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ABSTRACT

Thisreport outlines an experimental and numerical study on quasi-instantaneous
and long-term deformations of High-PerformanceConcrete, HPC, with somerelated
properties. For this purpose about two hundred small cylinders and about one
thousand cubes of eight types of HPC were cast. The age at |oading varied between
18h and 28 days. Other principal properties of HPC were studied up to 4 years' age.
Creep deformations of the HPC were studiedfrom 0.01 s of loading time until 5
years age. Thework also includes observationsof recovery at unloading and
transversal deformations (Poisson’s ratio). Elastic modulus and dynamic modulus of
elasticity were studied on both young and mature concrete. Parallel studies were
performed on shrinkage, strength, hydration, carbonation and on internal relative
humidity of HPC. Supplementary dimensiona studieswere performed on twenty
larger cylinders. Field studieswere carried out on almost thirty prestressed beams.
The results show good correlation between maturity and the quantity of creep of
HPC. The results also show good correlation between, on one hand, the stress level
and the mix design of the HPC and, on the other hand, the creep properties of HPC
given a constant loading time. The phenomenon named autogenous shrinkage was
observed during the study. The autogenousshrinkage was related to the self-
desiccation and chemical shrinkage in HPC. Also the elastic properties of HPC were
dependent on the moisture state at testing. The field studies on beams confirmed the
findingsin the laboratory. The short-term studiesindicated that the creep rate
(related to unit stress) of mature HPC wasfairly independent of the compressive
strength. The short-term basic creep rate (related to unit stress) of HPC after heat
curing was observed to betwice aslarge a -1°C as at other temperatures. Besides
loading time, the long-term compliance of HPC was mainly dependent on the
maturity and the compressive strength both when loading the HPC and at 28 days
age. The creep was dightly reduced by use of 10% silicafume instead of 5%. The
calculated long-term total complianceof the present study coincided reasonably
well with previous research, taking into account that the exact HPC mix was
unknown. However, the observed creep compliancewas dightly larger than
previoudy seen. Theinitial compliance calculated according to the previous studies
was more affected by the strength than were the results of the present study. The
following principal resultswere obtained:

e Elastic moduluswas related to compressive strength and porosity as
demonstrated in normal strength concrete, NSC.

e Thecreeprate (related to unit stress) was dependent on both the duration of
loading and the maturity of the HPC.

o Creep properties of the HPCs obtained by the quasi-instantaneous|oading were
applicable to the long-term studies performed with a much lower loading rate.

o Specificcreep was shown to be reduced with increase in silicafume content.

o Autogenous shrinkage was reduced by the use of granulated silicafumeinstead
of silicafumedlurry, likely due to the greater fineness of the silicafume slurry.
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SUMMARY

(Q uasi-instantaneous loading and shart term deformations

Several mixesof High-Performance Concrete, HPC, were studied, both inthe
laboratory and in thefidld. Theresultsin thefield studiesgenerally confirmed the
laboratory findings. By use of an optimised mix, an ideal grading curve and a
correct order of mixing, the HPC obtained good workability and high strength. A
new method of rapid loading and simultaneousregistrationof measurementswas
developed. The age of the HPC was 1, 2 or 28 days at the start of testing. The
loading, as much as 100 kN, was applied very rapidly within 0.01 s. The quasi-
Instantaneous|oading gave the possibility of estimatingtheinitial strain (true
modulus of easticity) and very early creep. The rapid loading method separated the
elastic strain of HPC from the viscous elastic and the plastic part. Studies on several
drying and sealed specimenswere carried out for 66 h each. Therate of creep was
dependent on the relativestrength at |oading and on the stress level.

The deformation modulus, i.e. theinverse of the compliance, was studied on
severa drying HPC cylinderswith aloading time of 0.01s. The resultswere
compared with studieson severa seded cylinders. The size of the deformation
modulus of HPC was dependent on the loading time, especialy for young HPC.
Correl ations between the deformation modul us and the compressivestrength of
HPC were obtained withinloading timesvarying between 0.01s and 1 s. The
deformation modulus of HPC was a so dependent on the stressto strength ratio at
loading. The moisture condition of the HPC specimen had a substantial effect on the
measured deformation modulus. The largest values of the deformation modulus
were recorded on sealed HPC specimens. Parallel studies on the hydration of HPCs
made calculationsof the porosity conceivable. Correlations were obtained between
the deformationmodulus of HPC and the porosity of cement paste. Resultswere
also obtained concerning the development of the deformation modulus of young
HPC.

Unloading defor mationsand Poisson's ratio

One hundred tests on the unloading deformationsof HPC after short-term creep
were performed, half of them on sealed HPC. The experimentally determined
modulus of elasticity at unloading of air-cured mature HPC was about 10% smaller
than that of sealed HPC, perhaps due to the larger mobility of thewater in adrying
HPC structure. The experimentally obtained modulus of elasticity at unloading of
HPC coincided well with the deformation modulus at loading of HPC givena
loading time of 0.01s. An HPC that was |oaded young obtained alarger elastic
modul us when unloaded than HPC that was mature when loading, owing to the
ongoing hydration. The measured modulus of elasticity was a so related to the
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internal relative humidity in parallel tests on fragments of HPC. Two hundred tests
of Poisson's ratio were carried out, of which 50 were onyoung HPC. Thetestson
young HPC were supplemented by further loading and unloading tests on mature
HPC. This study showed that Poisson's ratio wasfound to be around 0.13- 0.14in
HPC with quartzite sandstone and granulated silicafume, whichis smaller than for
normal strength concrete, NSC (0.18). Poisson's ratio of sedled mature HPC with
graniteand silicafume durry wasfound to be around 0.16.

M oduli of elasticity and recovery defor mation

Several testsof the dynamic modulusof elasticity of drying (young or mature) HPC
detected by the fundamental transversefrequency were performed. The resultswere
compared with several tests of young HPC (both drying and sealed). The results of
the dynamic modulus of elasticity were also compared with several tests of mature
HPC with an age varying between 28 and 720 days. The different moduli of drying,
mature HPC coincided well with the dynamic modulus of elasticity. The dynamic
modulus of elasticity of young HPC overestimated the static modulus of elasticity
by as much as 20%, probably because of the higher internal relative humidity in
young HPC than in mature HPC. The time-dependent ageing effect of the modulus
of easticity between 1 and 24 months age was estimated by an exponent of time up
to 0.02.

The elastic strain studies of several HPC cylinders during 66 h werefollowed by
observationsof viscous eastic strain and plastic (irreversible) strain during 100 h.
Theviscous strain of air-cured mature HPC was equal to the viscous strain of sealed
curing. The plastic strain of air-cured mature HPC was much larger than the viscous
strain. The plastic strain of sealed mature HPC was about equal to the viscous
strain. The viscous strain of young HPC was dependent on the strength growth
during the loading. The plastic strain of young HPC was dependent both on the
stresdstrengthlevel and on the strength growth from loading till unloading.

.ong term deformations

The autogenous shrinkage (with sealed HPC) was dependent on age, w/c and type
and content of silicafume. The autogenous shrinkage of HPC was related to the
decline of internal relative humidity. Slow drying shrinkage of mature HPC was
correlated to the amount of evaporated water. The conditionsfor gradual
carbonation shrinkage of HPC were settled related to w/c and content of silicafume.
Age at the start of the carbonation shrinkage of HPC was related to the water-
cement ratio, w/c. The drying shrinkage of young HPC was related to age and to the
loss of weight. The carbonation rate of HPC was related to age and w/c by a
logarithmic equation. Thetotal shrinkage after 5 yearswas related to age, w/c and
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type and content of silicafume. The carbonation shrinkage was also related to the
carbonation depth.

Several air-cured or sealed specimens were studied up to 5 years. Spring-loading
deviceswere used. The studiestook placein a climate chamber. The loading was
applied by hydraulic equipment with the control of a precisonload-cell. The
loading was controlled at each occasion of measurement. The deformation of the
HPC in the spring-loading devices coincided well Wwth the deformations of
specimensthat were studied in parallel short-term tests measured by LVDTs. The
measurements were taken mechanically on three sides of the specimen, which made
it possibleto obtain the eccentricity of the loading given elastic conditions. The
eccentricity did not significantly influence the amount of deformation. After the
long-term measurement period the specimenswere unloaded and the elastic
deformation recorded. The plastic and the viscous el astic deformationsafter long-
term loading were al so studied. Compressive strength, hydration, weight losses and
internal relative humidity were studied pardlé to the creep study.

Thelong-term creep of HPC with air curing was influenced mainly by time, wi/c,
air-entrainment, type of silicafume, stressistrength level, strength at loading and 28-
day strength. Thelong-term creep of HPC with sealed curing was influenced mainly
by time, w/c, amount of silicafume, type of silicafume, stressstrength level,
strength at loading and 28-day strength. Therate of creep was related to the strength
growth rate of HPC. Therate of creep of drying HPC was dependent on air-
entrainment, amount and type of silicafume. Therate of creep of drying HPC was
dependent on air-entrainment, amount and type of silicafume. The creep rate
(related to unit stress) of sealed HPC was dependent on air-entrainment and amount
of slicafume. Therate of creepin HPC was aso related to theinternal relative
humidity.

The elastic modulus of HPC with air curing that was obtained in the present study
was smaller than the elastic modulus estimated according to the proposed extension
of Model Code 90 given constant strength. The el astic modulus of HPC with sealed
curing that was obtained in the present study was larger than the elastic modulus
estimated accordingto the proposed extension of Model Code 90 given constant
strength. These resultswere explained by the increasedimmobility of water in
seal ed specimens compared with drying HPC. The viscouselastic partition of creep
was small and hardly detectable at w/c < 0.35. The long-term plastic complianceto
elastic complianceratio of air-cured HPC was influenced mainly by time, w/c, air-
entrainment, type of silicafume, stresdstrength level, strength at loading and 28-day
strength. Thelong-term plastic complianceto elastic complianceratio of seded
HPC wasinfluenced mainly by time, w/c, type of silicafume, stressstrengthlevd,
strength at loading and 28-day strength.
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Creep after heat curing, short-term basic creep (after heat curing)
at elevated temperatures or at temperatures under the fieezing

point, dimensional effect on creep and field studies

Short-term creep of one heat-cured HPC was studied at six temperaturesvarying
between-16 and 58 "C. Therate of creep was correlated to the temperature except
for -1"C at which temperature rapid failures were repeatedly observed during the
creep tests, perhaps due to formation of salts, which were only stable at this
temperature. Long-term creep of HPC after heat curing was studied for 3 years.

Parallel studies were carried out related to strength, hydration, internal relative
humidity, weight losses and shrinkage. The creep rate (related to unit stress) of HPC
during short-term creep increased mainly with the stressto strength ratio and but
also (dightly) with the temperature. The long-term creep rate (related to unit stress)
with sealed curing also increased with the increase of curing temperature, which
coincided well with the findings of short-term creep tests.

Theresultsand analysis of the creep and shrinkageinvestigation presented above
performed on more than one hundred small cylinders were compared with tests on
severd larger cylinders. The drying shrinkagerate was correlated to half the
inverted hydraulicradius (exponent: 2/3) and also to age (exponent: —1). The drying
creep rate (related to unit stress) was correlated to half the hydraulic radius of the
specimen. The creep compliance studied on the larger cylinders coincided well with
the results of creep studies performed on small cylinders taking into account half the
hydraulic radius of the specimens.

Seven prestressed "' hat"" beams and 20 square beamswere studied in thefield up
to 200 days. The measured strain in thefield was compared with estimated strain
according to the predictionformulas (equations) obtained from the data of the
studiesin thelaboratory. The estimated deformation moduluswas dightly smaller
than the measured deformation modulus given constant strength. The estimated
creegp compliance was dightly larger than the measured compliance. In both cases
the predicted elastic and creep properties of HPC were dightly larger. The estimated
shrinkage was dlightly smaller than the measured shrinkage.

Calculationswith suggested prediction formulas: comparison with
other research

After the comparisonbetween theresults of thefield testsand the laboratory studies
was performed, further cal culations with the suggested prediction formulaswere
done. Theresultsafter use of all the suggested prediction formulas seemed to
coincide reasonably well with laboratory data. The accuracy parameter (R?) of the
suggested predictionformulasis given. Comparison was a so performed with results
obtained by other researchers. The comparison showed that the resultsin this study
coincided reasonably well with the results of other researchers.
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|. DEFINITION OF CONCEPTS

|.1 High-PerformanceConcrete

High-Performance Concrete, HPC, is concrete with 28-day 100-mm cube
compressive strength exceeding 80 MPa. HPC has good rheological properties. In
fresh stateit is possible to mix, trangport and cast HPC with existing methods. The
maximum compressive strength will be about 180 MPa in these conditions. Because
such concrete possesses - besides high strength - severa other favourablequalities
such aslow permeability and self-desiccation, the new definition was originated.

Theratio of the amount of water to the amount of cement in the concrete, wic, is
larger than 0.38 for a normd strength concrete, NSC, whileit varies between 0.18
and.0.38 for HPC. Low wicrequiresa special additivein the concrete, silicafume,
and above all superplasticiser to obtain a good workability. Most often specid
cementsare aso required. Thetype of aggregate is important for obtaining high
strength. The grading of the aggregateinfluencesthe workability, especialy thefine
part. The order of mixing the materia involved is aso important for the workability.

Several propertiesof the concrete are firmly related to w/c, such as compressive
strength, internal relative humidity, hydration and compliance, e/c. Other properties
such as the e astic modulus, Poisson's ratio and the creep coefficient do not vary
morethan in normal strength concrete, NSC, since they are mainly dependent on the
quality of the aggregate.

1.2 Basiccreep

Generaly, basic creep deformationsinclude the effect of 1oading on the concrete at
constant climate. The ambient temperaturemust be held constant. The moisture
exchangefromthe concreteto the surroundingsmust be zero, i.e. the weight of the
concreteis adso constant. The basic creep of HPC excludesa phenomenon unknown
in NSC, called autogenousshrinkage. The autogenous strainis withdrawnfrom the
measured basic creep.

The autogenous shrinkage of HPC is an effect of its self-desiccation. Self-
desiccation in turn depends on the decrease of the volume of the water, which takes
place when attached to the cement during hydration. The self-desiccationof HPC is
beneficia for solving problemsrelated to moisture from the concrete during
congtruction. However, autogenous shrinkage perhaps causes cracking even when
the concreteis exposed to water, also an effect of the low permesbility of the
concrete. Autogenous shrinkage perhapsis beneficial asit actsin the opposite
direction as the temperature expanson during the very early hydration. However,
later on, during cooling of HPC, autogenous shrinkage increases the tensile strain
and thusthe risk of thermal cracking. In Figure 1.1 the concept definition for basic
creep is shown versus time for the different types of deformations.
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Figure 1.1- Deformationsrelated to creep versustime. fc/fc28 denotesthe strength
to the 28-day strength ratio at loading.

1.3 Drying creep

Drying creep deformationsinclude the effect of loading on the concrete at constant
climate. The ambient temperature must be held constant. M oisture exchange exists
from the concreteto the surroundings, i.e. the weight of the concreteis not constant.
Shrinkageis not includesin the drying creep. The shrinkage strainis deducted from
thetotal strainto obtain the drying creep strain. Figure 1.2 showsthe Pickett's
paradox: creep of dry concrete (@), basic creep (b), and drying creep (c), Acker
(1993). The drying creep changes gradually from state (b) to state ().
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Figure 1.2 - Pickett's paradox: (a) previoudy dried concrete exhibitspractically no
creep; (b) basic creep; (¢) drying creep, Acker (1993). d = days of loading.

__.élf Defor mation modulus and e astic modulus

In thisreport the deformationsmodulus is defmed by the inverted compliance
(specific deformation, /o) of the concrete within aloading time varying between
0.01and 1 s (laboratory tests) or within aloading time of 100 s (field tests). The
loadingtimeis specified at each occasion.

Theresults of the elastic modulusreported in this study is defmed by the inverted
compliance at unloading of the concrete within 1 s (laboratory tests). The unloading
timeis specified at each occasion. The results of the dynamic modulus of easticity
presinted in thisreport is detected by the fundamental transversal frequency.



2. PROBLEMSRELATED TO CREEP OF HIGH-
PERFORMANCE CONCRETE

2.1 Geneal

Creep and shrinkage are two mgjor problemsto be considered when using concrete.
These problems are especially pronounced when the concreteis used in prestressed
structures. When prestressing is done at one side of the structure, the result is often
a bent element caused by creep due to the prestressing. The creep and shrinkage
influencethe propertiesof the young concrete as well as the long-term behaviour of
the concrete, as regards deformations, stability and durability. One of the grest
advantages of HPC seemsto be low creep and shrinkage compared with NSC,
Penttalaand Hayrinen (1992). Nielsen (1972) gives an interestingreview of the
factors affecting the long-term deformationsof concrete.

2.2 Causal relationship

The fundamental cause of creepisstill unknown. The dominant opinionis that
creep is related to moisture movementsin the concretedue to the imposed loading
on the concrete. Moisturemovement in the gel of HPC is another probable cause of
creep. At low imposed loading the HPC shrinks as long as the self-desiccation
continues. When the cement is hydrated by the mixing water in the HPC, the
hydration causes a 25% chemical shrinkage of the volume of the water, Powersand
Brownyard (1946-1948). With sedled curing the chemical shrinkage createsan air-
filled volumeratio inthe gel of about 1.5%, Persson (1993A), fairly independent of
the water-cement ratio of the concrete. Asthe hydration ceases at alow interna
relative humidity in a sealed-cured HPC, the autogenous shrinkage al so ceases.
With drying creep the surface of the concrete dries out while the interior of the
concrete still contains an excess of moisture compared to the ambient conditions.
Most probably micro-cracking occursin the surface and causesthe cracking due to
shrinkage, Sicard (1993). When the stressis applied to the concrete, the distribution
will be uneven throughout the concrete. Theinterior will obtain larger compressive
stress than the surface, perhaps areason why drying creep islarger than basic creep.

2.3 Earlycreep

Acker (1993) pointed out the importanceof new experimenta approaches. Nitrogen
accumulators and electronicservo controls makeit possibleto apply theloading
instantaneoudly to allow for fine separation of the instantaneous and the delayed
strains. A quasi-instantaneoudy applied creep loading would probably be away to
separate the viscous and the plastic creep from the elastic deformation. Evans



(1958) carried out testsin an testing machine working with compressed air. He
managed to apply the loading within 0.005 s. However, according to Evans (1958)
thefull loading seemsto be applied within 0.02 s. Bazant (1995) stated that the
static modulus of deformation normally was obtained at aloading time of about
0.01 days, i.e. about 860 s. However the dynamic modulusis possibleto obtain after
about 10™ day (0.001 s) of loading. Bazant (1995) also observed that the short-term
creep curvesfor various ages at loading all meet at the same point as the time of
loading approaches zero, independent of the age of the concrete. Schwesinger
(1996) used extremely accurate equipment with nitrogen accumulatorsand
electronic servo controlsin order to study the long-term and short-term mechanical,
therma and hygral properties of concrete.

