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Abstract

The compressive strength, the tensile splitting strength, the stress strain relationship
and the thermal deformation of concrete are determined experimentally as a
funetion of temperature.

Theoretical formulae are derived based on the classical bond stress-slip theory to
predict crack width and spacing in a reinforced tension member at very low
temperatures. This model is based on the local bond stress-slip relationship, which is
determined experimentally as a function of temperature and curing conditions. It has
been proven that realistic crack widths can be calculated using the tension member
model. Furthermore a model is derived to predict the ultimate bond stress in case
splitting failure occurred as a function of concrete cover and temperature. The
lowest bond strength relative to the actual splitting strength is predicted at -40 and
-80°C.



SUMMARY

Chapter 1 The introduction lists the avens of application for reinforced or
prestressed concrete at low temperatures, e.g. in the Arctic environment and for the
cryogenic storage of gases. Structural concrete always exhibits cracks in the service
limit state. However, there is a lack of experimental and theoretical research on the
crack width and the spacing at low temperatures. The typical feature of the splitting
failure of the concrete cover as a function of temperature should be investigated.
These subjects are the aim of the present study.

Chapter 2 The properties of concrete affected by low temperature are briefly
reviewed. Besides the mechanical properties of conerete the thermal behaviour of
concrete and steel are discussed. In general, an increase in strength is found at low
temperatures. This increase depends mainly on the free moisture content of the
concrete. Furthermore, the bond resistance increases very much at low
temperatures. In all cases splitting failure occurs for a practical concrete cover at
low temperatures.

High reinforcement ratios (3 to 4%) very greatly increase the crack spacing in water-
saturated concrete tensile members at low temperatures. No increase in crack
spacing was observed for sealed concrete at -165°C.

Chapter 3 In this chapter the theoretical formulae are derived to prediet crack
width and spacing in a reinforced tension member. This model is based on the local
bond stress-slip relationship which should be approximated with the aid of a power
funection at various temperatures. What is termed the "first-generation ecrack"
possesses a greater crack width than the crack width associated with a fully
developed crack pattern, if a constant tensile strength is assumed. As a result of the
thermal differences between concrete and reinforcement, restrained stresses are
generated during cooling. The effect of this feature on the crack width and spacing is
taken into account by considering the tensile member as pretensioned.

Subsequently, a theoretical model is developed for the splitting failure mechanism. In
the model the softening behaviour of the concrete and the number of cracks are
taken into account. A minimum ecracking resistance relative to the actual tensile
strength is calculated at around -70°C.

Chapter 4 The experimental programme and the equipment used are described. It
was decided to divide the experiments into two main parts. In the first part the
material properties of concrete were investigated as a funetion of temperature and
moisture content. In the second part the bond stress-slip relationship was determined
by means of a pull-out test. Furthermore, to study the effect of the temperature and
moisture content on the erack width and the spacing, 12 centrically reinforced
tension members of 1 m in length were tested at various temperatures.

The basic experimental programme comprised five temperatures, two concrete
grades and three sets of curing conditions, namely water-saturated (S), sealed (W)
and air-dry at 50% r.h. and 20°C (H). All the other experiments were performed for



one set of curing conditions, namely sealed. For both concrete mixes an investigation
was made of the influence of the age (28 and 365 days), cooling rate and eyclic
temperature loading on the bond stress-slip relationship. The effect on the bond
resistance of the embedment length, the bar diameter and the type of reinforcement
(plain bar, deformed) was also investigated.

Chapter 5 The increase in the compressive strength and the tensile splitting strength
of concrete with lowering of the temperature is primarily a function of the free
moisture content and is independent of the concrete grade and the age of the
concrete. A higher eylinder to cubic strength ratio was found at low temperatures.
Generally, the greater part of the increase in splitting strength oceurs in the
temperature range from 0 to -40°C, unlike the increase in compressive strength,
which occurs mainly at temperatures from 0 to -120°C. Concrete tested at low
temperatures and three different ages, namely 28, 90 and 365 days, showed about
equal actual strengths. The static modulus of elasticity is found to increase at low
temperatures, but to a far lesser extent than the (cylinder) compressive strength. A
more or less linear elastic stress-strain relationship is found for concrete tested at
-165°C.

After thermal cyecling a reduction in strength of the sealed concrete is observed,
which is most significant for the modulus of elasticity and least significant for the
compressive strength. However, for the concrete mix with a low w/c ratio (0.40)
hardly any reduction in strength is observed. Sealed and air-dry concrete exhibit
thermal behaviour characterized by almost linear thermal deformation and perfect
reversibility. This behaviour proved to be independent of the w/c ratio and the
moisture content. Water-saturated concrete was found to undergo thermal expansion
in the temperature range between -20 and -60°C. This expansion is clearly affected
by the w/c ratio and it increases for higher ratios. Only limited stresses will be
introduced in a reinforced concrete member during cooling as a result of the small
differences between the coefficients of thermal expansion of the reinforecement and
of the air-dry or sealed concrete. However, considerable stresses may develop in
reinforced water-saturated concrete.

It has been proved that the bond resistance increases when the temperature is
lowered. The main part of this increase takes place in the temperature range from 20
to -120°C. A typical phenomenon is observed at -165°C for slip values generally
exceeding 0.02 mm. For higher bond stresses these slip values inerease
instantaneously, and these abrupt changes in the slip rapidly become larger.

For the mix with the low w/e ratio splitting failure is nearly always found to be the
governing failure mechanism in the case of water-saturated concrete, whereas for
the other concrete mix at low temperatures shear failure or yielding of the
reinforcement determine the bond strength. For the one year old concrete a less
pronounced effect of the temperature on the bond stress-slip relationship is observed
and a different failure mode, splitting failure, is found at -165°C.

Thermal cyeling proved to have no significant effect on the bond resistance for the
mix with a low w/c ratio even after 10 temperature cycles. For the mix with a higher
w/c ratio (0.60) a reduction in bond resistance is found which varied from 11 to 4%



for slip values from 0.025 to 0.20 mm. The bond strength of plain bars was found to
increase by about 115% at -80 and -165°C in comparison with the bond strength
found at 20°C. However, the bond siress measured at a slip value of 1.5 mm turns
out to be relatively independent of the temperature.

The load at which a concrete element, subjected to direct tension, started to erack
was found to increase markedly at lower temperatures particularly for water-
saturated concrete. In all cases the crack widths found at low temperatures were
smaller than those found at room temperature for the mix with the low w/c ratio
(0.40), but greater crack widths were found for the mix with the high w/e ratio
(0.60). Tension stiffening increases at lower temperatures and the major part of this
increase occurs in the temperature range from 0 to -80°C. The greatest tension
stiffening is observed for the water-saturated concrete tension members.

Chapter 6 The experimentally found bond stress-slip relationships are predicted
analytically and a reasonable agreement with the results obtained from other
research is found. Splitting failure can be predicted theoretically with the model,
whilst the typical phenomenon, a lower bond strength to tensile strength ratio found
at -40 and -80°C, is predicted as well. The bond strength limited by the shear failure
mode is expressed as a bond strength to compressive strength ratio and amounts to
0.51.

Crack width can be calculated as a function of temperature with the aid of the
tension member model. It can also take into account the "prestressing effect" in the
case of water-saturated concrete. It is necessary to apply transverse reinforcement
at low temperatures to avoid splitting failure. The maximum crack width is limited
t0 0.2 mm at -120 and -165°C and 0.5 mm at the higher temperatures.

Chapter 7 The main results of the study are reviewed and suggestions are given for
supplementary research. The material properties and bond stress-slip relationships
found can be used in a finite element package to anaiyze the cracking behaviour of
structures at low temperatures.






1. INTRODUCTION
1.1. Scope of the research

Since the Second World War the growth in the world economy has led to a greater
demand for energy. Particularly the use of natural gas has undergone exponential
growth leading to an increase in its use for both domestic and industrial applications.
Because of this development a growing need has arisen for the exploitation of large
gas reservoirs in the Arctic and the sub-Arctic and for suitable storage and
transportation equipment. The application of reinforced concrete structures in the
Arctic environment is very effective in withstanding the severe loading conditions
characterized by temperatures down to about 50 degrees Celsius below zero, and by
icefields and icebergs. Natural gas can be stored both in the gaseous phase and in
ligquefied form. Nowadays gases are in general preferably stored in liquid form at
atmospheric pressure. Therefore gases are cooled to their boiling point, which for
most gases is below 0°C, Table 1, Turner [1].

Table 1 Some physical properties of liquefied gases, [1].

liquefied gases boiling point volume reduction

°c factor
Butane - 11 1/240
Ammonia - 33 1/950
Propane - 42 1/310
Ethane - 89 1/430
Methane (LNG) - 162 1/620
Oxygen - 183 1/800
Nitrogen - 196 1/690

Liquefied Natural Gas (LNG) consists of 80-90% (by vol.) of methane.
Liquefied Petroleum Gas (LPG) consists mostly of propane and/or butane.

Natural gas undergoes a decrease in volume in a ratio of 620:1 as a result of
liquefaction at -162°C and is then commonly referred to as L.N.G. For safety
reasons a double-walled tank is normally used for the bulk storage of large quantities
of L.N.G. The most common systems comprise an inner tank of 9% nickel steel, to
maintain duectility at the very low operating temperature, and a carbon steel outer
tank. Thermal insulation in the gap between the outer and inner tank minimizes the
loss of energy. In recent years the use of increasingly larger tanks, combined with
the introduction of even more stringent safety regulations, has led to a new design
philosophy and the introduction of composite tanks using prestressed concrete,
Bruggeling [2]. Such a tank comprises an inner tank made of nickel steel or
prestressed concrete and a steel liner and an outer tank with a conecrete roof both
constructed of prestressed concrete, [3-5], see Fig. 1.1.
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Fig. 1.1 Basic principles for the construction of a double-wall tank [4].

However, the application of reinforced conecrete in the structures mentioned above
strongly depends on a thorough understanding of the material properties under these
conditions. As reinforced concrete comprises two different materials, i.e. steel and
concrete, the bond between the reinforcement and the concrete at different
temperatures determines the ductility, safety and durability of the structures.

The typical features associated with very low temperatures have stimulated active
research all over the world. However, mostly the compressive and the tensile
splitting strength of concrete were investigated at low temperatures. Only a limited
number of research projects took account of the ecryogenic bond stress-slip
characteristic, which is the main factor that determines crack width and ecrack
spacing. To calculate crack width and spacing much more information on the typieal
bond stress-slip characteristic is needed.

1.2. Aim of the research programme

The classical bond-slip theory e.g. Noakowski [6],Bruggeling [7] is used to determine
the most important parameters which affect crack width and spacing. This theory
assumes that, when the tensile capacity of the concrete is reached, the concrete
cracks. The force can be transferred to the concrete per unit of length of each bar
and is given by the circumferential area multiplied by the mean bond stress
(m dgtp, ay). Hence the tensile strength will again be reached at a distance &4 from
the crack.

This defines the minimum distance ¢4, at which cracks can form, formula 1.1.

b = TE mm @D
The average bond stress 1y, 5, can be calculated if the local bond stress-slip
relationship is known. This formula holds true if the thermal expansion of the
concrete and the reinforcement is almost the same, which is the case in the
temperature range from -20 to +60°C. However, when the application of reinforced
concrete is not confined to this temperature range, the thermal deformation may
differ considerably. For this reason the thermal behaviour of concrete and the

reinforcement is also examined.



At room temperature it is common practice to assume a linear relation between the
bond stress and the compressive strength. To verify this relationship at low
temperatures, the compressive strength of concrete is also investigated.

Thus the aim of the research programme is to determine at least the bond stress-slip
relationship, the tensile (splitting) strength, the compressive strength and the
thermal behaviour of the concrete at various temperatures. The classical bond-slip
theory is also expected to be valid at low temperatures, which fact should be proven
analytically and experimentally. Furthermore, much attention is paid to the
modelling of the splitting failure mechanism as a function of temperature. In
practice this failure mode should be prevented because failure takes place in a
brittle way.

2. SURVEY OF THE LITERATURE
2.1. Introduction

The properties of concrete are greatly affected at (very) low temperatures. The main
conclusions of a comprehensive literature survey, Van der Veen [8] with regard to the
properties mentioned above are briefly reviewed. More attention is paid to the bond
behaviour between the reinforcement and the concrete as well as the influence of
temperature on crack width and spacing. For more detailed information the reader is
referred to the literature survey [8].

2.2. Cryogenic properties of concrete

Various authors [9-18] have surveyed literature concerning, among other features,
the mechanical properties of concrete in the range between ambient and cryogenic
temperatures. Generally, it is found that the strength of concrete increases as the
temperature is lower. This increase will be greater in coneretes with higher moisture
contents. Furthermore, this increase in strength associated with a lowering of the
temperature is primarily a function of the free moisture content of the concrete,
regardless of concrete grade, aggregate type (dense or lightweight), degree of air
entrainment, type of cement (ordinary Portland cement, fly-ash, blast-furnace slag),
or whether or not admixtures are used.

It has been found that the compressive strength increase is hardly affected by the
concrete's strength at room temperature and that this increase is directly
proportional to the free moisture content of the concrete, see Fig. 2.1.

In practice the free moisture content of thick concrete structures will roughly range
from 4 to 6% by mass and at -165°C a strength increase of approximately 60 N/mm
will be found.

Research [19-24] has showed that the tensile splitting strength increases at
lower temperatures but to a less pronounced extent compared to the compressive
strength.
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Fig. 2.1 Increase in compressive strength as a function of temperature and
moisture content, Van der Veen [8].

Generally, the greatest part of the increase in splitting strength takes place in the
temperature range from 0 to -40°C, as contrasted with the increase in compressive
strength, which takes place mainly from 0 to -100°C. In general a maximum value
was observed at -80°C, whilst at lower temperatures the increase in strength
remained constant or even a small decrease was observed.

Young's modulus of elasticity has been studied by various investigators [23,25-28].
For water-saturated and sealed concrete the elastic modulus similarly increases
when the temperature is lowered, but to a far lesser extent than the compressive
strength. As a result, the initial tangent modulus of elasticity increases by
approximately 80, 50 and 15% for saturated, sealed and air-dry concrete respectively
at -160°C on the basis of commonly used concrete. Significant losses of concrete
strength occur for water-saturated concrete with high w/c ratios due to thermal
cyeling, Rostasy and Wiedemann [29], particularly for the modulus of elasticity.

In order to quantify the coefficient of thermal expansion a(T), concrete is divided
into two main classes. The first comprises concrete with a moisture content
corresponding to storage at 86% relative humidity (r.h.) and ranging down to oven-
dry concrete. In this class, changes in moisture content have virtually no effect on
thermal deformation. Thus the type of aggregate is the governing quantity, see
Fig. 2.2. The second class comprises concrete stored at above 86% relative humidity
to equilibrium and ranging up to water-saturated concrete. Here an expansion is
found in the transition range from -20 to -60°C, and this expansion is highly
dependent on the moisture content, see Fig. 2.3. When moist concrete is reheated,
ac(T) shows a hysteresis.
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2.3. Bond strength

Bond behaviour has been studied for many years. In general, it is investigated by
means of pull-out tests, because this type of experiment is fairly simple to perform.
What is usually determined is the relationship between the bond stresses (tp) at a
certain point of a reinforcing bar, averaged over the distance between a few ribs,
and the associated relative displacement of the bar (A) in relation to the surrounding
concrete, commonly called the slip. Several bond mechanisms can be distinguished at
room temperature. At extremely small slip values, only a few microns, the level of
adhesion is reached, which is a result of such factors as mechanical interlock of the
hardened cement paste at the surface irregularities of the bar. Only low bond
stresses of approximately 0.05 f_., can be resisted. For higher bond stresses
adhesion will be destroyed, and load transfer will now take place by friction between
the concrete and the bar surface and, in the case of a deformed bar, by compressive
forces acting on the ribs of the bar. Consequently, the bond resistance can increase
after the adhesion has been destroyed for deformed bars as contrasted with plain
bars, see Fig. 2.4.

bond stress [N/mm?]

deformed bar

plain bar

slip [mm]
Fig. 2.4 Basic bond stress-slip relations.

The magnitude of the ultimate bond stress of deformed bars depends upon the failure
mode. Concrete can fail in two different ways, by splitting failure or by shearing
along a plane just around the bar. In practice the first failure mode should be
prevented because failure takes place in a brittle way, while in the second failure
mode bond failure occurs in consequence of a gradual slip-through of the deformed
bar, in which case the maximum bond stress will be attained. However, the
alternative possibility is that the bond strength will be determined by the yield
strength of the reinforcement instead of the concrete itself. This will happen when
the embedment length is (too) long and when there is a high concrete strength. For
the reason stated above, most researchers who studied the bond behaviour at



cryogenic temperatures with the aid of a pull-out test used a low-grade concrete
and/or a small embedment length. Cryogenic bond behaviour has been studied on a
large scale from the mid-seventies in Japan [18,23] and subsequently in a few other
countries [19,9,31-34]. Not all the important parameters which influence the bond
behaviour at room temperature (see Rehm [35]) have been investigated at cryogenic
temperatures. These governing parameters are: the relative rib area represented by
the coefficient fi, the concrete grade, and the casting direction versus the
reinforeing direction.

On the basis of the results mentioned in the preceding Section, the moisture content
can also be expected to be the governing quantity with regard to the bond behaviour
at very low temperatures. This subject as well as the influence of temperature on
crack width and spacing will be dealt with in the next Section.

2.3.1. Influence of the curing conditions

Various investigators, Kasami et al. [36], Pfiitzenreuter [37], Rostasy and
Scheuermann [19] and Vandewalle [31] studied the influence of the curing conditions
upon the bond strength. For deformed bars the bond stress was usually reported for a
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Fig. 2.5 Bond stress at 0.1 mm slip as a function of temperature for water-
saturated concrete [36].



measured slip value of 0.1 mm. Only Rostasy/Scheuermann [19] and Pfiitzenreuter
[37] reported the characteristic bond stress-slip curves, and Kasami et al. [36] also
investigated the bond behaviour of plain bars at low temperatures. Two curing
conditions, water-saturated and air-dry (45% r.h.), were used by Kasami et al. [36] to
investigate the bond behaviour of plain bars 19 mm in diameter embedded
horizontally in 150 mm concrete cubes at an age of 90 days. The embedment length
was 150 mm or 7.9 dg. The bond strength (failure by slip-through) of plain bars in
water-saturated concrete increased very greatly when the temperature was lowered.
For the ratios of the actual bond stresses at low temperature to the bond stress at
20°C, the values found were 4.1 and 5.8 at -70°C and -196°C respectively. A small
increase of 40% at -196°C was observed for the air-dry condition. In a second part of
the experimental programme, the bond behaviour of plain bars as well as deformed
bars was studied in the temperature range from +20 to -70°C for four different
concrete mixes. The experimental results are shown in Fig. 2.5, in which the change
of the bond stress due to low temperatures is expressed by reference to the bond
stresses for 0.1 mm end slip. It appears that the bond stress at -70°C increases by
approximately 100% for the deformed bars, while for the plain bars two to five
higher values are observed in relation to values determined at room temperature.
Usually, the bond stress is related to the compressive strength, Noakowski [6].
Because the compressive strength increases by approximately 200% at -70°C, it
follows that the bond stress for deformed bars increases to a lesser extent.
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Fig. 2.6 Bond stress determined by means of a beam test at 0.1 mm slip for
different curing conditions versus temperature [31].



Vandewalle and Mortelmans [31,38] determined the bond between reinforcement and
concrete by means of a beam test according to RILEM. To prevent yielding of the
reinforcement during the experiment, the embedment length was reduced from 10 dg
to 3 dg. The concrete mix with a w/e ratio 0.41 was made with Portland blast
furnace cement (PSC). Three different curing conditions were used: in a fog room at
100%, air-dry at 60% r.h. and oven-dry. Experiments were performed at an age of 28
days, the bar diameter was 25 mm and the concrete cover of 37.5 mm was 1.5 dg.
Some typical results are shown in Fig. 2.6. As can be clearly seen, the maximum bond
stress is attained at -120°C.

On comparing the relative bond stress ratio t,(T)/1,(20°C) with the relative
strength ratio f..(T)/f..,(20°C), the following conclusions can be drawn:

- The bond stress ratios increase at low temperatures to a lesser extent than the
compressive strength ratios for moist concrete. However, the bond stress ratios
increase proportionally to, and are greater than, the compressive strength ratios
for air-dry and oven-dry concrete respectively.

- All the specimens failed because of splitting of the concrete cover.

The bond characteristics were defined by Vandewalle [32] with the aid of a regression
analysis:

(1) = 1, (T) (1 - 0.78 exp (- 9.78 4)) N/mm?2  (2.1)
b bu

It appeared that this bond stress-slip relationship depends solely on the bond
strength 1,,(T), which is determined by the splitting strength of the concrete cover
in practical cases.

