. SOURCE STRENGTH STRAIN CAPACTTY
—_— _ (N/mm? ) (Microstrain)
8l Cornelissen & Reinhardt 2.5 100

82 Zielinski & Reinhardt
- Mortar 1.9 110
- Microconcrete 23 110
- Concrete 2.5 140
83 Hughes & Chapman* 1.52 90
1.24 80
1.14 80
1.17 60
0.76 65
84 Damone Immersed 2.60 83
2.:35 88
2.20 85
2.15 78
2515 65
2.05 80
Sealed 2.20 77
1.85 70
1.90 69
1.80 64
1.65 61
1.65 65
85 Lydon & Balendran Limestone 3.45 75
3.45 85
3.85 83
3.90 80
3.90 90
3.95 90
4.05 97
4.35 95
4.35 87
4.50 100

TABLE 5.8. A summary of published results on tensile strength
and straln capacity.
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6.1

6.2

6. THERMAL EXPANSION COEFFICIENT AND ELASTIC MODULUS

INTRODUCTICN

The most significant loads to be imposed upon the wall of a cryogsnic
storage tank may be thermally induced. It is, therefore, essential that
the thermal expansion coefficient of the concrete is known over the
range of operating temperatures. Furthermore, the magnitude of
thermally induced stresses will be determined by the elastic modulus of
the concrete. Tests have, therefore, been carried out to measure both
the thermal expansion coefficient and elastic modulus over the

temperature range +20 to -165°C.

EXPERIMENTAL DETAILS

6.2.1 Strain Measurement

To record both load induced and thermally induced strains,
embedded Vibrating Wire Strain Gauges were used. The method of
operation of VWG's is described in Section 5.2.1, together with
details of calibration tests at ambient and cryogenic temperature
which were undertaken to establish the variation in gauge factor
for surface mounted gauges. The results showed that the influence
of temperature was unlikely to change the gauge factor by more
than 2% and for the strain capacity measurements no adjustments
were made. In all previous tests, the temperature was maintained
at a constant level for the duration of loading. Measurement of
the thermal expansion coefficient, however, necessarily involved
the measurement of strain wunder conditions of changing
temperature. Further calibration tests were carried out,
therefore, to determine the temperature correction factor for the
VWG's under transient thermal conditions and to check the gauge

factor for the embedded gauges.

The temperature correction factor is necessary to take account of
the thermal expansion coefficient of the steel wire within the
gauge. Consider the strain change in the concrete AE  for a

temperature change AB . For the same temperature change the
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length of the vibratirg wire will change by / % &uwhers o :s

the thermal expansion coefficient of the wire. The recorded

strain change 4 5~ will therefore be:-

AfEr = AE - Kw AB {6.1)

Where expansion is positive.

Hence, the actual strain change in the concrete, is given by the

equation,
AL = AfLr+ 6l (6.2)

Consider a concrete specimen which is cooled from 30°C to 10°C,
and which under ambient conditions has a thermal expansion
coefficient of 11 microstrain per °C. The real contraction of the
concrete is 20 x 11 = 220 microstrain. However, over the same
20°C temperature change the wire in the VWG will have also
contracted. The thermal expansion coefficient of the steel wire
under ambient conditions is 12 microstrain per °C, hence the wire
will have contracted by 20 x 12 = 240 microstrain. As the
concrete has contracted by only 220 microstrain, the wire will
therefore be in greater tension. The recorded gauge reading would
therefore indicate expansion of the concrete by 20 microstrain.

Applying the above equation, however:-

AS = 20+ (12).(-20)
= 20 - 240 = =220 microstrain

Calibration tests were carried out as follows:-

(1) Two gauges, tensioned at different frequencies, were cooled
down to -178°C in increments, and the apparent strain
resulting from differential contraction of the wire and the
body of the gauge was recorded. This test was carried out
three times.

(2) Gauges were fixed to both copper and nickel bars, with

pre-defined thermal contraction characteristics, and these
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were cooled from 20°C to -178°C. In each case four gauges
were used, in two pairs, each pair being tensioned to a
different- frequency.

(3) Three concrete cylinders were cast, 150mm diameter by 450mm
long, each with an embedded gauge at the centre and thre=
surface mounted gauges fixed at equal intervals around the
surface. Gauge readings were taken at 18°C and after cooling
to -173°C.

(4) The three concrete cylinders were subjected to loading at
temperatures of 20, -20, -70, -115 and -165°C, and the strain

monitored at a stress level of 13.8N/mmZ.

Specific details of the thermal and load calibration tests are
given in Appendix 3. The temperature corrections, derived from
the calibration tests using nickel and copper bars, are shown in
Figure 6.1. There are a series of curves, the temperature
correction being influenced by the initial frequency of the wire
as shown in Figure 6.2. This is described in Appendix 3 in more
detail, in which it is shown that the change in the temperature
correction factor, A&z, , is linearly related to (frequency)?2.
and hence the initial strain in the wire. The reason for this
has not been identified, but the effect has been taken into
account by ensuring that for the thermal expansion coefficient
and elastic modulus tests, all the gauges were tensioned within a

narrow frequency band.

The results of tests on the three concrete cylinders with both
embedded and surface mounted gauges are included in Tables 6.1,
6.2 and 6.3. The results obtained when the specimens were cooled
directly from 18°C to -173°C are given in Table 6.1. The
variation in thermal contraction for the three specimens, after
correcting for contraction of the gauge wire, was insignificant.
However, the same difference was observed between internal and
external strain for each specimen, the former being about 6%
higher. For this difference to be attributed to a change in
gauge factor for the embedded gauges, an increase of about 15%
would be needed ie. the average difference between values of

measured strain change before temperature correction. Hence to
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FIGURE 6.1. Temperature correction curves for vibrating wire

strain gauges derived using copper and nickel test
pieces with defined thermal expansion coefficients.
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SPEC INITIAL MEASURED | TEMPERATURE THEERMAT
NO FREQUENCY STRAIN CORRECTION CCNTRACTICH
Hz Er & te Ee

1 EXTERNAL Gauge 1 1420 675 -1950 =312%5
Gauge 2 1395 679 -1945 -1266

Gauge 3 1406 643 -1950 =1307

Average -1285

INTERNAL 1419 585 -1950 -1365

2 EXTERNAL Gauge 1 1071 527 -1840 -1313
Gauge 2 1116 631 -1850 -1219

Gauge 3 1114 541 -1850 -1309

Average -1288

INTERNAL 1126 498 -1855 =1357

3 EXTERNAL Gauge 1 868 489 ~1785 -1298
Gauge 2 868 520 -1785 -1265

Gauge 3 866 505 -1795 -1281

Average -1281

INTERNAL 861 423 -1785 -1362

TABLE 6.1. Summary of results obtained from tests to establish

the correction factor for WG's under transient
temperature conditions.
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6.2.2

6.2.3

obtain similar velues of internal and external strains, th= cauge
factor for embedded gauge would need to be increased from 2.5°

to about 3.%4.

To check the gauge factor of the embedded gauges, a second series
of tests were carried out in which the specimens were coolz:Z in
four increments, and load tested at each temperature. Values of
temperature corrected thermal strains are given in Table 6.2.
Again the external strains were higher, in this case by about 10%
However, the results of the load tests, summarised in Table 6.3,
indicated no significant change in gauge factor. On average the
gauge factor was about 2.5% lower for the internal gauges. The
difference in thermal strain could not, therefore, be attributed
to a change in gauge factor. The influence may, therefore, be a
true measure of the relative thermal contraction through the
specimen. For the test programme proper, the gauge factor has not

been changed.

Test Specimens

The thermal contraction and elastic modulus were measured using
the same set of specimens. For each concrete, three 150mm
diameter by 450mm cylinders were cast, each with a 150mm long
embedded Vibrating Wire Strain Gauge located along the axis of
the cylinder in the middle third as shown in Figure 6.3. After
casting at a mix temperature of 20°C, the moulds were covered and
stored in a constant temperature room for 24 hours. The
specimens were then de-moulded, sealed in heavy duty polythene
bags and maintained at 20°C until the time of testing. Prior to
testing the trowelled end of each cylinder was capped to provide

a flat bearing surface.

Loading Rigs

Three hydraulic loading rigs were used to enable one set of three
specimens to be tested simultaneously. A section through a rig is
shown in Figure 6.3. and working drawings are given in Appendix
L Stainless steel, EN58B, was used to avoid embrittlement

problems during low temperature testing. The rig design is
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TRpmATRE SPECIMEN 1 SPECIMEN 2 SPECIMEN 3 AVERAGE
c Int Ext Int Ext Int Ext Int Bk

17 to 20 -386 -367 | -398 =347 | -395 -397 | -393 -370
(1.052) (1.147) (0.995) (1.062)

=20 to =70 | -289 -257 | -302 268 | -296 -255 | -296 =260
(1.125) (1.127) (1.161) (1.139)

=70 to -115 | -277 =259 | -291 —259 | =277 -248 | -282 <55
(1.070) (1.124) (1.117) (1.106)

-115 to -165| =255 -236 | -265 -236 | -250 218 | <057 -230
(1.081) (1.123) (1.147) (1.117)

17 to -165 | -1207 | -1119 | -1256 | -1110 | -1218 | -1118 | -1228 | -1115
(1.079) (1.132) (1.089) (1.103)

( ) Indicates ratio of internal to external strain.

TABLE 6.2. Results of tests to establish the gauge factor for
embedded gauges under conditions of changing
temperature.
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STRAIN AT 13.8N/mm? ASSGMING|
TEMPERATURE GF = 2.927
(OC) MEAN
Spec. 1 | Spec. 2 | Spec. 3
20 Int 439 489 445 464
Ext 416 457 345% 437
Ratio 0.948 0.935 0.775% | 0.942
GF for Embedded

Gauge 2.757
=20 Int 478 513 452 481
Ext 430 487 440 452
Ratio 0.900 0.949 0.974 0.940

- GF for Embedded
Cauge 2.751
=70 Int 448 475 427 450
Ext 422 477 423 441
Ratio 0.942 1.004 0.991 0.979
GF for Embgdded 2 866

auge
=125 Int 413 455 423 430
Ext 406 452 408 422
Ratio 0.983 0.993 0.965 0.981
GF for Embedded 2.871

Gauge
-165 Int 395 421 395 §04
Ext 408 440 403 417
Ratio 1.033 1.045 1.020 1.032
GF for Embedded 3 021

Gauge

GF for Embedded Gauge = External Strain % 2.927
Internal Strain ’

Results of tests to establish the gauge factor for
embedded gauges under load, at temperatures from
20°C to -165°C.

TABLE 6.3.
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cylinder

Embedded VWG

FIGURE 6.3. Section through the loading rig and test specimen.
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6.2.4

6.2.5

similar to that wused by Taywood Engineering (78) for creen

most
significant difference being the extended reaction frame requirsd

testing at ambient and elevated temperatures., the

to separate the loading head from the cryogenic specimen housinij.
This enabled a conventional hydraulic loading system to be used
to apply a stress of 13.8 N/mm2 to the test cylinders. Load was
applied using a hand pump. A three-way valve was used to ensure
that an equal stress was applied to all three cylinders. Stress
was recorded from a dial gauge connected to the pump. Loading

rigs are shown in Plate 6.1 prior to installation in the

cryogenic cabinet.

Cryogenic Containment

The loading rigs were located in a cryogenic cabinet, similar to
that used for low temperature permeability testing. The lid was
modified to allow penetration of the reaction frame, as shown in
Plate 6.2. This involved cutting three holes, large enough to
enable the specimens to be lowered into the cabinet from above.
The seals around the reaction frames, where they penetrated the
lid, were made using expanded polystyrene plugs. In addition,
the set temperature controller was replaced by a programmable
temperature controller, and the base of the cabinet strengthened
to support the combined weight of the rigs and concrete
specimens. Cooling was achieved by the controlled injection of
liquid nitrogen (LNp). The temperature in the cabinet was
monitored using a thermocouple located adjacent to the test
specimens. This was linked to the temperature controller which in
turn activated a solenoid valve in the LN supply line. To avoid
temperature variations in the cabinet, a fan was used to
circulate the cold gas and baffles at the LNy inlet point both
dispersed the gas around the chamber and prevented LN from being

sprayed directly onto the test specimens.

Test Procedure

After sealed curing for 8 weeks, one set of specimens was removed
from the plastic bags and located in the loading rigs. They were

then wrapped in plastic film to prevent moisture movement during
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PIATE 6.1. Cylindrical specimens located in the hydraulic
loading rigs prior to installation into the
cryogenic cabinet.

——

'-u_“‘_.

PLATE 6.2. Three loading rigs installed in the cryogenic test
rig prior to testing.
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the test. The loading rigs were installed into the cryogenic
cabinet and strain readings taken to provide a datum at the star:
of the test. The specimens were loaded in increments of 3.45% /=2
up to a maximum stress of 13.8N/mm2 and strain readincs taken
after each increment of load to determine the elastic modulus, E

of the three specimens at ambient temperature. The load was then

released and the strain again recorded.

’

To cool the specimens, the programmable temperature controller
was set at a rate of -2°C per hour. After 20 hours when the
temperature had dropped from +20 to -20°C, the temperature was
held for one hour. During the one hour dwell period the VWG was
monitored to ensure that no strain changes were occurring, hence
indicating that the concrete specimen was in thermal equilibrium
with the environment in the cryogenic cabinet. The strain was
then recorded and the specimens load cycled, the procedure being
the same as at 20°C. Cooling was then continued at a rate of 2°C
per hour and load cycling repeated at temperatures of -70, -120
and -165°C. The data obtained, therefore, provided information on
both the elastic modulus, E, for each load cycle, and thermal

contraction over the range +20 to -165°C.