2.4 Creep during hydration

Emborg (1989) studied creep of concrete during hydration in order to separatethe
viscoel asticand viscoplasticdeformations. L okhor st and van Breugel (1993)
presented an interesting model to describe the creep during hydration by inserting
bars. As the hydration proceeds, more and more bars appear in the rheological
modd. The later bars applied will then befree of stress. It would be of interest to
study and further develop modesfor creep during hydration. Hydration occurs, for
example, after a prestressed|oading is applied in many prefabricated structures,
such as beams and dlabs. Creep during hydration also occurs when the moulds are
removed from self-desiccating dabs at early ages, perhaps causing deformation
problems. Sellevold (1958) measured theflexural recovery of small beams of
cement paste and also (parallel) the dynamic modulus of elasticity on the beams.

2.5 High stress/strength ratio (load level)

At high load level (o/f; =~ 0.6) the creep increases compared with normal
stress/strength level (o/f; ~ 0.3). With drying creep theload level increasesin the
interior of the concrete compared with the surface since shrinkage occurs especially
at the surface. High stress/strength levels occur, for example, after a prestressed
loading is transformed to the concrete structures, such as beams and sl abs.

2.6 Elastic modulus, Poisson’s ratio and dvhamic modulus

The elastic modulus follows the square root of the compressivestrengthwell for
NSC. If this appliesto HPC aswdll, the deformationsof HPC structureswill
perhaps be problematic, as the elastic modulus does not follow the compressive
strength. Owing to the more or less constant e astic modulus related to the
compressive strength, perhapsit will be difficult to use HPC, for example, for
beams. The deformations perhapswill be too large. One way to diminish the
deformations due to the disadvantageof the elastic modulusis perhaps to optimise



the section of a beam, i.e. to diminishthe width but to maintainthe height of such
structures. The dead weight will also decreasein thisway. Different types of
aggregate may improve the e astic modulusfor HPC. Thishasto be investigated
further to fully exploit HPC. Another question of structural importanceis the
relationship between longitudinal and transversal deformation at loading: Poisson's
ratio. Is Poisson's ratio like that for NSC or does it differ in abeneficial or harmful
way? What is the influence of current strength on Poisson's ratio? Doesit vary
between loading and unloading, affecting for examplethe dynamic durability of
HPC? These questionswill be investigated before HPC can be used in structures.

2.7 .\utogenous shrinkage and carbounation shrinkage

Autogenous shrinkage is deducted from the measured strain in order to obtain the
basic creep. The autogenous shrinkageis due to the chemical shrinkage of the water
when it is bound to the cement. In normal strength concrete, besidesdrying
shrinkage, another type of shrinkage occurs, called carbonation shrinkage. During
carbonation shrinkage the weight of the concrete specimen increases but the
specimenisstill decreasingin length. These threetypes of shrinkagewill be
investigated. HPC has a very low permeability. Doesit show carbonation at all at a
very low water-cement ratio? Do pozzolanicinteractionlimits exist in HPC, i.e. is
the amount carbon hydroxide decreased at such low level dueto the reactionwith
silicafume, that carbonation stopsin HPC? Such effects will perhaps diminisn the
cover layer for the reinforcement.

28  Strength fter long term loading

During hydration of HPC thereistoo little water for the processto proceedto a
fully hydrated gel. Large quantities of unhydrated cement appear in the gel. These
unhydrated volumes of cement in the gel perhapswill affect the long-term strength
of the material. Long-term high loading perhapsalso will affect the strength of
HPC, i.e. lower the strength of HPC subjected to sustained loading compared with
the strength of an unloaded specimen. This may be studied on unloaded cylinders
used in the studies of shrinkage and on cylindersused in the long-term creep tests.

9 Creep at different temperatures

It is generally known that the creep rate for NSC increases with the temperature.
Thereasonfor thisis perhapsthat theinternal relative humidity also increases with
the temperaturein the concrete, Nilsson (1987), Persson (1995A). Doesthisaso
apply to HPC?It dso isof great interest to study the creep of concrete at |ower
temperatures than the normal temperaturein the laboratory, whichis about 20"C. In
the Nordic countries prestressed structures are often stored outside at low ambient
temperature at very early ages. How does the early cold storing of the concrete

6



affect its creep?Isit possibleto use a high stress/strength level at for example-20
"C? The sengitivity of ambient temperaturewas an interestingproblemto
investigate.

10_Dimensional effect on creep an( shrinkage

The dimension of the specimen does not affect basic creep, i.e. creep in HPC with
sealed curing. Autogenous shrinkage is also independent of size. However, under
drying conditions, there exists a substantial effect of the size of the structure on the
development of creep and shrinkage, since those propertiesin turn are dependent on
moisture movementsin the structure. In HPC agreat part of creep and shrinkage
probably takes place owing to self-des ccation when the specimenis seal ed.

2.11 Field studies

It isimportant for the study to confirm the laboratory results by field studies of
concrete, to seeif the observationsin thefield coincide with the resultsthat are
obtainedin the laboratory. Prestressed concreteis a suitable type of constructionto
study sincethe creep rateis expected to be high, especially at early ages.

2.12 Prediction of cregp and shrinkage

Sakata (1993), Figure 21, compared the calculated creep coefficient according to
ACI-209 on the basis of the measured creep coefficientfor 104 beams. In most
cases the measured creep coefficient islarger than the predicted creep coefficient. In
California, USA, Scordelis(1991, 1993), the Parrot's Ferry Bridge (394 m)
obtained ~ 0.8 m larger centre span (195m) sag after 25 years compared with the
design based on modern codes. In Swedenthe Tjorn bridges after 25 years had
about 0.5 m larger deflectionthan foreseen, which required extraordinary measures
to stabilisethe structures. Structures are often subjected to environmental effects
that do not exist in laboratory tests. Examples of such effects are temperature
cycling, Shkoukani and Walraven (1993), external moisture, Miiller and Pristl
(1993), cycling loading and creep after heat curing (or early freezing of the
concrete). The questionis whether or not HPC exhibitsthe same sensitivity to these
effectsas NSC. This question isto be investigated. Bazant (1995) presented a new
model B; to estimate creep and shrinkage of concrete. In Figure 2.2 typical creep
and shrinkage curves are shown versuslogarithmic time. After justification and
refinements, Bazant and Baweja (1995), the new mode fitted experimental data
better than ACI and CEB models. The following symbolsare used in Figure 2.2:

t time, representingthe age of the concrete (days)

t' time, representingthe age of the concrete (days), at loading

to time, representingthe age of the concrete (days), at start of drying

J(t,t") strainat timet caused by an uniaxial stress applied at aget' (millionths/psi)



2. PROBLEMSRELATEDTO CREEP OF CONCRETE

2.1 General

Creep and shrinkage are two magjor problemsto be consdered when using concrete.
These problems are especially pronounced when the concreteis used in prestressed
structures. When prestressing is done at one side of the structure, the result is often
a bent element caused by creep due to the prestressing. The creep and shrinkage
influencethe propertiesof the young concrete as well as the long-term behaviour of
the concrete, as regards deformations, stability and durability. One of the great
advantages of HPC seemsto be low creep and shrinkage compared with NSC,
Penttala and Hayrinen (1992). Nielsen (1972) givesan interestingreview of the
factorsaffectingthe long-termdeformations of concrete.

2.2 Causal reationship

The fundamental cause of creepis still unknown. The dominant opinionis that
creep is related to moisture movementsin the concrete due to the imposed loading
on the concrete. Moisture movement in the gel of HPC is another probabl e cause of
creep. At low imposed loading the HPC shrinks as long as the self-desiccation
continues. When the cement is hydrated by the mixing water in the HPC, the
hydration causes a 25% chemical shrinkage of the volume of the water, Powersand
Brownyar d (1946-1948). With sealed curing the chemical shrinkage creates an air-
filled volumeratio in the gel of about 1.5%, Per sson (1993A), fairly independent of
the water-cement ratio of the concrete. Asthe hydration ceasesat alow interna
relative humidity in a seaed-cured HPC, the autogenous shrinkage al so ceases.
With drying creep the surface of the concretedries out whilethe interior of the
concrete still contains an excess of moisture compared to the ambient conditions.
Most probably micro-cracking occursin the surface and causes the cracking dueto
shrinkage, Sicard (1993). When the stressis applied to the concrete, the distribution
will be uneven throughout the concrete. Theinterior will obtain larger compressive
stressthan the surface, perhaps areason why drying creep islarger than basic creep.

2.3 Earlycreep

Acker (1993) pointed out the importance of new experimenta approaches. Nitrogen
accumulatorsand e ectronic servo controlsmakeit possibleto apply the loading
instantaneoudly to alow for fine separation of the instantaneous and the delayed
strains. A gquasi-instantaneouslyapplied creep loading would probably be away to
separate the viscous and the plastic creep from the elastic deformation. Evans
(1958) carried out testsin an testing machine working with compressed air. He



managed to apply the loading within 0.005 s. However, according to Evans (1958)
thefull loading seemsto be applied within 0.02 s. Bazant (1995) stated that the
static modulus of deformation normally was obtained at aloading time of about
0.01 days, i.e. about 860 s. However the dynamic modulusis possible to obtain after
about 10® day (0.001 s) of loading. Bazant (1995) also observed that the short-term
creep curvesfor various ages at loading all meet at the same point as the time of
loading approaches zero, independent of the age of the concrete. Schwesinger
(1996) used extremely accurate equipment with nitrogen accumulatorsand
electronic servo controlsin order to study the long-term and short-term mechanical,
thermal and hygral properties of concrete.

2.4 Creepduring hydration

Emborg (1989) studied creep of concrete during hydration in order to separatethe
viscous elastic and viscous plastic deformations. L okhor st and van Breugel (1993)
presented an interesting model to describe the creep during hydration by inserting
bars. Asthe hydration proceeds, more and more bars appear in the rheol ogical
model. The later bars gpplied will then be fiee of stress. It would be of interest to
study and further develop modelsfor creep during hydration. Hydration occurs, for
example, after aprestressed loading is applied in many prefabricated structures,
such as beams and dabs. Creep during hydration aso occurs when the moulds are
removed from self-desiccating dabs at early ages, perhaps causing deformation
problems. Sellevold (1958) measured the flexural recovery of small beams of
cement paste and also (parallel) the dynamic modulus of elasticity on the beams.

2.5 High stress/strength ratio (load level)

At highload level (o/f; = 0.6) the creep increases compared with normal
stresdstrengthlevel (o/f; = 0.3). With drying creep theload level increasesin the
interior of the concrete compared with the surface since shrinkage occurs especially
at the surface. High stressstrength levels occur, for example, after a prestressed
loading is transformed to the concrete structures, such as beamsand dabs.

2.6 Elastic modulus, I oisson s ratio and dynamic modulus

The elastic modulus followsthe square root of the compressivestrength well for
NSC. If this appliesto HPC as well, the deformationsof HPC structureswill
perhaps be problematic, as the el astic modul us does not follow the compressive
strength. Owing to the more or less constant el astic modulus related to the
compressive strength, perhapsit will be difficult to use HPC, for example, for
beams. The deformations perhapswill betoo large. One way to diminishthe
deformations due to the disadvantage of the elastic modulusis perhaps to optimise
the section of a beam, i.e. to diminish the width but to maintain the height of such



structures. The dead weight will also decreasein thisway. Different types of
aggregate may improvethe elastic modulusfor HPC. Thishasto beinvestigated
further to fully exploit HPC. Another questionof structural importanceisthe
relationship between longitudinal and transversal deformation at loading: Poisson's
ratio. Is Poisson's ratio likethat for NSC or doesit differ in a beneficial or harmful
way? What is the influence of current strength on Poisson's ratio? Doesit vary
between loading and unloading, affectingfor examplethe dynamic durability of
HPC? These questionswill be investigated before HPC can be used in structures.

2.7 _Autogenous shrinkage and carbonation shrinkage

Autogenous shrinkageis deducted from the measured strainin order to obtain the
basic creep. The autogenous shrinkageis due to the chemical shrinkage of the water
whenit is bound to the cement. In normal strength concrete, besidesdrying
shrinkage, another type of shrinkageoccurs, called carbonation snrinkage. During
carbonation shrinkagethe weight of the concrete specimen increasesbut the
specimenis still decreasingin length. Thesethreetypesof shrinkagewill be
investigated. HPC has avery low permesability. Doesit show carbonationat all at a
very low water-cement ratio? Do pozzolanic interactionlimitsexist in HPC, i.e. is
the amount carbon hydroxide decreased at such low level due to the reaction with
slica fume, that carbonation stops in HPC? Such effectswill perhaps diminishthe
cover layer for the reinforcement.

2.8 Strength after long-term loading

During hydration of HPC thereistoo little water for the processto proceedto a
fully hydrated gdl. Large quantities of unhydrated cement appear inthe gel. These
unhydrated volumes of cement in the gel perhapswill affect thelong-term strength
of the material. Long-term high loading perhaps also will affect the strength of
HPC, i.e. lower the strength of HPC subjected to sustained|oading compared with
the strength of an unloaded specimen. This may be studied on unloaded cylinders
used in the studies of shrinkageand on cylinders used in the long-term creep tests.

2.9 Creep at different temperatures

It is generally known that the creep rate for NSC increaseswith the temperature.
Thereasonfor thisis perhapsthat theinterna relative humidity also increaseswith
the temperaturein the concrete, Nilsson (1987), Persson (1995A). Doesthisaso
apply to HPC? It also is of grest interest to study the creep of concreteat lower
temperaturesthan the normal temperaturein the laboratory, whichis about 20"C. In
the Nordic countries prestressed structuresare often stored outside at |ow ambient
temperatureat very early ages. How doesthe early cold storing of the concrete
affect its cregp?Isit possibleto use a high stress/strength level at for example-20
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°C? The sengitivity of ambient temperature was an interesting problem to
investigate.

2.10 Dimensional effect on creep and shrinkage

The dimension of the specimen does not affect basic creep, i.e. cregpin HPC with
sealed curing. Autogenous shrinkageis also independent of size. However, under
drying conditions, there existsa substantial effect of the size of the structure on the
development of creep and shrinkage, since those propertiesin turn are dependent on
moisture movementsin the structure. In HPC a great part of creep and shrinkage
probably takes place owing to salf-desi ccation when the specimenis sealed.

2.11 Field studies

It isimportant for the study to confirm the laboratory results by field studies of
concrete, to seeif the observationsin thefield coincide with the resultsthat are
obtained in the laboratory. Prestressed concreteis a suitabletype of constructionto
study sincethe creep rate is expected to be high, especialy at early ages.

2.12 Prediction of cregp and shrinkage

Sakata (1993), Figure 2.1, compared the cal cul ated creep coefficient accordingto
ACI-209 on the basis of the measured creep coefficientfor 104 beams made of
NSC. In most cases the measured creep coefficientis larger than the predicted creep
coefficient. In California, USA, Scor ddlis (1991, 1993), the Parrot's Ferry Bridge
(394 m) obtained ~ 0.8 mlarger centre span (195m) sag after 25 years compared
with the design based on modem codes. In Swedenthe Tjorn bridges after 25 years
had about 0.5 m larger deflectionthan foreseen, which required extraordinary
measuresto stabilise the structures. Structures are often subjected to environmental
effectsthat do not exist in laboratory tests. Examplesaof such effectsare temperature
cycling, Shkoukani and Walraven (1993), external moisture, Miiller and Prist
(1993), cycling loading and creep after heat curing (or early freezing of the
concrete). The questioniswhether or not HPC exhibitsthe same sensitivity to these
effectsas NSC. Thisquestionisto be investigated. Bazant (1995) presented a new
mode B; to estimate cregp and shrinkageof concrete. In Figure 2.2 typical creep
and shrinkage curves are shown versuslogarithmic time. After justification and
refmements, Bazant and Bawe a (1995), the new modd fitted experimental data
better than ACI and CEB models. Thefollowing symbolsare used in Figure 2.2:

h ambient relative humidity (%)

t time, representingthe age of the concrete (days)

t' time, representing the age of the concrete(days), at loading

to time, representing the age of the concrete (days), at start of drying

J(t,t") strainat timet caused by an uniaxial stressapplied at aget' (millionths/psi)
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3. OBJECTIVES, CONDITIONSAND GENERAL
LAYOUT OF THE STUDY

3.1 Objectives

The present study considers some of the range of problems described in Section 2:

e To ascertain creep and shrinkage of HPC with w/c varying between 0.25 and
0.38. The effect of air-entrainment and of amount and type of silicafume
additive was to be ascertained at one water-cement ratio only.

e To ascertainthe amount of elastic deformation, plastic and viscous sealed or
drying creep of HPC by studying both well-hardened concrete and concrete
during hydration. At 28 days HPC is well-cured and the compliance, J(t,28), is
linear elastic. At 2 daysthe specific deformationsof HPC are partly plastic,
J(t,2). The specific plastic and viscous deformation at 2 days could be read:

T(2,2) ~ J(2,2) - (2,28) , 3.1)

The viscouselastic part of the compliancecould (depending on the age of the
concrete) be separated after unloading of HPC, cp. Figure 1.1:

T(tt) = Jt+ALL) - J(t,t7) (3.2)
e To ascertainthe effect of maturity on creep of HPC by studying both well

hardened concrete and concrete during hydration. To obtain arelationship
between deformation, g, and strength, f., accordingto:

de/dt ~ f(w/c, and so on)-df,/dt (3.3)
de/dt denotesthe creep rate

df/dt denotesthe strength growth rate.

f(w/c, and s0 on) denotes afunction dependent on the nix design (on wic,

on air-entrainment and type and amount of silicafume)

e To verify the effect of high stressstrength ratio (load level) on the creep of HPC
during hydration by studying HPC at high load. At two days age and at aload
level of 60% of the ultimateload (calculated on the basisof cube strength) the
concretecomplianceby certainis non-linear. The non-linear part of the
compliance at 60% load level could be estimated over aperiod of about 3 days:

AJ60(5,2) =~ J50(5,2) - J3Q(5,2) (34)



AJgo(5,2) denotesthe additional compliance at 60% stress/cube strengthlevel of
HPC loaded at 2 days age and unloaded at 5 days age compared with
creep at 30% load level calculated on the basis of cube strength

Jso(5,2) denotesthe 5-day compliance of HPC loaded at 2 days age at 60%
stress/strength ratio

J50(5,2) denotesthe 5-day compliance of HPC loaded at 2 days' age at 30%
stresslstrengthratio

To ascertain a separation of autogenous, carbonation or drying shrinkage by
studying HPC with w/c varying between 0.25 and 0.38 parallel with the weight
losses and the internal relative humidity of the concrete. The snrinkage wasto be
studied for 5 years. The effect of air-entrainment and of amount and type of
silicafume additivewasto be ascertained at one w/c only. National concrete mix
proportionswereto beincluded in the study. To ascertain separation of different
kinds of shrinkageby parallel studiesof HPC made from the same batch.