Rostésy and Scheuermann [19] performed a large number of pull-out tests on 16 mm
diameter reinforcing bars with fp = 0.067, centrically embedded over a length of
3 dg. The pull-out specimen was ¢$172x192 mm cylindrical in shape; the pull-out
direction was the same as the casting direction. Tests were performed after cooling
at a rate of 0.5°C/min at an age of 150 days. The influence of three different curing
conditions (water-saturated, sealed and air-dry 65% r.h.) on the bond-stress
relationship was studied. It should be noted that mostly a high w/e ratio of 0.8 was
used to obtain a low-grade concrete in order to prevent yielding of the reinforecement
during the experiments. For small slip values A = 0.01 mm the researchers observed
the effect of low temperatures upon the bond stress only for saturated concrete. In
this case the bond stress increased.

For larger slip values the influence of the temperature upon the bond stress is more
pronounced for all the curing conditions. At a slip value of 0.1 mm the bond stresses
appeared to be proportional to the actual compressive strength for the air-dry and
sealed concrete. The researchers observed a marked increase in bond stress for the
saturated concrete which exceeds the increase in compressive strength. This
conclusion is in agreement with the results of Vandewalle and Mortelmans [31].
Furthermore, all the specimens failed by shearing-off, except for the water-



saturated concrete at temperatures lower than -100°C, because the yield strength of
the reinforcement was reached before the concrete could fail. Some bond stress-slip
curves at different temperatures and curing conditions found experimentally by
Rostasy and Scheuermann [19] are shown in Fig. 2.7. A typical phenomenon was found
at -170°C for slip values larger than 0.03 and 0.12 mm for the water-saturated and
sealed specimens respectively. The slip values increased instantaneously and these
abrupt changes in slip rapidly increased at higher bond stresses and finally led to
failure. This phenomenon agrees well with the observations of Pfiitzenreuter [37].
According to Scheuermann [39], such abrupt changes in slip are associated with the
sudden initiation of internal longitudinal splitting cracks. For the air-dry concrete
specimens the investigators observed a continuous bond stress-slip curve which
finally resulted in abrupt failure. Based on their experimental observations, Rostasy
and Scheuermann [19] derived local bond stress-slip relationships in the form:

1y (1) = a(m)aP(T) N/mm?  (2.2a)

in which A < 0.3 mm.

bond stress (N/mm?)
I
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Fig. 2.7 Bond stress-slip relationship for different curing econditions and
temperatures [19].
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Typical factors of the bond stress-slip relationships are shown in Fig. 2.8.
Based on curve-fitting, formula 2.2a was generalised by Scheuermann [33] in the
following expression:

- _ T - 20
a(T) = fccyE(T) (0.06 + leR) (1 - 0.68 ——1—9—0—) (2.2b)
b(T) = cy(1 - 0.39 Lp2%) (2.2¢)
in which
Cl = 8.64 *2.0 and CZ = 0.46 *1.0
fR = specific rib area 0.058 < fR < 0.087

Formulae 2.2a to 2.2¢ are valid for a concrete cover from 2 to 5 dg and for bond
stress up to the bond strength (Tbu), which is governed by the failure mode. In case of
shear failure the ultimate bond stress is equal to:

Tpu(T) = 0.47 £ o (T) N/mm?  (2.3)
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Fig. 2.8 Factors of the bond stress-slip relationships versus temperature and curing
conditions [19].
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If splitting of the concrete cover takes place, the bond strength can be determined
with formula 2.4:

‘[bu(T> = 0.66 f

cspe (D) 2 G+ 1) N/mm?  (2.4)

Note: From the experimental results [33] it was found that after cracking was
observed the pull-out force could be increased by 10 per cent before failure
occurred, except at -40 and -80°C where no further increase was possible.
Thus at these two temperatures expression 2.4 should be multiplied by 0.91.

According to Scheuermann [33] one should use formula 2.3 for a concrete cover
greater than 3 dg.

Bamforth et al. [9] measured the bond strength by means of pull-out tests. Specimens
comprised 150 mm cubes with a cast-in 20 mm diameter reinforcing bar embedded
over 150 mm. Four different concrete mixes were sealed and tested at an age of
3 months over the temperature range from 20 to -165°C. The bond strength
increased by 3-4 times when the concrete was cooled to -165°C, regardless of the
mix composition. The maximum bond stress was attained at -120°C. Ratios of tensile
strength to bond strength f. ,(T)/1,,(T) were calculated, and it appeared that
these values decreased with lower temperature. Furthermore, the lowest values of
this ratio were obtained for the lightweight concrete.

Goto and Miura [21] performed bond tests on saturated specimens representing the
end zone of a beam, see Fig. 2.9. The transverse pressure due to the bearing reaction
was eliminated by means of a plastic sleeve placed over the end of the 22 mm
diameter deformed bar. Two types of specimens (A or B) were used for investigating
the failure load and the corresponding type of failure. For any anchorage length in
the case of type A failure occurred by splitting.

x = anchorage length
390 390

‘o_r:l 120 o jE;" 25
© dg=22mm

FE==T —

{ plastic sleeve

1

150
HEEIN
370

plastic
sleeve

370

spiral reinforcement

100

l 700 ’ 700

splitting failure (type A) slip through (type B)
Fig. 2.9 Specimens for anchorage test [21].
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The average bond stress at splitting failure increased with the lowering of the
temperature by a factor of approximately 2.4 at -160°C. Tests were performed with
a very short anchorage length of 50 mm and a spiral reinforcement cage surrounding
the embedded bar to obviate splitting, (specimen type B). Very high bond stresses
were measured at slip-through failure at -160°C. However, a factor of about 2.5 was
again found for the ratio t,,(-160°C)/1y,,(20°C). Both factors are in agreement
with the relative tensile strength at -160°C related to the tensile strength at +20°C.
Apparently, therefore, the bond strength is affected at low temperatures in a similar
way as the tensile strength. Note that the relative concrete strength f.,,(-160°C)/
f.m(20°C) = 3.45 is much higher than the relative bond strength (2.5) at -160°C,
which was also observed by other previously mentioned investigators.

2.3.2. Effect of thermal eyecling

Only two papers giving information on the effect of thermal cyeling upon the bond
strength were found in the literature. Kasami et al. [36] investigated this effect upon
the bond strength of plain bars with the aid of pull-out tests which were performed
with 19 mm reinforcing bars with an embedment length of 150 mm. Four different
concrete mixes were used. The temperature was varied from +20 to -40°C and the
bond strength was determined after 0, 1 and 30 thermal cycles at room temperature.
Results are shown in Fig. 2.10 and are expressed as a percentage ratio to the initial
bond strength as a function of the number of thermal eycles. It appeared that the
bond strength was very greatly reduced for the water-saturated concrete with high
w/c ratios. After one cycle a reduction of 30% was observed which increased to
about 50% after 30 cycles.

bond strength ratio (%)

120
100
o B et .
80 O | )
Oo——= S —— ——
]
| water .saturated 1
L0 plain bar dg=19mm -
20
- |,,J
0 20 25 30

number of cycles

Fig. 2.10 Bond strength ratio of plain bars versus the number of thermal cycles
[36].
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Concrete with the lowest w/e ratio (0.51) or conerete with a high air content (6.7%)
showed a reduction in bond strength which was about half that mentioned above.
However, Wiedemann [30] found that most of the reduction occurred in the
temperature range from +20 to -70°C. Consequently, a larger reduction could be
expected.

The effect of thermal eycles upon the bond strength of deformed bars was studied by
Scheuermann [33]. Only specimens of sealed concrete were used in the experiments,
because curing under these conditions roughly simulates practical conditions.
Experiments were performed at room temperature after thermal cycling in the range
from +20 to -92°C. The bond strength was determined at different slip values A after
0, 1, 3, 5, 10 and 15 thermal cyeles. Only a very small reduction in bond strength was
found for the concrete with a w/e ratio of 0.80. However, a reduction by about 35%
after 15 thermal cycles was found for a concrete with a w/c ratio of 0.82.

2.4. Crack width and spacing

Various investigators studied the influence of low temperatures upon the ecrack
spacing and crack width, more particularly by means of experiments on reinforced
concrete members loaded in pure tension or in pure bending. Some investigators,
Schéper [17], Ivanyi and Fastabend [40] and Schnell [18,41], tried to explain the
observed typical phenomena at low temperatures. Furthermore, an attempt was
made to predict crack spacing and crack width with the aid of formulae originally
developed for normal conditions (room temperature). The next Section deals with
these matters.

2.4.1. Concrete elements subjected to direct tension

To study the influence of low temperatures on crack spacing, Goto and Miura [21]
performed a number of experiments on centrically reinforced specimens of about 900
mm in length. These specimens, with 100x100 mm or 120x120 mm square cross-
section, were reinforced with one bar of 22 mm diameter and subjected to direct
tension at +20 and -160°C, see Fig. 2.11. The experiments were conducted on water-
saturated specimens with a moisture content of about 7% at an age of 7 days.

notch
T \ —l
100
120mm
temperature |crack spacing

(°c) (mm) ®100mm? [ (mm) #120mm2

+ 20;’c 100-110 125 - 150

-160°C 150- 180 270 - 290

Fig. 2.11  Long pull-out specimen for determining crack spacing [21].
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The researchers found that at low temperatures the crack spacing increases
considerably, Fig. 2.11. Unfortunately, no values relating to the crack widths were
reported.

Both crack width and crack spacing were measured on long pull-out specimens in the
experimental programme reported by Scheuermann [39]. Crack phenomena have been

studied on reinforced sealed concrete members (200x400x3500 mm) at different
temperatures. The

reinforcement ratio was varied between 1.01x10"2 and
1.94x1072. It was found that the load at which cracking of the member started

increased markedly due to the increase in tensile strength at low temperatures.
Consequently, the steel stress og ., after cracking also

increases at low
temperatures. This feature is shown in Fig. 2.12.
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Fig. 2.12 Crack spacing versus steel

the crack, at wvarious

The development of the crack pattern during the load increase after cracking began
was observed to occur in the usual way, regardless of the temperature. Thus, initial
cracking passes into final cracking, in which the visible mean crack spacing Ag
becomes apparent. It seems that this mean crack spacing A% decreases slightly at
low temperatures, in contrast with what was observed by Goto and Miura [21].

Also, the crack width was measured at different temperatures. This can be seen in
Fig. 2.13, which shows that at low temperatures the crack width decreases in
comparison with the ecrack width at room temperature for a certain steel stress at
the crack.
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Fig. 2.13 Crack width versus steel stress at the crack for different temperatures
[39].

However, with increasing steel stress an abrupt slip increase was observed at low
temperature, leading to greater crack widths than at room temperature. Therefore,
according to Scheuermann [39], the actual steel stress at the crack should be limited
in order to avoid abrupt changes in the slip values.

2.4.2. Concrete elements subjected to pure flexure

Results of bending experiments on reinforced concrete beams at very low
temperatures were reported by, among others, Ivanyi and Schéper [42] and Ivanyi and
Fastabend [40]. The first-mentioned investigators performed experiments on
200x300x2000 mm beams with varying reinforcement (dg = 16 mm and dg = 10 mm)
at two temperatures: +20°C and -175°C respectively. The free moisture content of
the concrete was about 4.6% and the specimens were stored in a shed, i.e. were
probably air-dry. Some typical results concerning the crack pattern are shown in
Fig. 2.14.

At low temperature the crack spacing increases by about 30% in comparison with
room temperature. As a result of the thermal differences between concrete and the
reinforcement, internal stresses developed in the beam. Consequently, the cracking
moment increased. To investigate the influence of the temperature on the crack
width, one experiment was carried out in which attention was focused more
particularly on the crack width. A beam similar to type Bl (Fig. 2.14) was loaded at
room temperature. The corresponding average crack width and maximum erack width
were approximately 0.2 and 0.25 mm respectively. After loading, the beam was
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cooled to -175°C. The measured average and maximum crack widths were found to
decrease to 0.1 and 0.15 mm respectively. The crack pattern remained unaltered at
low temperatures. The internal stresses that were introduced thus appeared to
reduce the crack width considerably.

1800 mm

1 I 600mm

/m 1L, \\ ﬁ g o
////X \\\ =

A ﬂ;@ \ I
///(1 )SM(}S g l\Akmnj-T: :

Fig. 2.14 Influence of the temperature on crack spacing for different
reinforcement ratios [42].

Similar research was conducted by Ivanyi and Fastabend [40]. They found that crack
spacing in a feebly reinforced beam loaded at low temperatures was always smaller
than in the comparable experiments at room temperature. However, more highly
reinforced beams always exhibited larger crack spacings when tested at low
temperatures than when tested at room temperature.

The feebly reinforced beams (0.3 and 0.35%) exibited smaller crack widths when
tested at low temperature than those tested at room temperature. More highly
reinforced beams (0.59 and 1.1%), however, always exhibited larger crack widths at
low temperatures than at room temperature.

2.4.3. Discussion and analysis of the experimental results

The classical bond-slip theory is used to analyse the experimental results. This theory
assumes that the concrete cracks when its tensile strain capacity is reached.
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The force can be transferred to the concrete per unit of length of each bar and is
given by tyndg . Hence, the tensile strength will be reached at a distance %g¢ from
the crack. This defines the minimum distance 24 at which eracks ecan form:

f A
- ct’c mm (2.5)

lst Tb,avds“

in which 1y, ,, is the average bond stress over the transfer length 24.. Usually a
value of 1.5 ¢4 is adopted for the mean crack spacing A% . At low temperatures both
the tensile strength f.. and the bond strength represented by the average bond stress
Th,avs increase considerably. In fact, the ratio of tensile strength to bond stress
should be considered as a function of temperature. This ratio was experimentally
investigated for sealed concrete specimens by Bamforth et al. [9]. They found that in
general the ratio f.p /v, 5y decreases with temperature. Consequently, crack
spacing and widths will also decrease. This conclusion agrees well with the
observations of Scheuermann [39] who found a slight reduction in crack spacing at
low temperatures, but it seems to disagree with the other experimental results.
However, most of the researchers performed experiments on specimens of very moist
concrete and only Scheuermann [39] carried out experiments on sealed concrete.
Consequently, different thermal strains between concrete and reinforcement will
exist for the moist concrete but will be negligible for the sealed concrete. As a
result of the differences in thermal strain, restrained stresses are generated during
cooling. These stresses can be predicted for a long concrete specimen with a
centrically embedded steel bar:

E (T) 2
1T + o) AT (GS(T) - aC(T)) N/mm (2.6)

OsT™
whilst the compressive stress simultaneously generated in the concrete is:

Oup = —Ogp P N/mm2  (2.7)
Depending on the reinforcement ratio, the steel stresses varied between 0 and 400
N/mm?2. The associated concrete stresses resulting from the internal prestressing
varied between 0 and -4 N/mmZ2. These compressive concrete stresses inerease in
proportion to the reinforcement ratio, as follows from formula 2.7. The experimental
results of crack spacing mentioned above are assembled in Table 2.1.

In order to compare the reinforcement of the beams subjected to purely flexural
loading with the beam loaded in tension, the reinforcements of the former beams
were converted to the concrete area of the effective zone, according to Bruggeling
and De Bruijn [43]. From Table 2.1 it can be concluded that, if internal prestressing
exists, an increase in crack spacing is observed for an effective reinforcement
percentage higher than 1.3%. This crack spacing will tend towards a value which is
twice as large as that found in observations at room temperature, when the effective
reinforcement is about 4 per cent. How the internal prestressing affects the crack
spacing is not yet understood.
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Table 2.1 Experimental results of crack spacing at low temperatures.

investigator(s) experiment reinforcement prestressing A(T
% ag® ac AL C
Goto/Miura tension 3.36 ;5 3.80 yes 1.4-1.8
Ivanyi/Fastabend flexure 0.65 s 1.00 yes 1.3
(1.95)* 5 (3.00)
Ivanyi/Schéper flexure 0.59 3 1.10 yes 1.5-1.8
(2.23)* 5 (4.16)*
flexure 0.30 ;s 0.36 yes 0.7-1.1
(1.13)* 5 (1.36)*
Scheuermann tension 1.01 s 1.53;1.94 no 0.9

* reinforcemer percentage has been converted to the effective reinforcement
percentage according to Bruggeling and De Bruijn [43].

However, there also seems to be another reason why crack spacing tends to increase
at low temperatures. Schnell [18] used the bond-slip theory developed by Krips [44],
which may be regarded as an extension of Noakowski's [6] theory, to explain the
increasing crack spacing at low temperatures. The crack spacing depends on the ratio
of the actual steel stress o4 to the steel stress after eracking 0g,cr» aceording to
Krips [44]. Because og,cr increases considerably at low temperatures, the ratio
°s/°s,cr will decrease, which results in greater crack spacing at a certain stress
level og .

For steel stresses lower than about 400 N/mm? and concrete members with a low
reinforcement ratio the crack width is always smaller at low temperature than at
room temperature [39,40]. For higher steel stress Scheuermann [39] found abrupt
increases in crack width. This phenomenon cannot be predicted by the crack
formulae usually adopted. Therefore he suggested that the steel stress at the crack
should be limited at low temperatures in order to avoid this typical feature.
Concrete members with high reinforcement ratios show larger crack widths at low
temperatures than at room temperature. It seems that crack widths and spacing can
be predicted with existing formulae at low temperatures [40].

2.5. Conclusions

From the experimental results reported and discussed above the following
conclusions can be drawn:

- The cryogenic bond stress increases to a lesser extent than the actual compressive
strength for saturated concrete, while this increase in ecryogenic bond is
proportional to, and greater than, the actual compressive strength for air-dry and
oven-dry concrete respectively. Consequently, the bond strength is affected
mainly by the moisture content of the concrete at low temperatures.
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- At -170°C the slip values increase instantaneously, and these abrupt changes
become rapidly larger at higher bond stresses, finally leading to failure. Such
abrupt changes are probably caused by sudden initiation of internal longitudinal
splitting cracks.

- Thermal cyeling causes a reduction in bond strength and bond resistance for water-
saturated concrete.

- High (effective) reinforcement ratios (3 to 4%) very greatly increase the crack
spacing in saturated concrete members at low temperatures. Consequently, the
crack width will be larger at low temperatures than at room temperature for a
certain steel stress.

- Low (effective) reinforcement ratios (0.5 to 1.5%) in saturated concrete members
result in smaller crack widths at low temperatures in comparison with crack
widths observed at room temperature.

- The crack spacing and width can probably be calculated by using the classical
concept of a unique bond stress-slip curve. However, for moist concrete we have
to take account of the internal prestressing of the concrete as a result of the
differential thermal strain between concrete and reinforcement.

- There is a lack of information about the local bond stress-displacement
characteristic of concrete with a low w/c ratio (0.40) as is commonly used in
practice. The results can be compared with Scheuermann's experiments which were
mainly performed on concretes with higher w/c ratios.

- Less experimental information about crack widths at low temperature is available,
particularly for sealed concrete.

- It should be checked whether crack spacing and crack width can be calculated with
simple formulae valid at room and low temperatures. Until now an adapted local
bond stress-displacement curve was mostly used in the analysis. This would seem
to indicate that such a calculation is possible.

- Splitting failure always occurs for a practical concrete cover at low temperatures.
Furthermore, the local bond stress-displacement curves are valid until splitting
failure occurs. Therefore much attention should be paid to the development of a
model enabling predietion of the bond stress level at which splitting occurs.

- Experimental information about plain bars is rather limited.

3. THEORETICAL MODELLING OF BOND PHENOMENA AND THE SPLITTING
FAILURE MECHANISM

3.1. Introduction

Bond between the reinforcement and the concrete is one of the essential properties
which makes reinforced concrete possible. Cracks will always exist in reinforced
concrete or generally in structural conerete, Bruggeling [7]. These cracked concrete
parts will be tied together by the reinforcement crossing the eracks and this
reinforcement controls the crack width too. In order to understand the behaviour of
cracked concrete it is essential to know the way in which the tensile force applied on
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a bar reinforcement is transferred into the surrounding concrete. The length of the
transfer zone can be calculated using an analytical method based on a local bond
stress-displacement relationship. To use the valid displacement (slip) values of this
relationship the associated bond strength should be known as a function of the
concrete cover. The magnitude of the ultimate bond stress of deformed bars depends
upon the failure mode. Much attention is paid to the splitting failure mode, because
it usually determines the bond strength in the case of concrete covers commonly
used in practice.