6.3 TEST RESULTS

Gauge readings for individual test specimens obtained throughout the
test regime described above are given in Table 6.4, together with
calculated strain values. A gauge factor of 2.927 x 10-3 microstrain
per frequency? has been used throughout. Furthermore, the temperature
correction curve for gauges tensioned to an initial frequency of
1,000Hz has also been used throughout. Initial frequencies, given in
Table 6.4, were all in the range 928 to 1,009Hz. From Figure 6.2,
which illustrates the relationship between temperature correction
factor 2}1 and frequency?, it will be seen that the variation in Lec
due to the variation in initial frequency will have been less than 25
microstrain when cooling from 20°C to -165°C. As the recorded thermal
contraction was of the order of 1,700 microstrain, the change in ftehas
been ignored, being equivalent to less than 1.5% of the total thermal

contraction.
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Mix HS
PERICD READING 40 STRAIN | |
SPECDON | TP AT STRESS (N} &F l !
®, 0 . :
0 | 335 | 5590 (1035 |13.80 1 3
1 15 | 10415 | 10527 | 10630 | i:cal '
- | =51 | -an | an 1 i
2 15 | 10776 | 1917 | 1190 | 11288 | 11510 |
= |8 | = | 22 | - | :
3 15| 10093 | 1om8 | 1537 ¢ i
= (=70 (=i13) [
Ave. 15 1 1
= =0 | e | iy | om0y
1 -20 | 10613 | 10568 | 10698 | 10851 | !
- |88 | 13 | c-2am
2 =20 | 10798 | 1091 | 11117 | 11298
= | 88 | (-1a2) | (-218)
3 =20 | 10038 | 10237 | 1379 | 10520
= | 5% | -3 | (-20m)
Ave. -20
- | e | s | -20m
1 =70 | 10123 | 10209 | 1034 | 10475
- | (=8 | (-121) | (-le9)
2 =70 | 10757 | 10881 | 11047 | 11214
= | =50 | B | 20
3 -70 | 10098 | 10186 | 10018 | 10047
= | ey | (-119) | (-188)
hve. -10
- (=51) (-126) | (=193} | (-268) | (-%)
1 -120 | 10128 | @23 | 107 | <0 | 10863 | o015
= | 3 | 1| (-8 | 2 | (D)
2 -120 | 10804 | 10922 | 11066 | 11220 [ 11389 | 106
= | =5 | un | e | 2sn ]| o)
3 =120 | w0132 | 10217 | 10328 | 10048 | 10584 | 10136
= | 0 | | o) | o8| -
Ave. =120
= | e | ey | | e | -n
1 ~165 | 10188 | 10307 | 10396 | 10517 [ 1o&36 | 10188
= | =9 | (un| 1| an| ©
2 -165 | 10911 11033 | 11069 | 11314 | 11669 | 10807
- (=5¢) | (U (=11 2| (D
3 <165 | 10276 | 10344 | 10453 | d0ses [ 1086 | 10274
= | 38 | (9 | 19| (-208)| (-1
Ave =165
= | = | 10| e | 20
Mix PFA
PERIOD READING AND STRAIN
SPECDOEN .,Eg AT STRESS (Njwe') OF
w. £
o | 345 | 690 1035 |10 [
1 16 | 1ozea | towz | 10585 | 10782 | 11018 | 10290
- -1 (=16} | (-238) | (-3&3)( (-12)
2 16 | 10148 | 10253 | 10398 | 105% | 10760 | 10186
- | =8 | 09| 5| 309] -10)
'3 16 | 10248 | 10368 | 1056k | 1073 | 10961 | 10280
- | e | 13| (268)| (35D (-1
Ave. 16
6 | 150 20| (=3%0)| (-13)
1 =20 | 10009 10042 | 10638 | 10841 | nowm | oz
= (=70} | (-168) | (-264)| (=351)| (-13)
2 -20 | 10193 1029 | 10643 | 10610 | 10766 | 12n
=] =59 | 13| a8y | (-2 (-10)
3 -20 | 10299 | 10415 | 10598 | 10799 | 10981 | 1c018
- | D | i) 250 | 3| (-0
Ave. -20
-2 | (152 (26| (20| 10
1 =70 | 1m268| 10070 | 10522 | 10651 | 10858 | 10296
= | =50 | | Cus)| mD| (-13)
2 -70 GAUGE FAILURE
3 <70 | 10254 | 10349 | 1<z | 1065 | 10817 | 10270
- | 50 | | 09| 28| (9
Ava, =70
0 | (129 (-no| (288 (-11)
1 —120 | 10019 | 10618 | 10553 | 106s2 | 1o | 1032
- | s | o] 1e8)| (-25%)] (-5)
2 -120 GAUGE FPALLURE .
3 -120 | 10296 10386 | 10516 | loss | 10790 | 10296
- =8 | | ] cen|
ave. | -120
d -0 | -un| sa| csn| @n
1 165 | 10098 1000 | 10620 | 10730 | 1088 [ 10097
- | s | cun| e e o
7 165 CAOGEE FAlLURE
3 65 | 10058| 10656 | 10572 | 10698 | 10827 | 109
= s | im] | canf (9
hoet s | enn| com| coal o

Mix AEC
PERIOD READING AND STRAIN
IS | T AT ETRESS (N/mx') OF
o e
o [ 3 | 6% [103 [13.80 | o
1 16 | 10180 | 10342 10517 10699 10909 o276
. (-88) (=178) | (-267) | (-363) | (=52}
2 16 | 10271 | 10633 10622 10823 11052 1092
- {-85) (=180} (-276) | (=378) | (-11)
3 16 § 10212 | 10397 10573 10782 10979 10265
-~ (=593 (=188} | (=219 | (=377) | (=29
dove, 16 .
(=91) (=182) | (-27&) | (-373) | (-30)
1 =20 | 10228 | 10306 10656 10642 10855 10243
- (=42) (-120) | (=213) | (=314) | (-8)
2 =20 CAUGE FAILURE
k] =20 | 10264 | 10402 10570 10768 10984 10283
- (-73) (-158) | (=254) | (=352) | (1)
dowe . =20
=0 | 19| 20l ] o
1 =10 1206 | 10271 10394 10549 10710 my
™ (=35) (=101) | (-179) | (-258) | (%)
2 =70 CAUGE FAILURE
3 -0 10245 | 10065 10514 10685 10858 10262
-] s | | 28| 38| 9
Ave, =710
(=50} (-121) | (-202)| (-282)| (-1
1 =120 | 10283 | 10298 10410 | 10549 10691 10300
- | e | 6 | e 20n| -1
2 =120 CAUGE FAILURE
3 =120 | 10310 10405 10540 10692 lo8as 10317
= (=50) (=119) | (=193)| (-264)| (=%)
hve. =120
-9 (-93) (-166) | (<236)| (-8)
1 =165 | o392 10393 10682 10608 10755 10412
(0) (=66) (=109) | (-18O0)| (-10)
2 =185 CAUGE FAJLURE
3 =165 | 10792| 10487 | 10614 | 10757 | 10912 1ms7
{=49) (=112)§ (=181)] (=252)| (-3)
e | e | | a0 @»
Mix IW
PERIOD READIMG AND STRAIN
SPECIMEN T% AT STRESS (N/m') OF
w, | (
[} .45 6.90 10.35 13.80 1]
1 18 | 10057 | L0287 10566 10916 11325 10083
- (-128) | (=272) | (=37) | (-611) | (=15}
2 18 | 09915 | 10135 103%4 10712 11063 | 09955
= a12m | (-268) | (26 | (=583) | (=26)
3 18 | 10097 | 10336 10625 10986 11379 10710
= | 0D | 218) | () | (6109 | (-319%)
v, 18
{=129) | (=273) | (=43&) | (-602) | (-20)
1 =20 | 09925 | 10144 10439 10753 11096 | 095
ST | 289 | =9 | =580 | (1)
2 =20 | 09800 | 10006 10276 10555 10857 09826
= | 120 | -21) [ (=200 | (-56%) | (-16)
3 =20 | 10581 | 10574 10578 10881 11230 10677
- (&)} (1) (=16a2) | (-293) | (=%8)
Ave. =20
(=126) | (=281) | (=630) | (=579) | (-1&)
1 =70 | 0990 | 10172 10454 10771 11121 09953
a2 (-133) | (-284) | (~39) | (-595)| (@)
2 =70 | 09435 | 10055 10313 10593 10897 09853
= | 10 | 210 | (1D | (sed) | =11
h i) =70 | 10468 | 10385 10578 10885 11236 10926
S w55 | (200 | (-352) | (-219)
Ave. =70
(=132) | (-279) | (=<28)| (-578) | (-10)
1 =120 | 09585 | 09720 09921 10140 10360 095%8
= | e | 2| 38| (8| 8
2 =120 09471 | 09597 09781 o000 10178 09481
S| ) | o | s | an | e
v =10 1070 | 10361 10329 10545 10771 10377
i- | e | em | o0 | (| @
Ave. =120
26 | 20| ()| (8| -8
1 -16% 09529 | 09649 09806 09986 10164 09518
S e | | 28| 0] (1
ki =165 09411 09528 09678 09846 10010 0905
- {-19) (-178)| (-284)| (-381)| ( &
3 -165 | o98s7| 09991 | 10159 | 10353 | 105%0 | 10298
- | e | 0| )| (38| 28
Ave ., =165
(-78) (-176)} (-282)| (=3a1)| (7
TABLE 6.4. Individual

to measure
contraction.

gauge results obtained during the tests

both elastic modulus and thermal
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6.3.1 Thermal Contraction

The thermal contraction recorded over the temperature range -15°C
to -165°C is illustrated in Figure 6.4. Each point represents the

average value obtained from the three specimens tested for each

of the four concrete mixes.

The results are also given in Table 6.5 presented in terms of
thermal expansion coefficients within each of the four
temperature increments and the average value over the full range.
On examination of the results presented in Figure 6.4 and
Table 6.5, it can be seen that there was little difference
between the three normal weight concretes, whilst the lightweight
concrete exhibited lower thermal expansion coefficients. Values
of total thermal contraction for mixes AEC, HS and PFA were 1,710
1,789 and 1,784 microstrain respectively, i.e. all values were
within 3% of the mean of 1,761 microstrain. The contraction was
not wuniform throughout the range of test temperatures; the
coefficient of thermal expansion reduced from an average value of
13.16 microstrain per °C over the range +15 to -20°C, to 9.75

microstrain per °C over the range -120 to -165°C.

The thermal contraction of the lightweight aggregate concrete was
less than exhibited by the normal weight mixes with an average
value of 1,386 microstrain over the range +18 to -165°C. The
thermal expansion coefficient reduced from 10.24 microstrain
per °C in the range +18 to -20°C to 7.57 microstrain per °C in
the range -120 to -165°C. There are two reasons for the reduced

thermal contraction of the lightweight concrete:-

(1) The thermal expansion coefficient of the concrete 1is
determined largely by the thermal expansion coefficient of
the aggregate, which constitutes about 70% of the volume. The
lighweight aggregate has a lower coefficient than the gravel

aggregate used in the three normal weight mixes.

(2) The moisture content of lightweight concrete is higher than
that of the normal weight concrete by virtue of the porous

nature of the lightweight aggregate. During cooldown,
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FIGURE 6.4. Thermal gontractiog recorded over the temperature
range 20°C to —-165°C.

THERMAI. EXPANSION COEFF.
TEMPERA%URE (Microstrain per L)
RANGE C
AEC HS W PFA
15 to -20 12.53 | 13.57 | 10.24. | 13.39
=20 ‘to =70 9.64 8.84 5.42 9.48
=70 to —120 9.24 8.80 7.66 8.86
-120 to -165 8.76 7.84 7.62 8.55
Ave 15 to -165 9.88 9.50 1.57 9.86

TABLE 6.5. Thermal expansion coefficients.
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6.3.2

therefore, the expansion due to ice formation offsets the
contraction of the lightweight concrete to a greater extent
than normal weight concrete. This effect is most apparent in
the temperature range -20°C to -70°C, when the water freez:s

in the finer pores.

Included in Figure 6.4 is the range of results obtained from the
literature as discussed in Section 2.6.1. The total contraction
of each of the normal weight mixes is marginally higher than
recorded previously, the difference arising largely at
temperatures below -70°C. However, the gravel aggregates used
were of a type which exhibit high thermal expansion (86). In
addition, the sealed curing condition will have resulted in a
relatively low moisture content and, as recorded, the expansion
of ice during cooldown will have had little or no effect in
offsetting the thermal contraction. Taking these two factors
into account the total thermal contraction would be expected to
be high when compared with concretes with a higher moisture
content and containing aggregates with lower thermal expansion

coefficients.

Elastic Modulus

Stress-strain curves obtained for each of the four concretes at
five test temperatures are given in Figure 6.5 (a-d). Each curve
represents the average of three test specimens. The elastic
modulus has been obtained graphically by plotting the best
straight line (determined visually) through the four strain
values recorded at stress levels of 3.45, 6.90, 10.35 and
13.8 N/mm2. The gradient has then been determined by
extrapolating the line back to the vertical stress axis, and

dividing the apparent strain change by the nett stress.

Calculated values of elastic modulus, E;, are given in
Table 6.6 together with stress and strain values used in the
derivation. Again there was close agreement between the three
normal weight mixes, particularly at temperatures below -70°C.
The high strength mix yielded the higher values down to -20°C,

this being consistent with the higher strength. The elastic
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TEST ELASTI
R | | Smgmes | e | dens
HS 15 ] ‘13.8 =10.9 =12.9 302 42.7
=20 { 13.8 =0.9 = 12.9 283 45.6
-70 | 13.8 - 1.1 = 12.7 268 47.4
-120 | 13.8 - 1.1 = 12.7 247 514
-165 | 13.8 - 1.1 = 12.7 224 56.7
AE 16 | 13.8 -0 - =13.8 372 37:.1
=20 | 13:8 = 1.1 = 12.7 320 39.7
=70 | 13.8 = 1.2 = 12.6 275 45.8
-120 | 13.8 - 1.8 = 12.0 227 52.9
-165 | 13.8 - 2.1 = 11.7 202 58.5
LW 16 | 13.8 - 0.8 = 13.0 600 21.7
-20 | 13.8 - 0.5 = 13.3 580 22.9
-70 | 13.8 - 0.5 =13.3 580 22.9
-120 | 13.8 - 0.8 = 13.0 450 28.9
-165 | 13.8 - 0.8 = 13.0 382 34.0
PFA 16 | 13.8 - 1.3 =12.5 335 37.3
=20 | 13.8 -1.3=12.5 335 37.3
-70 | 13.8 - 1.3 = 12.5 288 43.7
-120 | 13.8 - 1.0 = 12.8 251 51.0
-165 | 13.8 - 0.7 = 13.1 234 56.0

TABLE 6.6. Results used in the calculation of elastic
modulus.
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modulus of the lightweight concrete was appreciably lower than
that of the normal weight mixes at all test temperatures, due to
the lower stiffness of the lightweight aggrecate. Values were

generally 50-60% of those recorded for the normal weight mixes.

The influence of temperature on elastic modulus is illustrated in
Figure 6.6 together with the range of results obtained from the
literature. The results are generally consistent with data
reported by other workers (see Section 2.7). With respect to the
ambient value, at -165°C the modulus increased by about 55% for
mixes AEC, LW and PFA. An increase of 33% was recorded for the

high strength mix, which had the highest ambient value.
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FIGURE 6.6. The influence of temperature on elastic
modulus.
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7.2

7.3

7. BOND TO REINFORCEMENT

INTRODUCTICON

The design of reinforcement for crack control is dependant upon a
knowledge of the tensile behaviour of both the steel and the concrete.
and the bond strength which can be developed between the two. At the
low operating temperature in tanks containing LNG, it has been
demonstrated that the tensile strength of the concrete is about 150%
higher than at ambient temperature (see section 5.3). The tensile
strength of reinforcing steel also increases with reducing temperature,
and data on 1its performance at cryogenic temperature is widely
available in the literature (79), To establish the influence of
cryogenic temperature on the bond strength between concrete and
reinforcement, pull-out tests have been carried out using the four

concrete mixes given in Table 4.1.

DEFINITION OF BOND STRENGTH

The method selected for the measurement of bond strength was the
standard pull-out test described in CP1l14 "Code of Practice for the
Design and Construction of Structural Reinforced Concrete"(87),
Results obtained using this method are presented as bond stress/slip
curves and for comparative purposes CPll4 recommends that the bond
stress be calculated from the load at first slip, defined as a relative
movement between the steel and concrete of 0.0254mm (0.001") at the
free end of the bar. So, if A is the total load applied to the bar at
0.0254mm slip, & is the bar diameter and { the bond length, the bond

stress Aa is calculated using the equation:-

o= P (7.1)
77L.d.

EXPERIMENTAL DETAILS

7.3.1 Test Specimens

Specimens comprised 150mm cubes each with a cast in 20mm diameter
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reinforcing bar. The specimens were manufacturasd using BS cute
moulds modified to enable the 960mm 1long bar to penetrate
vertically through the centre as illustrated in Figurs 7.1. To
conform as closely as possible to the method desribed in CP11i4,
helical reinforcement, also detailed in Figure 7.1, was prov:ed
in each cube to prevent bursting of the concrete during testing.
The rebar was turned down at each end prior to installation in
the mould. This was required to enable a deformation transducer

to be located at one end and the jacking system at the other.

A total of 15No. specimens were cast from each concrete, 3 No. to
be tested at 20, -20, -70, =120 and -165°C. The concrete was
cured by sealing the cubes in polythene bags immediately after
stripping the moulds. This method of "sealed curing" is desicned
to simulate the insitu condition in a structural member, in which
only the initial mix water is available for hydration. Curing in
water at 20°C, as required by 851881(503, does not accurately
represent insitu curing conditions. The limited number of moulds
available meant that the specimens for each mix had to be cast
from three seperate batches. To check batch variation, 6 No.
100mm cubes were also cast from each batch for testing at 7 and
28 days. The results are given in Table 7.1, which shows the high

degree of batch to batch consistency achieved for each mix.