To ascertain the long-term compressive strength of HPC with w/c varying
between 0.25 and 0.38 by studying both well-hardened concrete and concrete
during hydration. Before the comparison the specimens should be subjected to
basic creep or drying creep for at least 2 years. The strength of HPC subjectedto
load-term loading was to be compared with the strength of HPC without |oading.
To ascertain the effect of moisture on the deformation modulus (at loading),
Poisson’s ratio and the elastic modulus (at unloading, Figure 1.1) of HPC with

~ wilc varying between 0.25 and 0.38, by studying both well-hardened concrete
and concrete during hydration. Parallel studiesto be performed on theinterna
relative humidity of the HPC. Studies of the moduli and theinternd relative
humidity to be performed on sealed and air-cured specimens.

To ascertainthe effect of hydration on the relationship between the deformation
and elastic moduli and the el astic dynamic modulus. The dynamic modulus of
elasticity to be obtainedfor drying creep only.

To ascertainin particular the basic creep rate at the temperatures-16"C, -1"C,
+20"C, +32"C, +38"Cand+ 58"Cfor HPCinitially cured at 48 "C for 16 h
(heat-cured in similar conditionsto those existingin a pre-fabricationconcrete
element plant). The resultsto be compared with results of creep of HPC cured at
20"C. Onetypeof HPC wasto be studied at temperaturesdifferent from20"C.
To ascertain the dimensiona effect on both basic and drying creep by paralle
studieswith larger specimens. The studieswere to be performed at different ages
of HPC at the start of theloading. To ascertain thelaboratory resultsin thefield
by studies of basic and drying creep, autogenous and drying shrinkage at pre-
fabrication concrete plants on HPC similar to the typesthat were used in the
laboratory studies. The creep studieswereto be performedfor at least 1 month
up to 7 months. The studies of shrinkage were performed for more than 1 year.
To propose general relationships between maturity and creep and shrinkage of
HPC. Basic and drying creep was to be included in the relationships. Short-term
and long-term creep was to be included in the relationships. Y oung and mature
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concretewasto beincluded in the relationships. Autogenous, carbonationand
drying shrinkage of HPC wasto be predicted. The effect of temperature on the
short-term basic cregp was to be formulated. Finally, prediction was to be done
of the dimensional effect on creep and shrinkage based on |aboratory studies on
larger specimensand on field studies on beams.

3.2 Conditions

Elastic deformation, plastic and viscous creep:

The HPC waseither 1,2 or 28 day old at the start of the studies (20 °C ambient
temperature). The unloading was performed 66 hours after theloading or at more
than 3 years age. The viscous creep was studied for another 400 hours. Both basic
and drying creep were studied.

Strength, creep during hydration and stress/strength ratio at loading:

The studies were limited to an age varying between 16 h and 2 years. Strength and
degree of hydrationwere measuredat 1, 2, 3, 4, 6, 28, 360 and at 720 days age.
Concretesof 1 and 2 days age at loading were studied at 60% stressl cubestrength
ratio. At 2 or 28 days agetheloading level waslimited to 30% stress/cube strength
ratio. However, during the hydration the stresd strength declined substantially.

Strength after long-term loading and shrinkage:

Thelong-term creep was limited to studiesof basic cregp and drying creep over at
least 3 years. After the creep studies the strength of previous loaded HPC was
compared with the strength of unloaded HPC specimensfrom studies of shrinkage.
The studies started at 16 h age and were limited to 5 years. The weight of the
gpecimen and the interna relative humidity werestudied at 1, 2, 3, 4, 6, 28 days, 1,
2 and 4 years age. Autogenous, carbonation, and drying shrinkagewere all studied.

Size of specimen, materials, ambient climate, and so on:

The specimensize was limited to 55.5 mm in diameter and 300 mmin length or
cylinders 100 mm in diameter and 500 mm in length. Other dimensionsof the
specimensappliedin thefield tests. Most of the studiesof compressive strength
were performed for 200-mm cubes. The measurement points for deformation
measurementswere cast in the cylinders. The depth of the cast-initemswas 20 mm.
The sealed cured specimens were insulated with 2 mm vul canised butyl rubber
clothing. Aggregatesof crushed quartzite and natural sand of gneiss apply for the
mix proportions. Low-akali Portland cement was used. With the exception of the
national mix proportions, granulated silica fume was used. The air-entrainment
varied between 1 and 5% cal culated on the basis of thetotal volume of the HPC.
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Superplasticiser based on melamineformaldehyde was used for all the m x
proportions. The national m x proportions recommend silicafume slurry, crushed
granite and natural sand based on granite. Short-term studieswere performedat 20
°C and sealed conditionsor at RH =55%. Thelong-term studies were performed in
moisture-insul ated conditions(basic creep) or at RH 55% ambient relative humidity.
Basic creep for one HPC was studied at five other temperatures.

3.3 General layout of thework

Short-term studies performed in the MTS machine:

Short-term creep studies were performed in an MTS-machine with high accuracy.
From these studies separation of e astic deformation fiom plastic and viscous creep
was possible. The deformation and the elastic moduli and the early creep rate were
obtained fiom these studies, Figures 1.1, 3.1 and 3.2. Separate LVDT displacement
and gauging transducers collecting data measured the deformations by a separate
computer. Thefull level of loading was applied within= 0.01s. At loading and

unl oading the measurements were performed about 1000 times per second including
3longitudinal LVDTs and one LVDT placed transversally to the HPC cylinder.

L ong-term studies performed in spring loading devices.

Long-term strength tests, plastic and viscous creep tests at 3 years age were
performed on HPC cylindersin traditional mechanica spring loading devices. These
studies aso provided results on the long-term creep rate and on the el astic modul us.
The specified loading of the springswas applied at all times of measurement. The
loading of the spring device was applied smultaneoudly to theloadinginthe MTS
machine on a HPC specimen fabricated from the same batch of HPC. Thusthe
studies of creep performed by quasi-instantaneous|oading in the MTS-machine
were prolonged by studiesof creep in the traditional spring devices, Figures 1.1,

3.1 and 3.2. The cylinderswere weighed before and after the studies.

L ong-term studies of shrinkage and strength on 55-mm cylinders:

Studies of shrinkagewere performed on horizontal (lying) cylinders. The cylinders
wereturned athird of afull turn at each measurement to avoid bending effects. The
cylinder was continuously weighed. All the short-term and long-term creep studies
were performed on cylinders(diameter: 55.5 mm, length: 300 mm). Autogenous
shrinkage, carbonation shrinkage and drying shrinkage were studied for the same
type of cylinders. Morethan 30 tests of compressivestrength and hydration for the
drying creep studies were performed on cylinders (diameter: 55.5 mm, length: 200
mm). Finally, the studies of long-term strength were performed on cylinders
previousdly used in the tests of long-term creep and shrinkage.
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Figure 3.1 - Summary of deformationsthat were measured for each mix of HPC. -~ P
Strength, hydration, internal relative humidity on cubesand ambient climate:

Strength, hydration and internal relative humidity were studied on 100-mm cubes.
The fragmentsfrom the strength-tested cubes were used to measure the internal
relative humidity and the degree of hydration of the concretes. The specified climate
was supplied by an external air-conditioning. The ambient climatefor the short-term
test of drying creep was supplied by a separate climate aggregate connected to the
MTS machine by insulated pipes and by ahigh-speed air fan.
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Figure 3.2 - Specimens in a spring-loading device (to the left) and in the MTS
machine (to the right), Persson (1995A). Measurement points (to the left) and
LVDTs (to theright). (Hinges existed between the plate springs and between the

load cell and the hydraulic jack in the spring-loading device and furthermore above
the upper platein the MTS machine.)

Dimensional effect on creep and shrinkage; field studies:

Parallel studies on larger cylindersthan these used in the main laboratory tests (100
mm in diameter and 500 mm in length compared with 55.5 mm in diameter and 300
mm in length used in the laboratory tests). Two types of concrete were studied with
the larger cylinders for about | year. The HPCs in the dimensional studies were
sealed cured or drying. Twenty-seven prestressed beams, which were produced in a
normal fabrication of concrete elementsin two field plants, were studied. The force
from the strands was transferred to the concrete after curing periods varying
between 18 hours and 4 days. The creep of the beams was studied for 7 months.
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4. MATERIALS PREPARATION OF SPECIMENS,
CHRONOLOGY AND NUMBER OF SPECIMENS

4.1 Materials

HPCs of 6 standard mix proportionsand 2 national mix proportionswere used for
thefull programmein the [aboratory tests. Together with the modified national mix
proportions, 90 concrete batches of HPC were cast in the laboratory to make the
specimens. Thefield testswere performed on HPC fabricated in 20 different
batches.

Aqggregates:

The main characteristicsof the aggregates used in thelaboratory are givenin Table
4.1, Hassanzadeh (1994). Appendix 1 givesthe Sieve curvesfor the aggregates.
Some modifications of the aggregateswere made during thefield studies. The
maximum size of the aggregate (16 mm) was largerthan 1/5 of the minimum size of
the specimen as required according to guidelines, Bazant and Car ol (1993).
However, at the time of batching the specimensize was requiredto be at least 3
times the maximum aggregate, i.e. 48 mm, to avoid effectsof the surfacelayer of
the specimen on the propertiesof the concrete. In small specimenswith relatively
large aggregate size, a concentration of aggregate perhaps appearsin the centre of
the specimen. More cement paste perhaps occurs at the surface of the specimen. On
the other hand, problemswith too large temperaturerise, due to heat of hydration
may occur when too alarge diameter of specimenis chosen. A large specimen
diameter dso increasesthe required forcein creep testing devices.

Cement:

Only alow-alkali Portland cement, Degerhamn Standard, was used. To obtaina
High-Performance Concrete, it was necessary to use alow-akali cement, Per sson
(1992A). Inthefield studiesamodified (further ground) Portland cement,
DegerhamnP400, was used. The chemical composition and the main characteristics
of cementsare givenin Table 42. The granulometry of the cementsisgivenin

Appendix 1. Some additional modificationsof the cement was performed during the
field studies.

Silicafume

For the standard mix proportionsa granulated silicafume was used (fmeness: 17.5
m?/g, ignition losses 2.3% by weight). For the national mix proportions and the field
studiesamicro silicafume durry was used (fmeness: 22.5 m*/g, ignition | osses:
1.9% by weight).
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Table4.1 - Characteristicsof the aggregates.

Material/characteristics | Modulus | Compressive Split I gnition
of strength tensile |osses
gasticity strength

Quartzite sandstone, 60GPa |330MPa 15 MPa 0.3%

Hardeberga

Natural sand, Astorp 0.8%

Granite, Norrkoping 61 GPa [150 MPa 10 MPa 1.7%

Peagravel, Toresta 1.6%

Crushed sand, Balsta 50 GPa |[230MPa 14 MPa 2%

Table 4.2 - Chemical composition and the main characteristics of the cements.

L ow-alkali cement Degerhamn Standard | P 400

X-ray fluorescence analysis (%):

CaO 64.9 64.0

SiO, 222 22.0

AlLO3 3.36 3.71

F6203 4.78 4.80

MgO 0.91 0.91

| CP-analysis(Oh):

K,0 0.56 0.55

Na,O 0.04 0.04

LECO apparatus(%o):

Ignition losses at 950 °C 0.63 0.63

D3 2.00 2.22

Physical properties:

Spexific surface according to Blaine (m*/kg) 302 404

Density (kg/m?) 3220 3210

Settingtime:

Vicat (minutes) 135 95

Water (%) 26.0 26.8

Standard test (prisms 40x40x160 mm, MPa):

1 day 11.0 16.2

2 days 20.2 25.4

7 days 35.8 41.3

28 days 52.6 59.5

Super plasticiser and air-entrainment agent:

For all mix proportionssuperplasticiser based on melamine formal dehyde applies.
Some modification of the superplasticiser was made during thefield studies.

For the mix proportionsthat contained air-entrainment an air-entrainment agent was
added, based on vinsole resin.
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4.2 Preparation of specimen

Materials and mixing:
The fabrication of the specimenswas performed in the following way:

e All themateria (even the water) had atemperature of 22 "C.

e Theaggregateswere stored in rubber barrelsto maintain moisture content of
about 4% by weight. The mixing of HPC is performed more efficiently when
aggregate with moistureis used, Per sson (1992A).

e The moisture content was measured before each mixing. compensationfor the
moisture content was made when adding the remaining mixing water (some
mixing water aso appearstogether with the materia and the superplasticiser).

e Themixing of the HPC took placedin a40-1 compulsive mixer.

o Atfirst all material exceptfor the silicadurry, if any, and the superplasticiser
was mixed for %2 minute.

e Thentheslicafume durry, if any, and the superplasticiser were added and the
mixing continued for another 2% minutes.

e Finaly the workability and the air-content of the HPC were obtained.

Moulds:

The circular moulds had an inner diameter of 55.5 mm and alength of 300 mm or
200 mm. Six cast-in itemswere placed 25 mm fiom the ends of the mould and 2
items on opposite sides the middle of the mould. 3-mm bolts through the steel
mould fixed the items. The cast-in items had a diameter of 8 mm and a depth of 20
mm. They were provided with flanges and edged to avoid movement in the
concrete. Thermo coupleswere cast in one cube and two cylinders of each batch.

Casting:

After measurement of air-entrainment and dengity, the moulds werefilled up under
vibration. The cylinderswere levelled off at the upper end. A 10-mm steel plate was
fixed and vibrated to the end of the cylinder horizontally (lying down). The ends of
the cylinder were very smooth and no grinding was necessary. Al specimenswere
placed in arubber container to avoid losses of moisture. The cubes were placed
together with the cylindersto avoid temperature differencesin between.

Early curingand demoulding:
After casting and placing in the rubber container the specimenswere storedin a 20
+0.5 °C climate chamber. Typical internal temperature developments are shown in

Appendices3-4. The temperature drop was 1.5 "C initidly. After 16 hours of
curing the bolts were loosened fiom the cast-in items and the moulds removed.
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Rubber insulation of basic creep specimen:

A 2-mm vulcanised butyl rubber cloth insulated the basic creep specimens (both
cylindersand cubes). Butyl rubber cloths were placed at the ends of the cylinder

and removed right beforetesting. Clamp hoses were placed at the end of the
cylindersto avoid any moisturelosses. The specimenswere still storedina20"C
climate chamber. However, some temperature movementstook placein the concrete
due to hydration, Appendix 3. The maximum temperaturewas 24 "' C about 15 hours
after casting. After 30 hours the temperature varied between 21 and 20 "C.

Drying creep specimen:

After demoulding the specimen was first weighed and measured. The specimen was
then stored in aclimateroom, at an ambient relative humidity, RH 55% and a
temperatureof 20 "C. Due to desiccation the temperatureimmediately dropped in
the specimen, Appendix 4.

4.3 Chronology  mber of imens  d suppliers of mater

Table 4.3 liststhe suppliersof the laboratory material. Table 44 showsthe
chronology of the study. Table 4.5 shows the estimated number of specimens.

Table4.3- List of material suppliers

Material

Supplier

Quartzite sandstone 4-8, 8-12, 12-16 mm

Sydsten AB, Hardeberga

Natural sand, Astorp 0-8 mm

Skénska Makadam AB, Astorp

Granite, Norrképing 12-16 mm

NCC Ballast AB, Norrkoping

Pea gravel, Toresta 8-16 mm

Skanska Betong AB, Stockholm

Natural sand, Balsta 0-8 mm

Skanska Betong AB, Stockholm

Natural sand (filler) no 7

Baskarp AB, Baskarp

Veddige 0-8 mm

Broderna Larssons AB

Veddige 11-18 mm

Broderna Larssons AB

Cement, Degerhamn Anldggning Standard Cementa AB
Cement, Degerhamn Anldggning P400 Cementa AB
Granulated Silica Fume, Micropoz Cementa AB
SilicaFume Surry, Elkem Micro SilicaFume | Elkem Materials A/S
Air-Entraining Agent, Cementa88L (Vinsole | CementaAB

Resin)

Superplasticiser, CementaFlyt 92 (Mdamine  |CementaAB
Formaldehyde)

Superplasticiser, Peramin F (Mdamine Perstorp AB

Formal dehyde)
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Table 4.4 - Chronology for the study

Year

1991

1992

1993

1994

1995

1996

1997

1998

Autogenous
shrinkage

X

XXXX

XXXX

XXXX

XXXX

X

Basic creep
(short-term)

X

XXXX

X

Carbonation
ghrinkage

XXX

XXXX

XXXX

Compressive
strength

XXXX

XXXX

XXXX

Creep at varying
temperature

Dimensional
effect

XXXX

Drying creep
(short-term)

Drying
shrinkage

XXXX

XXXX

Dynamicelastic
modulus

Field studies

Hydration

XXXX

XXXX

Internal reative
humidity

P3P

XXXX

XXXX

Long-term basic
credt,

X

A XXXX

XXXX

Long-term

drying creep

XXXX

Long-term
stability

Plastic creep

XXXX

XXXX

Quasi-
Instantaneous
loading

ol

XXXX

XXXX

Viscous creep

XXXX

XXXX

XXXX
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Table 4.5 — Estimated number of specimens.

Type of specimen Cube Cylinder [Cylinder |Hat |Square
100 mm {055mm [0100mm |beam |beam
Autogenous shrinkage 70 4°
Basic creep (short-term) 38
Carbonation shrinkage 32
Compressive strength 900 32
Creep at varying temperature 6
Dimensional effect 20
Drying creep (short-term) 32
Drying shrinkage 329
Dynamic €lastic modulus 32
Field studies 7 20
Hydration 900" |32V
| nternal relative humidity 900" 32"
L ong-term basic creep 58 8%
L ong-term drying creep 32 g8°)
L ong-term stability 90°)
Quiasi-instantaneous|oading 70%
Plastic creep 160”
| Viscouscreep 160°)

1) The same specimenwas used for strength studies
2) The same specimenwas used for studies of carbonation shrinkage
3) Specimensfrom studies of long-term creep and shrinkage
4) Specimensfrom short-term studies
5) Specimensfrom studies of long-term creep

6) Dimensional studies
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5. PRINCIPAL PROPERTIESOF STUDIED CONCRETES

5.1 Concretemix proportions

The mix proportions were based on previous experiences of the optimal proportions
of HPC, Persson (1992A) and on pre-tests on the workability of HPC, Persson
(1992B, C, D), Persson (1993B). The mix proportionsof the concreteswere
principally chosenin order to obtain a semi-logarithmic grading curve of all
accumulated material passing through. This grading curve of the materialsin the
fresh concrete allowsfor aminimum requirement of cement, water and
superplasticiserin the concrete, Persson (1995B). Table 5.1 gives concretemix
proportions and so on (kg/m’ dry material, etcetera). Appendix 2 givesthe grading
curvesin the mix proportions.