In this chapter the theoretical formulae are first derived to predict ecrack width and
spacing in a reinforced tension member. Second, an analytical model is derived to
predict the splitting failure of the concrete cover.-

3.2. Model for the tension member of reinforced concrete

The behaviour of the reinforced concrete tension member under increasing load will
be described here. The characteristic force-deformation relationship for this tension
member can be divided into three parts, see Fig. 3.1. In the first part, the uncracked
tension member, a tensile force is resisted by concrete as well as reinforcement. At
a certain magnitude of the tensile force the tensile strength o..—; of the concrete
and its strain capacity e., will be reached in the weakest parts of the tension
member. The second part is formed by the mean strains at the initiation of the first
crack (e.,) and where the crack pattern is fully developed (epzy). The mean tensile
strength of the concrete (f.,) varies randomly over the length of the tension
member. Consequently, the tension member is cracked at its weakest place. It is
assumed that the external force causing a fully developed crack pattern Nep-p) is
20% larger than the external tensile force causing the first crack (N -1 ).

NCF-Z )
Ner-r 7

’

0 €max Escr €s Esy §l_‘

Fig. 3.1 The force-mean strain relationship of a reinforced concrete tension
member.
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In the calculation the tensile strength o.,-] and o.,.-p are taken to be 0.62 f..
and 0.75 f.., respectively. However, to make the calculation as simple as possible a
constant tensile strength (o.,.-1 = ocp-2) is assumed. Furthermore, it is assumed
that the mean spacing of cracks is 1.5 &4 if &4, is the transfer length.

In the third part the number of cracks, i.e. the mean crack spacing, and the tension
stiffening effect Ae are kept constant. Both assumptions are approximations of
reality. The first assumption is accepted in general and for the second assumption
various models exist. However, with regard to crack width this tension stiffening
effect is only of minor importance. In order to keep the calculation as simple as
possible a constant Ae is chosen, which can be used in the service limit state.

3.2.1. Bond stress-slip relationship

The bond stress-slip relationship of reinforcing bars can be experimentally
determined with the aid of a pull-out test, see Fig. 3.2. The simplest way to
approximate this relationship was given by Lutz [45] who used a linear relation,
T, = a A. A bi-linear relation was used by Tanner [46], by which means a maximum
bond stress was obtained. The function used by Vandewalle [32] contains a maximum
too. Consequently calculations in the ultimate limit state could also be considered.
Functions with a close fit to the actual curve were given by Vandewalle [32], Nilson
[47], Rehm [35], Martin [48] and Noakowski [6], Fig. 3.3.

—A T,

Experiment

N

//|1l|\ls 7 A

Fig. 3.2 Bond stress-slip curve determined with a pull-out test.

Note that three researchers [6,35,48] determined a linear relation between the bond
stress and the mean cubic compressive strength f..p.

It was proved analytically by Noakowski [6] that for the first generation of cracks a
solution exists for the ecrack width (w.,.-1) and transfer length if the bond stress-slip
curve is approximated by T, = a Ab. This relationship is the starting point from
which a model is developed.

Based on several experiments two mean bond characteristics were used by Bruggeling
[43].
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general case T, = 0.38 f__ 20-18

upper case T, = 0.32 £ 40-28

These above mentioned values are given for the case of bars with sufficient concrete
cover (2 dg ).
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Fig. 3.3 Approximations for the bond stress-slip relationship.

3.2.2. Theoretical modelling of the tension member of reinforced concrete

In the following it will be shown briefly how the distribution of stresses and
deformation along a zone starting from a crack in reinforced concrete can be
determined. For more detailed information the reader is referred to Noakowski [6]
and Van der Veen [50]. This theory mentioned above is based on actual displacement
or local deformations in the bond zone near the surface of the reinforcement. Figure
3.4 shows a stressed tension member and the different deformations, in which ¢, is
the transfer length. The tensile force A.o., + Agog, outside the transfer zone is
resisted in the crack by the tensile force Agog ., in the reinforcement. Therefore
the tensile force Ag(og ¢ = 0go) is transferred by bond to the conecrete in the
transfer zone. Hence the tensile strength o., is reached at a distance %4 from the
crack, which defines the minimum distance %4 at which cracks can form. Let the x-
axis coincide with the bar and let it begin at a distance ¢4 from the crack where the
concrete and steel deformation are equal (e, = ¢g).
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Fig. 3.4 Stresses in steel and conecrete over one half of the transfer zone.
The equilibrium condition for each eross-section in the length is:
o A, =o0_ A_ + o _A (3.1)

Sy,Cr s SX s cx C

Equilibrium at an element with size dx gives equations 3.2.

do do

sx _ 4 cx _ =4
dx = 'a—s TbX and d% = a—;‘g‘ TbX (3.2)
The bond stress t,(x) (= 1) depends on the relative displacement (= slip) A(x)
(= by) between reinforcement bar and concrete. This bond stress-slip relationship is
measured in experimental tests and given in equation 3.3.

Tpx™ @ By (3.3)

Note that the index denoting temperature (T) is omitted from the variable so as to
keep the equations clear.

It is generally assumed that this relation is valid for each element dx and is constant
along the transfer length. The change of the relative displacement along the length
dx is the difference between the deformations of steel and concrete.

ag
& TE, TE (3.4)
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Differentiation of equation (3.4) and insertion of equation (3.2) and (3.3) gives

2
dA, _4 (1 E np) , . b

(3.5)
dx dg s X
in which
Es . . .
n =g (linear elastic behaviour assumed)
Cc
A . .
p =5 reinforcement ratio.
c

The general solution of this non-linear differential equation is given by, among
others, Noakowski [6] and Krips [44] and yields:

1 2
)2\ T55 TS5
A, = {_4_0-22}3;2 a HERHTE L TP (3.6)

The transfer length &4 and the crack width w.,._; is found indirectly by the steel
stress distribution over the transfer zone and the two boundary conditions [6]:

- - n
US (x=0) OS,CI‘ Tl—;% and

og (x=2,.) = o ,cr » the steel stress in the crack.
Note, that the steel stress jump (og4 ,er T 0g0) determines the transfer length g4.
Thus the transfer length is independent of the steel stress level o5 .

In the crack at a distance &4, from O, see Fig. 3.4, the relative diplacement amounts
to

1
d o 2
— (1+b s 1 s,Ccr T+b
Bep = (ﬁf— 4 a Eg TTiHET) 3.72)
in which
- 1
O, cr = %cr (3 + n)

Thus the crack width is known because the crack width w.,._; equals twice the slip
value A

Vep-1 = 2 B¢y (3.7b)

The transfer length is given by equation 3.8.

w E
g, = St s (3.8)
st b °s,cr
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The above formulae are derived in another way by Van der Veen [50] and are valid in
a tensile member where the transfer zones do not overlap one another. Thus the
cracks are situated at a distance of at least 2 24 from each other. Cracks of this
type are called "first-generation cracks", Bruggeling [49]. However, with continuing
deformation of the tensile member, intermediate cracks are formed. These cracks
are called "second-generation cracks, i.e. cracks which occur when the transfer
zones associated with the "first-generation eracks" encounter one another. In order
to take the step towards the treatment of the "second-generation cracks" a so-called
shape factor So is introduced. The shape faetors Sog and So. are defined as the
ratio:

Lot
J (osx-cso)dx
Sog = o= 1~ shape factor for the steel stress (3.9)
s,cr ~so’”st
Lot
f Ocy dx
So. = &—— shape factor for the concrete stress (3.10)
¢ OCI‘ Q'St

The magnitude of the shape factors is dependent only on the factor b in the
exponential curve of the bond-slip relationship [6,50].

Sog = 1-b and So_ = 1+b (3.11)

Notice that
So, + Sa, =1 (3.12)

It isnow simple to find and to understand equation (3.8). The relative displacement
Acy is determined by the extra elongation of the reinforcing bar and the shortening
of the concrete over the transfer zone with a length %gt. Therefore:

o -0 g a o
- S,Cr "so cr so - _cr
Ao, = Sog (—'E——— +g) Lot and T (3.13)
S Cc S C
9s,cr : . .
Wepol = Sog - AL in which Ag is 2 L (3.13a)

Finally, substituting equation (3.11) gives equation (3.8).

The mean strain of a tension member of reinforced concrete over the transfer length
gt can be calculated by using the associated distribution of stresses:

- 1 -
€mean 1 ~ Eg (Sog (cs,cr Os0) * 9go)

= %— (SoS (o

- + +
€mean 1 S s,cr Og0) * (Sog*Sa) og,)
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1
Emean 1 Es (Scs os,cr * Soc oso) (3.14)

Substituting equation 3.11 yields:

_ 1 (1-b) 1+b
fmean 1~ Eg ¢ 9,cr ¥ X_Z—Z Og0) (3.15)

The solving method with shape factors will also prove useful in the case of "second-
generation cracks".

Consider a special case of "second-generation cracks" in which the crack distance is
2g¢- If the steel stress distribution over half g4, is known, a crack width w.,._» and
mean strain epean 2 can be calculated with the aid of shape factors. Therefore, two
particular bond stress-slip relations, namely b = 0 and b = 1, and the associated stress
distributions are examined more closely, see Fig. 3.5.

Tb Tp
l i b=1 b=0
a N
Cox % To=a
Oscr Os cr
- /2 257 o f//f/ ~
x X
] lst 4L 1|, st Jf
OCO T T

Fig. 3.5 Overlap of the transfer zone (distortion zone) for two bond stress-slip
relations.

First, the relationship with b = 0 is considered. Consequently, a constant bond stress
independent of the slip value exists. If the transfer length is 0.5 ¢4, only half of the
tensile foree Ag (og ¢r=0g0) Is transferred by bond to the concrete in the distortion
zone. As a result the mean strain over the distortion zone of 0.5 ¢4, equals equation
(3.15a).

_ 1 )
€mean 2 _E_s {050 + 1.5 (Os,cr Oso) SUS} (3.15a)

Second, for the linear bond stress-slip relationship a superposition of the steel
stress distribution is valid. Consequently, the mean strain over the distortion zone of
0.5 24¢ amounts to:

_1 )
€mean 2 ~ Eg {cso +2 (Us,cr Oso)s‘js} (3.15b)
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Both equations can be determined directly from figure 3.5 by calculating the mean
steel stress strain over 0.5 2.

When formulae (3.15a) and (3.15b) are compared, the factor in front of (°s,cr‘°so)
changes from 1.5 to 2.0 for b is 0 and 1 respectively. This factor can be generalized
if a linear distribution is assumed for this factor associated for 0 < b < 1 resulting in
formula 3.16.

=1 3+b _
€mean 2 ~ Eg {oso * (Os,cr Og0) SUS} (3.16)

Substituting equations (3.11) and (3.12) gives:

2
=1 (1+b) 1
Emean 2 - ES { OSO + A (3+b) (1"b) OS,CI‘} (3.17)

Now we have also found the shape factors in the case of "second-generation cracks"
(compare equations 3.14 and 3.15) resulting in:

- 2
Sog, = (0LAL) g g, - (w2 (3.18)

The crack width w.,.-p can be calculated as shown in equation (3.13a) in which
A% = %5¢ and Sog = Sogo.

- (3+b)4(l—b) g 0E.cr (3.19)

Wer-2 st

The ratio we,-p over w.,._) amounts to:

Yer-2 _ (3+b

Yer-1
This ratio was also found by Krips [44], albeit using a different method. If we
substitute a ecommonly used value b = 0.18 [43], then we find a crack width about
20% smaller: wep—p = 0.8 we,—) .This is confirmed by the theoretical results of
Vandewalle [32].
Of course, an idealized case is described for a crack distance of %g¢. The crack
distance A% varies between %5 and 2 44 if a so-called maximum mean strain (eq,y)
of the tension member is reached. It is generally accepted that the mean crack
distance A% amounts to 1.5 L4 if ey, is reached.
Therefore the mean strain of the reinforced tension member (see Fig. 3.6.) amounts
tos

+
c - 2 €nean 1 €mean 2
max 3

Substituting equations (3.15) and (3.17) gives:
emax = TZE, ((170) (7+b) oy .+ (1+5) (5+b)) o] (3.20)

The shape factors are found again and yield:
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v € mean 2 v €mean’! .

€ max

Fig. 3.6 Overlap of the distortion zone.

_ (1-b 7+b _ (1+b 5+b
50¢—max and  So._p.. = (3.21)
The mean crack width w., can be calculated as shown in equation (3.13a) in

which A8 = 1.5 g, and Sog = Sog—pax-

0]
Uep = F 8gp —5*SE (1-b) (7+b) (3.22)
S

If a constant tensile strength is assumed during the generation of cracks the ratio
Wer OVer wep- yields:

Yer _ (7+b
Yer-1

(3.23)

Thus the mean crack width w.,. after completing the erack pattern amounts about
90% of wc,.—1 . This result is in accordance with the results of Krips [44].

It is assumed that a further increase in the elongation (or load) above ep,, does not
change the crack pattern and the so-called tension stiffening Ae, see Fig. 3.7. The
degree of stiffening effect is defined by

Ae = € - € (3.24)

Substituting equation (3.20) results in equation (3.25)

= (1+b) (5+b -
Ae = L———%ji———l (Es,ct eso) (3.25)
For € > e, the mean crack width w, can be predicted with

w, = AL (sS-Ae—ec

)

m

in which e, is the mean concrete strain over the distorsion zone and yields

€cm = S9c-max €so

29



Finally, this results in equation (3.26).

— _ (+b 5+b
w, = AL (ss es,cr) (3.26)

If we assume o.p-] = ocp-2 the calculation procedure ecan be summarized as given
below.

1st. crack pattern not fully developed, thus A% > 2 &g,
calculate w.,.—) and 24 with formulae (3.7) and (3.8).

2nd. crack pattern fully developed, ¢ = ep,y and A% = 1.5 g
calculate w., and ep,, with formulae (3.22) and (3.20).

3rd. crack width in the service limit state
calculate Ae and wy, with formulae (3.25) and (3.26).

L~

.
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I

) l
1AE |
./4{—-4’ {
l

|

o
VEAs | '
: ; b
0 Emax Escr €s Esy ill.

Fig. 3.7 The force-mean strain relationship of a reinforced concrete tension
member.

Remark: In a first attempt to solve the problem of the erack width wer-p ("second-
generation cracks") the principle of superposition of stresses, formula (3.15b), was
used by the author [50,51], regardless the value of the exponent b. This method
results in equal crack widths wep-) = wep—9 = wep (Ocp-] = Ocp—2) and in an
overestimation of w., by about 10% at room temperature. Nevertheless, this method
proved to be very successful in predicting crack widths, Van der Veen and Pruijssers
[51].
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3.2.3. Effect of different thermal strain between conerete and reinforcement

It was found in the literature [8] that for very moist conerete the thermal coefficient
of expansion is different for concrete and the reinforcement at low temperatures,
see Fig. 2.3. As a result of the thermal differences, restrained stresses are generated
during cooling. These stresses can be predicted with formulae (2.6) and (2.7) and are
valid for the middle part of a long tension member. At both ends of this tension
member slip of the reinforcement will occur over the transmission (transfer) length
LgT- In fact this problem is similar to the transmission length of pretensioned
prestressing steel, Bruggeling [52]. The slip at the end of the tension member ean be
predicted with formula (3.7). Substitution of 0gs,cr = AT (ag - ag) Eg yields (see
Fig. 3.8):.

1
d E ™
- [(#b 1 2 2} T+%
bep = (322 78 1 i ar¥(aga )2} TF (3.27)

The transmission length can be predicted with formula (3.8) which gives equation
3.28.

2 A E
- cT “s
Q'ST - (I“b; OSTI +np (3.28)
~]
[ i .
L i
H
] —Je
concrete stress = |
!
; (Ol Q) AT
steel stress -+ l
!
| A

"L ls-T 4I,

Fig. 3.8 The transmission length at the end of a reinforced member after cooling.

As a result of a compressive stress o.p in the concrete, which is simultaneously
generated during cooling, a higher external force is necessary before cracking is
initiated. This force Ng cr can be calculated by superimposing the compressive
stress oc calculated using formulae (2.6) and (2.7) and the tensile strength o,,.
= - 1
Ns,cr = (o.,~0.7) (p +n) Ag (3.29)

The stress distribution over the transmission length is given in Fig. 3.9.
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Fig. 3.9 Stress distribution over the transmission length.

Before cracking the steel stress in the reinforcement amounts to ogp and is
calculated with formula (2.6). After cracking, the steel stress in the crack increases
to og ¢, andis calculated with formula (3.29). Consequently, the jump in steel stress
Aog cr amounts to:

ho = Ny o /B = ogp N/mm?  (3.30a)
Substituting formulae (3.29) and (2.7) into equation (3.30a) yields:

80g cr = 0cr (5 + 1) =10 og N/mm2  (3.30b)
The factor n o, represents the effect of the prestressing and is of minor influence
on the magnitude of the steel stress jump Acg .. It is now possible to calculate
crack width, crack distance and tension stiffening in the same way as for reinforced
concrete by substituting og o, into Aog o, and eg o into Aeg ., see Bruggeling
[7]. The initial steel stress ogr is added to the steel stress jump to calculate the
actual force-elongation relationship.

Because of the minor effect of the "prestress" on the steel stress jump, the transfer
length and hence the crack distance are hardly affected. Probably there is another
reason why crack spacing increases very greatly in the case of water-saturated
concrete, which feature was found in the literature, see Table 2.1. This is the subject
of Section 6.5.2.
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3.3. Theoretical model for the splitting failure mechanism

It is generally accepted that bond forces (stresses) of deformed bars radiate out into
the surrounding concrete at some inclination o from the bonding surface of the bar,
see Fig. 3.10. The bond stresses can be divided into radial (o,.) and tangential (o¢)

- _—FN 7% s,
i @ [ -'

4

\

}___ |
Z
ET Bah
I‘ fr_
4

Fig. 3.10 Bond behaviour of deformed bars; the radial components of the bond
stresses are balanced by tensile stresses in the uncracked concrete ring,
Tepfers [53].

components. The radial compressive components of the bond forces are balanced by
tensile stress rings in the concrete, according to Tepfers [53]. He stated that the
radial component of the bond forces, Tptan a, can be regarded as a hydraulic
pressure acting on a thick walled concrete ring formed by the concrete surrounding
the bar. The wall thickness of the ring is determined by the smallest possible
dimension, the least thickness of the cover (c). For determination of the cracking
resistance he applies three theories which, as regards the distribution of the stresses,
refer to the elastic (3.31), partly cracked elastic (3.32) and plastic stages (3.33), see
Fig. 3.11.

f d 2 d 2
elastic stage r = —ct (e+s/2)° - (Cs/2) (3.31)
g br tan a (c+ds/2)2 + (d5/2)2
partly cracked _ fe c+dg/2
elastic stage "br T tan o T. dg (3.32)
: fct 2 ¢
plastic stage Tbr = Tac a r (3.33)
___________ —

o V'a o
i

Cx ds
1 2

Fig. 3.11 The distribution of the tangential tensile stresses in the elastic, partly
cracked elastic and plastic stages, Tepfers [53].
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The elastic and plastic stages give the lowest and highest cracking resistance
respectively.

Tepfers [53] showed that the load capacity of the concrete ring is not exhausted
when cracking starts at the inner surface, but is reached later when the cracks
penetrate some distance into the ring. In actual fact the elastic stage gives the load
when cracking starts from the bond surface between the concrete and the reinforeing
bar, while the partly cracked elastic stage gives the load when the longitudinal erack
goes right through the concrete cover. However, the softening behaviour of the
concrete was disregarded in the model. Consequently, no tensile stresses were
allowed to transfer in the crack.

In the model presented here we also take into account the softening behaviour of the
concrete according to Reinhardt et al. [54]. In the next Section the softening
behaviour of concrete is first deseribed as found in literature and then the equations
of the model are given. Furthermore, the model is simplified and the effect of low
temperature on the failure load is examined.

3.3.1. Softening behaviour of concrete

The stress-elongation diagram of a deformation-controlled uniaxial test of concrete
is, in the fracture mechanics approach, split up into a strain part and the remainder,
which is defined as the crack opening displacement §, see Fig. 3.12. The strain part
consists of a reversible strain and an irreversible strain. In comparison with the erack
opening displacement §, the irreversible strain part is negligible. Consequently, the
uncracked material behaves in a linear elastic manner and all non-linearities are
comprised in the discrete crack. Several functions were used for the fitting of the
data points, Wolinski et al. [55]. However, the power function (3.34) as proposed by
Reinhardt [56] is chosen because of its simplieity.

_fg_ =1 - (g_)k (3.34)
[o]

Er & & ©
stress-deformation strain part  stress-crack opening
(elastic)

Fig. 3.12 Stress-deformation curve of a uniaxial test split into two parts, i.e.
elastic part and the stress-crack opening.
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The coefficient k is assumed to be a material constant, 8o is the crack opening
where stress no longer can be transferred and f_, is the tensile stength. The total
fracture energy Gp represents the area under the complete stress-deformation curve
and is given by formula (3.35).

_ k
Cp = for & Tok (3.35)

Typical material values for concretes made with a maximum aggregate size Dpax of
32, 16 or 8 mm respectively are given by Wolinski et al. [55].