Two types of deformed reinforcement were used, both with a
nominal diameter of 20mm. For mix AEC and mix HS, 9% nickel steel
bar was used, supplied by George Clarke (Sheffield) Ltd. This
special cryogenic steel was selected to avoid the problem of
brittle fracture associated with conventional reinforcing steel.
The two remaining mixes, LW and PFA, were tested using Krybar,
manufactured by Trade Arbed in Luxembourg. This steel was
developed specifically for low temperature applications and is
supplied at a significantly lower cost than the 9% nickel steel.
The decision to use Krybar for mixes LW and PFA, largely for
commercial reasons, delayed casting of the test specimens. As a
result, when the bond strength programme was carried out, the
test specimens containing 9% nickel steel bar were about 4 months

old, compared with 6 weeks for the Krybar specimens. In view of
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FIGURE 7.1. Bond test specimen detajls.
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COMPRESSIVE STRENGTH (N/mm?)
MIX | BATCH
7 Days 28 Days
1 44.2 42.2 43.6 | 54.4 54.5 53.0
AEC 2 42.0 42,0 41.2 § 50.0 52.0 520
3 42.6 42.8 41.8 | 50.8 50.2 49.0
1 71.5 78.0 72.8 | 91.0 86.0 86.0
HS 2 67.6 68.6 69.4 | 85.0 87.0 82.0
3 71.5 73.5 74.1 | 85.0 86.0 86.0
1 38.2 37.2 39.8 | 49.8 47.2 48.4
LW 2 39.2 40.8 41.2 | 52,8 Sl:4 522
3 38.8 38.3 40.6 | 49.4 48.0 49.3
1 41.5 43.5 49.0 | 58.0 62.0 60.0
PFA 2 46.0 45.0 46.0 | 55.0 59.5 61.0
3 42.5 45.6 44.8 | 52.4 51.4 52.2
TABLE 7.1. Test cube results.
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1.3.2

7.3.3

7.3.4

the method of curing, however, this age dJifference is no*

believed to have significantly affected the concrete properties.

Loading Rig

A schematic representation of the test arrangement is shown in
Figure 7.2. Testing conformed to the requirements of CPll4, with
the exception of the need for the low temperature. Load was
applied to the rebar using a 50 tonne Enerpac hydraulic cylinder.
The system was arranged such that the hydraulics were remote from
the cold environment to prevent freezing of the hydraulic oil.
Load was transferred from the rebar to the cube through load
bearing Tufnol insulation. Details of the loading system are

given in the working drawings in Appendix 1.

Cryogenic Containment

The specimens were located within an insulated stainless steel
tank designed to operate in the range +20 to -196°C. Only the
long end of the rebar protruded through the cabinet base, to be
connected to the loading system described above. Low temperatures
were achieved by spraying liquid nitrogen (LNj) into the cabinet
through perforated copper pipes. Thermocouples linked to a
temperature control unit and solenoid valve limited the flow of
LNo into the cabinet and hence the temperature of the cryogenic

environment.

Instrumentation

A deformation transducer, based on the continuously vibrating
wire principle was developed to measure movement between the top
of the concrete and the protruding end of the reinforcing bar. A
schematic diagram of the transducer, illustrating the method of
measurement is shown in Figure 7.3. Working drawings are included
in Appendix 1. The transducer was calibrated at ambient
temperature using slip gauges, these in turn being checked using
a micrometer. The calibration was carried out up to a slip of
0.25mm. The results are given in Figure 7.4, which shows the

relationship between the change in frequency? and slip to be
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FIGURE 7.2. Bond test arrangement.
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FIGURE 7.4. Results of calibration tests on the slip transducer.
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linear. As previous tests on vibrating wire gauges at low

temperature had shown no significant change in gauge factor. no
further calibration tests were considered to be necessarv.

Furthermore, as all sixty specimens were tested using the same
transducer, and tests were carried out at constant temperature,
no corrections were required for either differences in initial

frequency or changes in temperature.

7.3.5 Test Procedure

The test specimens were initially cooled down in a cryogenic
cabinet adjacent to the bond test chamber. This enabled the 12
low temperature test specimens for each mix to be cooled slowly,
at a rate of 2°C per hour, without prolonging the test period.
Each mix was tested over a period of 5 days with the three
ambient tests on Day 1 and three tests at -20, -70, -120 and
-165°C on Days 2,3,4 and 5 respectively.

For the low temperature tests the loading rig and cabinet were
precooled to the required test temperature. The test specimen was
then transferred from the cooling cabinet to the test chamber and
allowed to stabilise before the test commenced. Temperature
stability was established by monitoring both a thermocouple
located in the test chamber and the slip transducer. When
temperature stability was achieved, wusually within about 30
minutes, loading was applied to the reinforcing bar at a maximum
rate of 30kN/minute until the slip exceeded 0.04mm. Output from
the hydraulic pump and the transducer were permanently plotted on

a U-V recorder.

7.4 TEST RESULTS

Summary graphs for each of the four concretes tested are given in
Figures 7.5 (a-d) in which average curves derived from the three
specimens tested at each temperature are presented. Values of bond
stress for individual test specimens recorded at a slip of 0.0254mm are
given in Table 7.2, together with average values for each concrete at
each test temperature. These average values are included in Figure

7.6(a) which illustrates the change in bond stress with temperature for
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FIGURE 7.5.
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each of the four concretes tested. With the exception of mix 45 ali :ne
concretes exhibited similar bond-stress/temperature relationships. The
bond strength increased steadily over the range 20 to -122°C with
little change at the lower temperatures. The low value for mix HS at
-70°C cannot be readily explained. The concrete batch from which the
specimens were cast yielded a 28 days compressive cube strength similar
to the other two batches so a dramatic change in materials proportions
was unlikely. It is possible that the specimens were not adequately
sealed, resulting in drying during the curing period. As demonstrated
previously, a change in concrete properties at low temperature is
primarily related to moisture content (see Section 2). A loss of
moisture would be expected to reduce the amount by which the property
changes with temperature. The increase in bond stress with reducing
temperature is illustrated in Figure 7.6(b). Whilst the results are
varied, it will be seen that the normal weight concretes tend to
respond to temperature in approximately the same way. Little change
occurred down to -20°C; between -20 and -120°C there was a progressive
increase of up to 10N/mmZ; and between -120 and -165°C there was a
small reduction. For the lighweight mix, however, there was a
considerable increase in bond at -20°C, and a continuing increase at
about the same rate down to -70°C. Below -70°C the bond increased, but
at a slower rate, down to -120°C and between -120°C and -165°C there

was again a small reduction.

The difference in rate of increase in bond strength with reducing
temperature for the normal weight and lightweight concrete is believed
to be due largely to the differing moisture contents. It has been shown
that water in concrete freezes progressively with reducing temperature
starting in the larger pores. In lightweight concrete, the aggregate
is porous and the moisture content can be double that in normal weight
concrete (8% by weight compared with 4%). Furthermore, much of this
water is contained in large pores in the aggregate which freezes at the
higher temperatures resulting in a rapid response to temperature
change. The majority of water in normal weight concrete is contained in
much smaller pores and hence requires a much lower temperature to
initiate freezing. Hence, whilst other properties, such as compressive
and tensile strength appear to be affected most significantly by ice
formation in the finer pores, the bond strength also appears to be

affected by freezing in the larger capillaries.
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FIGURE 7.6. The influence of temperature on bond strength.
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8.1

8.2

8. DISCUSSION CF RESULTS

INTRODUCTION

A range of tests have been carried out on four selected concretes to
establish their suitability for use in cryogenic storage facilities.

Properties measured include:-

(i) Gas permeability

(ii) Strength in direct tension and in bending.

(iii) Strain capacity in direct tension and in bending.
(iv) Thermal expansion coefficient.

(v) Elastic modulus

(vi) Bond to reinforcement.

Tests were undertaken to establish the effect of temperature, within
the range +20 to -165°C on the above properties. In addition, gas
permeability tests were carried out to determine the residual gas
permeability after both slow and rapid thermal cycles between ambient
and cryogenic temperature. This section includes a discussion of the

results obtained with regard to the following:-
- The effect of temperature on the various properties.
- The relationship between different properties.

- The relative performance of the concretes tested.

EFFECT OF TEMPERATURE

Property changes with temperature are shown in Figures 8.1 to 8.4 for
each of the four concrete mixes AEC, HS, LW and PFA respectively. The
low temperature results are expressed as a percentage of the ambient
values. In every case the most substantial changes occurred in tensile
strength, flexural strength and bond to reinforcement. At -165°C, the
increase in tensile and flexural strength was typically of the order of
150%. The bond strength was most significantly affected, with typical

increases of the order of 200%, and up to 300% for mix PFA.

The effect of temperature on strain capacity was far less consistent.

The increase at -165°C varied from only 20% for mix HS, to more than
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100% for mix LW. This variztion in percentage increase appears o be
due to the inability of the normal weight concrete to exceed a st-ain

capacity of about 110 microstrain in direct tension and

gbout 22C
microstrain in bending (see section 5.3.5). Hence normal weizht
concretes with an initially high strain capacity at ambient tempera:&re
have less scope for increase. Mix AEC, with the lowest ambient valus in
direct tension, therefore exhibited the greatest increase (about 150%),
whilst mix HS, with the highest ambient value, exhibited the smalliest
increase (about 20%). These limiting strain values did not apply to the
lightweight mix LW, and in both direct tension and bending the strain
capacity increased by more than 100% at -165°C despite having higher
values than the normal weight mixes at ambient temperature. This is
believed to be due to the enhanced bond between the lightweight
aggregate and cement paste, and the compatibility between the two

materials in terms of their stiffness.

Changes in gas permeability, thermal expansion coefficient and elastic
modulus were less marked. For mixes AEC, HS, and LW the permeability at
-165°C was about one quarter of the ambient value. (No test was carried
out on sealed cured specimens of mix PFA). Thermal expansion
coefficients decreased to between 55% and 75% of their ambient value.

The elastic modulus increased by between 33% and 55%.

Average curves derived from the results for the three normal weight
mixes are illustrated in Figure 8.5. It will be seen that the rate at
which each property changed with temperature was not consistent. The
tensile and flexural strength both increased by in excess of 150% at
-70°C, but there was no further change as the concrete was cooled down
to -165°C. The increase in bond strength was consistent with the
increase in tensile and flexural strength down to -70°C, but continued
to increase by a further 100% of the ambient value as the temperature
reduced to -120°C; further cooling to -165°C resulted in a reduction of
about 50%, the final value being some 200% above the ambient value.
The strain capacity in direct tension reached a peak value at -70°C and
dropped marginally on further cooling to -165°C, whilst in bending the
peak occurred at -20°C with little change thereafter. The permeability
reduced almost linearly over the range +20 to -165°C, whilst the
elastic modulus increased in a similar manner by about 50%. The thermal

expansion coefficient reduced rapidly at temperatures down to -70°C and
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8.3

remained approximately constant, thereafter. It is clear. there;nra
that the formation of ice and its subsequent contraction affzc
different properties in different ways. In all cases, %owever, =q2
effect of reducing the temperature was beneficial in terms of the
performance of concrete in a cryogenic storage structure. The
permeability was reduced, the tensile properties, i.e. the ability to
resist cracking, were enhanced and the bond strength to reinforcement,

and hence the ability to control cracking, increased.

RELATIONSHIPS BETWEEN DIFFERENT PROPERTIES

When undertaking the design of a cryogenic storage facility it may not
be possible to carry out the range of tests reported herein.
Relationships between the various properties measured have, therefore,
been derived to enable the prediction of various properties from
limited test data. In previous studies, reported in Section 2,
properties are generally related to compressive strength with varying
degrees of correlation. For example, both tensile and flexural strength
were extremely scattered when related to compressive strength (see
Figures 2.11 and 2.12). The tensile properties of the concrete are of
much greater significance with regard to the performance of a
containment structure and hence properties such as bond strength and
flexural strength have been related to the direct tensile strength of
the concrete. A relationship between permeability and strain capacity
has also been identified and it will be demonstrated that a reasonable
prediction of strain capacity can be made from values of tensile or

flexural strength and elastic modulus.

8.3.1 Tensile and Flexural Strength

The relationship between direct tensile strength and flexural
strength is discussed briefly in section 5.3.4. The results are
plotted in Figure 5.8 and show direct proportionality between
these two properties, over the temperature range +20 to -165°C.
The relationship can be approximated by a straight line where
/2 =0.5 A} . There was some scatter of results but all the points

lie within two lines represented by the equations,
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8.3.2

A= 0.45 fp

and fz = 0.68 /¢

1

These limits are consistent with ACI 224.212-84(88) which
quotes values of 4  within the range 0.48 to 0.65 A} for
concrete at ambient temperature. As a first approximation,

however, the equation /} = U.Sf;' should be used.

Bond Strength and Tensile Strength

The relationship between bond strength, /1 , defined as the
stress at a slip of 0.0254mm, and direct tensile strength ;@ is
illustrated in Figure 8.6. Equations for the prediction of bond
strength and tensile strength are given 1in Section 2 as

follows:-

3,
Boiistich 27  Aes magl L7
Equation 2.14 /i,: 0.142 %L

Combining these two equations and eliminating compressive

strength,/i , gives the following relationship.

4/
¥ (8.1)

£ = 07845 K
The curve represented by equation 8.1 has been included in Figure
8.6 and represents a lower bound bond strength. Using this
equation for predictive purposes will therefore ensure that there

is always a safety factor on bond strength.

Equation 8.1 only applies to the normal weight concretes tested
and will grossly underestimate the bond strength of lightweight
concrete, which for a given tensile strength, has about double

the bond strength. A more appropriate equation for lightweight
concrete is therefore:- ¥y
g =2k

This is also presented graphically in Figure 8.6.
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8.3.3 Prediction of Strain Capacity

8.3.4

As the stress-strain relationship in tension and flexure is
approximately linear up to failure, particularly at low
temperature, the strain capacity, £Ss.4, of the concrete can be
calculated from the tensile strength /; and elastic modulus. £.
In direct tension the strain capacity £, = éf where A is the
direct tensile strength. Similarly, in bendingé;dh:fkwhere f} is
the modulus of rupture. Values of elastic modul;s have been
measured for each of the four concretes over the complete range
of test temperatures and a comparison between measured and
predicted strains can therefore be made. Values of elastic
modulus, tensile and flexural strength, and the calculated strain
capacity are given in Table 8.1, together with the measured
strain capacity. The predicted and measured values are plotted in
Figure 8.7 which illustrates that, with few exceptions, the two
values are in close agreement. Where there are large
discrepancies, this is generally due to the predicted value
underestimating the measured value hence being conservative in
terms of structural performance. For design purposes, it is

recommended that the following equation be used:-

Eut = OF L (8.2)
£

The curve represented by this equation is included in Figure 8.7
and provides a lower bound value taking into account the scatter

of results.