Table 5.1 - Mix proportions and so on (kg/m’ dry material, and so on)

Material /Mix number 1 13) |2 3 4 5 6 7 8
Quartzite, 8-11 mm 460 |440
Quartzite, 11-16 mm 460 1440 1965 |910 1010 {985 1065
Sand, Astorp 0-8 mm 800 1780 |820 |790 750 |755 690
Granite, Norrkoping 11-16 1030
Gravel, Toresta 8-16 mm 1095
Natural sand, Bélsta 0-8 780 780
Cement, Degerhamn Std 430 {410 1440 1445 1455 1495 1530 1490 1545
Granulated silicafume 21 |21 (44 |45 50 |51 55
Silicafume slurry 23 49
Air-entraining agent 0.02 10.04 0.02
Superplasticiser 26 |28 (45 |38 |51 |46 |76 |86 [108
Water-cement ratio 0.38 10.38 {0.37 [0.37 |0.33 |0.31 {0.30 |0.30 {0.25
Air-content (% by volume) |48 |70 |11 (40 (09 |1.1 |12 |1.0 |13
Aggregate content 0.74 {0.74 10.73 10.72 |10.75 |0.71 {0.70 |0.72 |0.70
Aggregate/cement ratio 4 4 4.1 |38 |41 |3.6 |33 |3.7 |32
Density (kg/m’) 2335224512440 2360|2510 | 2465 | 2480 | 2500 | 2490
Slump (mm) 140 {140 {160 |[170 |45 {200 |130 |45 |45
28-d drying strength (MPa) [69 |50 85 169 |89 |99 |106 (112 |114
|-y drying strength(MPa) [70 |54 {89 |76 |97 1109 |112 |121 |125
3-y drying strength (MPa) |69 91 97 115 121 |127
28-d sedled strength(MPa) |89 g2 1105 195 (101 [121 126 [122 |129
|-y sealed strength (MPa) |101 ({65 |[117 |98 [115 |129 |145 [131 [154
2-y sealed strength (MPa) | 112 115 131
3-y sealed strength (MPa) 123 [102 141 145
| 4-y sealed strength (MPa) |102 | 113 129

d=days age, y=years age(compress vestrength observed for 100-mm cube)

21



5.2 Compressvestrength

5.2.1 General

One of objectivesof the study was to obtain a relationship between the creep rate
and therate of strength growth, cp. equation (3.3). It was essential to follow the
compressive strength continuoudly for all concretes studied. Strength is defined as
ultimate stress per unit of area. Among many other factors, the strength depends on
the moisture conditions of the concrete. In Sweden the strength tests are often
performed on drying specimens, while international tests are more often performed
on wet specimens.

Many reportsexist deding with the drop of strength in concrete containing silica
fume. Since silicafumeis necessary to obtain an HPC with high strength, it is
essential to define the curing conditions connected to these reports of strength drop.
As pointed out by Perraton et d. (1994), the mgjor part of strength lossesis dueto
differences of moisturewithin the specimens. When the specimenswere pre-dried,
no strength drop was observed Perraton et a. (1994).

To avoid these moisture effectsit is necessary to cure the specimen under sealed
conditions, Persson (1992A). Such conditions exist when studying basic creep.
However, with drying creep, the surface of the concretewill become prestressed.
Initially the strength of drying concrete will then be measured larger than the
property of the concrete, Atlassi (1993). However, alower strength growth exists
during drying conditions, especialy for HPC, due to the low relative humidity, RH.
The hydration was more or lessinhibited at RH< 70%, Norling Mjérnell (1994).

5.2.2 Previousstudiesof compressvestrength

Persson (1996A) investigated compressive strength of more than 900 drilled cores
from 8 concretesat 1, 3, 15 and 90 months age. Half the number of concretes
contained 10% silicafume. The diameter of the coreswas 40 mm and the length 80
mm. Three ambient climates (20 "C) were studied: air curing, sealed curing and
water curing. In moisture-sealed conditions (self-desi ccation during sealed curing)
relationship was found between the strength of the cores and the effective water-
cement ratio, (wW/c)es:

(W/C)er = W/(cHKs'S) G.D
w denotes the water content in the concrete (kgim®)

¢ denotesthe cement (kgim®)

K, denotesthe efficiency factor of silicafume related to compressive strength
s denotesthe content of silicafume (kg/m°)

Thefollowing equation expressed the strength efficiency factor of silicafume:

ks, = 0.113-[4.44-In(t)]-(w/c)-0.056 [Inty+351  {1<t< 90 months; 0.24<w/c<0.48} (5.2)
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k., denotesthe efficiency factor of silicafume related to compressive strength of
sedled cylinders; 80 mm in length and 40 mm in diameter, equation (5.1)
t denotes age (months)

The efficiency factor was dependent on age and w/c. The efficiency factor of silica
fume was astonishingly large at 28 days age, especialy in HPC with low w/c.
However, the long-termeffect of silicafumedecreased to lessthan half at 450 days
age compared with the effect at 28 days age. The strengthincrease of an HPC with
slicafume was lower than the strength increasein concrete without silica fume,
which explained the development of the efficiency factor.

5.2.3 Previousstudiesof split tensilestrength

Split strength testswere performed, Persson (1996A), on about 300 drilled cores of
the concretesto obtain rel ationships between the compressive strength and the split
tensile strength, £, at sealed curing (MPa):

fips = [0.281-0.0144-In(t)]-(£,)* #0011 £30< £, <150 MPa; 1<t<90 months) (5.3)
fy, = [0.144+0.0084-In(t)]-(f:)0.902-0.01651a){30< £, <150 MPa; 1<t<90 months) (5.4)

f, denotesthe compressve strength (MPa)
£, denotes the split tensile strength (MPa)

p .
In(t) denotesthe natura logarithm of age, t (months)
S denotes 10% silicafume cal culated on the basis of the cement content

The long-term split tensilestrength decreased dightly compared with the
compressive strength during sealed curing. With both air curing and water curing a
significant decrease of the split tensile strength compared with the compressive
strength was found after 450 days. No difference seemed to existinthe split tensile
strength related to the compressive strength dependent on the content of silicafume
in the concrete. The same type of materialswere used in the concretesin equations
(5.2) - (5.4) asreported in this study. No sign of decreasein strength was found
during the sealed conditionsthat appliedin equations(5.2) - (5.4).

5.2.4 Experimental procedure

After removing the butyl-rubber cloth, in the case of basic creep studies, the cube
was measured and tested for compressive strength. The ultimate stress was applied
at arateof 1 MPa/s in a Seidner testing machine. Sometestsof compressive
strength with drying creep were performed on drying cylinders(55.5 mmin
diameter and 200 mm in length). After the strength test the concrete fragments were
used to obtain the interna relative humidity and the degree of hydration of the
concrete,
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5.2.5 Sourceof errorsand accuracy

Thetesting machinewas calibrated. The accurate strength perhapswould be 1 MPa
higher, whichisa small error. An eccentricity with placing the cube or the cylinder
may have affected thetest result. A specid gauge was thereforeused to centre the
cube or the cylinder. Thefault of eccentricity waslessthan 1 mm. The hourglass
shape of fragments after testing the cubeindicated a highly centric placing. At high
strength acircular conical part of the cube remained after testing. The cornersof the
cube seemed to fail beforethe ultimate strength was reached. The cylinders
obtained an inclined crack when they reached the ultimate strength.

Sometestsof 1 and 2 year old concrete containing the national mix proportion
exhibited an explosive faillurewhen tested. The aggregate of the national mix
proportionsseemed more fragilethan the aggregate of the ressting concretes. The
testing machine was rigid enough since no explosion occurred when testing
concretesfrom the standard mix proportionseven at 160 MPa strength. The strength
tests of cylindersgave an indication of the margin between the load in the creep
tests and the ultimateload at failure of anidentical cylinder.

5.2.6 Reaults

Figureb5.1 shows atypical development of strength versustime for HPC mix 6.
Both air-curingand sealed curing is shown. Figure5.1 aso shows the strength of
cylinders. Figure5.2 providesthe time-dependent development of strengthwith
sealed curing. Appendix 5 showsthe strength devel opment versustime of all HPCs
tested. Figure 53 shows strength with air curing versus agefor al HPCs studied.
Figure54 show the strength with air curing versus strength with sealed curing.
Figure5.5 showsthe strength of cylinders (55 mm in diameter, 200 mm in length)
with air curing versus the strength of cubes (100x100 mm) in drying conditions.

5.2.7 Analyss

The effect of aggregate, silicafume, superplasticiser, air-entrainment etc., was
estimated at constant w/c. As observed in the following equations, no effect of the
type of aggregate, silicafume or superplasticiser was detected before 28 days age:

£5=21.5k, ke [5.75+Hn(0)-11.5(w/c)] {0.8<t<28 days) (5.5)
£.5=30-k, Kk, {2.6+[1-1.2-(W/c)]In(t)-3.9-(w/c)} {0.8<t<28 days) (5.6)

fp  denotesthe strength with sealed curing (basic creep)

f,  denotesthe strength of HPC withair curing (drying creep)

k. = 0.88 in concrete with 5% air-entrainment; k, = 1 without air-entrainment
k =0.77 in concretes5% silicafume; k, = 1 in concrete with 10% silicafume

In (t) denotesthe natural logarithm of the age of the concrete {0.8<t<28 days)
w/c  denotesthe water-cementratio
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Figure5.5 - Cylinder strength with air curing versus cube strength. All HPC mixes.
Figures5.4 and 5.5 estimate the influence of air curing on the cube strength:
f.p=a-[0.93-0.36-(w/c)]-f;z (5.7)

fp  denotesthe cylinder strength with sedled curing (basic creep)

f,  denotesthe cylinder strength with air curing (drying creep)

a = 1.1in HPC with sllicafume durry; &= 0.94 with 5% silicafume; &= 1 in
concrete with 10% granulated silicafume, Figure 5.6.

The effect of silicafume durry on strength of HPC was probably explained by the
more pronounced salf-desiccation that took place compared with HPC with
granulated silicafume, Persson (1995A). Before 28 days age HPC with silicafume
slurry obtained about 4% lower internal rdative humidity, RH, than HPC with
granulated silicafume. The differencein RH of sealed HPC and air-cured HPC
became less when HPC contained silicafume durry than when it contained
granulated silicafume. Dry HPC is known to obtain higher strength than
moisturised HPC, Persson (1992A). Figure 5.5 givesthe following equation:

fc,cyl = 0-71'fc,cube {15< fc,cvl <100 MPa} (5 8)

f, denotesthe strength of cylinders (diameter 55 mm, length 200 mm, MPa)
f. e denotesthe compressivestrength of cubes (100 mm, MPa)
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Figure 5.6 - Relationship between strength with air and sedled curing versus wi/c.

In the limitations described above the stress/cube strengthlevels 0.30 and 0.60 were
chosen. The actudl stress/cylinder strength in use was 0.42 and 0.84 at start of the
creep tests. It was dso of interest to investigate the effect of the type of silicafume
on the strength of the concrete. The silicafume durry in the mixed proportions4
and 7 was replaced by granulated silicafume, with the other component held
constant. Figure 5.7 and 5.8 show that the type of silicafumesdid not affect the
strength over aperiod of 3 years.

5.2.8 Analysisof compressivestrength of HPC with sealed curing

Strength of the HPCs that were used in the basic short-term creep testsis shownin
Appendix 5, Persson (1995A). The following equation estimatesthe 28-day
compressivestrength, f..s of HPC mixes2, 5, 6 and 8 (MPa):

.05 = k-330-[0.645-(W/C)ei] (5.9)
(W/C)etrr = W/(cH2-5) (5.10)
s denotesthe content of silicafume (kg/m°)

The effect of type of aggregate and air-entrainment was estimated at a constant
(w/c)em. Table 5.2 showsthe correctionfactorsfor 28-day compressive strength
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Table 5.2 - Correction of 28-day strength due to aggregate or ar-entrainment.

Alteration Mix Correction factor k
National aggregate 4(4nos), 7(4nos) [0.91
Air-entrainment (~ 4.4%) |1, 3 (4 nos.) 0.85

The correctionfactor k for the compressivestrength of the nationa recipes4 and 7
was probably dueto the lower compressiveand split tensile strength of the
aggregate, Table4.1. The nationa aggregatesall exhibit larger ignitionlosses than
the quartzite sandstone. Norrkoping aggregate contained micafaults. When the
concrete was tested, the split surfaces of the fragments were covered by mica.

The Torestapea gravel had a smooth surface compared with the Norrkoping granite,
which was crushed. However, it has been shown that a very high compressive
strength can be obtained by use of peagravd in HPC, Randall and Foot (1989),
Persson (1992A). Theworkability is normally improved when peagravel isusedin
HPC, which might compensatefor any faultsin the interfacial zone. Balsta crushed
sand hasthe highest ignitionloss of all aggregates studied (7 times as much ignition
loss compared with quartzite sandstone). Béalsta crushed sand was used in both the
national recipes. The properties of Balsta sand probably were the explanationfor
the declinein strength of the national recipes compared with the recipes that
containing quartzite sandstone. The reducing correctionfactor of compressive
strength due to air-entrainmentis well known for NSC. It was possible to estimate
the strength growth rate with alogarithmic equation. The following equation

cal culatesthe strength for a standard recipe (t=age of HPC in days, MPa):

fo(t) = a'®log(t) + b {1<t<28 days) (5.11)
a=k,-34:[2.1-(W/C)err] (5.12)
b = ky,-270-[0.40-(W/C)e)] (5.13)

Table 5.3 shows correctionfactorsof equations (5.12) and (5.13), k, and k, for
HPC with national recipe or/and air-entrainment.

Table5.3 - Correctionfor aggregate and air-entrainment in equations (5.12)-(5.13).

Alteration Mix Correction Correction
factor k, factor ky

National aggregate 4 (4n0s.), 7 (4nos.) [0.79 1.24

Air-entrainment (~ 4.4%) |1, 3 (4 nos.) 0.73 1.32

The strength growth rate, df,/dt, was obtained after derivation:
dfjdt = k.- 14.7-[2.1 - (W/C)em ]/t (5.14)

Table 5.4 showsthe correction factor k. in the strength growth equation (5.14).
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Table 5.4 - Correction factor k, in the strength growth equation (5.14)

Alteration Recipe Correction factor k.
Standard aggregate 2,5, 6, 8 (4 nos. of each mix) |1

National aggregate 4 (4 1nos.), 7 (4 nos.) 0.79
Air-entrainment (~ 4.4 %) | 1, 3 (4 nos.) 0.73

5.3 Hyvdration of concrete

5.3.1 General

During the hydration process, when the water attaches to cement, a number of
reaction products are created, which together with the aggregate are characterised as
concrete. Cacium silicate hydrate, C-S-H, isthe most essential product with regard
to the strength of the concrete. Other products such as calcium hydrate, aluminate
and sul phates contribute much less to the strength of the well-cured concrete. In the
long-term, when silicafumeis present, polymerisation creates longer chains of
silicon and oxygen, whichfurther increasesthe strength of the concrete. The larger
the amount of originally added water (the mixing water) that is chemically bound
(hydrated), the higher the strength of the concrete. From the strength point of view a
high ratio, w,/w, of the non-evaporablewater, w,, to the mixing water, w, is
preferable. The ratio w,/w is an inverted measurement of the porosity of concrete.

5.3.2 Previousstudiesof hydration of High-Perfor manceConcrete

Fagerlund (1987) performed theoretical calculations of the relative compressive
strength compared with theratio, w./c, Figure59. HPC containslesswater thanis
necessary for the hydration to proceed to afina state of wa/c~ 0.25. The maximum
degree of hydration, a= 1, can only be obtained at a water-cement ratio, w/c> 0.39.
The maximum degree of hydration, o, of HPC with w/c< 0.39is linear-dependent
on the wic, Power sand Brownyard (1946-1948):

Olmax= W/(0.39-c) (5.15)

w denotes the mixing water of the concrete (kg/m°)
C  denotesthe cement content of the concrete (kg/m?®)

The degree of hydration, a, can also be expressed as:
o = wp/(0.25-¢) (5.16)

w, denotesthe non-evaporablewater content of the concrete (kg/m°)
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the cement, w./c. Sealed curing. d = days age; ¢ = cement; Fagerlund (1987).

Dividing equation (5.16) by (5.15) givesthe naxi numvalue of relative hydration:
(Wo/W)max= 0.64 {0.20<wlc<0.39) (5.17)
(Wo/W)max= 0.25-c/w {w/c>0.39} (5.18)

It is normaly assumed that the hydration of the concrete (expressed asthe ratio of
non-evaporable water to the cement, w,/c) increaseswith the strength of the
concrete. Thiswas not the case with concretes that contained silicafume. Persson
(1996A) studied hydration and strength of more than 900 cores from 8 concretes at
ages varying between 1 and 90 months. The silicafumein the concrete affected the
hydration. Figure5.10 showsthe strength of 40 mm cylindersversustherelative
hydration, w./w. The strength of the concrete depended not only on the relative
hydration, w,/w, but aso onthe content of silicafume.

5.3.3 Experimental procedure

The specimen consisted of an eighth of a 100-mm cube. Right after the strength
testing the bottom eighth of the cube (0.3 kg) wasfurther crushed, dividedinto two
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parts and placed in small containers. The concrete fragments were then immediately
dried in afan oven at 105" C. The fragmentswerelessthan5 mmin size.

After oneweek of intensivedrying the fragmentswere weighed and ignited at 1050
"Cfor 16 h. Before weighing, the materia was cooledin an exsiccator. In drying
conditions one sample was taken from the surface of the eighth of the cube and
another from the inner part of the cube. In drying conditions sampleswere aso
taken from fragmentsof the inner of 55-mm cylinders. By compensatingfor losses
during theignition of the different materias, Byfors (1980), the degree of
hydration, w,/c, was obtained (thelosses of the separate materids are given above):

E_ B WIOS (1_ n) _ WIOSO

n

5.19
C 1050 _ vy w10 ( )
1+y
y=1-p, (5.20)

P denotestheratio of non-evaporablewater to amount of cement (kg/kg)
denotes the weight after drying at 105 °C (kg)
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1050
w

denotesthe weight after ignition at 1050 "C (kg)
Y denotesthe ratio of aggregate to cement

u.  denotestheignitionlossesfor aggregate (kg/kg)
K.  denotestheignitionlossesfor cement (kg/kg)

5.3.4 Sourcesof error

When testing hydration of concrete at early ages the main faults appear in the
sampling and drying of the concrete, Norling Mjornell (1994). The distribution of
aggregate in the concrete could cause problemsiif tendenciestowards separation
existed when the specimen was cast. None of the concretesin thiswork, however,
had separation tendencies except for concretetype 7, Table5.1 (wesk tendencies).
The sampleswere furthermore taken at the bottom el ghth of a cube used for
compressivetests. At casting this part was placed sdeways, which would further
prevent any effect of possible separation. At the conical part of the fracture zone of
the cube test, some aggregate could be lost and some additiona aggregatesfrom the
fracture zone might affect the amount of aggregatein the samples compared to the
origina aggregatein the cast concrete. However, in HPC the surface of the fracture
zone normally runsthrough the aggregate (not around the aggregate asin NSC).
These fracture properties applied to al the concretesin the work except for concrete
types 1 and 4. Both these concretes had only 5% silicafume content. The silica
fume substantially improvesthe interfacial zone of the aggregate and cement paste
in concrete, Rosenber g and Gaidis (1989), Persson (1992A). The concrete samples
wererapidly dried in a 105" C drying cabinet by afan. The timetakento reach 105
°C was less than 10 minutes calculated from the start of the heating. The concrete
was salf-desi ccated before the drying, which meant that no free water existed
outside the concrete before the drying.