- 2 _ 2 -
fct = 2.86 N/mm (fccm = 49,1 N/mm*) 60 = 0.2 mm
- 2 _
Eco = 32550 N/mm k = 0.248
Gp = 109.6 N/m  (experimental) Gp = 113.7 N/m (analytical)

It was found by Petersson [57] and in a literature survey made by Hordijk et al. [58]
that the fracture energy decreases with increasing w/c ratio. Thus the decreasing
concrete quality, due to an increasing w/c ratio, affected the fracture energy and
the tensile strength in an analogous way, at least for w/c ratios between 0.6 and 0.4,
see Fig. 3.13. Based on these observations it is assumed by the author that the
fracture energy depends linearly on the tensile strength. Consequently, §, becomes
independent of the concrete quality.

fracture energy Gg(N/m)

160 |
140 | \\
120 |
100 |
T \
60 type of test
o—o Mihashi et al.{1987) compact tension
L0 F o—0 Petersson (1981) three point bending
w—x Wittmann et al.(1987b) three point bending
0F 4 Gopalaratnam uniaxial tension
and Shah (1985) (mortar)
0 Ly L L L L
03 0.4 0.5 06 07

water - cement ratio

Fig. 3.13  Fracture energy as function of w/c ratio, Hordijk et al. [58].
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3.3.2. Basic equations

A model is derived for the tangential stress distribution over the cross section of a
thick-walled concrete ring taking into account the softening of the concrete after
cracking. The radial stress tptan o due to bond action on the concrete is regarded as
a hydraulic pressure against a thick-walled concrete ring. Consider the concrete ring
with internal cracks, see Fig. 3.14.

The resistance of the uncracked part of the concrete ring was given by Tepfers [53].

d_y2
2 e (c+ 2—5) - e?
T, tan a =f__ 5 (3.36)
br ct dS dS 2 2
(c +52)" + e

in which e = crack depth and c = concrete cover.
Consider now the cracked part of the concrete ring. As a result of the cracks only a
one-dimensional approach in the tangential (t) direction is applied. At a radial
distance r the total tangential elongation &8, consists of an elastic part and n
cracks. Thus the following deformation occurs.
9t %
€ 2mr + n 8 (1 - -f—c—t—) = 8o (3.37)

in which n is the number of cracks.

concrete

~

/

Fig. 3.14 Concrete ring with internal cracks surrounding a reinforcing bar.

At a radial distance e where the tensile strength has been reached and no cracks
exist (in the elastic part) the total tangential elongation amounts approximately to:

f
2ne = EQL 2ne (no effect of Poisson's ratio) (3.38)

(o

€t

Remark: According to Timoshenko [59] the tangential strain e, for plane stress
amounts to:
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e = (ot - "Ur)/Eco (3.39)

in which o, is always a compressive stress and o, a tensile stress.
Assuming a crack depth of about 0.5 times the concrete cover and a
Poisson's ratio of 0.2, the tangential strain will be about:

£
e, = 1.1 zE& 3.40
t Eoo 3.40)

Thus about 10% of the strain is neglected in the case of perfect linear
elastic behaviour. Because of the non-linearities between stress and strain
for tensile stresses above 0.6 f .. the static modulus instead of the initial
modulus of elastieity is used, as is usually done in engineering practice.

Consequently, the total tangential elongation §.,, at a radial distance e amounts to:
Seop = Eop 2TE (eep = 75) (3.41)

The associated radial displacement amounts u,. = e.,.e. To simplify the problem we
assume a constant radial displacement for the cracked part u, = e..e. Thus also the
total tangential displacement §.,. is constant and is in fact imposed by the outer
elastie concrete ring if no stresses exist in the cracked zone. Consequently, a rigid
body translation in the radial direction u, = e..e occurs for the cracked part, see
Fig. 3.15a. As a result of the elastic deformation due to the actual tangential
stresses in the cracked part, the "gap" &, is just closed at the crack tip (r = e)
where the tensile strength is just reached, see Fig. 3.15b.

21'Ee€c,-/3

elastic part

@ ®

Fig. 3.15 Rigid body translation in the radial direction (a) and the deformed
cracked parts loaded with a constant tangential stress equal to the tensile
strength (b).
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However, even if it is assumed that for r < e the tangential stresses equal the tensile
strength (o (r < e) = f..) the associated elastic tangential deformation is still not
able to close the gap 6§y, , particularly for small values of r. Thus, a crack opening
always exists and this is the point of departure from which the model is developed.
Substituting expression (3.41) in equation 3.37 gives:

s, i
€. 2mr +n 5, (1 - -fz—t)k = e, 2me (3.42)
rearranging equation (3.42) gives:
2 k
o = fop [1 - {5 5 (eeer r e )] (3.43)

Note: o = o (r)

It is assumed that e, = e, for r < e. This is (more or less) correct for r = e, but for
smaller values of r the strain e, is overestimated. However, the expansion in
tangential direction due to the radial compressive stress is not taken into account,
which feature caused a smaller difference in the estimated e, and the real
magnitude of e, . Furthermore, the stress is calculated from the stress-crack opening
curve from which it follows that only small differences in stresses occur, see Fig.
3.16.

I'“ Tct Ot (r)

crack

bar
Fig. 3.16  Minor influence on stresses as a result of a small change in erack opening.

Substituting e = e., in equation 3.43 gives:

2
op = £ (1 - { : zzr (e - r)}k] (3.44)

t

The force developed in the cracked zone (softening) follows from the integral:

=e =e 2m € =e
Tds opdr = for Tdsdt - ( n Gzr)k fer Tds (e - r)fdr
7 7 =7
=e d 21 € d
Tds opdr = £ (e = 7 11 - (555 (e - )} @yl (3.45)
r=
7

38



Thus the eracking resistance developed by the softening amounts to:

2 f d 2 d
Tpetan a = dSCt (e - zi) - Z zzr) (e - 75)}k E%T] (3.46)

Note that only stress is transferred in the total crack length if equation (3.47) is
satisfied,

d
27 €er (e - 72) <n s, (3.47)

otherwise we must adjust the lower integration boundary of the integral in equation
3.45 to x. This new lower integration boundary can be calculated from equation 3.48.

2n e, (e = x) =n g (if equation 3.47 is not satisfied) (3.48)
n 60
x=e - Eet (3.49)

In this case there is a part of the crack where no stress is transferred. The total
cracking resistance consists of the elastic part (formula 3.36) and the softening part
formula 3.46.

d
f . 2e (c+ s)2—e2 2 f d 21 e d
rpetan @ = —§i A s Seh(e - g (1-{(G50) (e - gD gy
(c+n=) +e (3.50)

S

in which

f
—E—Q (ultimate strain)
Cc

crack depth
concrete cover
number of cracks

° 0.2 mm and k = 0.248

o 3 0 0
"

The number of cracks is an important variable in formula 3.50. If the number of
cracks increases to infinite n » = the cracking resistance cdhanges to the plastic
case; cracks penetrating the concrete cover, thus e = ¢ + 2—5 and only softening
exist.

2 f d 27 € d 2 f d
b o 2t (e - P90 - CEED* (e - 9% g = St (e - 59

Thus,

2 fct ds fctc .
tyetan a = — (e - 52) = —3 (compare with formula 3.33)
s s
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This feature is clear when we consider that the total tangential displacement
remains constant as it is imposed by the still elastic outer concrete ring. If several
cracks exist, each crack is not able to open as far as a single crack. Consequently,
more stress can be transferred over the smaller crack openings. A minimum is
obtained if only a single crack (n = 1) exists, and this is the most important solution
for practical applications, because this now gives us the lowest erack resistance.

3.3.3 Comparison of the model with results at room temperature

It is not possible to find a general applicable maximum for formula (3.50), because it
depends not only on the crack depth e but also on the ultimate strain ecps the
concrete cover ¢ and the bar diameter dg . Consequently, a maximum can only be
obtained if e.,, c and dg are given. Calculations are made with 3 different bar
diameters, 10, 20 and 30 mm respectively, 5 different concrete covers 0.5, 1.5, 2.5,
3.5 and 4.5 dg respectively and an average ultimate concrete strain
€cr = 85 x 1076, The latter was calculated from €cr = {-‘ci and the tensile strength
fcr was calculated from the splitting strength. The ratio between these two values
can be obtained from the results of Heilmann [60] and amounts to:

f.. (28 days) = 0.9 fcspl (28 days) (3.51a)

f.o (90 days)

fcspl (90 days) (3.51b)

For commonly used concrete e, varies between 100 and 70 x 10~6 and an average
value of 85 x 1076 was used for the calculations. The results obtained with one crack
(n = 1) are collected in Fig. 3.17 where the bond stress to the tensile strength of the
concrete is plotted as a function of the cover to bar diameter ratio. For comparison
purposes only, the angle o is assumed to be constant 45°, The model predicts values
between the partly cracked elastic and plastic stage just as the experimental values.
It is clearly shown that the cracking resistance (relative to the tensile strength) is
higher for smaller bar diameters. To understand this feature one should realize that
the crack opening depends on the elastic deformation of the elastic outer concrete
ring. If the crack depth equals e.g. dg(= e) then the erack opening equals
2 m (dg - r) ecp. Thus at the bar surface (r = %ﬂ) the crack opening equals
m dgecp. Hence, for a smaller bar diameter dg a smaller ecrack opening is found and
a higher stress could be transferred. However, it should be noted that the differences
are small (12%) in the practical area for a concrete cover ¢ = 1.5 dg. Thus it is
difficult to find experimental evidence because of the large scatter of results.

The predicted results are influenced very much by the value of a, which is assumed
to be 45° for comparison reasons only. To obtain more information Martin [48]
performed a numerical study on the stress distribution around a bar with lateral ribs.
From Martin's results Eligehausen [64] calculated the average values of o given in
Table 3.1.
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Fig. 3.17 Effect of thickness of concrete cover and bond capacity of the pull-out
specimens on the occurrence of longitudinal cracking of the concrete
cover.

This calculation shows that a is independent of the concrete quality and varies
between 45° and 26°. With increasing bar diameter and increasing cover to bar
diameter ratio the value of a decreases. However, Eligehausen states that the
calculated angle o will, with increasing slip, increase to about 45° due to the wedge
action of the crushed concrete in front of the ribs.

Table 3.1 Average value of the angle o from the analysis of Martin, Eligehausen
[48,64].

dg cover c/dg

(mm) 1 2 3
10 44.3 40.9 34.2
16 34.5 33.8 31.5
26 26.5 29.5 -
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Probably the best way to estimate the angle o is to use the results of the pull-out
tests. Based on the results of Urban [62] an angle o = 35° is calculated for ﬁ; = 4.5
and from the results of Tepfers and angle o = 40° is found for 1 < ﬁ; < 2. The latter
angle is the most important one from a practical point of view and the first angle o =
35° can be used for analyzing pull-out experiments with a large concrete cover. Note
that the tendency in angles is the same as that found by Eligehausen.

Influence of the number of cracks

In Fig. 3.17 the effect of the bond capacity on the occurrence of longitudinal
splitting cracking is given. However, it is evident that cracking of the cover does not
imply that the ultimate bond stress has been reached. Some increase in load till
failure is reported by Schmidt-Thro [65] +15% and could be calculated from the
results of Tepfers [53] +19%.

Fig. 3.18 Formation of internal and external longitudinal cracks, Tepfers [53].

As already discussed, the number of cracks is important to calculate the maximum
(failure) load. The solution with one crack is compared with the experimental results
in Fig. 3.17 and gives the lowest value. In order to calculate the ultimate load the
number of cracks should be known. Sehmidt-Thré and Tepfers found that nearly
always at least three cracks appeared, see Fig. 3.18.

When a fresh calculation was made with formula 3.50 and n = 3, an increase of about
5 to 10% was found for practical concrete covers, which fact seems to agree more or
less with the experimental results.

3.3.4 Simplification of the model
Based on the average ultimate tensile strain e, = 85 x 1076, &, = 0.2 mm and

k = 0.248 the cracking resistance of the softening part in formula 3.50 can be
simplified to:
f 2e - d
r, tan a = 355 (2e - d ) {1 - 0.155 (———2)0-248) (3.52)
S

If we write e = 8 (c + %ﬁ) for the crack depth and n = 1 and substitute formula
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3.52 into formula 3.50, the following expression is obtained:

Tbtana=—§§£26 (c+§—s)§i—:§—§+§:—t{2 Bc - dg (1 - 8)}
(3.53)
{1-0.155 (2 e - d, (1 - §))0-248}
A maximum cracking resistance is obtained for a crack depth g(c + g—s) which
depends on the concrete cover and bar diameter. Values of the optimum g are

collected in Table 3.2.

Table 3.2 Optimum values of 8 (n = 1)

dg c/dg
(mm) 1.5 2.5 3.5 4.5
10 0.73 0.70 0.68 0.67
20 0.69 0.67 0.65 0.63
40 0.66 0.63 0.61 0.59

Assuming an average value of g8 = 0.70 and substituting this value in formula 3.53
gives the total eracking resistance

f d
Tp tan o = 0.48 F (c + 5) +
1.4 (3.54)
: 0.2
‘SEEE_”'(C - 0.21d)) {1 -0.168 (c - 0.21 4 )0-248)
This formula approximates formula 3.50 closely enough for practical use. For a
concrete cover smaller than 2 dg the angle o is 40°. Substituting tan 40° into

formula 3.54 gives the bond stress level at which longitudinal cracking starts.

H

d
Tpe = 0.57 355 (¢ + 55) +
S

(3.55)

Al

1.67 455 (c - 0.21 d ) {1 - 0.168 (c - 0.21 d)0-248)
S

Q‘l

3.3.5 Effect of low temperature on the failure load

Only one investigation, Kérmeling [66] concerning the softening behaviour at low
temperatures is known by the author. The stress-crack opening displacement curves
show the same tendency at both temperatures, i.e. 20 and -170°C. The fracture
energy increases by about 45% and the tensile strength by about 29% at -170°C.
From formula 3.35 it follows that the factor Tl:*k should be multiplied by H% Hence

k = 0.315, which means that a higher relative cracking resistance can be expected.
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Nevertheless the same assumption holds true for room and low temperatures because
of the lack of information for temperatures below zero.

Because the tensile stength increases more than the modulus of elasticity at lower
temperatures, the ultimate tensile strain ., increases too. A maximum value was
found at -70°C by Bamforth [34] which was about 100 to 185% greater than at room
temperature. This is due to the fact that the major part of the increase in the tensile
(splitting) strength occurred in the temperature range from 0 to -60°C.
Consequently, the crack opening (n = 1) given by the equation

§(r) =2 7 (e = r) e (T)

will reach its maximum value at around -70°C and results in the lowest contribution
of the softening part to the cracking resistance. Thus in general a lower (relative)
cracking resistance will be found if €., (T) is larger than ¢.,.(20°C). This statement
is in agreement with the experimental observations of Scheuermann [33], who
observed a 10% lower splitting failure load at -40 and -80°C, see formula (2.4).

3.4. Conclusions

- Prediction of crack width and crack spacing is possible at low temperatures if the
local bond stress-displacement characteristic, found experimentally, is
approximated with the aid of a power function at various temperatures.

- The so-called "first-generation crack" possesses a greater crack width than the
crack width associated with a fully developed erack pattern if a constant tensile
strength is assumed.

- Initially, where the thermal coefficient of expansion is different for concrete and
reinforcement, a greater crack distance will be found at low temperature.

- Splitting failure can be predicted as a function of temperature by means of a
model which includes the softening behaviour of concrete. A minimum relative
cracking resistance relative to the tensile strength is calculated at around -70°C.

- If the bar diameter increases by 100% an approximately 10 to 15% lower relative
cracking resistance against splitting failure is calculated.

4. EXPERIMENTAL PROGRAMME AND TESTING EQUIPMENT
4.1. Introduction

It was coneluded in Section 2 that mainly the temperature and the moisture content
of the concrete affect the mechanical properties of concrete. Therefore the
temperature and the moisture content affected by the w/c ratio and the curing
conditions are the main variables to be investigated. It was decided to divide the
experiments into two main parts. In the first part the material properties of
concrete, such as the compressive strength f..,(T), the tensile splitting strength
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fcspl(T)? the modulus of elasticity E.(T) and the thermal behaviour e.(T)
(and €4(T)), are investigated as a function of temperature and moisture
content.

In the second part the bond stress-slip relationship was determined by means of a
pull-out test with an embedment length of 3 times the bar diameter. Furthermore, 12
experiments were performed on centrically reinforced tension members of 1 m in
length. Section 5 deals with these subjects.

The present Section describes the experimental programme and the equipment used.
More detailed information on this subject is presented in Van der Veen [67,68]

4.2. Experimental programme

Besides the determination of the material properties, the experimental programme
comprised the pull-out and reinforced tension member tests. First, a survey of the
pull-out tests is presented, then a survey of the tension member tests.

4.2.1. Pull-out experiments

Each bateh comprised, among other types of specimen, six ¢200x200 mm pull-out
specimens with a centrically embedded steel bar. The experiments were conducted at
an age of 90 days and using a 20 mm diameter reinforeing bar with an embedment
length of 3dg for the major part of the test series.

Because the temperature was the main variable to be investigated, five different
temperatures, +20, -40, -80, -120 and -165°C respectively, were used. During the
experiments the temperature was lowered at a rate of 1°C/min. The basie
experimental programme comprised five temperatures, two concrete grades and
three curing conditions, namely water-saturated (S), sealed (W) and air-dry at 50%
r.h. and 20°C (H). A total of 96 pull-out specimens, 8 batches for both concrete
grades, were investigated for the basic programme. It should be noted that each
parameter was investigated in three experiments in order to get an idea of the
scatter of results. All the other experiments were performed for one single set of
curing conditions, namely sealed. For both concrete mixes the influence of the age
(28 and 365 days), cooling rate and eyclic temperature loading on the bond stress-slip
relationship was investigated. Furthermore, the embedment length (3 and 2dg) and
the diameter (20 and 10 mm) were varied in mix 2 (low concrete grade), while the
type of reinforcement (plain bar and Tempcore steel) was investigated in mix 1 (high
concrete grade). In all, 198 pull-out tests were performed divided among 33 batches.
A survey of the tests is given in Table 4.1.

Each experiment is described in detail in Van der Veen [6S]. All the experimental
results have been assigned an identifying code indicating the type of experiment.This
code is composed as follows. First, a number indicates the type of mix employed,
namely, 1 for mix 1 and 2 for mix 2. Second, a letter indicates the curing conditions:
W, S and H for sealed, saturated and air-dry concrete respectively.
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Table 4.1 Survey of the pull-out experiments.

Mix 1 Mix 2
batch bateh

no. main variable no. main variable

1 curing conditions : sealed 1 curing conditions : sealed

2 sealed 2 sealed

3 sealed 3 sealed

4 sealed 4 sealed

5 saturated 5 saturated

6 saturated 6 saturated

7 air-dry 7 air-dry

8 air-dry 8 air-dry

9 age ¢ 28 days 9 age : 28 days
10 365 days 10 28 days
11 type of bar : plainbar 11 365 days
12 plain bar 12 365 days
13 plain bar 13 embedment length ¢ 2dg
14 plain bar 14 2dg
15 temperature loading : ecyelic 15 bar diameter ¢ 10 mm
16* type of bar ¢ Tempcore 16 10 mm

17 temperature loading : eyeclic

* cured in a fog room; tested at an age of 28 days.

Third, a number indicates the age of the concrete in days: 28, 90 or 365. The
temperature is always indicated separately. The following is an example of this
identifying code:

temperature: -80°C
code 1/W/90

4.2.2. Reinforced tension members

Besides the control cubes, each batch comprised two centrically reinforced tension
members of 1 m in length, with 100x100 mm square cross-section and a 20 mm
deformed bar. The experiments were conducted at an age of 90 days. Four different
temperatures, +20, -40, -80 and -165°C respectively, two concrete mixes and two
curing conditions, namely sealed (W) and water-saturated (S) were used. Eight tension
members of sealed concrete and four of water-saturated concrete were tested. For
the latter curing condition only the effect of two temperatures, namely -80 and
-165°C, was investigated for both mixes.
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4.2.3. Concrete mix and curing conditions
Two different mixes were used. Both mixes were composed of Portland B cement and

glacial river gravel aggregates with a maximum particle size of 16 mm. The mix
composition is given in Table 4.2 and Appendix 1.

Table 4.2 Mix proportions and 28 day mechanical properties at 20°C.