Strain Capacity and Permeability

Two noticeable features of mix LW were its low permeability and
high strain capacity, compared with the normal weight mixes.
These differences in the two most important properties with
regard to containment, prompted an examination of the
relationship between permeability and strain capacity for all
four concretes. The results obtained at ambient temperature are
illustrated in Figure 8.8(a) and indicate an approximately linear

relationship between log permeability and strain capacity in both
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DIRECT TENSION

FLEXURE

MIX | Elastic £ Strain Capacity fe Strain Capacity
Modulus N/mm? N/mm?
kN /mm? Pred | Measured o Pred | Measured
AEC 37.1 1.39 38 36 327 88 134
39.7 2.21 56 61 4.17 | 105 166
45.8 4.97 109 103 8.91 | 195 196
52.9 4.79 91 98 9.30 | 176 179
58.5 4.59 79 85 9.65 | 165 181
HS 42.7 2.18 51 72 4.38 | 103 154
45.6 2.33 51 - 4.85 | 106 114
47.4 5.28 111 91 9.08 | 192 159
51.4 5.45 106 68 11.74 | 228 174
56.7 5.20 92 83 10.34 | 182 187
LW 21.7 1.82 84 86 3.89 | 179 193
22.9 3.13 1347 118 6.48 | 283 212
22.9 2.91 127 110 6.15 | 269 253
28.9 4.64 161 189 7.58 | 262 250
34.0 4.20 124 186 9.27 | 273 387*
PFA| 37.3 2.28 61 51 3.60 97 153
373 3.00 80 71 6.03 | 162 279%*
43.4 241 125 105 10.38 | 239 226
51.0 5.63 110 94 9.68 | 196 199
56.0 6.02 108 94 10.97 | 196 223

TABLE 8.1. Measured strain capacities, and vaues predicted
using the measured tensile or flexural strength

and elastic modulus.
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FIGURE 8.7. Measured strain capacity vs calculated strain capa-

city using tensile or flexural strength and elastic
modulus.
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direct tension and bending. Figure 8.8(b) illustrates the ;ou
temperature test results given in Tables 4.6, 5.4 and 5.6, whizh
indicate a similar trend, i.e. reducing permeabilitv ‘oh

increasing strain capacity. Compared with the relationship
obtained for concretes at ambient temperature, reducing ti-e
temperature from 20 to -165°C appeared to affect the strzin
capacity to a greater extent than the permeability. This was mest
significant in the 20 to -70°C temperature range. Whilst the
results are scattered and no single relationship exists between
strain capacity and permeability over the range of test
temperatures, there 1is clearly a trend in behaviour which
encompasses all four of the concretes tested. This is of
particular interest as previous attempts to relate permeabilitv
to single properties have failed to include the lightweight mix.
For example, a linear relationship between compressive strength
and the logarithm of water permeability coefficient was
identified for the normal weight mixes as shown in Figure 3.11.
but this was not representative of the lightweight concretes
tested.

This indicates that there are characteristics of the pore
structure of the concrete which influence permeability and strain
capacity in the same way, but which may have little effect on
strength alone. It must be assumed that porosity alone is not the
main influencing factor as the lightweight mix LW, with more than
double the porosity of mix AEC, had a much lower permeability and
a similar strength. The fact that the strain capacity can be
predicted from measurements of strength and elastic modulus may
provide some insight into the 1link between permeability and
strain capacity. A high strain capacity is associated with a low
elastic modulus in relation to the strength. A low modulus
indicates the ability to accommodate and redistribute internal
stress and hence minimise microcracking arising from differential
strains between the aggregate and cement paste. A concrete with

less microcracking will be more impermeable.

The relationship between predicted strain capacity, (strength
divided by elastic modulus) and permeability is shown in Figure
8.9. It would appear that an estimate of both strain capacity and

permeability can be made from measurement of strength and elastic
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modulus. Standard techniques exist for measuring both flexurzl
strength (BS1881: Part 118 :1983)(50) gng elastic modulus
(BS1881:Part 121;1983)(50), and with supporting dats it may
be possible to evaluate concretes for containment structures in
terms of both inherent permeability and resistance to cracking
using only these two properties, which are relatively simple to

measure.

8.4 RELATIVE PERFORMANCE OF CONCRETES TESTED

It will be recalled that the four concretes which have been subjected
to extensive property testing were selected from 17 original mixes on
the basis of water permeability at 20°C and residual strencth
(compressive and tensile) after thermal cycling. Mix AEC was included
to represent a typical structural concrete of the type which is
currently used for cryogenic applications, whilst the remaining three
mixes, in particular HS and LW, were selected primarily for their low
permeability. All four mixes had a residual tensile splitting strength
after thermal cycling in excess of 90% of the uncycled value. A summary
of results obtained during the screening test programme is given in
Table 8.2.

Results from the test programme proper are summarised in Table 8.5.
Mean values are given, generally derived from three test specimens. For

cryogenic containment, desirable properties are as follows:-

- Low permeability

- High strain capacity to resist cracking

- Low thermal expansion coefficient to minimise thermal strains
- Low elastic modulus to minimise thermal stress

- High bond to reinforcement for minimum crack widths

- Resistance to thermal cycling

With the exception of resistance to thermal cycling, the performance of
the lightweight concrete was best on all counts at both ambient and
cryogenic temperature. Compared with the control mix AEC, a standard
air-entrained structural concrete, the lightweight mix of approximately
the same compressive strength, had appreciably lower permeability; the

strain capacity was higher; the thermal expansion was lower; elastic
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AE2 S6 A4 Cl

Compressive Strength (N/mm?)

- at 20°C_ 50.0 | 100.3 40.9 42.8

- at -165°C 105.0 171.0 117.5 102.5

- after cycling 55.1 97.0 46.8 45.3

- % residual strength 112.2 96.7 114.4 105.8
Tensile Splitting Strength

o (N/mm? )

- at 20 CO 1.82 3.88 2.10 172

- at -1657C 2.34 7.89 4.95 6.09

- after cycling 1.85 3.5 1.98 1.82

- % residual strength 101.7 91.2 94.3 105.8
Water Permeability

x 10 18y 3.87 | 0.0 | 0.012 | 3.20

TABLE 8.2. Summary of results obtained during the screening
test programme for the four concretes selected for
further testing.
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modulus was lower; and bond to reinforcement was increased. [xce--
for their permeability coefficients, the three normal weight mixes z-3
not differ significantly, compared with the difference resulting f-om
the use of the lightweight aggregate. A marginal improvement over tha
control mix AEC, was recorded for the high strength mix HS with hicrar
strain capacity at ambient temperature and increased bond strengté at
both ambient and cryogenic temperature. The use of PFA marginally
increased strain capacity at both ambient and cryogenic temperature bu:
had little effect on thermal expansion coefficient, elastic modulus -r

bond.

With regard to permeability there were significant differences betwe=n
the normal weight mixes, confirming the results obtained during t-2
screening test programme. Compared with the control mix AEC, a
reduction in water permeability of about two orders of magnitude was
achieved by mix HS, the gas permeability reducing by a factor of more
than 10. The wuse of PFA caused a similar reduction in water

permeability and reduced the gas permeability by a factor of 4.

The relative performance of the four mixes changed significantly when
assessed on the basis of residual gas permeability after thermal
cycling. Slow cooldown, at 4°C per hour, had little effect on the three
normal weight mixes, but increased the permeability of the lightweight
mix by about 80 times. Hence, whilst the rank order of performance of
mixes AEC, HS and PFA remained the same, mix LW moved from best to
worst, with a residual gas permeability about double that of the
control mix AEC. Rapid cycling by immersion in LN, had a significant
effect on all four concretes, with increases of x7, x30, x100 and x5
for mixes AEC, HS, LW and PFA respectively. The highest residual value
was recorded for the control mix, whilst the lowest residual value was
recorded for mix PFA. The difference between these two extreme values
was relatively small, however (about x7) compared with initial values
prior to thermal cycling which varied by a factor of 30. Reasons for
the considerable increase in permeability of the lightweight concrete
compared with the normal weight mixes are discussed in section 4.4.2,
but it should be noted here that the one sample which was cycled under
restraint in the low temperature permeability cell appeared unaffected.
Hence, in a prestressed concrete structure, the effect of thermal
cycling may be less severe then recorded for the unrestrained samples

for which the majority of results were obtained.
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9.1

9.2

9. STRUCTURAL IMPLICATIONS

INTEODUCTION

The changes in the properties of concrete as affected by constitient
materials, mix proportions and reducing temperature all have an impsct
on the design of cryogenic storage facilities and subsequent structural
performance. The principal objective of a cryogenic storage facility is
containment of the product. Unacceptable losses can occur as a result
of either high permeability concrete or cracking of the containment.
The implications of the test results have therefore been considered in

these two respects.

PERMEABILITY

9.2.1 Assumptions

Containment systems for LNG most commonly comprise a double
walled cylindrical tank with the annular space filled with
insulation. The inner tank (or primary containment) has to
contain the LNG under hydrostatic pressure plus a small
overpressure of about 0.158bar, whilst at a uniform temperature
of -165°C.

The outer tank (or secondary containment) has to prevent the
escape of gas at a pressure of 0.158 bar, and the ingress of
moisture whilst at ambient temperature. Calculations have been
carried out to establish the escape of LNG or gaseous methane
through the primary and secondary containments, and to determine
the acceptability of values of permeability coefficient derived

from tests.

Only flow through the concrete has been considered; no account is
taken of flow through joints or cracks. The following assumptions
have been made to enable acceptable permeability coefficients to

be calculated:-

(a) Primary tank internal diameter = 50m

(b) Primary tank height = 28m

= 269 =



922

(c) Head of LNG = 25m

(d) Primary tank wall thickness = 0.5m

(e) Secondary tank internal diameter = 53

(f) Secondary tank height = 30m

(g) Secondary tank wall thickness = 0.5m

(h) Viscosity of LNG at -165°C = 142 x 10-6Nsec/m2

(i) Viscosity of methane at 20°C = 10.3 x 10-6Nsec/m2
(j) Density of LNG = 450kg/m>

(k) Internal gas pressure = 1.158 x 10°N/m2 (absolute)
(1) External pressure = 1.0 x 10°N/m2 (absolute)

Primary Containment

To be acceptable as a primary containment it is desirable, but
not essential, that no LNG escapes through the wall or base of
the primary tank during the life of the structure. To calculate
an acceptable permeability coefficient, it has therefore been
assumed that, in a 30 year design life, LNG does not penetrate to
more than half the thickness of the wall, i.e. 0.25m.

Combining equations (3.3) and (4.3) and re-arranging:-

£, = IZ.Q.JJ
‘AR

The most severe case will be at the base of the tank where the

hydrostatic pressure is greatest, and

25m x 450kg/m’ x 9.81m/sec?
1.104 x 10°N/mZ

/‘“A/j

In absolute terms, adding the internal gas pressure of 0.158 x

10°N/m2 and atmospheric pressure:-

(1.104 + 1.000 + 0.158) x 10°N/m2
2.262 x 10°N/m2

P

Hence, k, = 0.252 x 142 x 10-6 x 0.05
2 x (30 x 365 x 25 x 3600) x (2.262 - 1.000) x 10°
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= 1.858 x 10-21~2

As the maximum acceptable value of k is a function of the S3uere
of the allowable depth of penetration, permitting full depth
penetraticn through a 0.5m wall would allow k to be increased by
4 times, to 7.432 x 102152, Increasing the wall thickness at the
base of the tank will also permit higher values of k as shown by
Figure 9.1, which illustrates the relationship betueen
permeability coefficient, wall thickness and penetration depth.
Also included in Figure 9.1 are measured values of liquid
permeability for the four concretes tested. These values ars the
coefficients measured using water at 20°C, divided by a factor of
4, i.e. the recorded reduction in gas permeability. This is a
conservative reduction as the change in liquid permeability is
likely to be greater than the change in gas permeability as
discussed in section 4.4.4 and illustrated in Figure 4.23. Based
on the above assumptions, the permeability would be required to
be less than 1.86 x 10-21pZ. Only mix LW was sufficiently
impermeable to satisfy this requirement. Mixes HS and PFA would
be acceptable if either the wall thickness was incresed to about
1.1m, or the permissible penetration depth was increased to 600mm
regardless of wall thickness. Using mix AEC it would be
impossible to meet the assumed requirements with a practical wall

thickness.

Once complete penetration of the tank is achieved, steady state
conditions will exist. In this case the flow rate will be

governed by equation (4.3):-

& = /étﬁ [/6:‘/?)
.?.’2:.

Considering a 1m2 area at the base of the tank wall where Py =

2.262N/m2:

Q=k, (2.262 - 1.000)10°
142 x 10-6 x ¢
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FIGURE 9.1. The relationship between liquid permeability

coefficient and the penetration of ING into a
typical storage tank wall during a 30 year
design life.
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9.2:3

= k, 8.887 x 108m?/sec/m2
)

The wall area is equal to Z/x 50 x 25 = 3,927m2. The average
pressure differential over the height of the wall is, however,
half the pressure differential at the base, hence the total low

rate through the wall:-

A 4, 8.887 x 108 x 3,927 m3/sec

J——

e 2

f& 1.745 x 1012p3/sec

TG

The relationship between flow rate, permeability coefficient and
wall thickness is represented graphically in Figure 9.2. The flow
rate 1s defined in terms of both the volume per day and the
percentage of boil-off. Estimated low temperature liquid
permeability coefficients are again included. It will be seen
that even if mix AEC is used, the flow through the tank will be
only 0.2m>/day. The boil-off from an in-service LNG tank is of
the order of 0.04% of the total volume; for the assumed 5G,ODGm3
tank this is 20m>/day. Hence, the loss through the wall
represents only 1% of the boil-off. If this seepage can be
accomodated in the design of the tank it may therefore be
acceptable to use a conventional structural concrete. The use of
one of the lower permeability mixes would, however, reduce the

seepage substantially.

Secondary Containment

Whilst leaskage of liquefied gas is the main concern in the
primary tank, the secondary containment is required to prevent
the escape of methane gas into the environment. Under steady
state conditions, gas leakage will be determined by

equation 4.2:-

Q = Aég',A,/lafz_/ozz)
x.g.Z/‘o
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FIGURE 9.2. The relationship between ING flow rate, wall thick-
ness and liquid permeability coefficient for a
100,000m® storage tank.
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9.2.4

Under normal operating conditions the internal pressurs will be
1.158 x 10°N/mm2. Hence the flow through a 1m? area of tank wall
will be:-

N N
X CiorB3»07¢) O3

(The viscosity of methane at 20°C has been used).

Hence,@:=éy_/ﬁ55x109m3/sec per mZ area
G

The wall area = 27'x 30 x 53 = 4,995m2.

~ Q= kg 8.267 x 101Zm3/sec = kg 7.143 x 1017n3/day
v - x

The relationship between flow rate, permeability coefficient and
wall thickness is presented graphically in Figure 9.3. Even when
using a conventional structural concrete, the gas loss through
the wall is only 40m?/day, this being equivalent to less than 1%
of the acceptable boil-off.

Using the lower permeability mixes this would reduce to less than
0.1% of boil-off. These very small losses are primarily due to
the low internal pressure within the tank which operates at

marginally above atmospheric pressure.

Effects of Thermal Cycling

Now consider the performance of a primary tank after thermal
cycling. Whilst tanks are normally maintained at low temperature
after initial cooldown, it may be necessary to carry out
inspection or maintenance. This would require the tank to be
allowed to return to ambient temperature. Having re-cooled and
filled the tank the leakage rate through the wall will now be
determined by the permeability of concrete which has been

subjected to a "slow" thermal cycle. Test results have
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FIGURE 9.3. The relationship between methane gas flow rate, wall
thickness and gas permeability coefficient.
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demonstrated that for the normal weight mixes, the effact will be
negligible. However, the gas permeability of the lighweight
concrete increased from 0.43 to 32.9 x 10-18m2 after slow thermal
cycling. These values were measured at 20°C. Assuming a reduction
to 4 of this value at -165°C, as recorded, the residual gas
permeability would reduce to about 8 x 10-18m2. The liquid
permeability associated with this value of gas permeability
(derived from the relationship shown in Fig. 4.23) is 1.2 «x
10-18m2. At this level LNG would penetrate through the 500mm
thick wall within 135 days and under steady state conditions the
leakage rate would be equal to about 0.4m> per day, or 2% of the
boil-off. This is about double the leakage rate associated with

the use of a conventional structural concrete.
9.3 CRACKING

Under commissioning and in-service conditions the most likely cause of
cracking will be thermal stresses and strains arising from temperature
differentials which occur locally through the wall or base of the tank,
or globally when the tank is only part full. The magnitude of thermal
strains will be determined by the thermal expansion coefficient of the
concrete. The stresses which develop will be proportional to the

elastic modulus of the concrete.