5.3.5 Results

Figure5.11 showsthe rdative hydration (hydrated water to the mixing water,
wy/W) versus age for concrete with the mix proportion 6. A summary of therelative
hydration, w,/w, for the resisting concretesis givenin Appendix 5. Figures 5.12
and 5.13 show a summary of the development of the relative hydration with sealed
and air curing respectively versusthe water-cementratio. Figure 5.14 showsthe
influence of air curing on the relative hydration. In Figur e 5.15 the hydration of the
surfacelayer of cubeswith air curingis given versusthe hydration of the interior of
cubeswith air curing. Figur e 5.16 showsthe relative hydration of cylinderswith air
curing versusthe relative hydration of cubes aso with air curing. Symbols:

denotes cylinder

denotesdays age

denotesinner part of the specimen

denotes surface part of the specimen

denotes basic creep (cubes with sealed curing)

v —TaAa o
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D denotes drying creep (cubeswith air curing)
6 denotes concretetype, Tables.1.

..01 ageatloading: 1 day; stresscylinder strengthratio: 0.84
...02 ageatloading: 2 days, stresdcylinder strengthratio: 0.84
...03 ageat loading: 2 days, stresslcylinder strengthratio: 0.42
...28 agea loading: 28 days, stresdcylinder strength ratio: 0.42

5.3.6 Accuracy of hydration tests

Some sources of error were incorrect sampling and drying faults. The ambient
moisture content in the laboratory wasfairly low. Concretethat has been dried out
requires an ambient relative humidity of 70%for the hydrationto proceed, Power s
and Brownyard (1946-1948). The accuracy was tested with two methods,

Method 1 (standard procedure):

The samplewas placedin a 105" C drying cabinet directly after sampling. The
heating was performed by fan within 10 minutes and continued for 1 week.

Method 2 (pre-drying procedure):

After 1 week of pre-drymgin an exsiccator (RH about 11%) the sampleswere
placed in the 105 ° C drymg cabinet and further dried out for one week. The pre-
drying of the concrete had a very smal effect on the degree of hydration. The effect
of pre-drymg on the degree of hydration, 4-w, ,./c, Was calculated by linear
regression versus the standard procedure (Method 1):

Wi pre/C= 1.03-w,/c - 0.01 (5.22)

w, denotesthe measured hydrated water of HPC at immediate heatingin 105°C.
Waore denotesthe hydratedwater of HPC after pre-drying in exsiccator, RH 11%

Pre-drying by Method 2 gave adightly higher degree of hydrationthan Method 1
(standard procedure). Thisincreaseis probably due to the continued hydration
inside the samples at 20 °C when placed in the exsiccator. Although the exsiccator

contained lithium chloride with low relative humidity the concretehad alow
permeability that did not affect the hydration of the fragments.

5.3.7 Analyss

Figur e 5.14 gave a correl ation between relative hydrationfor air and sealed curing:

(Wn/W)air = 0.73(W/c+1): (Wy/W)seated (5.23)

Or on average:
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(W W)air=0.97(Wp/W)seated (5.24)
Figure5.15 gave a correlation between hydration of the surface and of the interior:
(Wao/ W)surtace™ 106+ (Wo/ W )interior (5.25)
Figure5.16 gave acorrelation between hydration of cylindersand cubes:

(Wo/ W)eytinder = 1.08(Wo/W)oubes (5.26)

Equations (5.25) and (5.26) both show that carbonation affected the measured
hydration. Otherwisethe hydration ought to be lower in the surface of cubeswith
air curing than interior, equation (5.25). The cylinder was more sensitiveto
carbonation due to the small size, equation (5.26). On average the hydration of
cubeswith air curing (interior) wasless than the hydration of sealed cubes, equation
(5.24). However, in concretes with higher water-cement ratio the carbonation
affected the measured hydration more, which was indicated by equation (5.23). The
hydration was often compared to the strength of the concrete, cp. Figure5.9 and
5.10. The strength was knownfor identically the same specimensthat were used for
hydration tests. A relationship was thus obtained between the relative hydration,
wy/w, and the strength, f.. From FiguresS.2, 5.3, 5.12 and 5.13 it was possibleto
obtain the required correation. Figure5.17 shows the strength of cubes with sealed
curing versusthe relative hydration. Figur e 5.18 shows the strength of cubeswith
air curing versus the relative hydration. Figures 5.17 gave an expressionfor the
strengthwith sealed curing, f.z(MPa):

£.5 = 3.3k, ks(W/e) * O [(Wa/w)-5.2 K, ks-e ) (5.27)

fp  denotesthe strength of sealed HPC (MPa)
e denotesthe natural |ogarithm
k, =22forar-entrained HPC, k.= 1 otherwise (except for HPC with 10%silica

durry)
ks  =0.72 for HPC with 5% silicafume, ks= 1 otherwise (except for HPC with
10%silicadurry)

w,/W denotesthe relative hydration (non-evaporable water to mixing water)
For concreteswith 10% silica fume durry the following equation was obtai ned:

£.54 = 600-[(Wy/w)-0.052] (5.28)

fpq denotesthe strength of sealed HPC with 10%silicafume slurry (MPa)
wo/w denotesthe relative hydration (non-evaporable water to mixing water)

After derivation an equation was obtainedfor the strength growth rate, df;s/dwy,
versusthe development of hydration (except for HPC with 10% silicadurry):
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df p/dw, = (1/w) 3.3k, ks-(w/c) ™% (5.29)

k, =2.2 for ar-entrained HPC, k,= 1 otherwise(except for HPC with
10%sdlicadurry)

ks =0.72 for HPC with 5% silicafume, ks= 1 otherwise (except for HPC
with 10%slicadurry)

W denotesthe amount of mixing water (kg/m>).

dfp/dw, denotesthe strength growth rate for sealed HPC (MPa/kg)

For HPC with 10% silicafume surry the following equation was obtained for the
strength growth rate:

dfps/dw, = (600/w) (5.30)

W denotes the mixing water (kg/m?).

df.pg/dw, denotesthe strength growth rate for sealed HPC with 10% silicafume
slurry (MPa/kg)

Figures518 gave a correlation between relative hydration and strength of HPC
with air curing, fon (MPa):

fop = 530Kk, ks [(Wo/W)-k,°0.14] (5.31)

fon denotesthe strength of drying HPC

Kk, =0.6 for air-entrained HPC, k.= 1 otherwise (except for 10%silica
slurry)

ks =(.8 for HPC with 5% silicafume durry, ks= 1 otherwise (except for
10%silicadurry)

Wo/W denotesthe relative hydration (non-evaporablewater to mixing water)

For concreteswith 10% silicafume durry the foll owing equation was obtained:

fopst = 510-[(w,/w)-0.015] (5.32)
fepsl denotes strength of drying HPC with 10% silicafume durry (MPa)
Wo/W denotesthe relative hydration (non-evaporablewater to mixing water)

The strength growth of HPC versusthe development of hydration, df.p/dw, was

expressed in the following equations (df.py/dw, for HPC with 10% silica fume
durry):

df.n/dw, = (1/w) 530k, ks (5.33)

df.ps/dw, = (510/w) (5.34)
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5.4 |nternal rdative humidity
5.4.1 General

The decline of relative humidity, RH, was the most characteristic property, besides
the high strength, of a sealed HPC. RH declined even when the weight of the
specimenwas constant due to the chemical shrinkage of the water when attached to
cement, Power sand Brownyar d (1946-1948). The salf-desiccationof HPC isvery
beneficial whenitis utilised for solving building moisture problemsfor dwelling
houses. However, the salf-desiccationmay be harmful. The self-desiccation perhaps
causes HPC to shrink even when submerged. NSC shrinks only during sorption
when exposedto air. INHPC akind of internal sorption takes place dueto the
chemical shrinkage of the water whenit is bound to the cement during the hydration
process. Self-des ccationinfluencesthe eastic and long-term deformationsof HPC.
It was therefore essential to perform accurate experimental and numerical analysis
of the development of RH, Persson (1996B). It was aso essential to estimatethe
differencein RH between the surface of the specimen and the interior sincethis
difference perhaps affected the amount of drying shrinkage and drying creep.
Finaly, it was considered important to perform the measurement of RH on the same
specimen as the measurementsof strength, to avoid systematic faults.

5.4.2 Previousstudiesof sdf-desccation

Per sson (1996A) studied the internal relative humidity, RH, of 8 types of sealed
HPC. Half of the concretes contained 10% silicafume calculated on the basis of the
cement content. The age of measurement varied between 1 month and 90 months. A
total of 234 measurements of RH were performed. The resultsindicated large
differencesin RH between concreteswith 10% silicafume compared with Portland
cement concretes. Thefollowing equationswere obtained:

Q(t,w/c)s = 1.13 [1-0.065-In(t)]-(w/c)0-24-[1-0.1-1n())] . (5.35)
A(t,w/c) = 1.09-(w/c)0-17:(1+0.0451-1) (5.36)
t denotesthe age of the concrete { 1<t <15 months)

wic denotesthe water-cement ratio {0.22<w/c <0.58 }

S denotes 10% silica fume

O(t,w/c) denotes RH in Portland cement concrete with sealed curing
@(t,w/c);  denotesRH in sealed-cured concrete with 10% silicafume

Per sson (1995A) studied the interna relative humidity, RH, in the 8 sealed
concretes presented above, Table5.1. Appendix 5 providesthe detailed
measurements of RH denoted HPC with sealed curing after short-term creep studies.
Thefollowing correlation was obtained from Appendix 5, Per sson (1995A):
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D(Whrem,t) = 0.38-(Whre+2.4-0.1-In t)+AG, (5.37)

Wbrem = w/(c+2-s) (5.10)
c denotes the cement content in the concrete (kg/m®)

s denotesthe content of silicafumein the concrete (kg/m®)

t denotesthe age of the concrete {1<t<1000 days

w denotesthe water content in the concrete (kglm®)

ADyq =-0.035for 5-10%slicafume durry at age, t< 28 days

The rate of self-desiccationwas estimated (day™):
dQ/dt=-0.038/t (5.38)

d@/dt denotestherate of sdf-desiccation (day™)

5.4.3 Experimental methods

The specimen consisted of either 100-mm cubes or cylinders55 mm in diameter.
Directly after the strength tests were performed, fragments of HPC (minimum 5 mm
in size) were collectedin 100 mi glass test tubes (filled up to 2/3). From the drying
specimensfragmentswere collected either from the surface of the specimen or from
theinternal part. The glass tubes were tightened with rubber plugs. The tubes with
the fragments were kept at 20 °C for 1 day. A dew point meter then was used to
measure RH. The sensor of the dew point meter was entered into the tube and
rubber-tightenedto the glass. Since HPC contained little moisture, the period of
measurement of RH was set at 22 h to obtain a stable va ue (equilibriumbetween
the moisturein air in the pores of HPC and the sensor of the dew point meter).

5.4.4 Sourcesof error and accuracy

Fragments collected from the inner part of the sealed cubes were used. From the
drying cubes fragments both from theinner part and from the surface were studied.
From the drying cylindersfragmentswere taken from theinner part. The cylinders
were weighed before the strength test was performed. More than half of the test tube
volumewas filled with concretefragments. Adopting arelative hydration of 50%,
the moisture content in the HPC was about 75 kglm®. Thedr in the poresof HPC
and the air in the tube contained about 0.015 kg moisture/m’® of air. There was about
5000 times as much moisture in HPC as required for moisture equilibrium between
thedr inthe poresof HPC and the air in the tube. Possible lack of moisture was
thus no source of error. Hydration heat appears at early ages. The temperaturerise
was 4 °C, Appendix 3, which caused an error in RH of about +1%, Nilsson (1987).
The dew point meter was calibrated accordingto ASTM E 104-85. The accuracy of
the measurements was estimated to be about + 1.5% RH, Per sson (1997C).
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5.4.5 Reaults

Figure5.19 givesthe reative humidity versus agefor concrete 6, Table5.1.
Appendix 5 givesthe relative humidity versus agefor al the concretes. Figure5.20
shows the relative humidity versus age for concrete 4 with sealed curing with the
slicafumedurry or granulated silicafume. Appendix 5 providesthe complete
results of the RH-measurements. Table 52 shows a summary of the figuresthat in
turn show the resultsof al RH-measurements. Symbolsin Figures5.19-28:

denotescylinder

denotesdays age

denotesinner part of the specimen

denotes surface part of the specimen

denotes basic creep (cubes with sealed curing)
denotesdrying creep (cubeswith air curing)

: denotes concretetype, Table5.1

...01 ageatloading: 1 day; stresdcylinder strengthratio: 0.84
...02 ageat loading: 2 days, stresdcylinder strength ratio: 0.84
...03 ageat loading: 2 days, stresdcylinder strengthratio: 0.42
..28 ageat loading: 28 days, stresscylinder strength ratio: 0.42

Hwe a0

N

Table5.2 — Summary of figures showing results of the measurementsof RH.

Typeof specimen | Typeof curing M easur ement Figure

Cube, 100mm and |Air or seded curing |HPC mix 6, inner part or 5.19

cylinders, 55 mm surface

Cube, 100 mm Sedled curing HPC mix 4, granulatedsilica [5.20
fumeor silicafume durry

Cube, 100 mm Sedled curing Cube 521

Cube, 100 mm Air curing Inner part 522

Cube, 100 mm Air curing Surface 5.23

Cylinder 55mm | Air curing Inner part 5.24

Cube, 100 mm Air and seded Inner part; difference 5.25

Cube, 100 mm Air and seded Surface; difference 5.26

Cube and cylinder | Air (cylinder) and Inner part; difference 5.27

sedled (cube)

Cube 100 mm Air curing Inner part and surface 528
(difference)

5.4.6 Analysis

Asobservedin Figure5.20, thekind of silicafume had little influence on the
measured relative humidity of the concretes. From Figure 521 it was observed that

the amount of silicafumein the concrete (5% or 10%) had littleinfluenceon the
measured relative humidity in the concretes.
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As shown above, the main parametersaffecting the interna relative humidity, RH
(9), of HPC (when the temperature was held constant) were w/c, and age, t. The
following generd correlation was obtained:

O — a‘tb'(W/C) fin(t)+g

{1<t<1000 days, 0.25<w/c<0.38} (5.39)
abfg denote constantsgiven in Table 5.3,
Table 5.3- Constantsin equation (5.31)
Curingtypeand type of measurement |a b f g Fig.
Sealed 0.965 [0.0188 |0.0331 [0.0505 |5.21
Air curing; inner part 1.193 |-0.0883 [-0.0155 |0.1937 ]5.22
Air curing; surface 1 -0.0662 |-0.0265 |0.1564 |5.23
Cylinder; inner part 1.0227 |-0.1106 |{0.0128 [0.0294 |5.24
Difference between air and sealed 1.638 [-0.2113(-0.3558 [3.2275 |5.25
curing; inner part
Difference between air and sealed 0.0022 [1.1245 |0.7537 |-2.82 |5.26
curing; surface
Difference betweena r and sealed 00003 |1.85 |1.26 |[-3.86 |5.27
curing; cylinder

It was also of interest to correlatethe differencein relative humidity related to

different kinds of curing versusage. Figure5.29 showsthe differencein relative
humidity between sealed curing and air-cured cylinders(inner part) and Figure5.30

the differencein relative humidity betweeninner and surface of cubeswith air

curing. The differencein relative humidity after 1000 days between sealed curing
and air curing (inner part) was about 0.11 at alow water-cement ratio (w/c= 0.25),
and about 0.18 at higher water-cement ratio (w/c= 0.37). The maximum difference
in relative humidity betweeninterna and surface with air curing was obtained at
about 10 days age (about 0.11 at alow water-cement ratio, w/c= 0.25 and about
0.18 at w/c= 0.37). Thereative humidity, O, with sealed curing was correlated to

therelativehydration, w,/w:

@= 1.2:[(w/c)-0.46 T} In(w,/w)+0.637-(w/c)+0.536
£0.25<w/c<0.38; 0.10< w,/w<0.60}
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6. QUAS-INSTANTANEOUSDEFORMATIONS
6.1 General

Quasi -instantaneoudly performed creep loading is probably oneway to separatethe
viscous and the plastic creep from the elastic deformation, Acker (1993). For
mature concreteno differencesseem to exist depending on whether the loadingis
rapidly applied or not, Bazant (1995). At early age and/or at a high stress/strength
ratio the plastic deformationsprobably dominate the deformation. From the
practical point of view, loading on concreteis often rapidly transferred when
prestressingis done. The wires are cut with welding or grinding equipment, which
Imposes a sudden, more or |less quas -instantaneous | oading on the concrete. One
question of interestiswhether thiskind of loading causeslarger creep deformation
of the concretethan when the prestressing is dowly transferred to the concrete with
hydraulic equipment. Finaly, it was of interest to investigateearly creep properties
of HPC concerningits continued prolongationwith long-term creep deformations.