Mix 1 Mix 2
cement content [kg/m3] 400 2175
water cement ratio 0.40 0.60
compaction index (Walz) 1.21 1.11
air content [%] 1.1 - 1.7 0.6 - 1.1
fresh density [kg/m3] 2403 2404
cube compressive strength* [N/mm 2] 61.3 (5.2%)** 39.9 (8.0%)**
cube splitting strength* [N/mm 2] 3.4 (9.6%)** 2.6 (9.19%)**
Young's Modulus [N/mm?2] 34950 (4.59%)** 32100 (7.19)**

*) curing condition: sealed concrete
**) coefficient of variation

Pull-out specimens as well as cubes were cast in synthetic moulds. The long tension
specimens were cast in timber moulds. Immediately after casting, all the specimens
and cubes were kept wet and covered with plastic sheets. After two days the
specimens and cubes were demoulded and stored until testing. The specimens and
cubes were cured in water (S), or wrapped in aluminium foil (W) or placed in a room
at 50% relative humidity at 20°C (H), depending on the curing conditions. The free
moisture content of both concrete grades was determined by drying samples of
concrete at 110°C for 8 days, at an age of 28, 90 and 365 days. The free moisture
content m is expressed as a percentage of the dry weight. The mean values of m are
given in Table 4.3.

The free moisture content m is the governing quantity for determining the concrete
strength. At an age of 90 days the free moisture content varied between 4.1 and
4.8% for mix 1 and between 3.7 and 5.5% for mix 2. Thus, the range of moisture
contents used in practice is covered.

In order to measure the thermal deformation of concrete as a function of
temperature ¢60x150 mm cylindrical specimens were drilled from 200 mm cubes
parallel to the casting direction. These cubes were cast in steel moulds, demoulded
after two days and stored for two weeks under the prescribed conditions (saturated,
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Table 4.3 Free moisture content of the cubes, in % by mass.

age saturated sealed air-dry 50% r.h.
Mix 1 Mix 2 Mix 1 Mix 2 Mix 1 Mix 2
days m(%) m(%) m(%) m(%) m(%) m(%)
28 - 4.9 4.5 5.0 - 4.2
90 4.8 5.5 4.4 4.5 4.1 3.7
365 - - 3.6 4.2 - -

sealed or air-dry at 50% r.h.). The cylinders were then drilled and sawn to the
required length and returned to the prescribed curing conditions until testing,
generally at 90 days. At the time of testing the free moisture content of the
cylinders was measured in the same way as in the cubes mentioned above. The mean
values of the free moisture content are given in Table 4.4.

Table 4.4 Free moisture content (m) of the ¢60x150 mm cylinders.

Mix 1 Mix 2
age (days): 90 365 90 365
curing conditions m(%) m(%) m(%) m(%)
saturated (S) 4.6 - 5.4 -
sealed (W) 4.0 3.8 4.0 3.1
air-dry, 50% r.h. (H) 3.0 - 3.4 -

In general, the free moisture content of the cylinders varied over a wider range in
comparison with the cubes, because the dimensions of the cylinders were smaller
than those of the cubes.

4.2.4. Preparation of the specimens

Cylindrical concrete specimens ¢200x200 mm were used for the axial concentric
pull-out tests. In accordance with the RILEM-CEB-FIP recommendations [70] the
diameter of the specimens was chosen as about 10 times the bar diameter dg. In
general, the 20 mm diameter deformed steel bar was embedded centrically over a
length of 60 mm, i.e. three times the bar diameter. To obtain a constant temperature
distribution over the bond zone, a non-bonded length of 3.5 dg was provided at both
ends (the non-loaded and loaded end) of the bar. Fig. 4.1 shows the specimen
geometry.
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Fig. 4.1 Mould for pull-out specimen. View in plan and cross-section.

The mould was made of a rigid synthetic material. Demountable steel cones were
attached to 12 mm thick steel plates that were located at the bottom and top of the
mould. These conical spaces reduced the bond length of the steel bar and also kept
the bar centrically positioned during casting. The bar was firmly attached to the
steel bottom plate with one bolt. Space left at the interface of the bar and the cones
was filled with wax, which was liquefied by heating. Two days after casting, the
cylinder was demoulded with the aid of compressed air which entered the mould
through the bottom hole. The specimen was further demoulded by removing the cones
and was then stored in the vertical position under the prescribed curing conditions
until testing. Before testing, the top conerete surface of the pull-out specimen was
smoothed by means of a grinding machine. Next, the specimen was placed in the
testing equipment in such a way that the pull was applied in the opposite direction to
the casting direction (so-called vertical position).

The 1 m long tension specimens were demoulded two days after casting and stored
horizontally under water (8S) or sealed in aluminium foil (W) until testing.

4.3. Testing equipment

4.3.1. Hydraulic equipment

To perform the pull-out test at a prescribed low temperature a special test rig was
built, see Fig. 4.2.

The testing equipment consisted of a hydraulic jack (range 400 kN) and a steel frame

on which a cooling vat (D) was mounted. In the cooling vat the pull-out specimen was
placed on a 100 mm thick load bearing disk of insulating material. At one end of the
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reinforecing bar a screw thread was cut in the ribs only over a length of 100 mm,
leaving the core intact. Thus, a nut (J) can be screwed on to the bar. This end of the
bar is fixed to the jaws (H) of the jack by means of a nut. The axial force in the steel
bar is measured by a load cell (K), range 400 kN.

A - displacement transducer
B - fan motor

C - LNy injection

D-

thermos container
E - dilato meter(invar)
F - pull-out specimen
- displacement transducer

G

H

I - ball-inint
l— ] J - nut

K

L

l ] Zload-cell

displacement transducer
Fig. 4.2 View of test rig.

The experiment was performed under displacement-controlled conditions using
transducer G in Fig. 4.2 at a displacement rate of 1 mm/min. End slip values of the
pull-out bar were measured by a linear voltage displacement transducer (A) located
at the free end of the embedded bar.

Because most of the tests were carried out at extremely low temperatures, the
displacement transducer (A) was mounted on a dilatometer (E) outside the cooling
vat. This dilatometer consisted of a tube and an internal solid pin, both made of a
special kind of nickel steel, see Section 4.4.2. Thus the relative displacement
between the steel bar and the concrete was transmitted by the dilatometer and
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measured outside the cooling vat. The measuring signals of force (K) and end slip (A)
were amplified and recorded by a two-channel transient recorder (Nicolet, Explorer
) with a maximum measuring frequency of two million samples per second and a
core of 4k. A sampling time rate of 5 seconds was used for the tests described. After
each test the results were stored on a floppy disk and afterwards processed by the
HP21IMX laboratory computer. After synchronisation, force (bond stress) slip
relations were plotted and analysed.

The test rig for the long member is shown in Fig. 4.3. This testing equipment
consisted of a hydraulic jack (range 200 kN) and a double steel frame which enclosed
the cooling box in which the tension members were placed. Steel tension rods were
screwed onto both ends of the reinforcing bar. These rods were fixed via the load cell
and the hydraulic jack to the steel frame, which was constructed in a double layer to
ensure axial loading. The experiments were performed under load-controlled
conditions using the load cell. The load was applied to the tension member via a
number of load steps. Two minutes after each load step, the load, the total
elongation and the erack widths were measured, stored and processed by the
laboratory computer.

VAVAVAVA

measuring system

load tension member hydraulic

cell - jack
/\/\/\ cooling box

HE-A section ﬂ

Fig. 4.3 Top-view of test rig which consisting of the cooling box enclosed by a steel
frame.

4.3.2. Cooling process and thermal eyeling

A common method for generating low temperatures is to use liquefied nitrogen
(LNj), whieh is produced and sold in bulk. It possesses a boiling temperature of
-196°C, which is more than 30°C below that of liquefied natural gas (LNG); it is also
non-inflammable and non-toxie.

The operation of LNj-operated cooling boxes with continuous temperature
adjustment is based on the principle of injecting a certain amount of LN, which is
atomized in the interior around the test specimen and subsequently evaporates.
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The amount of heat required for evaporation is withdrawn from the interior of the
cooling box and from the specimen, resulting in a cooling effect.

How the cooling process operated is shown schematically in Fig. 4.4. A temperature
controller briefly opened the solenoid valve installed in the rear wall. As a result,
LNy from a storage vessel was sprayed on the fan and entered the interior of the
cooling vat.

This fan, driven by an exterior electric motor, rotated behind a screen in the cooling
vat, into which it discharged the mixture of air and gas. A temperature sensor in the
vat provided temperature control with the aid of a Commodore 64 Micro computer.
An analog-digital convertor was necessary for translating the analog temperatures
into digital values for the computer, and vice versa. In the computer program
developed for these tests the parameters such as the cooling rate in (°C/min) and the
desired low temperature could be freely chosen. The cooling rate was controlled by
the computer via longer or shorter opening time of the valve.

Fig. 4.4 Schematic view of the cooling process.

All the measured temperatures were displayed on a monitor screen and were printed.
To make temperature eycling possible a tubular radiator with a capacity of 1800 W
was fitted concentrically on the fan.

4.3.3. Temperature conditioned test coolers

The starting point for the development of the cooling box in which econtrol cubes and
cylinders were to be cooled was that the testing of the cubes and cylinders must take
place outside this box. Because lm long centrically reinforced concrete members
uniaxially loaded must also be tested, the inside dimensions were 0.6x0.6x1.35 m. The
double-walled stainless steel cooling box was insulated with 150 mm foam
(Roofmate). A hinged cover at the top gave access to the interior of the box. Inside
the cooling box was a second box which could be opened at the top to insert the
specimens. The front of this box was open. Cooling was effected by spraying
liquefied nitrogen upon two fans, which produced a continuous cold forced draught
between the inner box and the wall of the cooling box. Through holes in the back of
the inner box this cold gas was drawn from the front of the box past the specimens to
the back, see Fig. 4.5.

In the bottom of the cooling box and around the two fans were three electrical
heating elements with a total capacity of 7000 W for increasing the temperature.
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Fig. 4.5 View of large cooling box.

Good interadjustment of cooling and heating made it possible to perform tests with
temperature cycles.

Despite the 150 mm thick insulation in the cooling box mentioned above, a
considerable quantity of liquid nitrogen was used. Therefore the insulation of the
second cooling box was based on the principle of a storage container for liquefied
gases. A cylindrical shape was chosen to allow high-vacuum and super-insulation.
This thermos container is shown schematically in Fig. 4.6. All the pull-out and
thermal deformation tests were performed in this container.

1 - vacuum super-insulation
2 - screen

3 - ventilator

4 - heating

- 9400 )
]
A $ 550
L !
Y \\>\ 3
~F
(N ;/4
cross -section A-A
9350

Fig. 4.6 Schematic view of the thermos container.
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4.4. Measuring systems at low temperature
4.4.1. Temperature measurements

Generally, a thermocouple is used for determining the temperature. These are
available for a wide range of temperatures. However, under cryogenic conditions the
copper-constantan type (Cu-Cu/Ni) is the only one which can be used. Very accurate
and stable temperature measurements can be obtained with metal resistance
thermometers. A platinum type can be used between -260 en +850°C. In the cooling
box (container) one single platinum resistor was used for accurate and stable
temperature control, while for temperature measurements inside the specimen the
cheap thermocouple was used.

4.4.2. Displacement measurements

For measuring the thermal contraction and expansion behaviour a ¢60x150 mm
cylindrical specimen of concrete or a reinforcing bar 150 mm in length was mounted
within a frame formed of quartz rods, see Fig. 4.7a, placed in a thermos container.

1000 mm

Fig. 4.7 a. Dilatometer made of quartz b. Dilatometer for measuring slip
glass; values.
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The specimen was subjected to controlled cooling at a constant rate (1°C/min) and
the relative displacement of the two opposite end faces was recorded with the aid of
quartz glass rods. This displacement was transmitted by a SiO) glass rod to a
displacement transducer (LVDT) located outside the cooling box. This type of test rig
was possible because quartz glass possesses a very low coefficient of thermal
expansion. The same method was used in the pull-out test for measuring the relative
displacement (slip) between the steel bar and the surrounding concrete.
Unfortunately, splitting failure of the pull-out specimen caused damage to the
dilatometer made of SiOj;. Therefore a new dilatometer was made of a low-
expansion 36% nickel-iron alloy, a material which possesses a mean coefficient of
linear expansion of 2.2x107® m/m°C in the temperature range from -250 to 0°C. This
dilatometer is shown in Fig. 4.7b.

4.4.3. Crack width measurements

It is not possible to measure crack width visually at low temperatures. Therefore,
two series of electro-mechanical extensometers were situated along both sides of the
reinforced tension member, see Fig. 4.8a. This type of extensometer was developed
at Delft University and consists of a steel spring which is clamped between two
angles, and two strain gauges in the mid-section, see Fig. 4.8b. A measuring length of
110 mm was used with a measuring range of 2 mm and a general accuracy smaller
than 0.01 mm.

measuring point
(angle) ™S

"/strain
gauges

glue

Fig. 4.8 a. Measuring system for crack width and total elongation;
b. Detail of the electro-mechanical extensometer.

The crack width is defined as the relative displacement between two measuring
points (angle) on the tension member. In order to measure the total elongation of the
tension member the same type of extensometers were used. These two
extensometers were situated between two quartz rods which were connected to the
ends of the reinforcement, see Fig. 4.8a.
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5. EXPERIMENTAL RESULTS
5.1. Introduction

This Section is devoted to the experimental results of the standard, pull-out and
reinforced tension member tests. First, the results of the standard tests which relate
to the compressive strength and tensile splitting strength of the concrete, the stress-
strain relationship, the thermal deformation and some material properties of the
reinforeing steel as a function of temperature are discussed. Second, the results of
the pull-out experiments are dealt with in Section 5.6. Third, in Section 5.7 attention
is paid to the measurements performed on the reinforced concrete tension members,
such as crack width and crack spacing. All type of experiments were performed at
different temperatures and curing conditions as mentioned in Section 4.2.

5.2. Compressive strength and splitting strength at various temperatures
The average strength results of the standard tests conducted at 20°C and 90 days old

are summarized in Table 5.1. In all, three different curing conditions were examined:
water-saturated, sealed and air-dry (50% r.h.) concrete.

Table 5.1. Test results at room temperature at an age of 90 days.

Mix  curing number f..p c.v.*  number fcopy m e.v.*
conditions () (N/mm2) (%) () (N/mm2) (%)
1 sealed 39 68.4 6.3 33 3.56 8.4
saturated 6 68.4 2.9 6 3.75 8.2
air-dry 6 64.3 2.7 6 3.45 4.9
2  sealed 37 45.3 8.1 4.0 2.93 8.5
saturated 6 48.1 2.9 6 3.07 3.2
air-dry 6 44.7 4.3 6 3.00 6.3

* coefficient of variation

Investigations have shown that the compressive strength increases as the
temperature is lower. This increase is hardly affected by the strength at room
temperature, see Section 2.2. For this reason the mean compressive strength at low
temperatures can be expressed as:

Eon(Tsm) = £..(20°C) + af  (T3m) N/mm?2 (5.1)
in which the strength increase depends on temperature and moisture content only. A

formula was derived by Rostésy and Scheuermann [19] to prediet the increase in
compressive cylinder strength:
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Af o (Tsm) = {1 - (IO 112 m (eylinder) N/mm? (5.2)

in which m = moisture content % (by wt)
T = temperature
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Fig. 5.1 Increase in cubic strength at 90 days for different curing conditions versus
temperature.

From a regression analysis of the test results, see Fig. 5.1., a formula has been found
for the cubic compressive strength increase A oep(Tsm):

M n(Tsm) = {1 - (ZHIO2)13.0 n N/mm?2 (5.3)

A higher eylinder to cubic strength ratio (about 0.9) was found at low temperatures
than at room temperature, which fact was also observed at room temperature for
high concrete grades by Neville [71]. Formula 5.3 shows reasonably good agreement
with the experimental values for both mixes as presented in Fig. 5.1. The lowest
increase was found for the air-dry cubes for both mixes and the highest increase for
the sealed cubes only for mix 2.

Also an increase in tensile splitting strength was observed at very low temperatures.
Experimental values are shown in Figs. 5.2 and 5.3 for mix 1 and mix 2 respectively.
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Fig. 5.2 Tensile splitting strength for mix 1 with different moisture content versus
temperature.
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The tensile splitting strength shows a marked increase for the water-saturated and
sealed concrete in the temperature range from 0 to -40°C, particularly for mix 2. In
general a maximum value was observed at -80°C. At lower temperatures the
increase in strength remained constant or even a small decrease was observed, as
shown in Fig. 5.2. The tensile splitting strength can be estimated from the cylinder
compressive strength according to Goto/Miura [22]:

£ (1) = 0.214 £ (1073 N/mm?2 (5.4)

cspl,m
in whiech f.,(T) can be predicted with the aid of formulae (5.1) and (5.2). When the
splitting strength is calculated from the cubie strength, the factor 0.214 in formula
5.4 should be converted to 0.181. In this case the usual ratio between eylinder and
cubic strength is applied. Unfortunately, the experimental results exhibit a wide
scatter, so that only poor agreement is obtained with this prediction.

Generally, the major part of the increase in splitting strength occurred in the
temperature range from 0 to -40°C, unlike the increase in compressive strength,
which occurred mainly from 0 to -100°C. Consequently, the increase in strength is
not similar for the compressive strength and the tensile splitting strength. Hence, it
will be difficult to find a relation between the mean tensile splitting strength and the
mean compressive strength which is valid at low temperatures.

5.2.1 Influence of the age of the concrete

It is a well known faet that the strength of concrete increases as a funetion of
age under normal conditions (room temperature). To investigate simultaneously the
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Fig. 5.4 Tensile splitting strength of sealed concrete as a function of temperature

and age.
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influence of the age of the concrete and the low temperature, a number of
experiments were performed at different ages, namely 28, 90 and 365 days.As a
result of the hydratation process the amount of free water in the sealed concrete
will decrease. Consequently, a smaller increase in strength at low temperatures will
be observed.

At an age of 365 days the same (mix 1) and a lower (mix 2) actual splitting strength
was observed, see Fig. 5.4. It should be noted, however, that the differences in
strength are only small. The compressive strength showed a different behaviour.

The actual compressive strength for both mixes is shown in Fig. 5.5. Approximately
the same actual strength at different ages was found at -80 and -165°C for mix 1.
For mix 2 (water/cement ratio 0.60) the same or a slightly increased actual strength
at an age of one year was observed.
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Fig. 5.5 Compressive strength of sealed concrete as a function of temperature and

age.

5.3. Modulus of elasticity at different temperatures

The static modulus of elasticity was measured in this experimental programme. This
modulus represents the secant modulus and was measured at stresses of one-third of
the cylinder strength £, at 20, -80 and -165°C. Testing started at an age of 90 days
and only sealed concrete was investigated. The mean values calculated from two
experiments are summarized in Table 5.2.
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Table 5.2 Cryogenic properties of the stress-strain relationship.

T fe Ec E.(T)/E_(20°C) £ (T)/f_(20°C)

Mix  (°C)  (N/mm?2) ) )
1 +20  42.02 36125 1.00 1.00
-80  72.66 49100 1.36 1.73
-165  83.56 61475 1.70 1.99
2 +20  28.24 34050 1.00 1.00
-80  69.04 52425 1.54 2.44
-165  85.42 66675 1.96 3.02

The static modulus of elasticity was found to increase when the temperature was
lowered, but to a far lesser extent than the (cylinder) compressive strength. This is
clearly shown in Table 5.2 by the relative modulus of elasticity and strength. For mix
2 with a higher water/cement ratio (0.60) this difference in relative values was more
pronounced than for mix 1 (w/c ratio: 0.40).
Stress-strain relationships for both mixes are shown in Figs. 5.6a and 5.6b. An almost
linear elastic behaviour was found at -165°C for the stress-strain curve. Failure
occurred in a brittle mode at -165°C for both mixes. The same type of failure was
observed for mix 1 at -80°C.
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Stress-strain relationship at three temperatures for mix 1 (a) and mix 2 (b).

5.3.1. Influence of thermal eycling on the modulus of elasticity

To investigate the influence of thermal cyeling on the statie modulus of elasticity of
sealed concrete at an age of 90 days, a number of experiments were performed on
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eylinders after 0, 5 and 10 thermal cycles. The temperature was lowered to -100°C
and after 60 min. raised to +20°C at a rate of 1°C/min. Some typical values of the
relative modulus of elasticity and cylinder strength are shown in Fig. 5.7. The
concrete with the highest water/cement ratio (mix 2) exhibited the greatest
reduction in elasticity and strength after 5 and 10 thermal cycles. For mix 1 no
decrease in strength and hardly any decrease in the static modulus was observed.
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Fig. 5.7 Relative modulus of elasticity and cylinder strength of sealed concrete at
90 days versus the number of temperature cycles.

5.4. Thermal behaviour

The effect of three different sets of curing conditions, namely water-saturated,
sealed and air-dry at 50% r.h., on the thermal strain-temperature relationship was
investigated. Experimental results for both mixes determined at an age of 90 days
are shown in Fig. 5.8, where each curve represents the mean of three different
experiments.