9.3.1 Resistance to Cracking

The likelihood of cracking can be considered in relation to
either stress or strain. With regard to stress, for cracking to
be avoided the tensile strength, /2 , must exceed the tensile
stress which is in turn proportional to the temperature change
AL, the thermal expansion coefficient, oL , and the elastic

modulus, /£ . For no cracking:-

Ao £ .46 L (9.1)

where (£ is a function of the degree of restraint, taking into

account creep.
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In terms of strain, cracking is avoided when the strain capaci b
of the concrete exceeds the stress-induced strain which is
proportional to the temperature change A8 and the thermal

expansion coefficient o , thus for no cracking:-

Lsct L 000 K (9.7)

L

Referring to section 8.2.3, it will be seen that the strain
capacibxékécan be predicted from values of tensile strength and
elastic modulus by the equation:-

Eset = éz
e

Substituting in equation (9.2):-

f & . M.
E
or A 4 cB«E

If it is assumed that the relationship holds between strain
capacity, tensile strength and elastic modulus then both
approaches will lead to the same conclusion with regard to crack

proneness.

As the strains which lead to cracking are thermally induced, the
relative performance of the concretes tested can be compared by
estimating limiting values of temperature differential.

Re-arranging equations 9.1 and 9.2:-

AL ¥ f2 OFf ._é-;‘?_cé.
C. &L c.L

In the most conservative case C = 1, i.e. the concrete is fully

restrained and no creep relief occurs. On this basis, values of

Fe Sset
ot £ and “gg

The results are also illustrated in Figure 9.4 which shows the

have been calculated and are given in Table 9.1.

effect of temperature on two parameters. Two features of the

results are immediately apparent:-
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CRACK
PROPERTY VALUES RESlETANGE BY
Stress Strain

Fr Es

MIX Fe Esct £ o 8 7 o
AEC 1.39 36 371 12.53 2.99 2.87
2.21 61 39..7 9.64 5.78 6.33

4.97 103 45.8 9.24 11.74 11.15

4.79 98 52.9 8.76 10.10 11.42

4.59 85 58.5 (8.76) 8.96 9.70

HS 2.18 72 42 7 13.57 3.76 5.31

2.33 - 45.6 8.84 5.78 =

5.28 91 47.4 8.80 12.70 10.34

5.45 68 51.4 7.84 1352 8.67

5:20 83 56.7 (7.84) | 11.70 10.59

LW 1.82 86 21.7 10.24 8.18 8.40
3.13 113 22.9 5.42 28.20 21 1T

2.91 110 22.9 7.66 16.59 14.36

4.64 189 28.9 7.62 21.07 24 .88

4.20 186 34.0 (7.52) | 16.21 24.40

PFA 2.28 51 303 13.39 457 3.81
3.00 71 37.3 9.48 8.48 7.49

5.41 105 43.4 8.86 14.07 11.85

5.63 94 51.0 8.55 12.91 16.99

6.02 94 56.0 (8.55) | 12.57 10.99

TABLE 9.1. Calculation of resistance to thermal cracking.
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a) Based on stress b) Based on strain

CRACK RESISTANCE CRACK RESISTANCE
£ ® Mix AEC S
o« £ ® Mix HS o
. v Mix LW
m Mix AEC z
— M -
o Mix HS 30 A Mix PFA 30
¥ Mix LW - -
A Mix PFA
- 20 -20
10 =10
L1 i 1 1 ! 1 1 1 1 1 1 | 1 | | | | 1 A 1 1 0
-180 =140 -100 -60  -20 20 -180  -140 =100 =60 =20 20

TEMPERATURE (°C)

FIGURE 9.4. The influence of temperature on crack resistance.
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9.3.2

(1) The resistance to thermal cracking increased at low
temperature.
(2) The lightweight concrete has appreciably higher crack

resistance than the three normal weight mixes.

Hence for the avoidance of cracking, the use of lightweight
concrete has clear advantages, more so at low temperatures. The
combination of lower thermal expansion coefficient, resulting in
less strain for a given temperature differential, and the ability
to tolerate higher levels of strain, will enable the lightweight
concrete to withstand approximately double the temperature
differential which can be tolerated by a conventional structural
concrete. In the case of a temperature crossfall through a wall,
and assuming elastic behaviour, the thermal stress is equal to
LAD. £ i.e. the effective restraint is 50%. In this
situation, the temperature differential which can be sustained in
an unstressed element will be double the figures quoted in Table
9.1. Calculated values at ambient and cryogenic temperature
(-165°C) are given in Table 9.2. These are conservative values

as creep relief has not been taken into account.

Control of Cracking

There are two criteria which must be met to ensure that cracking
occurs in a controlled manner in a reinforced or prestressed

concrete structure (89):—

(1) The steel ratio must be such that when a crack occurs, the
load transferred to the steel is insufficient to cause the
steel to yield. This is achieved by calculating the critical

steel ratio (9cﬂf, using the equation:-

Perit = 7%% (934

where /}is the direct tensile strength of the concrete.
{}is the characteristic yield stress of the

reinforcement.
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(2) The reinforcement should be distributed in such a way 33 to

provide adequate bond stress. When criterion (1) is met, the

maximum spacing of cracks, is given by the formula:-

Srox. :_é_..g_ (9.4
‘s 2o
Where A/Ais the ratio of the tensile strength of the
concrete 4 to the bond strength between the
concrete and steel, /B.
fﬁ is the bar diameter.
A 1is the steel ratio based on the gross concrete

section.

To achieve minimum crack widths, the crack spacing must also be
kept to a minimum. This can be achieved by reducing the bar size
@, increasing the steel ratio 2 or reducing the ratio /aﬁa.
Values of ;% are given in Table 9.3 for the four mixes tested.
£5

In the design of the steel two factors must therefore be taken
into account. Firstly, the increase in the tensile strength of
the concrete at low temperature will necessitate an increase in
the amount of reinforcement used, to cover the possibility of
cracking occurring at low temperature. The tensile strength of
concrete typically increases by about 150%. However, the yield
strength of the steel also increases by about 25%(79) ., The
steel required for controlled cracking will therefore be 250/125

= 2 x the ratio required at ambient temperature.

Secondly, for a given steel ratio, crack width and spacing will
be lower when the ratio of f%ékis small. The lightweight concrete
has an advantage in this respect particularly at low
temperatures. Values of A¢/f% are about half those recorded for
the control concrete. This gives the flexibility to either
increase the bar size (and hence use less bars) or to reduce the

steel ratio ensuring that the value always exceeds s/ -

When designing the reinforcement, it must be assumed that
cracking can potentially occur when the tensile strength of the
concrete is at its maximum value. For all four concretes tested

this occurred at about -120°C when values were as follows:-
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LIMITING TEMPERATURE CROSSFALL
MIX (°c)
Ambient Cryogenic
AEC 6 18
HS 8 22
LW 16 40
PFA 8 22

TABLE 9.2. Limiting temperature crossfalls under ambient and
cryogenic conditions.

TEMPERATURE | MIX MIX MIX MIX
(°C) AEC HS LW PFA

20 0.426 | 0.502 | 0.428 | 0.848

-20 0.576 | 0.380 | 0.397 | 0.763
-70 0.657 | (1.134) | 0.191 | 0.686
~120 0.505 | 0.393 | 0.286 | 0.459
-165 0.510 [ 0.430 | 0.282 | 0.60

TABLE 9.3. Calculated ratios of tensile strength to bond
strength.
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AEC - 4.79 N/mm2
HS - 5.45 N/mm2
LW - 4.64 N/mm2
PFA - 6.63 N/mm2

The lightweight concrete would, therefore, require the lowest
level of f’crit' The lightweight mix also has the lowest
ratio of /l.//g hence, in the event that cracking should occur,

despite the lower proportion of steel, crack widths would be

smaller also.
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10.1

10.2

10. CONCLUSIONS AND RECOMMENDATIONS

INTRODUCTION

The following conclusions are based on the results obtained ‘rom
screening tests on 17 concrete mixes, and comprehensive property
testing of 4 selected concretes. The latter were chosen on the basis
of low water permeability at ambient temperature and resistance to
cycling between ambient and cryogenic temperature assessed by
measurement of compressive and tensile splitting strength. All the
specimens were subjected to sealed curing conditions. The results of
an extensive analysis of the literature have also been taken into

account.

SCREENING TESTS

(i) For all seventeen concretes tested, there was an increase in
compressive strength when cooled from 20°C to -165°C. The
average increase was about 50 N/mmz, for typical structural
concretes with average ambient cube strengths in the range 40
to 60 N/mmz, although there was a tendency for concretes with a
higher water content to exhibit a higher than average increase.
Also the absolute change in compressive strength tended to be
higher for very high strength mixes and less for lower strength

mixes.

(ii) Whilst all seventeen concretes exhibited a significant increase
in tensile splitting strength, the results were considerably
more variable than those recorded in compression. The average

increase was about 3 N/mmZ.

(iii) The effect on compressive strength of cooling to -165°C at a
rate of 60°C per hour and reheating to ambient temperature, was
insignificant. Residual strengths were never more than 10%
less than the strength of the control cubes, and for 9 out of
the 17 mixes the strength after the thermal cycle was higher

than that of the control cubes.

(iv) The residual tensile splitting strength after thermal cycling

was reduced by an average of about 10%. The variability was
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(v)

(vi)

(vii)

(viii)

greater than that recorded for residual compressive strergth,
possibly indicating the greater sensitivity of tensile strength
to any disruption which may have been caused oy the trerasal

cycle.

The relationship between compressive and tensile strengtn was
largely unchanged at cryogenic temperature. The tensile
splitting strength was generally 4 to 6% of the compressive
cube strength. It should be noted that the adopted method for
the tensile splitting test was more severe than usual, the
point loads being transferred to the concrete via stainless
steel rods instead of timber which distributes the stress over

a larger area.

For the normal weight mixes, the water permeability coefficient
was broadly related to compressive strength on a log-linear
basis. Concrete with a mean cube strength of 16 N/mmZ
exhibited a coefficient of permeability more than 1000 times
that of a concrete with a mean strength of 100 N/mm2. For
typical structural concretes with mean cube strengths in the
range 40 to 60 N/mm2, water permeability coefficients were
generally in the range 10-18 to 10-17 @m2 (10-11 to 10-10

m/sec) .

For non-air entrained concretes, the permeability coefficient
was also related to water/cement (w/c) ratio. The use of air
entraining agents caused a reduction in permeability in
relation to compressive strength, but when the assessment was
made in terms of w/c ratio, this was found in all cases to

cause an increase in permeability.

The permeability of the lightweight concretes did not conform
to the relationships identified for the normal weight mixes.
Permeability coefficients were more than two orders of
magnitude lower than recorded for the normal weight mixes of
similar strength and w/c ratio. Various reasons for this

marked difference have been suggested related to mix
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proportions, moisture content and aggregate/cement paste bond,

but a more detailed investigation was beyond the scope of this

programme .

(ix) Four mixes were selected from the screening test programme for
more comprehensive testing. Two of these, a high strength mix
and a lightweight concrete were selected on the basis of low
permeability. One mix was selected as being typical of the
structural concrete currently wused 1in cryogenic storage
systems. The fourth mix, containing PFA, was selected for its
relatively low permeability, within the typical range of
values, and for other benefits associated with the use of PFA
related to the construction process. All four mixes also
exhibited acceptable resistance to thermal cycling defined by
residual strengths (tensile and compressive) of not less than

90% of the control values.

10.3 CRYOGENIC PROPERTIES

10.3.1 Permeability

Considerable difficulties were encountered in the measurement
of the gas permeability coefficient at cryogenic temperature
and only seven concrete specimens were tested. Nevertheless,
the results obtained are consistent within themselves and
compatible with both the water permeability results obtained
during the screening test programme and gas permeability
measurements carried out to establish the effect of thermal
cycling. The principal conclusions to be drawn from these

tests are as follows:

(i) At -165°C the gas permeability coefficient was reduced
to about 10% to 20% of the value recorded at 20°C.

(ii) The lightweight concrete consistently exhibited
appreciably lower permeability coefficients when
compared with normal weight mixes subjected to similar

curing and storage conditions.
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10.3.2

(iii) Water cured concretes exhibited gas permeability
coefficients which were about two orders of maanitude

lower than the sealed cured concretes.

Tensile Behaviour

Tests were carried out in direct tension and in bending, to
determine both the strain capacity and strength of the concrete
with reducing temperature. Values obtained in bending were
generally double those obtained in direct tension for all four
concretes and at all test temperatures in the range 20 to
-165°C. This is consistent with published data on the tensile
strength at ambient temperature. The principal conclusions

from these tests were as follows:

(1) The tensile capability, or crack resistance of all four
concretes increased with reducing temperature. For the
three normal weight mixes the increase occurred largely
within the range -20°C to -70°C, with little change at
lower temperatures. For the lightweight concrete the
change was progressive over the complete range of test

temperatures.

(ii) At -165°C the tensile strength of the normal weight
concretes was typically 150 to 200% higher than the
value at 20°C. For the 1lightweight concrete the

increase was about 130%.

(iii) The increase in strain capacity was much less consistent
from mix to mix with those mixes with the lower ambient
values exhibiting the greatest percentage increase.
However, this was the result of the normal weight mixes
being unable to exceed a strain capacity ceiling of
about 110 microstrain in direct tension and 220
microstrain in bending. Hence for concretes with a high
value at ambient temperature, the scope for increase was

much less.
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(iv)

The lightweight mix exhibited a higher strain capacity
than the normal weight mixes throughout the range of
test temperatuces, the diffsrencs increasing as tne
temperature reduced. Whilst at ambient temperature the
strain capacity of the lightweight concrete was about
50% higher than the average value for the three normal

weight mixes, at -165°C it was about double.

10.3.3 Thermal Expansion Coefficient

(1)

(ii)

(iii)

The thermal expansion coefficient of all four concretes
reduced with temperature. Values recorded over the
temperature range -120°C to -165°C were about 75% of the

values recorded over the range +20°C to -20°C.

Values of thermal contraction for the normal weight
mixes over the temperature range +20 to -165°C were all
within 3% of the average value of 1760 microstrain. The
values were relatively high compared with previously
published results, but this has been attributed to the
high thermal expansion coefficient of the gravel

aggregate used.

Lower thermal contraction was exhibited by the
lightweight concrete. This was due to the lower thermal
expansion coefficient of the lightweight aggregate and
the higher moisture content of the lightweight concrete.
The latter would result in a higher proportion of the
thermal contraction being offset by the expansive
formation of ice. The total contraction exhibited by
the lightweight concrete was 1386 microstrain, 22% lower

than the normal weight concrete.

10.3.4 Elastic Modulus

(i

The elastic modulus of all four concretes increased with

reducing temperature.
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(ii) For the normal weight mixes the increase from 20°C to
-165°C varied from 33% to 58%, the biggest increase
being associated with the lowest ambient valus. At
-165°C the moduli of all three normal weight mixes were
almost identical with values of 58.5, 56.7 and 56.0
kN/mmZ for mixes AEC, HS and PFA respectively.

(iii) The lightweight concrete exhibited values of elastic
modulus which were 55 to 60% of the normal weight
concrete, over the complete range of test temperatures.
The values increased from 21.7 kN/mm2 at 20°C to 34.0
kN/mmZ2 at -165°C, this being consistent with published

. data on the elastic modulus of lightweight aggregate

concrete.