6.2 xperimental procedure

6.2.1 Specimen and ambient climate

The general layout and the experimenta approach are givenin section 3.3 above.
Materias, preparation of specimen and chronology are described in Section 4
above. The concrete mix proportionsare presented in Table5.1. The measurements
were donein an extremely accurate MTS machine. Four measurement pointswere
used outside the cylindrical specimen, 55 mm in diameter and 300 mmin length.
Three measurementswere taken paralle to the cylinder and onetransversal. The
length between the longitudinal measuring points was 250 mm and between the
transversal points 55.5 mm. The measuring pointswere stiffly connectedto the stedl
cast-initemsin the specimenby pin boltsof 3 mm diameter. Schlumberger
displacement and gauging transducers(LVDTs) fulfilled the measurements. The
specimenwas placed in a heat and moisture insulated box that was connected to a
climate chamber. Thermo couplescontinuoudly registered the internal temperature
of the specimen, Figure6.1. Almogt dl the specimens obtained internal
temperatureswhich varied between 19 and 21" C. However, for one specimen (402)
the temperaturevaried between 21 and 23 "C. Finally for two of the concretes (501
and 601) the temperaturerose substantially after about 40 h of creep. Figure 6.2
shows the ambi ent rel ative humidity recorded by a dew point meter, which was
placed insdethe insulated box closeto the specimen. Symbolsin Figures6.1-6.2:
5...=HPC mnx, Table5.1

...01=loading at 0.8 day' age with stresdcylinder strength=0.84

...02=loading at 2 days age with stresdcylinder strength=0.84

...03=loading at 2 days age with stresdcylinder strength= 0.42

...28=loading at 28 days age with stresdcylinder strength=0.42
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The temperature of the specimen and the ambient relative humidity were stabilised
before the tests were commenced. The climate was controlled by the speed of the
air-streamfrom a connecting climate chamber. When the internal temperature and
the ambient relative humidity were stabilised, the revolution of the fan that
controlled the air-stream was lowered to a minimum level . Within the period of
short-termdrying creep studies (66 hours age) the ambient relative humidity of all
specimensvaried between 53% and 63%. After the short-term studies (during
relaxation) the ambient relative humidity varied between 60% and 68% except for
specimen 601 for which the relative humidity rose to 90% after 50 h of creep dueto
afailurein the equipment. The individua changefor each specimen was normally
within = 3% RH. During the tests of basic creep in the MTS machine therewas no
insulated box around the specimen. The specimen was moisture insulated by 2-mm

butyl rubber clothing as described above. The temperaturewas held constant at 20
0.5 °C with air conditioning.

6.2.2 Loading and optimisangthe MTS machine

Before the creep testswere started the strength was obtained on cubesfrom the
same batch of concrete as the cylinders, Appendix 5. The strengthfrom the same
batch of concretewas a so recorded when the concretewas 28 days old. Table 6.1
givesthe strength/28-day strength ratio. The capacity of the MTS machinewas
enhanced to asufficient level by the use of an extranitrogen gas container. The
pressure of the nitrogen gas was verified before the loading was applied.

As a preparationfor the loading procedure an extraidentically prepared specimen

was placed in the MTS machine. The following routinewas carried out before each
test:

e The position of the specimen was measured in the MTS machineto ensurethat it
was centric.

e A loadingof ~ 0.1 kN was appliedto the extracylinder specimeninthe MTS
machine.

¢ An oscillation of ~ 1 Hz was applied to the specimen.

e Thegan, theloading speed and/or the braking rate of the loadinginthe MTS

machinewere preliminarily set dependent on the maturity of the concretein the

extracylinder specimen.

The rapid test loading was applied to the extracylinder specimen.

Theloading in the MTS machinewas recorded.

LVDTs recorded the deformation of the cylinder specimen in an extracomputer.

Both the loading and the deformations were plotted to ensure that no load peak

existed.

¢ If required, the gain, theloading speed and/or the braking rate of the loading in
the MTS machine were adjusted to avoid any load summit.

e A short analysiswas performed of the pre-test before the final 1oading was done.
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6.2.3 Commencement of testing

After optimisation of theloading of the cylinder in the MTS machine, another
specimen was placed i n the machine for testing. The following routine was used:

e TheLVDTswerefirmly fixed to the cast-initemsin the cylinder (3LVDTsfor
longitudina measurementsand 1 LVDT to record the transversal deformation).

e The postion of the cylinder in the MTS machine was adjusted to avoid
eccentricities.

e Aloading of 0.1kN (0.04 MPa) was gpplied to the cylinder specimento avoid
dynamic effectsat loading.

e Theambient climate box was placed and a constant climate provided by air

conditioningfor half an hour before the quasi -instantaneousl oading.

Thermo stability between the specimen and the ambient climate was established.

The ambient relative humidity, RH, was set at RH= 55%.

The computer recording of the LVDT deformationswas started.

The loading was applied in the MTS machinewithin 1 s fiom starting the

computer recorder.

About 6000 measurements were recorded during 3 s.

Therapid recording of the deformationswas interrupted.

After about 1 minute the deformation measurement continued each minute,

The loading was mainly gpplied within 0.015 s. There was no load-pesk at the

start of the testing. The loading was applied with aloading rate of about 1700

MPa/s. Theloading was kept constant for 66 h.

6.3 Sourcesof error

L oading and eccentricity of loading:

Theloading of the MTS machinewas calibrated to the compressive testing machine
by a precision load-cell. During the testing the loading was kept within 0.01 kN.
The eccentricity was cal culated for each |oading experiment.

Deformationsof theLVDTs:

The deformationsgiven by the LVDTswere calibrated with a Mitutoyo micrometer.
Effectsof lateral strain:

The specimenwasfieeto moveinthelatera direction. Thelateral deformationwas
measured at the same time as the longitudinal . Deformation were recorded
transversaly to the specimento obtain Poisson's ratio. Given a zero lateral
displacement, alateral stress around the specimen towardsthe centreline of it
would have been required. The stressrequired was.
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Gy = L"Ox (6.1)

ox  denotesthelongitudinal stress
oy  denotesthelateral stress
u denotes Poisson's ratio

To compensatefor the lateral stress and to achieve the same longitudinal
deformation as measured without any lateral stress on the specimen, the longitudinal

stress had to beincreased. Thetotal longitudinal stressincludingthe increase dueto
thelateral stresswasthen:

Oxtot = Ox(1+07) (6.2)
Effect of variation in ambient climate:

Another source of error was variationin the ambient climate. However, an air-
conditioned box was placed in the MTS machine. These variationswere small.

6.4 Reaults

Figure 6.3 givesthe cregp compliance[specific creep, J(t,t")] of mix 6 versustime.
Figure64 showsthe compliance of quas -instantaneousloadingfor concretesat 28
days age. Appendix 6 givesd| the quasi-instantaneousdeformation of all the
experiments. Symbolsused in the figures:

t denotes age of the concrete

t' denotesage of the concretewhen loading
J(t,t") denotescreep compliance (millionths/MPa)
5. =HPC mix, Table5.1

...01 =loading at 0.8 days age with stresdcylinder strength=0.84
...02 =loadingat 2 days age with stresdcylinder strength=0.84
...03 =loadingat 2 days age with stresdcylinder strength=0.42
...28 =loadingat 28 days age with stresdcylinder strength= 0.42

6.5 Accuracy
L oading:

Theloading was kept within 0.01 kN, corresponding to a stress variation of + 0.004
MPa.

Defor mationsof the LVDTs:

The accuracy of the calibrationswas + 0.002 mm. The compliance, J(t,t"), was
evaluated:
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Jtt) =¢lo 6.3)
J(t,t") denotesthe compliance (specific creep, millionths/MPa)

E denotesthe concrete deformation (millionths)

o] denotes the compressive stress (MPa)

Thetotal accuracy of the complianceas regardsthe |oading and deformation errors
could then be expressed as 8](t,t)/J(t,t"). Thelogarithm of equation (6.3) was:

nJtt)=Ine-Inoc ' (6.4)
In J(t,t") denotes the natural logarithm of compliance (specific creep)

After differentiationthe relative fault, 8J(t,t")/J(t,t"), was obtained [8ln J(t,t")/3](t,t")
= 1/3(t,t)):

SILL)I(Lt) = Sele - Solo (6.5)

With 10 MPa stressthe maximum fault was estimated according to equation (6.5):
I )YI(tt") = 8¢/e - o/a = 0.004/0.25 -0.008110 = 0.008 =~ 0.01 thus very small.

Eccentricity:

Since the longitudina measurementswere collected at three sdes of the specimen
the eccentricity, e, of theloading could be cal culated adopting elastic conditions:

equex2 +ey2 (6.6)

_2 p AL Al
ex - Al (All 2 2 ) (67)
a-3
ey = E(Alz - A13) (68)
Al=Al +Al, +Al, (6.9)
a denotesthe centre distance of the LVDT (mm)
e eccentricity at loading provided elastic condition, which did not apply for
young HPC (mm)
e,  denotesestimated eccentricity to the“x” axis(mm)
e denotesestimated eccentricity to the “y” axis (mm)
A denotesthe total deformation of the LVDTs (mm)
AL,  denotesdeformationof the different LVDTs (mm)
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However, as pointed out several times above, the conditionswere not e astic during
thetests of concrete at early ages. At early ages the concretes performed more
plastically, which diminished the eccentricity. No estimationwas performed to
digtribute the elastic/plastic behaviour of the concreteat early ages. Mature concrete
was almost elastic. Still adopting €l astic conditions, the maximum acceptable
eccentricity to avoid compressive stressin the concretethat exceeded the ultimate
strength of the concrete was easily estimated. The moment, M , dueto the
eccentricity was estimated by the following equation:

M, = P-e (6.10)
M, denotesthe moment dueto the eccentricity (Nm)

P denotesthe testing force (N)
e denotesthe eccentricity (mm)

The stress, G, in the concrete due to acentric force P was (d= the diameter of the
cylinder):

G:n-dz (6.11)

d denotesthe diameter of the specimen (mm)
P denotesthe centric forceloaded on the specimen (IN)
G denotesthe compressve stress in the specimen

The additiona relative compressivestress, Ac, due to the eccentricity was then:

Ac P.e-32 n-d*
s nd P-4 6.12)

Ac  denotesthe additional compressive stressin the specimen

At stress/cube strengthratio= 0.3 (centric force), an eccentricity, e = 16 mm, gave
the ultimate stress at the edge of the cylinder adopting éastic conditions. At

stresd cube strength ratio = 0.6, an eccentricity, e= 4.5 mm, gave an ultimate stress
at the edge of the cylinder adopting elastic conditions. The figuresgiven appliedto
mature concrete. As mentioned above, alarger eccentricity applied to concrete at
early ages, since the behaviour of the concretethen was more plastic. Table6.1
providesthe strength/28-day strengthratio. Table 6.2 showsthe estimated
eccentricities (mm) at the quasi-instantaneousl oading given e astic conditions
according to equation (6.6). Some of the eccentricitieswere quitelargegiven elastic
conditions. In reality the behaviour of the young concretewas more or less plagtic,
which diminished the eccentricity substantially. The effect of the eccentricity of the
loading on the creep of the cylinderswill be discussed below.
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Table6.1 - Strength/28-day strengthratio.  Table 6.2 - Loading eccentricity (mm)

Concrete 01 02 03 28 Concrete |01 02 03 28

1 0.338 |0.464 10520 |1 1 19 165 |32 148

0.279 10.506 |0.530 11 7 9.7 149

0.350 {0.517 |0.524 9.8 162 |58 |4.1

0.277 10.390 10.505 56 |29 1149 |34

0.359 [0.523 10.442 23 (9.1 124 (3.2

0.306 [0.550 10.537 83 |19 14 (22

0.330 [0.573 ]0.568 9.5 |2 5.5 (2.8

Wi WiN
pot [t [ ot § ot |t | ot |
RIII AN WIN

0.327 [0.585 ]0.560 11.8 [43 |88 [9.6

Effect of lateral strain:

The effect of Poisson’s ratio, v, will be studied during unloading the specimen. The
complianceis decreased by amultiplicationfactor of v dueto thelateral strain.

6.6 Analyses

6.6.1 Stressand timedependence

The compliance during the first second was separated: one part expressed the
deformationdueto theinitial loading; the other part the creep within 1 s of loading:

Jet)=a | dt-t)(et)b=a | d(et)(-t)+1000/Dy (6.13)

a denotesthe compliancerate, Table 6.3 [millionths/(MPa-s)]

b denotestheinitial compliance 1 s after loading, Table 6.4 (millionths/MPa)
t denotesthe age of the concrete(s)

denotesthe age of the concreteat loading (s)

t-t'  denotesloadingtime (s)

D, denotesthe deformationmodulus after 1 s of loading (GPa)

I(t,t") denotesthe compliance (specific creep, millionths/MPa)

—

It was essential to define theinitial compliance at loading, b, to make further
evaluations of the deformation modulus (inverted compliance after loading) and the
creep coefficient feasible. However some of the loadings were not made within 0.01
s. Thentheinitial compliance, b (millionths/MPa), at 0.01 s was calculated by
logarithmic extrapol ationfrom the time of stableloading. Figure 6.5 showsthe
compliancerate of HPC specimen versus the maturity. The maturity isindicated as
therelative 28-day strength, £, /5. The creep rate was dependent on the maturity
and on the stress/strength level. Appendix 6 shows an enlargement of Figure6.5.
Figure 6.5 and Appendix 6 show that the eccentricity had no influence on the creep
rate even through theinitial deformations mainly were plastic, Figure 1.1. Figure
6.6 clearly showsthat the compliancerate wasfairly constant for mature concrete.
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Table 6.3 - Compliance rate when Table6.4 - Compliancels after

|oading (millionths/MPa-s) loading (millionths/MPa)
Concrete (01 |02 [0O3 28 Concrete (01 (02 {03 |28

1 249 1162 [0.777 [0.295 1 66.3 1463 |42.1 |31.3
2 1.27 [2.04 [0.444 [0.237 2 44.8 1453 |44.4 |30.3
3 227 [1.66 10.718 }0.328 3 53.8 [50.5 |38.0 [34.2
4 4,09 [2.13 10.679 |0.343 4 64.3 |44.8 |34.3 [29.6
5 1.53 [1.06 [0.666 |0.296 5 42.5 136.2 |42.5 |28.0
6 425 {1.30 {0.413 10.290 6 64.0 |36.8 |31.4 [27.6
7 2.96 |1.43 10.566 |0.275 7 50.5 [34.5 {29.6 |24.1
8 2.09 [1.13 |0.487 |0.331 8 45.6 |32.1 {30.3 |26.1

Figure6.6 aso shows that the eccentricity had no effect on the compliancerate
whenloading at 28 days age with more or less elastic deformationsduring thefirst
second of loading. However, the creep rate was about 10%larger in concretes that
contained 5% silicafume or/and air-entrainment than in concreteswith 10%silica
fume. Addition of more silicafume seemed to decreasethe creep rate when w/c was
held constant. Thisis a secondary effect of strength growth, cp. Section 5 above.
When silicafume was cast in HPC high strength growth was observed especidly at
early ages, Persson (1996A). Thefollowing equation was obtained for the creep
rate, ap, of drying concrete [millionths/(MPa-s)]:

ap= [0.37-0.23-(c/f,)]'sa5 + [1.2-5.5-(c/£,) In(f. /£ 28) (6.14)

ap denotesthe compliancerate with air curing [millionths/(MPa-s)]

fo/feos denotesthe relative 28-day cube strength at loading {0.3< f/fs<1}

In(f/f,s)  denotesthe natural logarithm of the relative 28-day cube strength

Sas = 1.1 for HPC with 5% silicafume or/and air-entrainment; s,s = 1 for
HPC with 10% silicafume and no air-entrainment

o/f, denotesthe stress/cube strengthratio at loading {0.3<c/£;<0.6}

6.6.2 Comparisonwith basiccreep

As part of the project quadi-instantaneous| oadingswere performed on 32 sedled
cylinders (constant moisture and temperature conditions), i.e. basic creep, Persson
(1995A), Appendix 6 (sealed specimen). Figur e 6.7 showsthe relationship between
compliance and the relative strength at |oading during basic creep conditions. The
stressdstrengthlevel s0.3 and 0.6 areindicated. However, the overlapping of relative
strength, f/f.28, wherethe creep was studied with a stresd strengthleve at both 0.3
and 0.6, wasvery little (actudly it varied only between 0.4 and 0.5). Froma
practica point of view, high stresdstrengthratio, o/f, ~ 0.6, is used for concrete at
early ages, i.e. a low strength/28-day strength, f./f.s. Inthe mature statelower o/f;
=~ 0.3isused. Theresultsarethus of practical and theoretical interest. Thefollowing
equation was obtained for the creep rate, ag, of the concrete [millionths/(MPa-s)]:
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ap = [0.18+0.42-(c/£,)]'ss + [0.12-2+(c/£))] In(£./.25) (6.15)

ap denotesthe compliancerate with sealed curing [millionths/(MPa-s)]

fo/feos denotes strength/28-day strength {0.4< f,/f.5s<1 for 6/£=0.3;
0.15<fch23<0.5 for G/fc=0.6}

In(f/f,5)  denotesthe natural logarithm of the relative 28-day cube strength

Ss = 1.5for HPC with 5% silicafume; ss= 1 for 10% silicafume

o/f, denotesthe stress/cube strengthratio at loading {0.3<c/f,<0.6}

6.6.3 Influenceof moisuresatus

With the stresd strengthlevel = 0.3 the differenceof creep rate between basic creep
and drying creep was very little. However, with the stresd strength level = 0.6 the
creep rate under drying conditions (air curing) was about 50% larger than with
seded curing. During drying a certain amount of shrinkage occurred at the surface
of the concrete, which caused an uneven distribution of stressin the cylinder.
Figure 6.8 showsthe creep rate of HPC versusthe rdative strengthwith the
differencein relative humidity indicated. From Figur e 6.8 the creep rate, ags.,
versusthe relative strength, £./f.55, and the difference between the internal relative
humidity of theinner part, @ and the surface, 9, of the cylinder, AQJ= G;- @,, was
obtained, Figure5.24 [millionths/(MPa-s)}:

203=0.30-0.04-A@ ~(0.48+0.02: AQ) In(f,/f.05) {0/£:=0.3; 0.4< £/f.05<1} (6.16)
806=0.43-2.7- A@-(1.07+5.14-AQ) In(f/fi0g)  {6/£:=0.6; 0.15< £,/£,54<0.5} (6.17)

a3 denotesthe creep rate with stresd strength= 0.3 [millionths/(MPa-s)]

a6 denotesthe creep rate with stress/strength = 0.6 [millionths/(MPa-s)]

In(f./f.2s) denotesthe natura logarithm of the relative strength/28-day strength
{0.4< £/f28<1 for o/£=0.3; 0.15<f/£,3<0.5 for o/£=0.6}

G; denotesthe interna relative humidity of the inner part of the cylinder

9 denotesthe relative humidity of the surface of the cylinder

A0 denotesthe difference between the interna relative humidity of theinner
part, @;, and the surface, 9, of the cylinder

The moisture gradient observedin drying Specimenswas the cause of the additional
drying creep rate that was observed at drying compared with sealed curing.