Specimens which were sealed or air-dried during the curing time exhibited almost
linear thermal deformation and perfect reversibility. The thermal deformations for
both mixes were almost identical, i.e. the water/cement ratio did not affect the
thermal behaviour. However, the water-saturated specimens showed totally different
behaviour. Between -20 and -60°C a pronounced expansion was observed. This
expansion in the transition range was clearly influenced by the water/cement ratio
and increased for higher ratios, as Fig. 5.8 shows. When the water-saturated
specimens were reheated, an even greater expansion occurred, and irreversible
strains indicating internal micro-cracking were observed at 20°C after reheating.
These irreversible strains are greatest for the concrete mix with the highest
water/cement ratio.
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Figure 5.8 Thermal strain and coefficient of thermal expansion as a function of
temperature.

The sealed specimens were tested at two different ages, namely 90 and 365 days. The
concrete at an age of 365 days was found to have a thermal strain which was slightly
greater than that of concrete at an age of 90 days. Furthermore, it showed perfect
reversibility from cooling to reheating.

To investigate the influence of the type of steel on the thermal deformation three
different steels, namely Krybar, Krybar with 3.5% Ni and Tempcore were tested.
Only minor differences between the different types of steel were found to occur
during cooling. Some typical results represented by one line are shown in Fig. 5.8.

For engineering calculations it is common to define the coefficient of thermal
expansion o(T) as the slope of the secant with the origin at 20°C:
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a(T) = rrEstée 1/°C (5.5)
in which e(T)= thermal strain and T = temperature.

For air-dry and sealed concrete a continuously decreasing curve was found. The
shaded area gives the scatter range for both mixes. It turned out that changes in the
moisture content had virtually no effect on the thermal deformation. If we compare
the coefficient of expansion of the reinforcement and the concrete, it is clear that
only limited stresses will be introduced in a reinforced member.

The water-saturated concrete showed an expansion in the transition range which
greatly depended on the water/cement ratio or moisture content (m). For the two
concrete mixes investigated, with water/cement ratios of 0.40 and 0.60 respectively,
a positive value of a.(T) was always found, see Fig. 5.8.

5.5 Properties of the reinforcing steel

Krybar reinforcement was used for the pull-out experiments, this being a reinforeing
steel which because of its special properties is used in applications as storage tank
structures for the containment of liquefied natural gas (LNG). At room temperature
the yield and ultimate strength were found to be 471 and 541 N/mm?2 respectively,
and the modulus of elasticity was 2.1x105> N/mm2. When the temperature is lowered
the yield and ultimate stength increase progressively, as can be seen in Fig. 5.9, [72].
For the 20 mm diameter bar a value of 0.076 was found for fr. To investigate the
bond stress-slip relationship of plain bars some deformed bars were prepared
(removing the ribs) to obtain a smooth surface. This preparation resulted in 18 mm
plain bars. To characterize the surface roughness the so called R,-value was
determined. This value equals the mean deviation of the surface profile from the
average profile depth. The surface profile was recorded by means of a Taylor-Hobson
device. Because two batches of reinforcement were smoothed separately, two
different values of R, , namely 9 and 2 um, were found.
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Fig. 5.9 Yield and ultimate strength of Krybar reinforcement versus temperature
[72].
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5.6. Bond stress-slip relationship at several temperatures
5.6.1. Influence of the curing conditions and concrete grade

In general the results are presented in diagrams where each curve represents a bond
stress-slip relationship at a certain temperature. For the temperatures of -165,
(-140) and -120°C one experimental result was selected for the curve because of the
peculiar results, while for the other temperatures a mean value of the curve has been
given.

The experimentally determined bond stress-slip curves are presented in Figs. 5.10,
5.11 and 5.12 for sealed, air-dry and water-saturated concrete respectively. The
results of mix 1 and mix 2 are given in the left-hand and right-hand diagrams
respectively. In general, the bond stress increased at a certain slip value at lower
temperatures. However, the main part of this increase occurred at temperatures
down to -120°C. At lower temperatures hardly any increase in bond stress was
observed. For both mixes and regardless of the curing condition a continuous curve
was observed at -40 and -80°C similar to the ecurve found at 20°C. A single abrupt
change in slip was noticed at -120°C for the tested curing conditions. This large
inerease in slip values was found at a stress level of about 40 N/mm2 for both mixes
and was initiated at a slip value of approximately 0.10 mm, see Fig. 5.10. A typical
phenomenon was also found at -165°C where the slip values changed abruptly and
increased instantaneously. These abrupt changes were initiated at slip values of
about 0.03 mm and increased rapidly at higher slip values (stress levels). This
phenomenon resulted in a large increase in slip values at stress levels of about
30 N/mm2 for water-saturated and at 40 N/mm2 for sealed and air-dry concrete.
These results are in accordance with the experimental results of Secheuermann [33].
The abrupt changes in slip were probably caused by the initiation of internal radial
cracks, which feature occurs in a more brittle mode at low temperatures according
to Scheuermann [33].
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Fig. 5.10 Bond stress-slip relationships for sealed concrete at various temperatures
and both mixes.
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Fig. 5.11 Bond stress-slip relationships for air-dry concrete at various
temperatures and both mixes.
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Fig. 5.12 Bond stress-slip relationships for water-saturated concrete at various
temperatures and both mixes.

Failure mode

Splitting failure was found to be the failure mechanism at room temperature for all
curing conditions. Furthermore, this failure mechanism was observed for mix 1 and
air-dry concrete at -40°C and for water-saturated concrete at all testing
temperatures. The splitting failure mechanism was in agreement with the tensile
splitting strength, see Fig. 5.2, which attained the lowest values for saturated
concrete.

Shear failure was mostly observed for mix 2 (lowest grade) at -40°C. However, for
sealed concrete this failure mode was also found at -80 and -40°C for mix 1. At the
other (lower) temperatures the maximum bond stress was determined by the yield
strength of the reinforcement. Consequently, no failure of the concrete was found to
occur.

Other aspects of the bond stress-slip relationship and failure mode will be discussed
further in Section 6.
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Comparison of the bond stress

The bond stresses measured at two slip values, namely, 0.025 and 0.1 mm, are
assembled in Fig. 5.13. For mix 1 the sealed concrete attained the highest bond
stress for both slip values, while for mix 2 the water-saturated and the sealed
concrete exhibited the highest bond stress. Regardless of the curing conditions, a
similar increase of bond stresses was observed for lower temperatures. Furthermore,
a greater increase in bond stress was observed for mix 2 in comparison with mix 1
when the temperature was lowered. However, the actual values at -165°C were more
or less equal.
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Fig. 5.13  Bond stress determined at 0.025 and 0.10 mm slip versus temperature for
different curing conditions.

5.6.2. Influence of the age of the concrete

To investigate the influence of the age of the concrete on the bond stress-slip
relationship, experiments were conducted at three different ages, namely 28, 90 and
365 days, and at several temperatures.

The majority of this type of experiments were performed for mix 2 and sealed
concrete. Bond stresses measured at two slip values and different ages are assembled
in Fig. 5.14.

For ageing concrete an increase in bond stress was found at 20°C which was
proportional to the compressive strength. Consequently, the highest bond stress was
observed at a concrete age of 1 year. At lower temperatures the highest bond stress
at a certain slip value was found at 90 and 28 days at -80 and -165°C respectively.
As mentioned above in Section 5.2.1, comparison of the actual compressive strength
with the bond stress gives a reasonable correlation at temperatures of 20 and -80°C.
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Hence, some relation seems to exist between the actual compressive strength and
the bond stress. Furthermore, the effect of the low temperature upon the bond
stress-slip curve is most pronounced at a concrete age of 28 days and least
pronounced at an age of 365 days, as can be seen in Fig. 5.14 for bond stresses
measured at a slip of 0.025 mm.
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Fig. 5.14 Bond stresses measured at two slip values and different ages versus
temperature.

This feature is probably associated with the decreasing free moisture content in the
concrete as a result of hydratation. It was found that the extent of the abrupt
changes in slip observed at -165°C increase for ageing concrete. For mix 2 even a
different failure mode was observed for concrete at an age of 365 days and tested at
-165°C. The abrupt changes in slip finally led to splitting failure, which is probably
associated with a lower tensile splitting strength found at low temperatures. The
splitting strength turned out to be lower for ageing concrete, as mentioned
previously in Section 5.2.1. The failure mode was not affected by the age of the
concrete at the other temperatures. At room temperature splitting failure was
always observed for both mixes, while for mix 2 at -40 and -80°C shear failure
occurred.

5.6.3. Influence of some parameters on bond resistance

The influence of the parameters relating to the cooling rate, embedment length and
bar diameter are dealt with in succession below. Because the maximum bond stress
was mostly determined by the yield strength of the reinforcement, it was decided to
minimize the embedment length to 40 mm or 2dg. Furthermore, a number of
experiments was conducted with 10 mm steel bars which have a fr value of about
0.067.
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Cooling rate and embedment length

The effect of the cooling rate on the bond stress-slip characteristic was investigated
by using three different cooling rates, namely 1/3, 1 and 3°C/min. Experiments were
performed at two temperatures -80 and -165°C respectively. The results found after
a cooling rate of 3°C/min differ from the curves measured at -165°C after cooling
at 1°C/min. No significant influence of the cooling rate on the bond stress-slip curve
measured at -80°C was found. It was therefore decided to perform the experiments
after cooling at a rate of 1°C/min.

To investigate the effect of the embedment length on the bond stress-slip
relationship, tests were also performed with a shorter embedment length of 40 mm
(2dg). Three different temperatures, namely +20, -80 and -165°C were used in the
experiments. The measured curves are shown in Fig. 5.15 for both embedment
lengths.
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Fig. 5.15 Bond stress-slip curves measured at different bond lengths and
temperatures.

A reduced bond stress of about 5% was found at room temperature for the
experiments performed with the short bond length, but the failure mode changed.
When a short embedment length was used, shear failure was always observed,
whereas splitting failure turned out to be the failure mechanism for the tests with a
longer bond length (3dg). At -165°C a lower bond resistance was found up to a stress
level of approximately 25 N/mm? for the tests with a short bond length. At higher
stress levels, approximately equal bond stress-slip relationships were observed for
both embedment lengths. Note that the extent of the abrupt slip changes was greater
for the short embedment length. A different behaviour was observed at -80°C.

In this case the test with the short embedment length attained the highest bond
resistance. About 25% higher bond stresses were found in comparison with the test
results of the long embedment length (3dg). Hence no general conclusion can be
drawn as to the effect of the embedment length on the bond stress-slip relationship,
because bond length and temperature simultaneously affect the bond stress-slip
curves in different ways.
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Bar diameter

Bar diameters within the 8-32 mm range have no significant influence on bond
resistance at room temperature in general. To investigate the effect of the bar
diameter and the temperature on bond resistance, a number of pull-out experiments
were performed with a 10 mm reinforcing bar. This bar had an fg -value of 0.067 and
the embedment length was 40 mm, i.e. kept to a minimum in relation to the
maximum particle size of 16 mm. Nevertheless, the bond length was equal to four
times the bar diameter, as opposed to a bond length of three times the bar diameter
used in the main series for d =20 mm. The results measured at three different
temperatures are shown in Fig. 5.16.
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Fig. 5.16 Bond stress-slip curves measured for two bar diameters, namely 10 and
20 mm.

The bond resistance measured in the pull-out experiments for the 10 mm diameter
bar turned out to be greater in comparison with the 20 mm diameter bars; see Fig.
5.16. However, this increase of approximately 10%, found at 20 and -40°C, was
similar to that for longer embedment lengths, which phenomenon has been mentioned
previously. Hence, no conclusion could be drawn regarding the bar diameter and the
two above-mentioned temperatures. An increase of about 60% in bond resistance was
found at -80°C for the 10 mm diameter bar and bond length of 4dg. A pull-out
experiment performed at -80°C with an embedment length of 3dg proved to have a
lower bond resistance as compared with results found with a bond length of 2d.
Therefore, this proves that at -80°C a smaller bar diameter is associated with higher
bond resistance.

Tempcore reinforcement

Six pull-out experiments were performed with 20 mm diameter "Tempcore" steel
bars with an fg value of about 0.069. The purpose of these experiments was more
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particularly to compare the results that Vandewalle [32] obtained with the aid of a
"beam test" with the pull-out results. Therefore different storage conditions and a
different test age were used. The tests were performed at 28 days after storage of
the specimens in a fog room at 99% r.h. and 20°C. Thus the results could not be
directly compared with the other experimental results, because of the different
curing conditions.

The effect of three different temperatures, namely 20, -80 and -165°C, on the bond
stress-slip relationship was investigated by means of two experiments for each
temperature. Some typical results are given in Fig. 5.17.
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Fig. 5.17 Bond stress-slip relationships measured for three different temperatures
and "Tempcore" steel.

Splitting failure turned out to be the main failure mechanism at +20 and -165°C. A
similar failure mechanism was found for water-saturated pull-out experiments, as
mentioned above in Section 5.6.1. Furthermore, the bond stress-slip relationship
measured for "Tempcore" steel developed in a manner similar to that for the curve
measured for "Krybar" steel.

5.6.4. Influence of thermal cycling on bond resistance

In order to investigate the influence of thermal cyecling on the bond stress-slip
relationship, a number of experiments were performed on pull-out specimens at room
temperature after 0, 5 and 10 thermal cycles. Only specimens of sealed concrete at
an age of 90 days were tested. The temperature was varied from +20 to -100°C at a
cooling and heating rate of 1°C/min. After each series of thermal cycles two
specimens were used of both mixes. The extent in which the bond stress was affected
as a result of the cyclic temperature loading is shown in Fig. 5.18.
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The bond strength and the bond stress measured at three different slip values is
shown in the diagram. For mix 1 (w/c ratio: 0.40) no influence of the cyelic
temperature loading on the bond stress was found. Only a minor decrease in bond
strength was observed. However, for mix 2 (w/c ratio: 0.60) a reduction in bond
stress was found after 5 and 10 temperature cycles. After 10 eycles this reduction
amounts to 11, 7 and 4% at slip values of 0.025, 0.10 and 0.20 mm respectively. The
greatest part of this reduction was observed after 5 temperature cycles. No effect
on the bond strength was found.

The bond strength was determined for both mixes by the splitting failure mechanism.
Furthermore, the ultimate slip value turned out to be smaller after thermal cyeling
for mix 1.
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Fig. 5.18 Bond stress measured at different slip values versus the number of
temperature cyeles.

5.6.5. Results of the plain bars

Pull-out experiments were performed on 18 mm diameter plain bars embedded
centrically over a length of 60 mm. The experiments were confined to sealed
concrete at an age of 90 days for mix 1 only. The pull-out results exhibited a wide
scatter, which phenomenon can be seen in Fig. 5.19 in which the scatter range for
each temperature is represented by two curves.

All the experimentally determined curves were situated within this range of scatter.
The bond stress-slip curves found at -40 and -80°C were similar in shape to the curve
at 20°C. After reaching the maximum bond stress a descending branch was found for
greater slip values. The bond stress decreased until it reached a constant value after
a total slip of approximately 1.0 mm. This final constant bond stress value seems to
be independent of the temperature. However, at -80°C much higher bond stress
values were obtained even at slip values of 1.5 mm. A wide scatter range was found
for pull-out tests at -120 and -165°C.
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Fig. 5.19 Scatter range of the bond stress-slip curves at various temperatures.

Furthermore, a different shape in the curves was observed. After the maximum bond
stress had been reached, a steeply descending branch was found.

On closer examination of the experimental results, it proved possible to make a
distinetion with respect to the bar surface roughness. The bar surface was given an
R, -value which equals the mean deviation of the surface profile from the average
profile depth. Two R,-values, of 2 and 9 um respectively, were used in the
experiments. Hardly any influence was found to exist at 20°C, while at -165°C an
effect of R, on the bond stress-slip curves was found.

For the plain bars with R; = 2 um an increase in bond strength of about 115% in
comparison with the bond strength at 20°C was found at -80 and -165°C. The greater
part of this increase (90%) was already observed at -40°C. An increase in bond
strength of about 135 and 190% was found at -120 and -165°C respectively for the
plain bars with a R, = 9 um. It should be noted, however, that at -165°C a very wide
scatter in results was observed.

5.7. Experimental results of the tension members

This Section is devoted to the experimental results of the reinforced tension
members with regard to crack width and crack spacing. First the sealed tension
members are dealt with and, second, the water-saturated tension members. More
detailed information about the experimental results is given in Romijn [73].

5.7.1. Observations of the sealed tension members
The reinforced tension members were subjected to direct tension at four
temperatures, namely +20, -40, -80 and -165°C. The load at which cracking of the

member started was found to increase markedly due to the increase in tensile
strength at low temperature is shown in Figs. 5.20 and 5.21. At -80°C the greatest
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increase in the cracking load was observed for both mixes, which is in accordance
with the tensile splitting strength, see Section 5.2. Cracking occurred at a mean
tensile stength of 0.75 fespl which is a mean value for all temperatures. Initially,
greater crack widths were found at low temperatures in comparison with crack
widths at room temperature for a certain stress at the crack particularly for mix 2.
However, for mix 1 the crack width relative to the erack width at room temperature
decreased at a higher stress level. Greater crack widths were observed after testing
for mix 2 at -40 and -80°C respectively. It should be noted that in the latter case the
number of cracks decreased at lower temperatures.

mean crackwidth (mm)

04
A
[ P
Mix 1, sealed / 2
temp.|Nos / ,///

03 curve | code (°C) |cracks / ”
——([T11.020 | +20 | 6 s /7
—.—|T210t0 | 40 | 6 Pl 4
—-—[T21080 |-80 | 8 e d

02 -=-=|T1.1.165 |-165 | 6 |1 <"1

’ . \’% 100mm

///,/ i
// pom— by
01 P 2 1000mm
’ / reinforcement: 1xdg=20mm
/ fg = 0076
P=314%
I P L I

i I
0 100 200 300 400 500 600

steel stress (N/mm?)

Fig. 5.20 Mean crack width versus steel stress for different temperatures and
mix 1.
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Fig. 5.22  Crack spacing for mix 2 at different temperatures.

Consequently, the crack width increased. It was observed that all the crack widths
laid in the scatter range which usually occurred at room temperature. Furthermore,
the number of cracks was greatest at -80 for mix 1 and smallest at -80°C for mix 2.
For the other temperatures equal crack spacing for mix 1 and some lower crack
spacing for mix 2 was observed, see Fig. 5.22.

No abrupt increase in crack width was observed at temperatures below -120°C, and
this phenomenon was also found in the local bond stress-slip relationship for slip
values greater than 0.1 mm. This phenomenon was reported by Scheuermann [33]
based on his observations of tension members reinforced with 1.01 and 1.53%
respectively, but was not found when 1.94% reinforcement was used. In the present
experiments 3.14% reinforcement was used. Consequently, no abrupt change in crack
width is to be expected when the reinforcement ratio is greater than 2%.

The maximum to mean crack width and minimum to mean crack width ratios were
calculated from the measured values and assembled in Table 5.3. In general, values
of about 1.3 and 0.7 were found for the relative wy,, and wy;, respectively. Notice,
that only a few experiments were performed. Again an opposite effect was observed
at -80°C for mix 1 and mix 2, because the highest and lowest values were found for
the relative wy,y.

Table 5.3 The relative maximum and minimum crack width for sealed concrete at a
steel stress level of about 300 N/mm?2.

Mix 1 Mix 2
temperature Ymax Ymin max “min
mean Ymean Ymean “mean

°c) @) 8 0 )

+20 1.2 0.8 1.4 0.6

- 40 1.3 0.8 - -

- 80 1.6 0.3 1.1 0.8

-165 1.2 0.8 1.4 0.5
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Steel stress-strain relationship

The experimentally found steel stress-strain curves are presented in Fig. 5.23 for mix
1 and mix 2 respectively. Notice, that the strain is in fact the mean strain of the
tension member. An increase in the cracking load is clearly shown as mentioned
above. Furthermore, a marked increase in the tension stiffening (Ae ) was observed at
lower temperatures. The major part of the increase in tension stiffening occurred in
the temperature range from 0 to -80°C. Tension stiffening was greatest at -80°C for
mix 1 and at -165°C for mix 2. But only small differences in tension stiffening were
found at -165°C and -80°C for mix 1.
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Fig. 5.23  Steel stress-strain relationship for sealed concrete.

5.7.2. Observations of the water-saturated tension members

Experiments were performed at -80 and -165°C for the water-saturated tension
members. For mix 1 the measuring system failed at -80°C, and at -165°C two
clusters of 3 cracks each occurred on three sides of the tension member. The
measuring system was not able to measure the individual ecrack width. Therefore, the
mean crack width for mix 1 at -165°C was calculated from a total of 6 and 8 cracks,
see Fig. 5.24. The increase in tensile strength and the prestressing effect as a result
of the thermal differences between the reinforcement and the concrete caused a
marked increase in cracking load. Consequently, the steel stress after cracking
increased strongly up to a stress level between 300 and 360 N/mmZ2. The greatest
increase was again observed at -80°C.