10.3.5 Bond to Reinforcement

Bond tests were carried out using two types of reinforcement,
and specimens were tested at ages ranging from 6 weeks to 4
months. Comparisons between the performance of the different
mixes can, therefore, only be approximate. As the specimens
were sealed cured the age effect 1is believed to be of only
secondary importance. However, the different bar types may
have had a significant effect. The following conclusions have,

therefore, been drawn with this in mind.

(i) The bond strength increased substantially over the range
+20°C to -165°C with values at -165°C being 200% to 300%

higher than those recorded at ambient temperature.

(ii) The rate of change of bond strength with respect to
temperature was similar to that of tensile strength down
to -70°C. However, as the temperature reduced further,
continued increase in bond strength was exhibited, with

peak values occurring at -120°C for all four concretes.

10.4 RESIDUAL PERMEABILITY AFTER THERMAL CYCLING

Tests to establish the residual gas permeability coefficient were
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carried out using two rates of cooling. Slow cooling refers to a rate
of 4°C per hour from 20°C down to -165°C, whilst rapid cooling r=fers
to immersion of specimens into liguid nitrogen at -196°C. The resu:-:

indicate the following:

(i) For the normal weight mixes the permeability was increased by a
factor of two when subjected to slow thermal cycling. Rapid
cycling was more disruptive, increasing the gas permeability by
up to 30 times for the high strength mix, but mixes AEC and PFA

by only 7 times and 3 times respectively.

(ii) The response of the lightweight mix to thermal cycling was
considerably greater than that exhibited by the normal weight
mixes. The gas permeability increased by about 100 times
regardless of the rate of cooling, eliminating the considerable
benefit associated with the low initial permeability of the
lightweight mix. The increase was attributed to disruption due
to ice formation, the lightweight mix having a higher moisture
content than the normal weight mixes due to the porous nature
of the aggregate. However, limited evidence from tests in the
low temperature permeability cell indicated that if the
concrete was confined, then disruption did not occur, the
expansion of the concrete associated with the ice formation
being prevented. For prestressed concrete, therefore,
permeability may not be as severely affected as indicated by

tests on unrestrained specimens.

10.5 RELATIONSHIP BETWEEN PERMEABILITY AND PORE STRUCTURE

The pore characteristics of two concretes were determined by mercury
intrusion porosimetry before and after thermal cycling. The two
concretes investigated were mix AEC, with the highest permeability of
the four concretes tested, and mix LW, with the lowest permeability.
Furthermore, the largest change in permeability was exhibited by mix
LW whilst mix AEC was the least affected by thermal cycling. Despite
the very wide range of permeability coefficients recorded no specific
relationship could be derived between permeability and porosity. The
low permeability lightweight concrete had the higher total porosity

spread over the complete range of pore sizes from 50 to 75000A. This
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10.6

10.7

suggests that the permeability of concrete is determined largeiv by
pores with a radius in excess of 75000A which are outside the range of
the mercury porosimeter. The only trend to be identified was thzt ihe
largest increase in total porosity after thermal cycling was
associated with the biggest increase in permeability.

RELATIONSHIP BETWEEN PERMEABILITY COEFFICIENTS MEASURED USING “/ATER
AND GAS

(i) Concrete permeability coefficients obtained using water and
nitrogen differed significantly, the biggest difference being
associated with concretes with the lowest permeability
coefficients. This difference has been investigated and
attributed to gas slippage, whereby the gas molecules close to

the wall of a capillary have a finite velocity.

(ii) Using the data obtained a relationship between water and gas
permeability has been derived which enables the value of
intrinsic permeability to be calculated from the gas
permeability coefficient and the absolute pressure at which the

test was carried out.

RELATIONSHIPS BETWEEN DIFFERENT PROPERTIES

Relationships have been derived to enable the prediction of a range of

properties from limited test results.

(1) The only property which could be related to permeability for
all four mixes was the strain capacity. As strain capacity
increased, so the permeability reduced. This reinforces the
view that the permeability of concrete is determined by
relatively large pores, beyond the range measured by mercury
porosimetry, or microcracks, which would also directly affect

the strain capacity.

(ii) The strain capacity can be predicted from either the direct
tensile strength or the modulus of rupture, together with the

elastic modulus. Hence, if the relationship between
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permeability and strain capacity holds for all concreces. it

may be possible to estimate permeability from these
measurements also.

(iii) The modulus of rupture was about double the direct tensile
strength for all concretes over the complete range of test
temperatures. Measurement of modulus of rupture was lsss
variable and it 1is therefore recommended that predictions
should be based on these values rather than direct tensile

strength.

10.8 CONCRETE FOR LNG CONTAINMENT

The principal requirement of a cryogenic storage facility 1is
containment of the product. Hence concrete which is selected for this
application must have low inherent permeability and be able to

withstand the stresses imposed upon it without cracking.

(1) Of the four concretes tested, the lightweight mix, using a
sintered PFA aggregate, was most suitable for cryogenic
applications. Not only did it exhibit the lowest permeability
coefficient, but also the combination of high strain capacity,
low elastic modulus and low thermal expansion coefficient,
which enable it to withstand significantly higher temperature

differentials in service.

(ii) Measured permeability coefficients for the lightweight concrete
are compatible with the requirements for typical LNG storage
tanks of 100000m> capacity with regard to both containment of
the liquid gas in a primary tank, and minimising gas leakage

from a secondary containment.

(iii) The typical air-entrained structural concrete would be unlikely
to be sufficiently impermeable to prevent the escape of LNG
over the 30 year design life of a tank. The permeability could
be reduced either by increasing the strength or by the use of
PFA.
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(iv)

The effect of thermal cycling was to increase the permeapility
of all four concretes tested. The increase was greatest when
the temperature change was rapic. The most significant
increase was recorded for the lightweight mix and has bteen
attributed to the higher moisture content compared with the
normal weight mixes. The consequence of this was that, after
thermal cycling, all four concretes exhibited a similar
permeability coefficient, despite the significant differences
prior to the thermal cycle. There was limited evidence,
however, to suggest that for prestressed concrete the

permeability would be unaffected by thermal cycling.

10.9 RECOMMENDATIONS

(1)

(ii)

There are clearly significant benefits which can be achieved by
the use of lightweight concrete for cryogenic storage
facilities with regard to leak tightness. Further work should
be carried out to identify the primary influencing factors with
respect to the low permeability and high strain capacity of
concrete wusing sintered PFA aggregate. Furthermore, the
reasons for the substantial increase in permeability after

thermal cycling should be investigated.

The relationship between permeability and strain capacity
should be investigated for a wider range of concretes. The
fact that a relationship was derived for the four concretes
tested suggests that only those pores which are sufficiently
large to initiate microcracking, will influence permeability.
The prediction of strain capacity from more simple measurements
of elastic modulus and either tensile strength or modulus of
rupture should also be considered for further study. This may
then lead to the direct prediction of permeability from

currently standard tests.

- 29 -



(iii)

Under constrained conditions, thermal cycling appeared to have
little affect on permeability. Hence for prestressed concrete
it may be possible to tolerats thermai cycling without loss of
performance. Limited results have been published on the
effects of prestress on the thermal contraction of concrete
which indicate that expansive ice formation 1is prevented.
Further work to investigate the effects of prestress on the
change in permeability after thermal cycling should therefore
be carried out, as cryogenic containments commonly wuse

prestressed concrete.
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APPENDIX 1

WORKING DRAWINGS
OF EXPERIMENTAL APPARATUS
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LIST OF WORKING

DRAWINGS

Permeability test cylinder

Tensile test specimen mould

Tensile test rig

Flexural test rig

Compression loading rig

Bond test rig

Bond slip transducer
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APPENDIX 2

DETAILS OF EPOXY RESIN USED FOR LOW
TEMPERATURE PERMEABILITY TESTING
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APPENDIX 3

CALIBRATION OF VIBRATING WIRE STRAIN GAUGES
AT AMBIENT AND LOW TEMPERATURE
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A3.1. INTRODUCTION

One of the principal requirements of the research project was for

1Y

reliable means of measuring concrete deformation at cryogenic temperatures.
Vibrating Wire Strain Gauges (VWG's) have a proven reliability for
measurement both on, and within, concrete at ambient and elevated
temperatures and were therefore considered for low temperature application.
One of the main advantages of VWG's is that, unlike transducers which use
electrical resistivity measuring elements, the VWG uses electrical means
for generation and supply of strain measurement values without dependency
on precise magnitude. Provided that the initiation and feed-back signals

are sufficiently high at cryogenic temperature, then stable readings would
be expected.
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A3.2. MATERIALS AND COMPONENT CONSIDERATIONS

The first consideration in developing a suitable VWG for the project

wzs to

employ as many standard gauge components as possible. Apart from financial

considerations, familiarity of use of components and materials would aszist

in achieving gauge factor uniformity.

A study of the materials used in standard gauges indicated two changes.

These involved the use of cryogenic cable and sealant.

A3.2.1 CABLES

The cable insulation material was changed to Kapton Polymide which

is recommended for service from -269°C to over 315°C. This has

excellent resistance to abrasion and is treated for bondability.

A cable was chosen with a small overall diameter (0.92mm) supplied

as a flat twin. The conductors were stranded silver plated copper

wire.

A3.2.2 SEALANT

Standard gauges use an epoxy resin for platen and cable entry

sealing.  This resin could crack due to shrinkage at cryogenic

temperature. A proven adhesive was required for temperatures below

-200°C which would both bond the polymide cable to metal

and

provide a metal to metal seal. A two component, solvent thinned,

epoxy-phenolic adhesive with a temperature range down to -270°C and

with low viscosity for flowability was chosen. This adhesive

exhibits low creep and has elongation capabilities of 1% at -

% at 24°C.

A3.2:3 COIL

270°C,

One particular component which was carefully scrutinised was the

coil. This features a nominal 100 ohms copper conductor coil wound

on two acrylic plastic bobbins which are mounted on soft iron pole

pieces. There were two principal considerations for suitability at

cryogenic temperature:-
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a) With decreasing temperature the acrylic bobbins would exhibi®:
shrinkage disproportional to the iron pole pieces. Should the
bobbin to pole piece be initially a tight fit at ambi:nt
temperatures, fractures could occur which might damage the coil
windings at -165°C. However, the manufacturers of the coils
confirmed that there was adequate clearance to accommodats

shrinkage and it was decided to retain the standard coil.

b) The temperature change from ambient to -165°C would decrease
the coil resistance considerably. The coefficient of
resistivity for copper is 3.9 x 10-2 ohms per ohm per 1°C

change and 1is non-linear, increasing significantly below
“lUU‘,Cc

Assuming the coefficient to be linear, the calculated coil

resistance change at -165°C would be:-

Temperature change x coefficient x nominal coil resistance
185 x 3.9 x 10~2 x 100 ohms

= 72.2 ohms resistance change
At -165°C coil resistance would be less than 28.8 ohms.
In consideration of the above data, a change of ambient coil
resistance to 150 ohm was considered. However, positive gains would
be realised for the coil at cryogenic temperature by virtue of the

reduced resistance, as follows:-

(a) Improvement in coil efficiency.

(b) Increase in magnetic field strengths.

Hence, the original coil was maintained.
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A3.3.1

A}l}.z

A3.3. PRELIMINARY TESTS ON PROTOTYPE GAUGES

GAUGE DETAILS

Two prototype embedment gauges were produced to the requi-:d
specification in conjunction with Gauge Technique Ltd., a VWG
manufacturer. The gauges were sealed and tensioned at different
levels. On receipt the gauges had period readings of 06670
(1,494Hz) and 14785 (676Hz) providing an extreme range, and were
designated Pl and P2 respectively.

Gauge Pl differed in two respects when compared to Gauge P2.
Firstly, the coil housing was brass instead of mild steel, and
secondly the distance between the platens was marginally greater,

5.531", compared to 5.468".

The relationship between strain and frequency in cycles per second
for a vibrating wire 0.010 inches diameter is given approximately

by the formula:-

Strain = L2 x 1010 Fz, where L is the clear wire length

in inches between clamping pins

Gauge factors for the standard 5.5 inch gauge and the two

prototypes and therefore:-

Standard 3.050 x 10-2
Gauge Pl 3.059 x 10-3
Gauge P2 2.990 x 10-3

The above factors represent theoretical values.

TESTING

Initial tests involved cooling the gauges from ambient temperature
down to -178°C and recording the gauge period for 100 cycles. the

coil resistance and the temperature. The cabinet used for cooling
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A3.3.3

the gauges is described in Section 4.3.4.2 of the main text.

Apparent strain changes were calculated using the above gauge

factors. The results are summarised in Table A3.].

DISCUSSION

The recorded change in strain with decreasing temperature shown in
Figure A3.1 1is believed to be due to differential thermal
contraction between the stainless steel tube and the high strength
cold drawn vibrating wire. Stainless steel has a thermal expansion
coefficient greater than that of high tensile steel. (At 20°C;
stainless steel = 16 x 10-8/°C, HT/steel = 12 x 10-6/°C). Over a
temperature change of about 200°C, the differential strain would,
therefore, be of the order of 800 microstrain, this being similar

to the recorded values.

The difference between the magnitude of the strain change for the
two gauges was surprising, however. Assuming constant gauge
factors down to cryogenic temperature, the calculated values of
differential contraction between the tube and the wire were 3.18
microstrain/°C for Gauge Pl and 4.46 microstrain/°C for Gauge P2.
The subsequent restoration of the initial ambient readings after
cryogenic cycling discounted any possibility of mechanical slip of
the wire. Furthermore, additional tests 2 and 3, confirmed the
individual strain gauge characteristics as shown in Table A3.1 and

Figure A3.1.

It would have been reasonable to expect a difference due to the use
of a brass coil housing for Gauge Pl, compared with a mild steel
housing for Gauge P2. Brass at 20°C has a thermal expansion
coefficient of about 18 microstrain/°C compared with a value of 12
microstrain/°C for mild steel. However, even if the housing
totally influences the central gauge section in terms of its
thermal response, this will have only made an overall difference of
about 0.5 microstrain/°C in the indicated differential (tube/wire)
contraction between the two gauges, compared with an observed
difference of 1.28 microstrain/°C. Furthermore, Gauge Pl with the
brass coil housing exhibits the lower microstrain/°C change which
would mean that, ignoring the effect of the coil housing, the

differential may have been greater.
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20
-58
-68
-94

=117
-138
-166
-178

20

TEST

1

GAUGE 1
99.9 4.0 06694 6818 - 20
69.4 3.5 06792 6630 188 -62
65.4 3.0 06830 6558 73
55.3 1.5 06875 6444 374 -99
45.0 1.0 06920 6388 430 -120
36.6 1.0 06960 6315 503 -142
24.5 2.0 07000 6243 575 -169
19.3 2.0 07032 6187 631 -178
AFTER CRYOGENIC CYCLE
99.9 06694 6818 0 a0
AFTER ADDITIONAL 15 HOURS 20
TEST 2
GAUGE 1
TRP CoIL PERIOD STRATH STRAIN TBP
c OHMS READING CHANGE &
20 101.2 06686 6843 - 20
-13 88,2 06746 6722 121 - 14
- 34 79.1 06775 6665 178 - 34
-~ 58 69.5 06822 6574 269 - 55
- 80 60.5 06860 6500 343 - a0
—102 51.3 06899 6427 416 -103
—122 42.5 06935 6361 482 —124
TEST 3
GAUGE 1
TRMP PERIOD STRAIN STRAIN PERIOD
Yo READING CHANGE READING
16 06692 6830 - 14780
6 06715 6784 46 15088
- 4 06732 6750 80 15377
“in3 06748 6718 112 15622
- 33 06782 6651 179 16211
= 50 06814 6589 241 16867
- 69 06847 6526 304 17568
- B8 06880 6463 367 18545
-108 06817 6394 436 19515
TABLE A 3.1

COIL
OHMS

101.1
68.7
64.2
54.3
44.5
35.5
23.1
20,1

99.3
101.0

GAUGE

GAUGE 2

SIGNAL

oV

3.0
12.0

7.0

6.5
12.0
35.0
15.0
35.0

2

COIL
OHMS

100.2
86.5
78.5
70.0
€0.0
50.9
42.5

PERIOD

READING

GAUGE 2
STRAIN

135y
1314
1265
1225
1138
1051
969
870
785

14760
15705
16269
17163
17842
19160
20115

PERIOD
READING

14828
16795
17448
18760
19996
21421
23025
24589

14801
14820

STRAIN

1372
1213
1128
1015
939
815
739

STRATH
CHANGE

45

93
134
221
308
390
489

STRAIN

1360

1060
481
B39
737
651
564
494

137
1360

Results of preliminary tests on proaotype gauges
cooled to temperatures down to -178"C
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STRATN IN

THE WIRE
(Microstrain)
— 900
— 800
—1700
4600
—+500
4400
4300
—200
Test 2 A - \\
Pest:3 © @ \ S
\ —100
G\S
| | 1 ] 1 0
- 180 - 140 - 120 - 80 - 40 0

TEMPERATURE “C

FIGURE A3.1 Results of preliminary cooling tests on two modified gauges
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A possible reason for the difference in gauge performance may be
encroachment of the end cap sealing adhesive on the vibrating wire

which would affect the frequency change characteristic and hence
the gauge factor.