6.7 Conclusons

e Theearly creep rate of HPC was obtainedfor both drying and sealed curing.
Theloading was performed within about 0.01 s.

e Theeffect of the maturity on the early deformations properties was detected.
The effect of stress-level and eccentricity on the creep was also detected.
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7. DEFORMATION MODULUSAT QUASI-
INSTANTANEOUSLOADING

7.1 General

The élastic modulus of HPC was defined in Figure 1.1 asthe immediateinverted
difference of compliance when HPC was unloaded. Two kinds of €l astic modulus
were defined, short-term and long-term. These different kinds of elastic modulus
were only experimental, i.e. only related to the present study. For conveniencethe
short-term modul us was measured after one weekend of loading (66h). The long-
term el astic modul us was measured after up to 5 years of loading in traditional
spring-loading devices. Both measurementsare important from a practical point of
view. When young concreteis|oaded, alarge creep rate often occurswhich leadsto
permanent deformations and possible damage to the structures. 1t wasthen
considered essential to investigate parametersthat affected the creep rate of HPC at
early ages. After long all types of concrete become mature, i.e. all studiesare
perfomed on mature concrete even though it originally was loaded young. In
mature concretethe deformation at rapid loading and unloadingis more or less
identical. Concrete behaves el asticin the mature state. The inverted compliance of
concreteat loading is therefore often used as a substitute for the real elastic modulus
that can only be measured when the concreteis unloaded, Figure 1.1. However,
owing to thelifetime of concreteit is seldom possibleto use the correct definition.
For this study it was considered important to separate the two kinds of modulus. At
loading a" modulus of deformation™, Dy, for concretewas defined according to the
following equation (GPa):

Dey= 1000/J(t,t") (7.1)

D,y denotesthe deformation modulus(GPa)

J(t,t") denotesthe complianceat loading (millionths/MPa)
t denotesthe age of the concrete

t' denotesthe age at loading

t-t'  denotestheloading time (s)

The experiments with quasi-instantaneousl oading were the basisfor these
numerical evaluations of the deformation modulus. The MTS machine studieswere
performed with extremely high accuracy. In most cases the loading reached its
correct level within 0.01s. No overload was registered since the MTS machine was
thoroughly optirnised for each mix and age of HPC, in all 70 optimisations in the
study. Inthe case of delayed loading, i.e. when theloading waslevelled after 0.01 s,
it was possibleto use all valuesof compliance after thefull level was reached. By
extrapolation backwardsit was then possible to estimate the 0.01-s compliance.
These extrapol ationswere performed provided that the full level of loading was
reached within 0.03 s. (In most casesthefull level of loading was reached within
0.015s.) Theloading was very rarely delayed after 0.02 s, Appendix 6.
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7.2 Resultsof studieswith air curing

Table 7.1 givesthe strength at loading and Table 7.2 the deformation modulus 1 s
after loading. Figures7.1-7.3 show the deformation modulus versus strength 0.01 s,
0.1s and 1 s after theloading was performed. Appendix 7 showsthe detailed
deformation modulus versusthe strength 0.01 s, 0.1 s and 1 s after theloading was
performed. The deformation modulus 0.01 s after |loading was larger than the
deformation modulus0.1s and 1 s after loading. At 0.01 s of loading little creep
occurred, which meant that the deformation and el astic modulus almost coincided.

Table7.1. - Strength at loading (MPa) Table 7.2 - Deformationmodulus 1 s
after loading (GPa)

Concrete (01 (02 |03 (28 Concrete |01 02 03 28

1 23 |32 [26 |50 1 15.1 |21.6 |23.8 |31.9
2 24 |44 |44 |86 2 223 122.1 {225 [33.0

3 27 |30 |43 |58 3 18.6 {19.8 |26.3 |29.2

4 23 |37 |48 |91 4 156 223 |29.2 |33.8

5 38 |45 |46 |106 5 23.5 [27.6 [23.5 |35.7

6 30 |61 |58 {111 6 15.6 |27.2 319 |36.2
7 36 |63 |67 |118 7 19.8 |29.0 (33.8 [41.5

8 35 169 |65 |118 ] 219 131.2 133.0 (383 |
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Figure 7.1- Deformation modulus 0.01 s after loading, loading level indicated.
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7.3 _Influenceof eccentricities, strength, stress-level and time

At low strength the deformation modulus exhibitslarge variation, which is perhaps
an effect of possiblelarge eccentricities. In Appendix 7 the deformation modulus at
1 s of loadingis given versusthe strengthwith the eccentricity indicated. From
Appendix 7 it was concluded that deformation modulus did not depend on the
eccentricity of loading. However, the effect on the deformation modulus of the
stress/strength level at |loading was obvious, which a'so wasshowninFigures7.1,
7.2 and 7.3. The following equations were obtained for the deformation modulus of
HPC with air curing, Dp (GPa):

Dp=a-(£)° (7.2)
Dp =[c-In(t-t")+d]-(£)*" {0.01<t-t'<1s} (7.3)

Dp(f;t-t";0/f)= .
{10.7-12.8-(c/£)-[0.15+0.29-(o/£,) | In(t-t")}- (fc)0.18+0.61-(c/fc)+ 0.022-(c/fc-0.1) In(t-t") (7.4)

a, b, ¢, d, e, f denotesconstantsgivenin Table7.3 and Table 7.4

f, denotesthe cube strength at loading (MPa) {20<f.<120 MPa}
In(t-t") denotesthe natural logarithm of the time elapsed from loading
t-t' denotesloadingtime(s)

Dp denotesthe deformation modulus of HPC with air curing (GPa)
o/f, denotesthe stressto cube strengthratio at loading {0.3<c/£.<0.6}

Table7.3 - Congtantsaand b of equation(7.2) Table7.4- Condantsc, d, eand f

Loading |Stresdstrength |Stresdstrength| | Stresdstrength | Stressstrength

time, t-t'(s) |level, /£, = 0.6 |leve, o/f,=0.3 | |level, o/f,=0.6 |level, o/f;=0.3

Constant |a b a b C - C -0.241
0.328

0.01 4.55 0.4947|(8 03402 | |d 3.05 |d 6.89

0.1 3.81 05155745 [0.35 e 0.011|e 0.0044

1 3.04 0.5453(6.89 [0.3606 | |f 0.544 | f 0.361

From the practical point of view estimationsaccordingto equation (7.2) exhibit
quite sufficient accuracy and are also achievable. However, with a plain computer
programmeit also becamefeasibleto use equations (7.3) and (7.4).

7.4 Comparison with basic creep

The deformation moduluswas studied and cal culated for 32 sedled cylinders under
constant moisture and temperature conditions, i.€. basic cregp Persson (1995A),
Appendices6 and 7. Figure 7.4 shows the rel ationship between the deformation
modulus of HPC with sealed curing and strength. The following equation was used:
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Dp(fy;t-t)=0.43-[7.9-In(t-t")]-(£,)* 7 BTN £0 01<t-t'<1s} (7.5)

f. denotes the compressive strength at loading (MPa) {10<f,<140 MPa}
In(t-t") denotesthe natural logarithm of the time elgpsed from loading

t-t’ denotesthe loading time

Dp denotesthe deformation modulus with seded curing (basic creep)

In Appendix 7 comparisonswere made between the deformation modulus with
sealed and with air curing at 0.01s, 0.1s and 1 s after loading respectively. The
stress/strength levels are indicated. The deformation moduluswas larger with sealed
than with air curing given alow stresdcube strengthratio, o/f, = 0.3. With high
stresslcube strength ratio, o/f, = 0.6 and sealed curing the deformation modulus was
initialy larger thanin specimenwith air curing (at 0.01 s of loading). However,
after 1 s of loading the deformation modulus became smaller with sealed than with
air curing provided high stresd cube strength ratio, o/f, = 0.6. These observations
were likewise explained by the early creep propertiesof concrete. The following
generd expressionswere obtained for the deformation modulus of HPC with sealed
curing, Dg (GPa):

Dg=a«(f,)" {10<f,<140 MPa} (7.6)

Dg = [c-In(t-t")+d]-(£,)c ) {0.01<t-t'<1s} (7.7)
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Dg(f;t-t";0/f) =
{6,06-3 002.(G/fc)_[0.44_0‘ 5 1 '(G/fc)] ']n(t-t’)}'(fc)042+0061(G/fC)- 0039‘(c/fc~05)1n(t-t') (7' 8)

a b, ¢, d, e f denote constantsgivenin Table 7.5 and Table 7.6

fe denotes the compressivestrength at loading (MPa) {10<f,<140 MPa}
In(t-t") denotesthe natural logarithm of the time elgpsed fiom loading

t-t’ denotestheloadingtime

Dp denotes the deformation moduluswith sealed curing (basic creep)
o/f; denotesthe stressto cube strengthratio at loading {0.3<c/£,<0.6}

Table7.5 - Constantsaand b of equation(7.6) Table7.6 - Constantsc, d, e and f

Loading |Stresdstrength |Stress/strength | | Stresdstrength | Stress/strength
time, t-t'(s) |level, 6/f,.=0.6 |level, 6/f.=0.3 | |level, o/f.= 0.6 [level, c/f.=0.3

Congtant |a b a b c -0.139 |c -0.291
0.01 4.89 0.4813|659 [0.4041 | |d 4.25 d 5.16

0.1 ‘ 4.58 0.4682 (564 10.4309 | |e -0.0047 |e 0.0071
1 4.25 0.4595({5.25 [0.4369 | |f 0.459 f 0.440

Equation (7.9) isthe most frequently used formulato describethe deformation
modulus.

D= a(f.)° (7.9)

a b denotesconstants dependent on several conditionssuch as experimental
procedure, loading time, stress/strength level, aggregate, age

f, denotes compressivecube strength (MPa)

D denotes deformation modulus(GPa)

For HPC the multiplicand ain equation (7.10) is often set at 11 and the exponent at
0.3, Jaccoud and L eclercq (1995). In this case both the multiplicand a and the
exponent b were corrected fiom cylinder to cube strengthwith equation (5.8), which
concluded that the cylinder strength of this study was 71% of the cube strength. The
most relevant comparisonis performed at low stress/cube strengthratio, o/f,= 0.3
and rapidloading, i.e. 0.01 s. Again comparing Tables 7.3 and 7.5, the multiplicand
adeclined fiom 8 to 6.6 between drying creep and basic cregp. The exponent b
increased fiom 0.34 with air curing to 0.40 with sealed curing, imposing alarger
deformation modulusat higher strength. Most probably these observationswere
related to moisture content in the concrete. Figures given by Jaccoud and L eclercq
(1995) werein all likelihood obtained fiom a great number of experimental studies
on different kinds of concrete, aggregate, etceteras. The most conservative
combinationof multiplicand a= 11 and exponent b= 0.30 was then chosen.
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7.4 Deformation modulusand porosty with sealed curing

It is nothing new but well-knownthat the porosity of concrete affectsmost of its
properties. Porosity isinturn related to strength, wi/c, diffusivityand moisture state
in NSC. In order to verify that the correlation between porosity and deformation
propertiesaso appliesfor HPC, a compositemodd, Hansen (1966), for calculation
of the modulusof eadticity was used:

D,"=A-E," +(1-A-B)-D" (7.10)

B = (W-k'w,)/pu-Lai = (W=0.75-0.25-00°C)/ pw-Hai = (W-0.19-0t-C)/py-Lai (7.12)

¢ denotesthe cement content (kgim®)

k denotes the specific volumeaof chemicaly bound water k= 0.75 according to
Powersand Brownyard (1946-1948) and Per sson (1992A)

n denotesthe exponent with n=+1 for the paralle modd when D>>E,; n=-1
for the serial model when D,<<E,, Hansen (1966)

w  mixingwater (kglm®)

w.  denotestheweight of aggregate (kgim®)

w,  denotesthe chemically bound water (kg/m®)

A denotesthe aggregate volume share = w,/p,

B denotesthe volume share owing to the chemica shrinkageand air-
entrainment

D, denotesthe modulusof deformation of the concrete(GPa)

D,  denotesthe deformation modulusof the cement paste (GPa)

E,  denotesthemodulusof dagticity of the aggregate (GPa)

o denotesthe degree of hydration of the cement

pa  denotesthedensity of the aggregate (kg/m?)

pw  denotesthedensity of the water (kg/m®)

Hei  denotesthe volume share of air-entrainment

Equation (7.10) was used to cal culatethe deformation modulusof the cement paste
at 28 days age. The modulus of deformation of the concrete, D, was known
according to equation (7.5) and Figure 74. The degree of hydration, a, isgivenin
Appendix 5 (sealed curing), the modulus of elasticity of the aggregateis givenin
Table41 (except for HPC nix 4) and the resisting figuresrequiredin equations
(7.11) and (7.12) aregivenin Table5.1. At early ages, when D,<<E,, the exponent
nin equation (7.10) becamelow, certainly < 0. InFigure75 the deformation
modulusof sealed cement paste (GPa) at 0.01 s loading timeis given versusthe
porosity of the cement paste, P, assuming the exponent, n, in equation (7.10) to be
n=-0.67:
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~ w=0.19-a-c+1

P, . (7.13)
—+w+1
Pc
c denotes the cement content (kg/m’)
w  denotesthe mixing water (kg/m’)
I denotesthe air volumein the concrete (I/m®)
a denotesthe degree of hydration of the cement
p.  denotesthe density of the cement (kg/m?)

The following equation for the deformation modulus of sealed cement paste was
obtained from Figure 7.5:

D, 00:=0.95P, (7.14)

D,.0.01 denotesthe deformation modulus of sealed cement paste at 0.01 s loading
time (GPa)

P denotesthe porosity of the cement paste according to equation (7.13).

The evauated deformation modulus of the cement paste was aso compared to the

capillary porosity of the paste:

72



w —039-a-¢c+1

(P )p = S (7.15)
+w +1
Pe

c denotes the cement content (kg/m?)
1 denotesthe air volumein the concrete (I/m?)
w  denotesthe mixing water (kg/m’)
a denotesthe degree of hydration of the cement

p,  denotesthe density of the cement (kg/m’)

Figure 7.6 givesthe deformation modulus of sealed mature cement paste versusthe
capillary porosity 0.01 s of loading. Thefull linein Figure 7.6 indicatesthe
deformation modul usaccording to equation (7.10) withn= -0.67:

Dp,0.01= 1.71 '(Pcap)pnl'64 (7 16)

Thedottedlinein Figure 7.6 indicatesthe expression for the deformation modulus
of cement paste, D, accordingto Fagerlund (1972) (GPa):

Dp:3 2 [ 1- (Pca.p)p]25 (7 17)

(Pcap)p denotesthe capillary porosity of the cement paste
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Figure 7.6 - Deformation modulus of the cement paste versusthe capillary porosity.
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On average the values of the deformation modulus of equations (7.16) and (7.17)
agreed, but the influence of the porosity waslarger in equation (7.16) thanin
equation (7.17). It was interestingto estimate the early devel opment of the
deformation modulus of the cement paste versusthe maturity. Figure 7.7 showsthe
28-day relative deformation modulus of the cement paste at 0.01 s of loading versus
the 28-day relative strength (the maturity of the concrete). The deformation modulus
was cal cul ated according to equation (7.16) with the exponent, n=-0.67.

The development of the cement paste deformation moduluswas different between
concrete with and without air-entrainment. The reason for thiswas probably
moisture movement i n the paste. When air-entrainment was used, the moisture
probably moved rapidly into the air-filled gpace at loading, which caused alarger
increase of the deformation modulus compared with the cement paste without air-
entrainment. (However, it was noted that the total deformation of air-entrained
concrete was larger than for concrete without air-entrainment, since the compressive
strength was lower for air-entrained concrete.) It was interesting to calculatethe
early development of the deformation modulus of the concrete. Thefollowing
expression applied for the early development of the deformation modulus:

(Dp/Dyas) = A-(f/fizs)’ + B-(f/fiz) (7.18)
f, denotesthe compressivestrength of the concrete (MPa)

f,s denotesthe 28-day compressvestrength of the concrete (MPa)
Dy/Dy,s denotesthe 28-day relative deformation modulus of cement paste

—
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Figure 7.7 - The 28-day relative deformation modulus of the cement pasteat 0.01 s
of loading versus the 28-day relative strength.
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A, B denoteconstantsgivenin Table 7.7 below.

denotesthe deformation modulusof sealed cement paste after 0.01 s of
loading (GPa)

Dy denotesthe 28-day deformation modulusof the cement paste after 0.01 s of

loading (GPa)

Table 7.7 - Constants A and B in equation (7.18)

Congtant A B

Air-entrainment -0.12 [1.12

No air-entrainment |0.25 |0.75

'S Summar and conclusions

Indl, 32 drying HPC cylinderswere studied rel ated to the deformation modulus,

=Y

theinverseof the compliance at loading at loading, e/c. Results from studies of

guasi -instantaneousl oading with aloading time varying between 0.01sand 1 s
were used in numerical estimations. The resultswere compared with the studies of
the deformation modulusof at atotal 32 HPC cylinderswith sealed curing. The
following conclusionswere drawn:

The size of the deformation modulus of HPC was dependent on the loading time,
especially for young concrete. Correl ationsbetween the deformation modulus
and the compressive strength of HPC were obtained withinloading times
varying between0.01s and 1s.

The deformation modulus of HPC was aso dependent on the stressto strength
ratio at loading. The effect of the stressto strength level was studied on HPCs
with stress/strength levelsthat varied between 0.42 and 0.84 related to the
cylinder strength. Formulas of the deformation modulus of HPC related to the
strength were al so presentedin this case.

The moisture condition of the HPC specimen had a so an effect on the measured
deformationmodulus. Thelargest values of the deformation moduluswere
recorded on sealed HPC specimenswith high moisture content and an internal
relative humidity owing to self-desiccation. Alsoin thiscase correlationswere
obtained for both sealed and drying HPC.

Parallel studies of the hydration of sealed HPCs made cal culationsof the
porosity feasible. A compositeformulawas used to obtain the deformation
modulus of sealed cement pastewithlow w/c. The size of the deformation
modulus of the low-w/c cement paste coincided well with the deformation
modulus of NSC given a constant porosity.

Finally, results were obtained concerning the development of the deformation
modulus of young concrete. Also in this case the moisture conditions effected
the size of the deformation modulus.

The deformationmodulus of drying HPC was smaller than the deformation
modulusof sealed HPC given constant maturity.
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8. SHRINKAGE
8.1 Gengad

Autogenous, carbonation and drying shrinkage were investigated. The phenomenon
called autogenous shrinkageis caused by the self-desiccationin HPC. The self-
desiccationin turn occurs owing to chemical shrinkage of the mixing water whenit
becomes bound to the cement during hydration, Per sson (1997A). When the
internal relative humidity decreased, the depression in the pore water also
decreased, causing compression in the aggregate and the cement paste of the
concrete, Per sson (1996C). The autogenous shrinkage thus causes self-stressin
HPC. Chemical shrinkageof the mixing water also occursin NSC during hydration.
However, sincethe poresarelarger in NSC, the chemical shrinkage hardly affects
the self-desiccation at al, perhaps only by 2% RH, Per sson and Fagerlund (1997).

8.2 Previousresearch on shrinkageof HPC

Roy and Larrard (1993) studied shrinkage of HPC and NSC at different w/c and
with different amounts of silicafume. They found that the autogenous shrinkage
increased at lower water-cement ratio, w/c. At w/c =~ 0.3 the autogenous shrinkage
after 400 days was about 220 millionths. However, they observed the total
shrinkage (autogenousand sorption) to be larger at higher w/c; for example about
600 millionthsat w/c ~ 0.6. Figure 8.1 shows shrinkage versus w/c with different
amounts of silicafume, Roy and Larrard (1993). Theresultsin Figure 8.1 were
obtained for specimens 1 mlong (the diameter was 0.16 m) with strength varying
between 46 and 101 MPa. The shrinkage measurementsstarted at 2 days age. The
following conclusionswere drawn:

o Theautogenousshrinkageincreased with decreasing water-cement ratio.
e Theautogenousshrinkageincreased when the concrete contained silicafume.

e Thetota snhrinkageand the sorption shrinkage increased with increasing water-
cement ratio.