After the initiation of cracking at a stress level of about 330 N/mm2 most of the
cracks were generated at a stress level of about 400 N/mm2 and the last erack was
found at a steel stress of 540 N/mm?Z. Thus, a similar behaviour like the tension
member at room temperature was found. In the beginning of the formation of eracks
a greater crack width was observed for mix 1, because only a few cracks exist at
that time. Depending on the number of cracks a greater or smaller crack width was
found for mix'1 compared to the erack width for mix 2 at higher stress levels.
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Fig. 5.24 Mean crack width versus steel stress for water-saturated concrete.

Steel stress-strain relationship

The steel stress-strain curves found are shown in Fig. 5.25, which includes the curve
observed at 20°C for sealed concrete. For mix 1 only the curve observed at -165°C
could be measured, because at -80°C the measuring system failed after the initiation
of the first crack.

The ecracking load and the tension stiffening increased even more than the sealed
tension members showed, probably as a result of the "prestressing effect". For mix 2
the greatest increase in tension stiffening was observed.
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Fig. 5.25 Steel stress-strain relationship for water-saturated concrete.
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Remark: The measuring system for crack width and the total elongation of the

tension member appeared to be sensitive to shock loading caused by the
abrupt cracking of the member, particularly at low temperatures and in the
case of water-saturated concrete.

5.8. Concluding remarks

On the basis of the experimental results mentioned above, the following main

co
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nclusions can be drawn:

The increase in the compressive strength and the tensile splitting strength of
concrete with lowering of the temperature is primarily a function of the free
moisture content and is independent of the grade and age of the concrete.

The compressive strength increase due to low temperature can be predicted fairly
accurately, whereas only a rough approximation is possible for the cryogenic
tensile splitting strength, see formula (5.4).

In general, the greater part of the increase in splitting strength oceurs in the
temperature range from 0 to -40°C, as contrasted with the increase in
compressive strength, which mainly ocecurs from 0 to -120°C.

In general, a maximum splitting strength is found at -80°C. At lower temperatures
the cryogenic splitting strength remains constant, or even a small reduction is
observed.

Concrete tested at three different ages, namely 28, 90 and 365 days, possesses
actual strengths which are about equal at -80 and -165°C, while a higher actual
strength is found at -40°C for the oldest concrete. For the concrete with a low
w/e ratio (0.40) equal splitting strength is found at -80 and -165°C for three
different ages. However, for the concrete mix with a high w/c ratio (0.60) the
actual cryogenic splitting strength showed a small decrease, which was greater for
an age of 28, 90 and 365 days, in that order.

The static modulus of elasticity is found to increase at low temperatures, but to a
far lesser extent than the (cylinder) compressive strength. Despite this feature, an
increase in the static modulus of 70 and 95% is observed for mix 1 and mix 2
respectively.

After thermal cycling a reduction in strength of the sealed concrete is observed,
which is most significant for the modulus of elasticity and least significant for the
compressive strength. Note that for mix 1 (low w/c ratio) hardly any reduction in
strength is observed, as opposed to the results of mix 2 (high w/c ratio), which
exhibits losses in strength up to about 20% after 10 thermal cycles.



An almost linear elastic stress-strain relationship is found for concrete tested at
-165°C.

Sealed and air-dry concrete exhibits thermal behaviour characterized by almost
linear thermal deformation and perfeect reversibility. This behaviour proved to be
independent of the w/c ratio and the moisture content. However, water-saturated
concrete turned out to undergo thermal expansion in the temperature range
between -20 and -60°C. This expansion is clearly affected by the w/e ratio and
increases for higher ratios. After reheating, irreversible strains are found at 20°C.
These are greater for concrete with higher w/c ratios.

Sealed concrete tested at 365 days exhibits thermal behaviour characterized by a
slightly greater thermal strain in relation to the thermal strain observed at 90
days.

Only small differences in thermal behaviour are found between the three types of
steel referred to as Krybar, Krybar with 3.5% Ni, and Tempcore. This strain
always remains in excess of the concrete strain and shows perfect reversibility.

Only limited stresses will be introduced in a reinforced concrete member during
cooling as a result of the small differences between the coefficients of thermal
expansion of the reinforcement and of the air-dry or sealed concrete. However,
considerable stresses may develop in reinforced water-saturated concrete.

It has been proved that the bond stress increases when the temperature is lowered.
The main part of this increase takes place in the temperature range from 20 to
-120°C. For lower temperatures hardly any further increase in bond resistance is
found.

A typical phenomenon is observed at -165°C for all three sets of curing conditions,
i.e. sealed, water-saturated and air-dry concrete, for slip values generally
exceeding 0.02mm. For higher bond stresses these slip values increase
instantaneously, and these abrupt changes in the slip rapidly become larger.

For mix 1 in the case of water-saturated concrete splitting failure is nearly always
found to be the governing failure mechanism, whereas for the other specimens at
low temperatures shear failure or yielding of the reinforcement determines the
bond strength.

The cooling rate in the range from 1/3°C/min. to 3°C/min. turns out to have only
a small influence on the bond stress-slip relationship. It has been proved that the
embedment length and the temperature affect the bond stress-slip curves in
different ways. Therefore no general conclusion can be drawn. Detailed
information is given in Section 5.6.3.
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For the one year old concrete a less pronounced effect of the temperature on the
bond stress-slip relationship is observed. Furthermore, a different failure mode,
namely splitting failure, is observed at -165°C for concrete tested at an age of 365
days.

At -80°C a 10mm diameter reinforecing bar turns out to have a bond resistance
about 60% higher than a 20mm diameter bar, but at 20 and -40°C the bar diameter
has no significant effect on the bond resistance.

"Tempcore" steel exhibits a bond stress-slip relationship similar to that for
"Krybar" steel.

Thermal cyeling proved to have no significant effeet on the bond resistance for
mix 1 even after 10 temperature cycles. For mix 2 a reduction in bond resistance
is found. This reduction becomes smaller when determined at greater slip values
and varies from 11 to 4% for slip values from 0.025 to 0.20 mm.

It is found that the bond strength of plain bars increases by about 115% at -80 and
-165°C in comparison with the bond strength found at 20°C. The main part of this
increase takes place in the temperature range from +20 to -40°C, because at
-40°C an increase of 90% is observed. The surface roughness very greatly affects
the bond resistance at low temperatures only. An increase of 190% in bond
strength is found for R, = 9 um as against an increase of 115% for Ry = 2um .
However, the bond stress measured at a slip value of 1.5 mm turns out to be
independent of the temperature.

The load at which cracking started in a concrete element subjected to direct
tension was found to increase markedly, particularly for water-saturated concrete.
The highest cracking load is found at -80°C.

Always smaller crack widths are found at low temperatures in comparison with
crack widths found at room temperature for the mix with the low w/e ratio (0.40).

Tension stiffening increases at lower temperatures, and the major part of this
increase occurs in the temperature range from 0 to -80°C. The greatest tension
stiffening is observed for the water-saturated concrete tension members.

. ANALYSIS OF THE RESULTS AND VERIFICATION OF THE MODELS

6.1. Introduction

The experimentally found bond stress slip curves are predieted analytically by means

of

a regression analysis. In order to use the valid slip values of the determined bond

stress-slip curves for practical circumstances, i.e. a smaller concrete cover than in
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the actual experiment, the bond strength is predicted as a function of the concrete
cover with the aid of the model described in Section 3.3. The magnitude of the
ultimate bond stress of deformed bars depends on the failure mode, i.e. splitting
failure or shear failure. Shear failure is predicted as a linear function of the actual
compressive strength based on the experimental results.

The reinforced tension member model is used to prediet crack width and crack
spacing and the results are compared with the experimentally found values.

6.2. Bond stress-slip relationship
6.2.1. Analytical prediction of the bond stress slip curve

An attempt was made to predict the local bond stress-slip curves analytically.
Therefore the curves were approximated by the expression:

(1) = a(r) ab(T) N/mm2  (6.1)
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Fig. 6.1 Factors of the bond stress-slip relationship for both mixes versus
temperature.
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Because expression (6.1) increases continuously and therefore comprises no maximum
the slip value is limited to 0.25 mm. In spite of this feature, it is possible to predict
realistic crack widths up to 0.5 mm. Typical factors of the bond stress-slip
relationships are shown in Fig. 6.1.

No constant value for the exponent b could be found. Particularly, the values
observed at -165°C deviate from the other values of the exponent. We have to bear
in mind, however, the typical bond stress-strain curves found at -165°C; not only did
abrupt changes in slip occur, but the ultimate slip was usually also less than 0.25 mm.
It is clear that both features could, along with other factors, affect the exponent b.
Nevertheless, it proved possible to find a single approximate and generally applicable
value, valid for the whole temperature range, for the sealed and water-saturated
specimens and for the sealed specimens for mix 1 and mix 2 respectively.

Some relation seems to exist between the bond stress and the actual compressive
strength, at least for the air-dry and the water-saturated concrete for mix 1 and the
sealed concrete for mix 2, which feature can be seen in Fig. 6.1, represented by the
ratio a(T)/f..y(T) . This ratio varied between 0.7 and 1.4 and in general no
constant value was obtained. However, for application in arctic areas (-40°C) a
mean value of 0.75 could be adopted for this ratio, which approximation gives
reasonable crack widths, Van der Veen and Reinhardt [74,75].

6.2.2. Comparison of the bond stress-slip relationship with other research
Comparable pull-out experiments were performed by Scheuermann [33]. The

researcher derived a formula to predict the bond stress-slip relationship, which can
be described as follows:

(1) = £ (T) £,(T) pPo2) N/mm2  (6.2)
in which

£1(1) = 0.71 - 0.49 (L5520) (6.22)

bofa(T) = 0.46 {1 - 0.39 (L1529} (6.2b)

Expression 6.2 was converted to the cube compressive strength using the relation
1.1 £em(T) = focm(T) between the eylindrical and the cubic compressive strength
as was found in Section 5.2. Furthermore, typical factors mentioned by Scheuermann
[33](C; =0.06, C, = 9.64 and fy = 0.076) are used.

If the same prediction as mentioned above is used for comparison purposes, the
following expressions are found for mix 1 and mix 2:

£1(1) = 0.73 - 0.39 (L5520 (6.32)
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bofa(T) = 0.45 {1 - 0.19 (L5p2D)} (6.3b)

It should be noted that only a poor prediction is found for £1(T) . On the other hand
bofo(T) fits rather closely. The predictions are more or less in accordance.
However, a stronger influence of the temperature was found by Scheuermann at
lower temperatures. This feature could be the result of the high water/cement ratio
of 0.80 and the sealed curing condition which were used in the major part of the
experiments. A closer examination of our results also reveals this tendency: a
stronger influence of the temperature is found for mix 2 with a w/c ratio 0.60 as
represented in the formulae 6.4 and 6.5 and in Fig. 6.2. Formulae 6.4 and 6.5 give the
predictions for mix 1 and mix 2 respectively.

£1(m) = 0.74 - 0.33 (LY mix 1 (6.42)
bofo(T) = 0.45 {1 - 0.16 (L552D) mix 1 (6.4b)
£,01) = 0.72 - 0.45 (T2 mix2  (6.5a)
bofo(T) = 0.44 {1 - 0.22 (L5620} mix 2 (6.5b)
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Fig. 6.2 Comparison of the prediction for the bond stress-slip relationship.

It should be mentioned, however, that there is one main difference between the pull-
out experiments because in Scheuermann's experiment the loading direction coincides
with the direction of casting. In our experiments the pull acts in the opposite
direction to the casting direction. Consequently, a higher bond resistance is
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expected, at least at room temperature. Indeed for sealed concrete a 40 and 20%
higher bond resistance for mix 1 and mix 2 respectively is found at room
temperature, see Fig. 6.1. As a result of the poor fit of £1(T), an underestimation at
room temperature is predicted. Nevertheless, the differences in bond resistance
vanish at lower temperatures. Furthermore, the exponent b proved to be rather
independent of the pull-direction to the casting direction.

The bond stress-slip results obtained with the aid of the beam test by Vandewalle [32]
and the pull-out results, see Section 5.6.3, are shown in Fig. 6.3. It is clearly shown
that for crack widths greater than 0.1 mm higher bond stresses are found with the
aid of the pull-out test. However, the same tendency was found and a reasonable
agreement is obtained for small slip values. One should realize that Vandewalle used
a practical concrete cover of 1.5 dg and stirrups as against the large concrete cover
of 4.5 dg in the pull-out experiments.
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Fig. 6.3 Comparison of the bond stress-slip curves.

The effect of the concrete cover on the bond stress-slip curve was investigated by
Scheuermann [33]. Scheuermann performed tests on pull-cut specimens with a
concrete cover of 2 dg and with or without stirrups. Only small differences in the
bond stress-slip curve were found for small slip values (A < 0.3 mm), which is in
accordance with the results mentioned above. However, the failure mode was
strongly affected by the concrete cover and the amount of stirrup reinforcement
applied. Specimens without stirrup reinforcement always failed due to splitting of
the concrete cover. When 6 mm diameter stirrup reinforcement (Agg = 0.15 Ag) was
used, splitting failure only occurred at temperatures below -100°C and where a
10 mm diameter stirrup (Agg = 0.40 Ag) was used, splitting failure was always
prevented. Although the concrete cover split, the stirrup was able to prevent
splitting failure and failure occurred due to slip-through of the bar (shear failure).
This phenomenon of "shear failure" is dealt with in the next Section.
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6.3. Shear failure mode

Shear failure was observed mostly for mix 2 and only at -40 and -80°C. For lower
temperatures no failure of the concrete occurred, because the yield strength of the
reinforcement was reached. Nevertheless, a relation between the actual compressive
strength and the ultimate bond stress t},4 is derived, and this relation is assumed to
be valid for the whole temperature range and both mixes. The ratios experimentally
found are collected in Fig. 6.4 and a mean ratio of 0.51 is calculated for the bond
strength to the actual cubic compressive strength.
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Fig. 6.4 Relationship between the bond strength determined by shear failure and
the actual compressive strength.

Thus the following relation holds true:
Ty (T) = 0.51 £ (T) N/mm? (6.6)

A similar relationship was derived by Scheuermann [33]. Based on his pull-out
experiments expression 6.7 was calculated.

T (T) = 0.47 £, (T) N/mm? (6.7)

In order to compare both expressions the cylindrical strength has been converted to
the cubie strength with the aid of formulae 5.2 and 5.3, which gives expression 6.8.

= 2
Tpg(T) = 0.43 £ (T) N/mm (6.8)
It appeared from expressions 6.6 and 6.8 that Scheuermann [33] found a 12% smaller
bond resistance before shear failure occurred. However, Scheuermann used a smaller

bar diameter (16 mm) and the load direction of the pull-out specimen was parallel to
the settling direction of the concrete.
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Hungspreug [76] mentioned that if bond failure is caused by shearing out of a
cylindrical surface of the concrete, the bond strength depends on the bar diameter.
This feature was found experimentally by Lutz et al. [45] who observed a higher bond
resistance for a greater bar diameter. However, the differences in bond resistance
were only small.

6.4. Verification of the splitting failure model
6.4.1. Verification of the model at various temperatures

The experimentally found bond stresses at which level splitting failure occurred are
compared with the predicted values with the aid of formula 3.50 and n = 1. Thus the
bond stress at the occurrence of cracking is predicted. First, the experimental
results found at room temperature are assembled in Table 6.1. It is found that the
ultimate load ty,, is approximately 15% higher than the "eracking" load ty,,, which is
in close agreement with the experimental results of Schmidt-Thrd [65] and Tepfers
[53]. When 3 cracks are assumed (n = 3) in formula 3.50 an increase in 1y, of about
14% is caleculated which is again in close agreement with the experimental results.

Table 6.1 Bond stress at splitting failure 1y, and the occurrence of cracking 1y,

Mix 1 Mix 2

Zbu Tbu

curing "bu "br Thr "bu "br Thr
e

cNTONS  (fpm)  (Feem) () (Feem)  (erm) (1)
saturated 8.56 7.57 1.13 8.35 7.71 1.08
sealed 8.84 7.57 1.14 8.33 7.68 1.08
air-dry 9.28 7.55 1.23 8.98 7.37 1.22
Thr calculated with formula 3.50 and « = 35°% n =1
feem =feepl

Splitting failure at low temperatures was only observed for mix 1. Thus only the
results of mix 1 are assembled in Fig. 6.5.

As can be seen from Fig. 6.5 the lowest relative crack resistance is found
experimentally and theoretically at -40 and -80°C. However, the experimental values
are much more pronounced than the predicted values. The difference between the
cracking load 1y, and the ultimate load 1, at room temperature has already been
discussed above. The predicted values Ty, at -40 and -80°C are more or less the
same as the experimentally found ultimate load, which is surprising because lower
values for the prediction are expected. The same phenomenon was found
experimentally by Scheuermann [33] who measured the load at which level
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longitudinal splitting cracks occurred and the failure load. He observed that in the
case of a pull-out test with a concrete cover of 2 dg at -40 and -80°C the cracking
load 1y, equals almost the ultimate load ty,. For all the other temperatures an
increase of about 10% in load after cracking was possible.
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Fig. 6.5 Relative bond stress at which splitting failure was observed and the
predicted values at which splitting cracks start.

Only at -165°C is more information available about the softening of the concrete.
The factor k increases to 0.315, see Section 3.3.5, and when the cracking resistance
is again calculated, an increase of about 8% is found, see Fig. 6.5 (tpr = 8.53 foym)-
Furthermore, the increase of the load from 1y, (n = 1) to tp,(n = 3) becomes less;
it decreases from 14 to 11%.

Another feature was also found as a result of a higher k-value. The crack depth
increases by about 10 per cent, i.e. less concrete remains elastic. However, more
information about the softening behaviour of concrete at low temperatures is
necessary to draw general conclusions.

To be on the safe side the best way to predict the failure load is to calculate the
cracking load (n = 1) instead. Then a behaviour similar to the experimentally found
ultimate load is obtained, but less pronounced.

Failure modes are predicted and compared with the experimentally found modes. The
results are collected in Table 6.2. Many failure modes at low temperatures are
confined to the yield strength of the reinforecement. Thus, no failure of the concrete
was able to occur. All the actual failure modes of the concrete are predicted
correctly. If it is assumed that the bond stress level could be raised until concrete
failure occurred, then splitting failure is predicted in all cases for the highest
concrete grade (mix 1), and shear failure for the lowest conecrete grade (mix 2). This
feature is in accordance with the observations of Scheuermann [33] who found only
shear failure and used a low concrete grade (w/c ratio = 0.80).
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Table 6.2 Failure modes for both concrete mixes at an age of 90 days

Mix 1 Mix 2
prediction experimental prediction experimental
Temp. 1, Tpg failure 1y, Thu failure 1,, 1pg failure 1y, Tpy failure

(°C) for fer mode fop  N/mm? mode fop for mode fop N/mm? mode

sealed

+20 7.57 9.86 split  8.84 33.6 split 7.68 7.93 split 8.30 24.3 split
-40 7.23  7.60 split 6.89 41.6 yi/sp 7.07 5.50 shear 5.65 39.8 shear
-80 7.10 7.28 split* 5.48 43.7 yield 7.01 5.66 shear 4.89 43.6 shear
-120 7.28 8.24 split* 6.30 46.2 yield 7.17 6.67 shear* 5.05 44.3 yield
-140 - - - - - - 7.20 6.87 shear* 5.27 47.0 yield
-165 7.48 9.48 split* 7.36 49.4 yield 7.35 17.21 shear* 5.95 49.3 yield
saturated

+20  7.57 9.36 split  8.56 42.0 split 7.71  8.04 split 8.14 25.0 split
-40 7.34 9.36 split 7.18 40.4 split 7.11 5.52 shear 5.43 40.3 shear
-80 7.36  9.39 split  6.71 42.4 split 7.30 6.17 shear* 5.76 44.3 yield
-165 7.87 13.76 split  9.07 43.0 split 7.41 17.21 shear* 5.81 45.7 yield
air-dry

+20 7.64 9.56 split  9.28 30.8 split 7.63 7.64 split 9.03 27.1 split
-40 7.38 8.16 split  7.79 40.3 split 7.25 6.07 shear 7.21 39.2 shear
-80 7.30 8.20 split* 6.74 43.2 yield 7.15 6.04 shear* 6.15 44.1 yield
-120 7.34 8.24 split* 6.56 45.8 yield - - - - - -
-165 7.55 9.35 split* 7.39 46.2 yield 7.37 7.97 split* 7.64 49.8 yield

Note for = f¢ gp1
Thy calculated with formula 3.505 (n = 1); a = 35°
Ths calculated with formula 6.6

* it is assumed that the bond stress level could be raised up to concrete failure.