No obvious explanation for the difference in performance of ‘he
gauges could be found at this stage and it was assumed that one of

the gauges may have been defective in some way.

In relation to the performance of the coils, the recorded millivolt
output signals indicated that there was a detectable level of
signal amplitude down to -190°C. Gauge Pl results showed a
decreasing amplitude of signal; however, no problem was experienced
in obtaining a steady period measurement. For 100 cycles of count,
a minimum output signal should not be less than 0.5 milli-volts.
Test results for Gauge P2 show a large variation of signal
amplitude, which suggests that the wire was touching the tube due
to the low tension initially employed, which was considerably lower

than the normal working range.

The insulation resistance measurements of the coils during and
after each of the three tests showed no detectable deterioration.
Whilst these results were related to short term and cryogenic
cycling, expectations were that, in the long term, the coils would

be satisfactory in a cryogenic environment.
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A3.4.1

A3.4.2

A3.4. CALIBRATION

INTRODUCTION

Having established that VWG's could be operated successfully at

cryogenic temperature, calibration tests were carried out ‘o

establish the following:-

(1) The gauge factor at ambient temperature.

(2 The change in gauge factor of surface mounted gauges over
the temperature range +20°C to -165°C.

(3) The temperature correction factor for surface mounted gauges
over the temperature range +20°C to -165°C.

(4) The performance of embedded gauges with respect to both

gauge factor and temperature correction factor.

CALIBRATION OF SURFACE MOUNTED GAUGES AT AMBIENT TEMPERATURE

In order to determine the gauge factor of VWG's at -165°C, it was
first necessary to determine a consistent gauge factor at ambient
temperature. Having determined a gauge factor for surface gauges
at ambient temperature, by comparison with dial gauges, these would
then be compared with surface gauges at -165°C. Embedded gauges in
concrete would then be calibrated against the surface gauges at
-165°C.

A calibration test rig was designed which would accommodate eight
surface gauges in groups of four at the top and bottom (Figure 5.2
pl83). To achieve sensitivity of movement, a differential screw
was used which gave 478.5 + 1%/-2% microstrain per revolution.
Movement of the differential screw caused an equal change in
distance between the top two plates and between the bottom two
plates. For the low temperature tests, the bottom two plates were
located in a cryogenic cabinet at -165°C, whilst the top two plates
were maintained at ambient temperature. The calibration test rig
was carefully tuned to give a smooth movement, particularly with

respect to bearing friction.

For calibration at ambient temperature, four 0.002mm dial gauges

were fixed on to the rig at 90° spacing, two at the top and two at
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A3.4.3

the bottom, and located between vertical pairs of gauges. Rel:zti.e

movement between the plates was monitored by both VWG's and a:isl

gauges. The mean of the relevant pair of dial gauge <eacing

Wil

Ul

converted to change in microstrain over the VWG gauge length, and
the change of frequency of the individual VWG's was dividea :into

the appropriate microstrain value to obtain gauge factors.

Tables A3.2a and 2b and A3.3 give dial gauge and VWG reacings
together with calculated gauge factors for increments of
compressive and tensile strain up to about 1,000 microstrain. Mean

gauges factors from Tables A3.2a and 2b and A3.3 are as follows:-

Compressive Loading 2.922 x 10-3 per frequency?
Compressive Loading 2.933 x 1073 per Frequency2
Tensile loading 2.927 x 10-7 per frequency?

The above values are lower than the theoretical gauge factor of
3.05 x 10-2 per Frequency2 for a 5.5" surface gauge. However, in
computing a theoretical gauge factor, the square of the length of
free wire is taken literally into account. The wire is fixed at
either end by clamping, and this will reduce the effective length
of actively free wire. Using a gauge factor of 2.927 x 10-3/f2,
the effective length of free wire of 0.01" diameter would be 5.41",
which suggests that 43 diameters of wire at either end should be

discounted due to clamping influence.

A gauge factor of 2.927 x 10~ has been used, therefore, for all

subsequent 5.5" surfaced mounted VWG tests at ambient temperature.

CALIBRATION OF SURFACED MOUNTED GAUGES AT CRYOGENIC TEMPERATURES

The calibration of 5.5" surfaced mounted VWG's at a cryogenic
temperature of -165°C was undertaken using the previously mentioned

calibration test rig.

The test rig was mounted with the bottom plates located in a
cryogenic cabinet so that the top four gauges were at ambient
temperature, and the lower four gauges in a controllable cryogenic

environment.
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Gauge Gauge Gauge Gauge Gauge Gauge Gauge Gauge Mean
I 2 3 4 5 6 7 8 G.F.
Ref Period 13786 13562 13562 13973 13421 13490 13704 13494
Period - 12715 - - 12595 12635 12843 12614
Dial Gauge S 228 218 218 228 228 218 218 228
Gauge Factor - 2.918 - - 3.037 2.871 2.954 2.875 2931
Period 12423 12288 12275 12554 12186 12206 12392 12204
Dial Gauge,S 352 347 351 356 352 347 351 356
Gauge Factor 2.889 2928 2.927 2911 2.976 2.872 2958 2911 2922
Period 12012 11918 11914 12131 11824 11856 12030 11826
Dial Gauge,s 476 470 477 484 476 470 477 434
Gauge Factor 2.885 2929 2.964 2.889 2.976 2.915 3.008 2915 2.931
Period 11703 11621 11606 11811 11516 11526 11687 11501
Dial Gauges 583 587 595 591 583 587 595 591
Gauge Factor 2.859 2.983 2.992 2.886 2.932 2,900 2.978 2.856  2.923
Period 11362 11295 11310 11457 11203 11222 11403 11211
Dial Gauge,S 709 711 711 710 709 711 711 710
Gauge Factor 2.855 2.959 2.986 2.905 2.936 2.915 3.004 2.880 2932
Period 11016 10985 11003 11170 108%% 10914 11104 10912
Dial GaugepS 840 836 837 840 840 836 837 840
Gauge Factor 2.819 2,934 2,964 2.905 2.921 2.8%1 3.004 2.892 2916
Period 10777 10757 10781 10911 10655 10673 10851 10661
Dial GaugepS 962 947 945 959 962 947 945 959
Gauge Factor 2.872 2.955 2.983 2.926 2.953 2.891 2981 2.90l 2,933
Period 10641 10524 10541 10676 10437 10360 10624 10443
Dial GaugeyS 1067 1061 1060 1066 1067 1061 1060 1066
Gauge Factor 2.854 2954 2.975 2.919 2.951 2918 2.999 2.898 2,932
Period 10326 10300 10301 10437 10227 10244 10391 10220
Dial Gauge,S 1177 1175 1175 1177 11770 11750 11750 1177
Gauge Factor 2.859 2947 2.946 2.899 2.936 2.919 2.984 2.882 2.922
TEST MEAN 2.927

TABLE A3.3

Calibration tests 1n tension at ambient
temperature,
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A3.4.4

Successful calibration required careful tuning of the test -ig
bearings for smooth operation at low temperature. In addition, the
bearings had to be free of moisture and were therafore dried cut
immediately prior to cool down. This operation and the time taken

to achieve a stable temperature of -165°C permitted only one tsst
run a day.

Four calibration runs were carried out in which tensile strains of

up to 1,200 microstrain were imposed on the gauges. The results
are given in Table A3.4 (a-d).

The gauge factor of 2.927 x 10> was applied to all eight gauges.
Variations in the resultant strain values for gauges at ambient and

cryogenic temperature were used to calculate the correct gauge

factors.

The mean strain values for each set of four gauges at each strain
increment did not show any significant change of gauge factor for
gauges at -165°C, when compared with gauges at ambient temperature
(Figure A3.2). The gauges at low temperature gave strain values
which were marginally higher than the gauges at ambient temperature
(by 3-4%) indicating that the gauge factor may be marginally

lower.

MEASUREMENT OF THERMAL CONTRACTION OF THE VIBRATING WIRE

The thermal contraction of the gauge wire was measured by clamping
surface mounted gauges onto two different metals of known thermal
expansion coefficients. The test metals chosen were copper (99.98%
pure) and nickel (99% purity). These two materials have a greater
thermal contraction than the high tensile steel gauge wire. When
the temperature is decreased the wire tension of the gauges will

therefore relax.

Four gauges were used on each test specimen, two at an ambient
nominal frequency of 775 hz and two at 975 Hz. Period readings for
all the gauges were taken at 20°C, -73°C and -173°C (Tables A3.5
and A3.6). From the known thermal contraction data for the two
test metals the contraction of the wire was calculated and is shown

in Fig. A3.3. Average values are given below:-
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Rel. Period

Period
Microstrain

Period
Microstrain

Period
Microstrain

Period
Microstrain

Period
Microstrain

Period
- Microstrain

Period
Microstraln

Rel. Period

Period
Microstrain

Period
Microstrain

Period
Microstrain

Period
Microsrain

Period
Microstrain

Pericd
Microstrain

11133

10966
7

10729
132

10432
b1% ]

10308

1003

e

091392
631

09726
T34

10367

10168
ios

09%92
w08

09737
335

09313
n

03334
636

09121

GAUGES AT AMBIENT

10885
1z

10608
243

10321
pii]

10191
460

10036
336

09863
630

09722
m

GAUGES AT AMBIENT

2
10473

10231
s

10031
13

09326

09604

09432
623

09168
i3

10373
1z

10323

w0

L1y

05932

09826

326

09622
636

03476
734

3
10263

10032
e

09782
76

09617
386

o9e28
Sie

09266
630

03036
206

10836
73

10633
169

10253
33

10224
380

09822
(1L

09633
721

L]
10142

09962
104

09691
vl

09528
e

09277
333

05083
702

0x917
13

MEAN
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08.3

3668

4233

323

637.3

736.8

MEAN

120

2.0

370.0

321.3

7.1

313.0

GAUGES AT -162°C

3
10274

10138
73

09293
Fit}

09611

9221
L3

o308l
76

3
10234

DOBs

09862

Fib]

09693
iz

095536
all

o921
303

09231

w26

10333

10127
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0%93%
3

09806
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09321
LEH]

09336
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031%0
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09992

09817
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096al
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09392
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09313
w3
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03371

GAUGES AT -162°C
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oFI03

[1

09616

09726 09473

1o

09306
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09332
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02963
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08764
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9

09239

9

0085

: 1

[0
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7
10632

10426
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10187
nl

09923
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09768
(11}

09334

os2lé
7

S
10033

09872
12%

09679
3

09536
ErL]

09332
a7s

03131
(1

08926
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y6.1

2133 ¢

353

AL -

7.8

9.3 T
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MEAN

1i0.5

s

Mo

323.3
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TABLE A3.4 Results obtained using the
at ambient temperature and

Rel. Period

Period
Microstrain

Period
Microstrain

Period
Microstrain

Pericd
Microstrain

Period
Macrostrain

Rel. Period

Period
Microstrain

, Period
» Microstrain

Period
Mucrostrain

Period
Microstrain

Period
Microstrain

Period
= Microstrain

-
Period
Microstrain
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FIGURE A3.2 Gauge calibration at cryogenic temperature.
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FIGURE A3.3 Results from tests to determine the thermal contraction

of the steel gauge wire.
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A3.4.5

Copper Nickel Gauge lWire

20 to -73°C 149 x 10-° 111 x 10-> 102.5 x 10-2
20 to «173°C 283 x 10-> 201 x 10-> 183.1 x 10->

The results from the thermal contraction tests are of additional
interest with respect to gauge performance. The wire in the higher
tensioned gauges, generally exhibited lower thermal contraction
than the gauges tensioned at a lower frequency. This behaviour was
similar to that observed during the tests on two prototype gauges
and additional tests were therefore carried out to determine the

influence of wire frequency on gauge response.

DIFFERENTIAL THERMAL CONTRACTION AT DIFFERENT FREQUENCIES

To determine the influence of frequency on gauge response, a
cryogenic test was initially carried out in which six surface
mounted gauges, at different ambient wire frequencies, were mounted
on a high tensile steel rod. The temperature of the rod and gauges
were lowered to -10°C and period time readings of gauges were taken
for datum reference. Further readings at -73°C, -100°C, -163°C and
-173°C were taken and the resultant microstrain values, using a
G.F. of 2.927 x 10=2/f2, were plotted (Figure A3.4).

Due to the similar contraction coefficients of the rod and wire,
there was very little apparent strain change, particular in the
gauges tensioned to low frequency (650 to 900 Hz). For gauges
initially tensioned to higher frequencies the resultant thermal
contractions show increasing wire tension. The indicated tension
induced in the wire decreased with the initial frequency as shown

in Figure A3.4.

Additional differential thermal contraction tests were undertaken

using embedment gauges.

Four gauges with stainless steel tubes were tensioned at different

frequencies in order to determine differential thermal contraction
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GAUGE 1 -

3 4
+20 977 HZ. 989 HZ. 788 HZ. 762 HZ,
Period 10239 10111 12685 13125
-73 896 HZ, 906 HZ. 684 HZ, 645 HZ.
Period 11157 11039 14622 15500
ALgS 441 - 461 - 450 - 481
-173 793 HZ. 798 HZ, 541 HZ. 482 HZ.
Period 12610 12527 18479 20744
ALpS -951 -998 =962 - 1019

COPPER THERMAL CONTRACTION,
20°C to —73°C = 1490 microstrain,

Gauge | Wire Contraction = 1049 S at 997 HZ,
Gauge 2 Wire Contraction = 1029,S at 989 HZ,
Gauge 3 Wire Contraction = 1040,5 at 788 HZ,
Gauge 4 Wire Contraction = 1009 1S at 762 HZ,

COPPER THERMAL CONTRACTION.
20°C to -173°C = 2830 microstrain.

Gauge 1 Wire Contraction = 18798 at 997 HZ,
Gauge 2 Wire Contraction = 1832p5 at 989 HZ.
Gauge 3 Wire Contraction = 1868 S at 788 HZ,
Gauge 4 Wire Contraction = 1811pS at 762 HZ.