Thr/fet
40 T : |
c=2dg Mix 1 Mix 2
sealed [m] @B (350)
saturated [e] (350)
Scheuermann =——-—-— (24)
35
a_._.___. —— '
B
O~
30 ~{
oL
-200 -160 -120 -80 -40 0 40

temperature (°C)

Fig. 6.6 The calculated (relative) splitting failure load for a concrete cover
=2dg.
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Scheuermann [33] performed pull-out experiments with a concrete cover of 2 dg and
derived a formula to predict the splitting failure load, see formula 2.4. In the present
experimental study only pull-out experiments with a large concrete cover ¢ = 4.5 dg
were carried out. The results of the derived theoretical formula 3.50 (n = 1, tan a =
40°) are compared with the results of Scheuermann's formula for a practical
concrete cover ¢ = 2 dg. The theoretical calculated results are assembled in Fig.
6.6. To keep the diagram clear the results of the water-saturated specimens of mix 2
have been left out, because these revealed the same tendency as the results of the
sealed specimens. As mentioned previously, the lowest bond strength ratio tp,./fcep
was found at -40 and -80°C, which results were in close agreement with the
prediction of Scheuermann. Higher bond strength ratios were calculated for the other
temperatures which were slightly smaller than Scheuermann's ratios. Thus a
reasonable agreement is obtained for small concrete covers with formula 3.50.

6.4.2. Application of the model

The predicted bond stress-slip relationships are shown in Fig. 6.7 for mix 1 and mix 2
respectively. At -120°C and lower temperatures the predictions are not valid for slip
values larger than 0.1 mm, because at these low temperatures an abrupt and large
change in slip occurred at this slip value.

The occurrence of longitudinal (splitting) cracks is calculated for a concrete cover
¢ =2dg with formula (3.50), assuming tan a = 40° and one crack (n = 1). It is clearly
shown in Fig. 6.7 that in general cracking starts at slip values of at most 0.05 and
0.1 mm for mix 1 and mix 2 respectively. The failure load is about 10 to 20% higher
(except for -40 and -80°C, as discussed previously). Consequently, if no transverse
reinforcement is applied only small slip values (erack widths) are allowed.

Tp (N/mm?) Tp (N/mm?)
80 80 I r
Mix 1, sealed Mix 2, sealed
prediction prediction R
T-A(64) == e 2 L T-A(64) -165°C ==
60— shear failure | ='f='= _ :22“’2 - 60 —-+— shear failure| = _‘_’,-120 c
(66) ’ /,//,—' 0% ] (66) P =7 ’
cracking e B cracking , o ==
40 (350) = LoH (350) gB” _—-80¢C
- 0%
/ a [C—
// o — | -0
/ + o ¢
20 | 20 20°C —
- 2d —_._—_1'
< s cracking
| cracking I
0 005 010 015 020 0250 005 010 015 020 025
A (mm) A{mm)

Fig. 6.7 Predicted bond stress-slip curves and the occurrence of cracking for a
concrete cover ¢ = 2 dg.
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Therefore it is necessary to use transverse reinforcement (stirrups) in order to use
the bond stress-slip curves up to 0.25 mm at 20, -40 and -80°C and up to 0.10 mm at
-120 and -165°C, partieularly for high concrete grades. It is possible to raise the
failure load by using sufficient transverse reinforcement until another failure mode
(shear failure) is reached, see Fig. 6.7. The shear failure mode gives the highest
possible bond strength.

6.5. Verification of the reinforced tension member model

This Section is devoted to the reinforced tension member model which was discussed
in Section 3.2.2. First the sealed tension members are calculated and second, the
water-saturated members are calculated and analyzed. It should be noted that no
stirrups were used in the reinforced tension member, because only one bar was
embedded.

6.5.1. Analysis of the sealed tension members

The mean crack width and mean crack spacing are calculated using the bond stress-
slip relationship which was approximated in Section 6.2.1. To enable a distinction to
be made in this relationship between the sealed specimens and water-saturated
specimens, the factors shown in Fig. 6.1 are used.

Weal/ Wexp Weal/ Wexp

2
1 e : % g, =

—_

o’ . - o ves]
1 Arv--D—V*T -
0 0
100 200 300 400 100 200 300 400
2 2
3Mcul/A'exp Gg(N/mm*?) 3Alcal /Mlgyp Gg (N/mm?)
~ }[Mix 1, sealed Mix 2, slecled
O==0 +20°C O=—0 +20°C
&= -40°C LA -40°C
2H 00 -80°C 240 -80°C
¥~ -165°C 0 - -165°C
Readl A"A.“A_'_ -1
9 A._vlgz__a._. " U,/O—- = ——

0 100 200 300 400 O 100 200 300 400
G (N/mm?) Gg (N/mm?)

Fig. 6.8 Comparison of the calculated and experimentally found crack width and
crack spacing.
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The relative crack width ratio wc,1/wexp and the relative crack distance ratio
Mca1/bleyp Were calculated for a number of steel stresses in the case of a fully
developed crack pattern and the results are shown in Fig. 6.8. Thus formulae (3.26)
and (3.8) were used for the caleculated crack width (w.,;) and crack spacing
(A%ca1= 1.5 %4¢ ). The tensile strength was kept constant from the initiation of the
first erack until a fully developed crack pattern (o, -1 = ocp—2 = 0.75 f.¢p)e

It turned out that at low temperatures the predicted ecrack widths mostly
underestimate the actual ones for steel stresses from about 100 to 300 N/mm2. For
higher steel stresses too high a value was predicted at -40°C for both mixes. The
ratio we,)/weyp increases for higher steel stresses, because the predicted crack
distance (A%.,1) was too high in general. However, reasonable crack widths were
predicted for practical steel stresses around 300 N/mm2. If the crack width is
calculated at a steel stress of 300 N/mm2 a smaller crack width was always
calculated for lower temperatures for mix 1. For mix 2 the greatest crack width was
calculated at -40°C, which feature was also experimentally found, see Fig. 5.21.
Some typical results are given in Table 6.3.

It appears that the smallest crack distance was calculated at -165°C for both mixes
and the greatest crack distance at -40°C for mix 2.

An equal and greatest crack distance was found experimentally at -40°C for mix 1
and mix 2 respectively, see Figs. 5.20 and 5.21. Fewer differences in ecrack distance
were calculated for mix 1, which was also observed experimentally. The calculated
steel stress-strain curves are presented in Fig. 6.9. The same characteristics were
found when these curves were compared with the experimentally found curves, see
Fig. 5.23. Thus, the major part of the increase in tension stiffening again occurred in
the temperature range from 0 to -80°C. The highest tension stiffening was observed
and calculated at -80°C for mix 1. Furthermore, only small differences in tension
stiffening were calculated at low temperatures for mix 2.

Table 6.3 Results of the tension member model.

Temp. 9s,cr Wer  Wy(og=300 N/mm?2)  ag €max Ae
o (N/mm?) (mm) (mm) (mm) (1079) (10°6)
Mix 1

+20 101 0.04 0.25 231 198 281
-40 166 0.06 0.20 223 326 464
-80 216 0.08 0.17 233 400 629
-165 176 0.05 0.14 166 314 525
Mix 2

+20 83 0.03 0.22 191 186 211
-40 193 0.09 0.24 295 367 551
-80 240 0.09 0.15 215 485 655
-165 218 0.07 0.14 184 415 621
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Fig. 6.9 Predicted steel stress-strain relationship for sealed concrete.

6.5.2. Analysis of the water-saturated tension members

In order to calculate the mean crack width and the mean crack spacing the water-
saturated tension members are considered to be prestressed due to the thermal
differences between the reinforcement and the concrete. This caleculation method
has been dealt with in Section 3.2.3. An important factor is the jump in steel stress
Aog cr after cracking of the tension member. This steel stress jump and other
related values are collected in Table 6.4.

Table 6.4 Results of the tension model for water-saturated concrete.

Mix Temp. eg-e. OcT OgT Aog cr A% Aég . 7 Yx ¥

©) 10-3 N/mm2 N/mm? N/mm2 mm (.) mm
1 - 80 0.27 -1.58 50.3 177.0 190 2.07 0.163
1 -165 0.31 -1.85 59.0 130.8 176 1.91 0.177
2 - 80 - 0.66 -3.89 123.8 220.6 247 1.94 0.176
2 -165 0.67 -4,01 127.6 221.4 217 1.71 0.143

* agg = 300 N/mm2

The differences in thermal strain (eg—ec) can be calculated from Fig. 5.8. The
stresses, namely oc, ogr and Aog . are calculated with formulae (2.6), (2.7) and
(3.30).

The smallest crack distance is calculated for mix 1, which feature was found
experimentally because 8 and 6 cracks were found for mix 1 and mix 2 respectively.
Since no experiments were performed at room temperature, the crack distance at
room temperature was calculated and compared with the crack distance determined
at the other temperatures. A substantial increase in crack distance was calculated as
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expressed by the ratio 44(T)/42(20°C), see Table 6.4. Thus, a larger crack spacing
at low temperatures is calculated for the water-saturated tension member as
opposed to the smaller crack spacing for the sealed tension members. This conelusion
is in agreement with the ratios found for A2(T)/A2(20°C), which are collected in
Table 2.1. They vary between 1.4 and 1.8 for the water-saturated specimens, and are
0.9 for the sealed specimens. For the actual experiments a mean value of 1.9 was
calculated for the ratio A2(T)/A2(20°C), which is in agreement with the ratios found
in the literature. However, as discussed previously in Section 3.2.3, it is not the
prestress itself which caused the greater crack distance. The main cause is the
changing bond stress-slip relationship and the increase in tensile strength at low
temperatures.

The relative crack width ratio wg,) /weyy, is calculated for a number of steel stresses
for a fully developed crack pattern and the results are shown in Fig. 6.10.

2"Vccll/""exp

I
Mix , saturated

1 W==% -165°C I v R
2 O—=0 -80°C —=" -

1 2 &—a -1657C| 2/15‘?@::5—* =

N5 %00 500 600
Gg (N/mm?)

Fig. 6.10 Comparison of the calculated and experimentally found crack width for
water-saturated concrete.

Reasonably predicted crack widths were found for mix 2 and too high crack widths
were predicted for mix 1 for steel stresses above 400 N/mm2. However, this stress
level is far above the practical range from 300 to 350 N/mm2. When the crack width
was calculated at a steel stress of 300 N/mmz, values of 0.10 and 0.15 mm were
found at room temperature for mix 1 and mix 2 respectively. At low temperatures a
greater crack width is calculated for mix 1 and a greater and smaller crack width is
calculated for mix 2 at -80 and -165°C respectively. These calculated crack widths
are in close agreement with the experimentally found crack widths, see Fig. 5.24,
and the same tendency in crack width is observed.

The calculated steel stress-strain curves are presented in Fig. 6.11. First, the
diagrams are calculated without the "prestress effect". Second, the steel stress OgTs
due to the thermal differences between the reinforcement and the concrete
("prestress effect"), is added to Aog crs Which gives the actual diagrams shown on
the right in Fig. 6.11. It is clearly shown that ogr caused a strong increase in tension
stiffening (Ae ), which is the most pronounced for the greatest value of ogr.
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Fig. 6.11 Steel stress-strain curves without and with the "prestress effect".

Consequently, the greatest tension stiffening is calculated for mix 2, which feature
was also experimentally found, see Fig. 5.25.

That water-saturated reinforced tension members have a greater tension stiffening
than the sealed members was found experimentally as well. Thus, a fairly good
agreement was found between the experimental results and the predicted results.

6.6. Discussion and concluding remarks

It has been proven that realistic crack widths can be calculated as a function of
temperature using the tension member model. Though no stirrups were applied in the
actual experiments it is strongly advised to use transverse reinforcement,
particularly at low temperatures. Nevertheless, the crack width was predicted fairly
well, but the majority of the calculated mean crack widths was smaller than 0.2 mm.
The tension member model is capable of predicting realistic crack widths even when
thermal differences occur between the reinforcement and the concrete. In that case
the tension member should be considered as a prestressed member. The mean crack
spacing decreases slightly at -165°C for sealed concrete. However, a strong increase
in crack spacing occurred for water-saturated concrete at lower temperatures,
mainly caused by the changing bond stress-slip relationship and tensile strength and
not due to the "prestressing effect". Furthermore, the tension stiffening increases at
lower temperatures, but it increases very strongly as a result of the "prestressing
effect".

On the basis of the results set out above, the following main conclusions can be
drawn:

- The bond stress-slip relationships are predicted analytically and a reasonable
agreement with the results obtained from other research is found.
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- The bond strength limited by the shear failure mode is expressed as a bond
strength to compressive strength ratio and this ratio is found experimentally.

- Splitting failure can be predicted theoretically with the model and the typical
phenomenon (a lower bond strength to tensile strength ratio found at -40 and
-80°C) is predicted as well.

- Crack width can be calculated as a function of temperature with the aid of the
tension member model. It can also take into account the "prestressing effect" in
the case of water-saturated concrete.

- It is necessary to apply transverse reinforcement at low temperatures to avoid
splitting failure and thus extend the valid slip values of the predicted bond stress-
slip curves.

- Based on the local bond stress-slip curves the maximum crack width is limited to
0.2 mm at -120 and -165°C, and to 0.5 mm at the other (higher) temperatures.

7. CONCLUSIONS AND OUTLOOK

The aim of the present study was to prove that the crack width and the erack spacing
can be predicted with the aid of the classical bond stress-slip theory. An engineering
model of the reinforced tension member was further developed and formulae were
derived to predict the crack width and erack spacing. This classical bond stress-slip
theory is based on the local bond stress-slip relationship, which was determined
experimentally as a function of temperature and curing conditions. A model was
derived to predict the ultimate bond stress in cases where splitting failure occurred
as a function of concrete cover and temperature. The lowest bond strength relative
to the actual splitting strength is predicted at -40 and -80°C. This phenomenon was
in agreement with the experimental results found in the literature. For a practical
cover (¢ = 2dg) the occurrence of splitting cracks was already predicted at small
crack widths (0.1 to 0.2 mm) particularly for high concrete grades and the lowest
temperature. Consequently, transverse reinforcement (Ag.) is necessary to allow
greater crack widths. The failure mode changes from splitting failure to shear
failure, if the transverse reinforcement amounts at least Agg = 0.15 A5 for
temperatures down to -100°C and Agg = 0.4 A; for lower temperatures,
Scheuermann [33]. The bond strength determined by shear failure is expressed as a
linear function of the actual compressive strength which was based on the results
found experimentally. It was proved that the crack width and crack distance were
predicted fairly accurately.

The mechanical properties of two concrete mixes were determined as a function of
temperature and moisture content. Predictions were given for the compressive
strength and the tensile splitting strength. It should be noted that a great scatter was
found in the tensile splitting strength, thus making an accurate prediction impossible.

Sealed and air-dry concrete exhibited thermal behaviour characterized by almost

linear thermal deformation and perfect reversibility. Only small differences in
thermal behaviour were found between the reinforcement and the econcrete.
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However, water-saturated concrete was found to undergo thermal expansion in the

te

mperature range between -20 and -60°C. Considerable stresses may develop in

reinforced water-saturated concrete as a result of the thermal differences between
the reinforcement and the water-saturated concrete. To calculate crack width and
crack spacing correctly a reinforced tension member should be conceived as a
prestressed member.

Supplementary research may focus on the following subjects:
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The stress-elongation diagram of a deformation-controlled uniaxial test of
concrete and the relationship between the uniaxial tensile strength and the tensile
splitting strength as a function of temperature and moisture content (curing
conditions). In the present study it is assumed that the fracture energy depends
linearly on the tensile strength and the shape of the stress-deformation diagram,
represented by the coefficient k, has been kept constant. It was shown in Section 6
that the splitting failure load is affected by the factor k and the fracture energy.
Furthermore, the same relationship at room temperature between the uniaxial and
the splitting strength is assumed at low temperatures.

The effect of post-tensioning on the crack width and the crack spacing at low
temperatures. The tension member model used for water-saturated concrete
includes the prestressing effect. In fact, the model was originally developed for
structural concrete, Bruggeling [7], at room temperature and takes into account
the effect of reinforcement and tendons. Based on the observations of the sealed
concrete (mix 1) pull-out specimens, it is recommended that a constant exponent b
and the same ratio a(T)/f..,(T) as sealed concrete be applied for the local bond
stress-slip relationship at low temperatures in the case of tendons.

The effect of dynamic loading at low temperatures on the crack width and erack
spacing and the deformation capacity of the reinforced member. It was found that
deformed bars showed a higher bond resistance with inereasing loading rate, Vos
[78]. However, this loading rate effect is less pronounced for high concrete grades
as compared to the low-strength concrete. As a result of the increase in
compressive strength at low temperatures only a small inerease (109%) in bond
resistance is expected under dynamic loading. It was found that the tension
stiffening, represented by the factor Ae (Table 6.3), increased significantly at low
temperatures. Consequently, the steel stress in a crack caused by an imposed
deformation will be much higher at low temperatures than the associated steel
stress at room temperature.

Structural behaviour of reinforced concrete at low temperatures can be analyzed
with the aid of a finite element method (F.E.M). It has already been proven that
the local bond stress-slip relationship can be predicted numerically as a function of
temperature, Wang and Van der Veen [79]. The experimentally found bond stress-
slip relationship can be used in the so-called interface elements, which make it
possible for a construction to be analyzed for cracking with F.E.M. at low
temperatures.
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cross-sectional area of reinforcement
cross-sectional area of stirrups

concrete grade

static modulus of elasticity

initial tangent modulus of elasticity

residual modulus of elasticity after n thermal cycles
modulus of elasticity of steel

fracture energy

normal force

normal force at which the first erack is initiated
normal force at which the crack pattern is fully
developed

surface roughness

temperature

cooling rate

proportionality factor for bond stress-slip
relation versus temperature

factor as a function of temperature for bond stress-
slip relation

conerete cover

bar diameter

first derivative with respect to x

crack depth

cylinder compressive strength

cube compressive strength

mean cylinder compressive strength

residual cylinder compressive strength after n
thermal cycles

mean cube compressive strength

tensile splitting strength

yield strength of reinforcement

specifie rib area

factor for stress-crack opening relation
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transfer length caused by a drop in temperature AT
free moisture content

modular ratio Eg/E,

radius

time

water/cement ratio

mean crack width if the crack pattern is just

fully developed

mean crack width for the "first generation cracks"
mean crack width for the "second generation cracks"
mean crack width

coefficient of thermal expansion

crack opening displacement

stress free crack opening

total deformation

deformation in tangential direction

mean value of strain of an element

concrete strain

ultimate concrete strain

the maximum mean strain of a struetural concrete

tension member if the crack pattern is just fully developed

the mean strain of the distortion zone

steel strain at the crack

Poisson's ratio

reinforcement ratio

concrete stress

tensile strength of concrete

concrete tensile stress caused by a drop in temperature
steel stress

steel stress at the crack just after cracking
steel stress due to drop in temperature

bond stress

mean bond stress

bond stress at the initiation of splitting cracks
bond stress in case of shear failure

bond strength

[mm]
[%]
[-]
[mm]
[s]
[-]

[mm]

[mm]
[mm]
[mm]
[1/°C]
[mm]
[mm]
[mm]
[mm]
[-]
[-]
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AT
ACI‘
A%

Ae

Acs’

= temperature difference [°cl
= relative displacement (slip) [mm]
= mean crack spacing [mm]
=  tension stiffening [-1]
er = jump in steel stress after cracking [N/mm?2]
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APPENDIX I MIX Proportions

MIX Code B1640040 (MIX 1) strength foom = 60 N/mm? (at 28 days)

Sieve analysis of aggregate

Components Sieve opening
[kg/m3] [mm] [kg]

sand 807 8-16 595
glacial river gravel 1017 4-8 422
Portland cement B 400 2-4 299
water 160 1-2 209
0.5-1 150
0.25-0.50 104
o 0.10-0.25 45
cale. density 2384 1824

MIX Code B1627560 (MIX 2) strength fccm

~ 40 N/mm? (at 28 days)

Sieve analysis of aggregate

Components Sieve opening
[kg/m3] [mm] [kegl
sand 973 8-16 563
glacial river gravel 971 4-18 408
Portland cement B 275 2-4 272
water 165 1-2 214
0.5-1 136
0.25-0.50 215
_ 0.10-0.25 136
cale. density 2384 1944
Sieve analysis of aggregate
Sieve opening Fiiller MIX 1 MIX 2
[mm] [cum. %] [cum. %] [cum. %]
8-16 100.0 100.0 100.0
4-8 70.7 67.4 71.0
2-4 50.0 44,2 50.0
1-2 35.4 27.9 36.1
0.5-1 25.0 16.4 25.1
0.25-0.50 17.7 8.2 18.1
0.10-0.25 12.5 2.5 7.0
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