Mean for wire 20°C - -73°C = 1032 microstrain.
Mean for wire 20°C - <)73°G = 1848 microstrain,

TABLE A3.5 Results of tests with surface mounted gauges attached to
copper rods, and cooled to -173%C. (No adjustment has
been made for different initial gauge frequencies)
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GAUGE 1 2 3

4
+20 975 HZ 974 HZ 800 HZ 799 4T
Period 10251 10270 12499 12519
=73 962 HZ 960 HZ 777 HZ 778 HZ
Period 10393 10418 12873 12857
ALyS -75.6 -78.3 -107.3 - 96.9
-173 945 HZ 942 HZ 750 HZ 753 HZ
Period 10583 10614 13338 13276
ALpS -172 -177 - 228.3 - 206.9

NICKEL THERMAL CONTRACTION
26°C %0 <73°C = 1110 microstrain

Gauge | Wire Contraction = 1034.4 S at 975 HZ,
Gauge 2 Wire Contraction = 1031.7,5 at 974 HZ,
Gauge 3 Wire Contraction = 1002.7 yS at 800 HZ,
Gauge 4 Wire Contraction = 1013.1 45 at 799 HZ,

NICKEL THERMAL CONTRACTION
20°C 1o <173°C = 2010 microstrain

Gauge 1 Wire Contraction = 1838pS at 975 HZ.
Gauge 2 Wire Contraction = 1833 S at 974 HZ.
Gauge 3 Wire Contraction = 1781.7S at 800 HZ,
Gauge & Wire Contraction = 1803.1p5 at 799 HZ,

Mean for wire 20°C - -73°C = 1020 microstrain,

Mean for wire 20°C - -173%°C = 13814 microstrain,

TABLE A3.6 Results of tests with surface mounted gauges attached to
nickel rods and cooled to -173°C. (No adjustment has been

made for different initial gauge frequencies).
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TEMPERATURE (°C)
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(Microstrain)

FIGURE A3.4 Results obtained from surface gauges mounted on
reinforcing steel and cooled to -173 C.
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A3.4.6

between the wire and the body of the gauge. The frequensizs

selected were representative of the likely range normaily

encountered when using 5.5" V.W. gauges.

Period time readings of the gauges were taken at -10°C, -73°C,
-100°C, -165°C and -173°C. These readings were converted to

microstrain, using a gauge factor of 2.927 «x 1073/fF2, and are
plotted in Figure A3.5.

The differential thermal contraction of wire and tube appears
substantially linear, for a 5.5" gauge length, down to at least
-173°C.  The contraction of the tube is greater than that of the
wire. From Figure A3.5 it can be seen that for a change of 1°C a
gauge initially tensioned at 1500 Hz has an apparent differential
thermal contraction of 3.275 microstrain. A gauge at an initial
600 Hz would indicate 4.72 microstrain per 1°C change. The wire
frequencies used for this test were, 667 Hz, 833 Hz, 1123 Hz and

1423 Hz at ambient temperature.

The results obtained using both surface mounted and embedment
gauges are shown in Figure A3.6 in which the apparent strain change
is plotted against Frequencyz. There is clearly a linear
relationship between the Frequency2 and the change in thermal
contraction, indicating that the thermal contraction of the wire is
directly related to the initial strain imposed upon it. The higher
the initial tension, the higher the thermal contraction. Hence,
knowing the initial frequency of the wire the thermal contraction
can be adjusted accordingly. Temperature correction curves for

concretes with a range of initial frequencies are shown in Figure

6.1 (p 216).

CALIBRATION OF EMBEDMENT GAUGES IN CONCRETE

To determine the gauge factor of VWGs embedded in concrete, three
150mm diameter by 450mm long concrete cylinders were cast each with
a single embedment gauge cast centrally. After sealed curing for
28 days, three surface mounted gauges were fixed to the surface of
each cylinder at 120° intervals. The three embedded gauges were

tensioned to different frequencies from a high value of 1363 Hz to
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FIGURE A3.5 Results of tests on embedment gauges with different
initial frequencies, cooled to -173°C.
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a low value of 779 Hz. The intermediate value was 373 Hz. The
surface mounted gauges were tensioned to give a frequency with the
range 1000 to 1300 Hz. As it was necessary to cool the speciimens
down to -165°C in order to carry out gauge factor tests, it was

also possible to determine temperature correction factors.

The tests were carried out as follows. The specimens were locatz=d
in their stainless steel loading rigs and placed into an insulated
cryogenic cabinet. (Details are given in Sections 6.2.3 and 6.2.4
of the main text). Datum readings were then taken on each of ‘he
twelve gauges at ambient temperature prior to the application of a
uniaxial compressive stress of 13.8 N/mmZ. The stress was
maintained whilst readings were again taken on all twelve gauges.
The stress was then relieved and a third set of gauge readings were
taken. The temperature within the cabinet was then reduced at a
rate of 4°C per hour to -20°C and maintained at this level for a
period of not less than 6 hours before taken a further set of
readings at no load, 13.8 N/mm? and after load release. This
procedure was repeated at -70°C, -115°C and -165°C.

Individual gauge results are given in Table A3.7. Values of
thermal correction have been derived from Figure 6.1, taking into
account the specific gauge frequency (Additional tests using
embedded gauges validated the use of the relationship between wire
contraction and Frequency2 derived from surface mounted gauges -
see Section A3.4.7). Correlation between the results for each
specimen was generally very good with respect to both load induced

and thermal strain.

Regarding the gauge factor there would appear to be a marginal
reduction for the embedded gauges at temperatures down to about
-20°C. At lower temperatures there was no significant difference
between embedded and surfaced mounted gauges. With regard to
thermal strains, however, there was a consistent difference between
internal and external values, the former generally being about 10%
higher. No specific reason for this difference has been

identified, but the following hypotheses have been considered:-
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SPECIMEN 1 SPECIMEN 2 SPECIMEN 3
‘{géﬂ}’ Embedded Surface Gauges Embedded Surface Gauges Embedded Surtace Gauges
1 2 3 1 2 3 1 2 3
RUN 1
No load | 07335 | 09528 06100 09599 09463 | 08695 09966 (09823 12833 | 09264 08844  07%rA
17 | Loaded | 07650 10181 06272 10305 10181 | 09168 10473 10479 15071 10005 09520 08309
£ | =439 -400  -426  -420 =445 -467  -278  -367 -489 -487 =517 =370
No load 07347 | 09531 06153 09674 09543 | 08726 09912 09650 12967 | 09338 08954 07982
Er -18 =2 =90 -49 =320 -28 =32 -110 =3 =54 =91 ~16
No load 07268 | 09364 06075 09495 09419 | 08595 09727 09501 12632 | 09163 08793 07839
St +19 +116  +154  +118 +93 +127  +135  +145 +85 +118  +114 +99
Lse | =505 482 =525  -482 =491 -488  -480 480 -483 -485  -487  -495
=20 S¢ | =386 =366 =371 =364 -398 -361  -345  -355 -398 =367  -373 -39
| Load 07603 | 10033 06244 10206 10139 | 09126 10320 10380 14880 | 09955 09489 08208
| s : -478 430  -424  -436 =452 448 =345  -526 =513 =333 =535  -395
| No load 07280 | 09375 06078 09510 09422 | 08595 09732 09506 12677 | 09182 08804 07867
r | -18 -8 -8 -9 =2 0 =3 -4 =13 =14 -10 -10
]
No load 07120 | 09032 05968 09150 09136 | 08328 09369 09184 12019 | 08861 08515 0764l
Ein | +251 +265 4295  +260 +223 +258 4204 4230 +218 +256  +260  +2B3
28 =540 -513 =572 =513 =525 =521 =510 -512 =514 -515 =510 =530
|
=70 e | =289 -248 =277 <247 =302 I -263  -266  -276 =294 -259  -260  -247
[l
Load | 07413 | 09615 06124 09772 09748 ! 08792 09865 09942 13736 | 09551 09124 07956
Zs -447 =422 =413 =431 =427 | -434 =327 =509 =475 =591 =521 -389
No load 07127 | 09034 05967 09159 09131 | 08321 09362 09170 12058 | 08880 08527 07650
Er -11 =2 +3 =7 + +7 +5 +11 13 -16 -11 =12
No load 07037 | 08854 05901 08966 08975 | 08175 09161 08998 11695 | 08698 08361 07522
Erm +148 +147 +185  +152 +123 +152  +148  +134 +127 +157  +16l  +172
=425 =402 -456  -402 -414 =410  -400  -401 =404 -405  -408  -420
Lee
-115 Se =277 25510 =27l =2 -291 -258 =252 -267 =277 =248 247 -248
Load 07296 | 09376 06049 09512 09547 | 08595 09598 09688 13179 | 09309 08905 07805
£s =413 404  -406  —406 =422 =417 =310 =495 =455 -491  -496  -368
No load 07040 | 08832 05889 08952 08980 | 08145 09138 08967 11731 | 09697 08354 07514
<, =5 +19 +34 +11 -4 +32 +18 +25 -13 +1 +7 +11
No load 06949 | 08654 05827 08754 08824 | 08012 08948 08792 11913 | 08744  0B412 07502
1o ] Eeme +155 +160  +180  +167 +130 +148  +150  +l46 +134 +165  +159  +19%
Ste =410 -383  -442 =383 =395 -391 -380  -382 -384 =385 -390 =400
=165 Se =355 -223  -268  -216 =265 -243  -238  -236 =250 =220 =231 -206
Loaded 07187 | 09127 05972 09273 09328 | 08401 09349 09420 12611 | 09062 08684 07651
B =395 =395  -4l4 416 =395 -413  -307  -488 =471 =471 -472 -378
No load 06961 | 08654 05829 08757 08855 | 07981 08928 08770 11398 | 08527 08204 (07381
Er =23 0 -6 =3 =27 +35 +16 +19 -8 -9 -4 -6
RUN 2
18 No load 07047 | 07042 07171 07111 08878 | 09341 08959 08979 11611 11517 11516 11542
=173 [ No load 06720 | 06671 06778 06746 08337 | 08683 08272 08377 10622 10424 10360 10408
Een +585 +675 4679  +643 +498 +527  +631 +541 +423 +487 +520  +505
St -1950 | -1950 -1945 -1950 -1855 | -1840 -1850 -1850 -1785 | -1785 -1785 -1785
e -1365 | -1275 ~-1266 -1307 -1357 | -1313 -1219 -1309 -1362 | -1298 -1265 -1280

Z¢ - Stress induced strain

£+ - Residual strain after removal of load
£4m— Measured thermal strain

F&e - Temperature correction

Z+ - Thermal strain

TABLE A3.7 Period and strain readings during calibration
of embedded gauges in concrete cylinders.
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i) As the specimen is cooled a temperature gradient deveiogs,

the surface being cooler than the centre. If moisture
migrates down this gradient to the surface. this -oyls
result in a higher moisture content at the surface than a*
the centre. Hence when the water freezes within the
concrete, with its associated expansion, this would tend to
offset the contraction of the surface to a greater extzant
than the centre. The net effect would therefore be greater
contraction at the location of the embedded gauge, as
recorded. There is some evidence that moisture
differentials may be, at least partially responsible for the
differential contraction as the largest differences between
internal and external contraction were generally recorded in

the -20°C to -70°C range, when most of the ice is formed.

ii) Temperature differentials is to induce stresses in the test
specimen. If the surface is cooler it will be in tension.
whilst the centre of the specimen will be in compression.
The compression at the centre would cause additional
contraction at this location whilst the tensile stresses on
the surface would offset some of the thermal contraction.
The net effect is again to increase the internal strain in

relation to the surface.

A3.4.7 ADDITIONAL THERMAL CONTRACTION TESTS ON CAST-IN EMBEDDED GAUGES

A second series of tests were undertaken to obtain data for
embedded gauges cast into concrete. Again, three 150mm diameter by
450mm long concrete cylinders were cast with an embedment gauge at
the centre of each. Three surface mounted gauges were then fixed
to the surface at 120° intervals after a 28 day sealed curing
period. Frequencies for the embedded gauges were 861, 1126 and

1419 H2 and in each cast the respective surface gauges were

tensioned to about the same level.

Datum readings were taken on all twelve gauges at an ambient
temperature of 18.5°C and the specimens were then cooled to -165°C
over a 24 hour period. The gauge readings were then taken at this

temperature. Individual gauge results are given in Table A3.8.
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Strains for the high and low frequency gauges, before thermal
correction, differ by 162 microstrain, whether recorded internal
or externally. These results are included in Figure A3.6, which
demonstrates that the effect of initial frequency on thermal
contraction of the steel wire is the same for both embedded and

surface mounted gauges. Corrected thermal strains are included in
Table A3.8.

Correlation between the three specimens was extremely good, whether
assessed on the basis of internal or external strain. However, the
difference between internal and external strain was again

observed.
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FIGURE A3.6 Summary of results fram tests involving cooling gauges
from ambient to cryogenic temperature.

- 358 =



Z8eT -
LOET. — 0S6T -
99zt = 0S6T -
SITE = 0S6T -
o 0S6T -
08ZT -
60€T - GG8T -
6TCT - SG8T -
EIET = G581 =
LGET" = GG8T -
82T -
082T - S8LT =
921 =~ G8LT -
862T - GYLT =
C9ET - GBLT =
NIALS NOTIOTIE0D
JaL23TI00 HINTTIHIWAT,

999
€n9
6.9
SL9
689

99¢
Ihe
1€9
LIS
gev

P0S
409
(1749
L8h
XAy

i

91490
82490
124990
02490

LLE80
2.280
£8980
LE€80

80101
09¢01
HhZhol
ZZ901

aoryaiad

Z8nl
Sinl
6611
83n1

hell
6021
A9 8!
6611

196
€96
656
116

ZH

11140
14140
Zh0.40
L7040

6,680
65680
1h€60
84880

Znetl
91¢TI
LISTI
T1911

aorygiad

*SIDPUTTAD
JDILUON UMl QGE A I)TAIRTP UMl OGT BUTTOOD Usym sabneb pojuncul S0eJans pue psppadue WoIJ S3(NSay 8tV dIdVYL

90h1
c6tl
0Znl
6171

UARR!
9111
1401
9211

998
898
898
198

ZH

2orIaNS *8AY
adejing f; adnen
9oBJINg ¢ 23nen
aoeying z adnen

pappaquy [ 23neD

£ TBwi>sds
20BJANS DAY
90BJING f; 38nen
aoeJang ¢ adnen
aoeying z 2a8nen
pappaquy [ a3nen

FATEIET

20RIING *9AY
30eJIng 4 93nen
3Je1INng ¢ a8nen
aoe1Ing Z a8nen

pappaquy [ 23nen

[ uswidadg

=300 =



5.  CONCLUSION AND RECOMMENDATIONS

Hie
temperature using both surface mounted and embedded gauges, a gauge facrtor

Based on the results of calibration tests at both ambient and cryoca!

of 2.927 x 10~2 microstrain per Frequency2 is recommended regardless of tne
initial gauge frequency. A small reduction in gauge factor (of the order
of 5%)was identified for embedded gauges at temperatures down to -200C but
at lower temperatures observed differences were marginal. There was a
small reduction in the gauge factor of surface mounted gauges at -1620C but

this was only 3-4% and not considered to be significant.

With regard to temperature correction to compensate for contraction of the
vibrating wire, this was found to vary with the initial frequencyz. The
greater the initial tension in the wire, the higher the thermal correction.
The need to adjust the thermal correction factor can be avoided, however,
by ensuring that the initial gauge frequency is kept within acceptable
limits. For example variations within a frequency range 950 to 1050 Hz
would limit the variation of temperature correction to within a 30
microstrain range. For the anticipated strain change in the concrete,
likely to be of the order of 1500 microstrain, the -1% variation associated
with the temperature correction for an assumed initial frequency of 1000Hz
would be acceptable, obviating the need to make adjustments for individual

gauges.
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