Other French experimentswere performed on 0.12 m diameter cylinderswitha
length of 0.24 m Sicard (1993). In this casethe water moisture |losses were 1% by
the weight of the concrete per year, which was quite much. The measurements of
shrinkage started at an age of 1.2 days. In Figure 8.2 the result of the autogenous
shrinkageis shown versus time. Thefollowing conclusionswere drawn:

¢ Theautogenous shrinkageincreased with decreasing water-cement ratio.
e The autogenousshrinkage was larger with limestone aggregate than with
sandstone.

¢ The autogenousshrinkagewaslarger in concrete with silicafumethan in HPC
without silicafume.
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Tazawa and Miyazawa (1993) studied shrinkage at very early ages by cast-in strain
gauges. The specimenwas0.1x 0.1x 1.2 m. The concretewas cast invinyl

polymer plastic mouldsalowing for movements of the concreteat early ages. The
measurementsstarted at ~ 0.2 days age. Figure 8.3 shows the shrinkage versus
time at different w/c. The shrinkage increased with lower w/c and higher content of
slicafume. The difference between autogenous and drying shrinkage was small.

8.3 Experimental method

General descriptionsof material, preparation of specimensand chronology are given
in Section 4. A total of 19 specimensfor studies of autogenous shrinkage and 26 for
studiesof drying shrinkage cast of 8 different concreteswere prepared as described
in Table5.1 Exactly the same batches of concrete were used as in the experiments
on quasi-instantaneousloading. After demoulding and insulation by butyl rubber
clothing (in the case of studies of autogenous shrinkage), 6 stainless steel screws
werefixed into cast-initemsin the cylinder 25 mm from each end. Measurements
were taken on three sides of the cylinder on alength of 250 mm within 1 h of
demoulding, Bazant and Carol (1993). The specimen was placedina 20 °C
climate chamber with a relative humidity, RH= 55%. Mechanica devices performed
the measuring. Appendices3-4 show the temperature at start of the measurement.
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Figure 8.3 - Autogenousand drying shrinkage versustime at different w/c and
varying content of silicafume, s/c, Tazawa and Miyazawa (1993).
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8.4 Sourcesof error

Moisture lossesand moistureabsor ption in insulation:

In spite of dl the careful precautions some faults existed causing unforeseen weight
losses. The specimenswere continuoudly weighed to detect thisloss. Possible
absorption of water in the butyl rubber insulation perhaps affected the total weight
of the specimen. The possible absorption of the butyl rubber had to be investigated.
Temper ature movements:

Effectsof hydration heat in particular were avoided by obtaining the first
measurement at 20 "' C. The temperature wasfollowed by a cast-in thermo couple.

Variation of the mix proportions:

The different materias of the mix design were carefully weighed to avoid
variations. However, the moisture of the gravel had to be calibrated after the
batching as well which may cause alteration in the mixed proportions.
Carbonation:

Carbonation caused weight increase of the specimen and also shrinkage.

8.5 Reaultsof the present study

Figure 84 showsasummary of the measured shrinkage of mix 6 versus age. Figure
85 showsthe relativeloss of weight of the specimens (theratio of weight loss, w.,
to the mixing water of the specimen, w) versustime. Figur e 8.6 showsthe
measured shrinkageversusthe relativeloss of weight. Symbolsin Figures 8.4 - 8.6.

denotesthe content of cement (kg/m?)
s denotesthe content of silicafume (kg/m?)
w denotesthe mixing water of the concrete (kg/m?)
w.  denotesthe evaporatedwater or the absorbed carbon dioxide (kg/m?)
B.. denotes basic creegp (sealed curing)
.D.. denotesdrying creep (RH=55%)
5... =HPCmix, Table5.1
...01 =loading at 0.8 days age with stresdcylinder strength= 0.84
...02 =loading at 2 days agewith stress/cylinder strength=0.84
...03 =loading at 2 days age with stresdcylinder strength= 0.42
...28 =loading at 28 days age with stresdcylinder strength= 0.42

Appendix 8 shows the measured shrinkage, relativeloss of weight of the specimens
and the measured shrinkage versusthe relativeloss of weight of the 8 HPCs studied.
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8.6 Accuracy

L oss of weight (moisture) and moistureabsor ption in theinsulation:

Appendix 8, as mentioned above, gives al resultsof shrinkage studiesand
weighing. After about 1 month's age carbonation affected the weight of the drying
specimensat w/c > 0.30, which probably caused a combination of drying and
carbonation shrinkage. At low w/c = 0.25 no increase of the weight was observed
within 4 years. Absorption of water in the butyl rubber insulationexisted at a high
relative humidity only. Three rubber insulationtubeswerefirst placed in an ambient
relative humidity, RH = 40%. After one week they were weighed and placed in RH
= 55%. No change of weight was observed at RH = 55%. At RH = 9% the weight
increased dlightly but was hardly detectable, that is, 0.1 g of increased weight. Since
the specimen contained 120 g of water the absorption was negligible,

Temperature movements:

A thermo couplewas cast in the specimen and the temperature wasfollowed as the
first measurement was performed, Appendices3-4. The maximum faultsthen
would have been 4-8-10°= 32 millionths, assuming the same effect of temperature
on HPCs as on NSC. The temperature was followed as the first measurement was
performed (adifferenceof 20 "C £ 1 "C reduced thefault to ~ 16 millionths).
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Variationsin the mix design:

The variationsin the mix design were normally small, lessthan w/c + 0.01. Only for

on eof the batchesof concrete 6 adightly larger differencewas observed: w/c ~
0.285 instead of w/c = 0.30.

Stability of mechanical device:

The mechanical devices (Huggenberger and Proceq) were continuously caibrated
with an INVAR rod and with aMitutoyo micrometer. The reading of the device was
within 0.004 mm, which was comparableto a maximum fault of 16 millionths.

Total accuracy:

Thetotal fault of atemperaturedifferenceof + 1°C and the fault of the mechanical
devicewasfairly large, i.e. ~ £ 16 + 8 ~ £ 24 millionths.

87 Analysis

8.7.1 Autogenousshrinkage

From a previouswork on basic creep of HPC, Persson (1995A), it was observed
that the loss of weight for 14 cylindersused in the long-term creep studieswasless
than 0.7 g per specimen over aperiod of at least 1 year. (A 0.7 gloss of weight
equalsw./w= 0.006.) The specimensthat were placed in the creep deviceshad steel
plates at their endswith ajoint sealing compound between the stedl plate and the
butyl-rubber clothing. However, the specimens used to study the autogenous
shrinkage aso had rubber clothing at their ends. The joint between the sde and the
end rubber clothing did not perform perfectly, which may haveincreased theloss of
moisture. Appendix 8 show that even very small loss of weight may affect the
measured shrinkage. Linear regressonswere performed to obtain the measured
shrinkage at no loss of weight (autogenous shrinkage). In Figure 87 the autogenous
shrinkage after 4 yearsis givenversusw/c. The type and amount of silicafume
affected the autogenous shrinkage, Figure 88, which has aso been observed by
others, Jensen and Hansen (1995). In Figure89 the autogenousshrinkageis given
versustheinterna relative humidity. The type and amount of silicafume clearly
affectsthe autogenousshrinkage, Figure8.10. (Theinternal relative humidity was
obtained in the experimentsand shown in Appendix 5.) Silicafume durry had a
larger fineness than granulated silicafume, which caused alarger shrinkage. The
following correlationswere obtained for the autogenous shrinkage, eg (per mil):

e5= ky'ks 1.42-[0.44-(w/c)] (8.1)

e5= kyp'1.75(1-1.13-Q) (8.2)
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ks = 1.5for sllicafume durry; k,= 1 for HPC with granulated silicafume
kg = 1.3forslicafumedurry; kg= 1 for HPC with granulated silicafume
ks = 0.78 for 5% silicafume; ks= 1 for HPC with 10% silicafume

O  denotestheinterna reative humidity {0.70<@<0.90}

8.7.2 Drying shrinkage of mature concrete

Small loss of weight was observed in the sed ed specimensfor reasons mentioned
above. Table81 showstheloss of weight recorded during a period of 3 yearsfrom
1.8-kg HPC specimen. Small loss of weight over along period gave a simulation of
the shrinkage of alarge structure of mature HPC. On the left hand side of Figure
8.6 the shrinkage of mature HPC is indicated versus the moisture losses, w./w. The
inclinations of these regression lines gave the specific shrinkage of mature HPC
versus we/w. Appendix 8 shows all relationships between rdative loss of weight,
I.e. theratio of evaporated water to mixing water, w./w, which makes the study non-
dimensiona. Figure8.11 showsthe specific shrinkage (inclinationsof left-hand-
sderegressonlinesin Figure8.6 and Appendix 8) versusthe relative evaporated
water, wo/w. After transformation the following equation was obtained (per mil):

ep= kp-20-[ 1. 1-(Wo/w)-(Wo/c)] (8.3)

¢ denotesthe cement content of the concrete (kg/m?)

ko  =0.4for HPC with slicafume durry; k« = 1 for granulated silicafume
w  denotesthe mixing water of the concrete (kg/m°) {0< w,/w<0.03}

w. denotesthe evaporated water from the concrete (kg/m®) {0< wo/w<0.03}
gep  denotesthe specific shrinkage related to the evaporated water (per mil)
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]
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Figure 8.11 - Specific shrinkage versus w/c. Different typesof silicafume,
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Table 8.1 - Weight losses from 1.8-kg specimen (g).

Concrete ({01 [02 (03 |28
1 - {39 |- |-
2 26 (20 |11 |-
3 2.7 123 |- |-
4h 53 |24 |42 (3.0
5 1.7 |16 |- |-
6 07 |13 |- |-
70 39 |25 |29 |52
8 09 (1.0 |- |-
1) 4years

Symbolsin Table81.:

5... =HPCnnx, Table51

...01 =loadingat 0.8 days age with stresdcylinder strength= 0.84
...02 =loadingat 2 days age with stresdcylinder strength= 0.84
...03 =loadingat 2 days age with stresdcylinder strength= 0.42
...28 =loadingat 28 days age with stresdcylinder strength = 0.42

8.7.3 Drying snrinkageof young concrete

The internal relative humidity, O, of the cylinder used for the measurements of
shrinkage was obtained in the experimentsand shown in Appendix 5 and Figure
5.24. Between 5 and 28 days age O becamelessthan 0.7, which ceased the effect
of hydration and thus the autogenous shrinkage in the specimens. However, at 28
days age O of the specimenwas still about 5% larger than the ambient relative
humidity. Another year of drying was required to obtain equilibrium between the
internal and the ambient relative humidity, Figure5.24. However, dueto
carbonation of the calcium hydroxide of the concrete, the loss of weight ceased at
an age of the concrete that was dependent on wic, Figure8.12. [The water inthe
calcium hydroxide (molecule weight 74) was replaced by the carbon dioxide
(molecule weight 100).] Sufficient silicafumeto consume al the calcium hydroxide
by the pozzolanic reaction was estimated. In NSC about 16% silicafumeisrequired
to consume dl the calcium hydroxide, Peterson (1976):

3 Ca(OH), + 2 SiO, =3 Ca0.2 Si0,.3 H,0 (8.4)
At lower wic the required amount of silicafume, s,q, to consume al the calcium
hydroxide by the pozzolanic reaction also became smdler, Powers & Brownyard
(1946-1948), Peterson (1976):

Srq= [(W/c)/0.39]-0.16~ 0.4+(w/c) (8.5)
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Figure8.12 - Age at increase of weight due to carbonationversuswic.

According toldquation (8.5), carbonation does not occur at w/c= 0.25 and s/c= 0.10.
Thiswasco mmed by the experiments, Figure8.12. At w/c= 0.3 some of the
concretes did not carbonate, which indicated the required amount of silicafume to
be dightly lower than estimatedin equation (8.5). The following correlationwas
obtainedfor the age at carbonation, t., (days):

to= 0.142-(w/c)** {0.3<w/c<0.4} (8.6)

For HPC with w/c<0.3, Appendix 8, when carbonation did not occur, the drying
shrinkage, ep1, was correlated to the loss of weight with an equation (per mil):

£D1= 1.55- [(W/C)—OZ 19] e 62.9:[0.423-(we/w)-(we/c)] (8 7)

C denotes the cement content of the concrete (kg/m’)

w  denotes the mixing water of the concrete (kg/m®) {0.25< w/c<0.30}

w,  denotesthe evaporated water from the concrete (kg/m?) {0<w,/w<0.30}
gp;  denotesthe specific shrinkage rel ated to the evaporated water (per mil)

However, for w/c> 0.3 the carbonationtook place simultaneoudly with the drying of
moisture. In this case the shrinkage was correlated to time, which made the equation
dependent on the size of the specimen. The time of drying shrinkage was set
according to equation (8.6). Figure8.13 showsthe rate of shrinkage (per mil/day).
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Figure8.13 - Rate of drying shrinkageversusw/c. Type of silicafumeisindicated.
From Figur e 8.13 the following equation was estimated:
depy/dt= ke[5.65-(w/c)>-3.28-(w/c)+0.556]/t (8.8)

ks =0.85 for concreteswith silicafume durry; k= 1 otherwise
t denotes age (days)
dep,/dt denotes rate of shrinkage (per mil /day) (diameter: 55 mm; length: 300 mm)

Equation (8.8) indicatesthat the rate of drying was lower for HPC with silicafume
durry than for concrete with granulated silica fume.

8.7.4 Carbonation shrinkage of mature concrete

At an age varying between 1 month and 2 years as described in equation (8.6) the
Specimens began to carbonate, which was recorded by weighing. Once the
carbonation started, no decline of the internal relative humidity was recorded,
Figure 5.24. Appendix 8 show the carbonationshrinkage versus the loss of weight.
Figure 8.14 showsthe carbonationrate versus w/c. It becamefeasibleto describe
the carbonation rate related to the mixing water:

d(wy/w)/dt= 0.25 (w/c-0.25)/t (8.9)
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Figure 8.14 - Rate of carbonation versuswi/c.

denotes the cement content of the concrete (kg/m’)

C

t denotes age (days)

w denotesthe mixing water of the concrete (kg/m°) {0.25< w/c<0.40}
We denotes carbonated weight (kg/m®) {0.2< w/w<0.35)

d(wo/w)/8t denotesthe carbonation rate [(kg/kg)/day]

Equation (8.9) confirmed the previousresultsin equations (8.5) and (8.6), namdly,
that no carbonation occurred in aconcrete with 10% silicafume and a water-cement
ratio lessthan 0.25.

8.75 Total shrinkage

The studieswere performedfor at least 3 years (4 yearsfor concretes4 and 7),
Figure815:

e=k-34-[(W/c)*-0.68-(w/c)+0.13] (8.10)
ep=kg'1.5-0.43-(w/c)] (8.11)
£c=0.85[(W/c)-0.25] (8.12)
ep=33[(W/c)*-0.654-(w/c)+0.115] (8.13)
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Figure 8.15 - Shrinkage versus the wic. c= cement content; s= silicafume content.

k =1.1for HPCwith 10% silicafume durry; k=I for HPCwith 10%
granulated silicafume or 5% durry
ks =1.5for HPCwith 10% silicafume durry; kg=1 for 10% granulated

slicafumeor 5% durry
E, €8, €c, €p denotetotal, basic (autogenous), carbonation and drying (per mil)

8.7.6 Comparisonwith other results

Table82 showsacomparisonwith results according to other studies of the
measured shrinkage. Obvioudy, accordingto Table8.2, some of the resultson
autogenousshrinkage were significantly larger than the average result of autogenous
shrinkage, probably due to losses of weight, Table8.2, Sicard (1993) and Per sson
(1995A). Appendix 8 (autogenous shrinkage after short-term creep) shows results
from studies of 32 sealed HPC specimen, Persson (1995A). Also these specimens
exhibited some small losses of weight over time. The moisturelosseswere very
small, only about 2 grams from a 2-kg specimen, but still the autogenous shrinkage
seemsto have been affected. It was feasibleto correl ate the autogenous shrinkage of
the HPC specimen to the loss of weight. The autogenous shrinkage thus was defined
asthe shrinkage at no loss of weight at all. A linear regression between autogenous
ghrinkage and | oss of weight was performed. Figure 8.16 shows the autogenous
ghrinkage versus w/c of 50 specimenswithout loss of weight. The following
eguation was obtai ned between autogenous shrinkage, ez,,, and w/c (per mil):
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Table 8.2 - Results of measured shrinkagefor w/c= 0.3 and s/c= 0.1 (millionths).

Present [Roy & |Scard |Tazawa& |Persson [Persson |This |[This

study Larrard [(1993) [Miyazawa [(1995A) [(1995A) |study |study
(1993) (1993,1997)

Silica Granu- |Granu- |Granulaed |Granu- |Slurry  |Granu |Shurry

fume lated lated lated -lated

Age 400 600 40 1000 1000 1200 |1500

(days)

Auto- 220 430 200 320 380 195 295

genous

Drvina 160 - 200 - - 300 285

Carbo- |- - - 45 |30

nation

Total 380 - 400 - - 540 |610

No weight 200 |2/0

losses

EBn™ ksn'kSn' 138[045-(W/C)] (8 14)

epn  denotes shrinkagein HPC with no loss of weight (per mil)
ke, = 133for HPC with silicafume durry; ks, = 1 with granulated silicafume
ks, =0.69for HPC with 5% silicafume; ks,= 1 for HPC with 10% silicafume
400 7 i
|Regression line for HPC with 10% granulated silica fume]
£ 350+ o -
S o 8 = 5% granulated silica fume
% 300 + g ° 0 10% granulated silica fume
Py o * 5% silica fume slurry
g 250 + o © 10% silica fume slurry |
S o0+ O
:
2 1507 L 8
= o
S 100+ v Y : o
a2 Ll
£ :
£ 504 o™
@ 3
0 ' | ; : ' |
0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38

Water-cement ratio

Figure8.16 - Long-term autogenous shrinkage of HPC versusw/c at no weight loss.
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8.7.7 Carbonation depth and shrinkage

No carbonation shrinkage and thus no carbonation of HPC was observedin HPC
with w/c sufficiently low in combinationwith 10% granulated silicafume. Probably
all calcium hydroxide was consumed in the pozzolanicinteraction, giving no
chemical component in HPC for the carbon dioxidein the air to carbonate. This
observation was of course important for the durability of the HPC and away to
diminishthe cover layer of the reinforcement. The way to verify the hypothesis
concerning the carbonation of HPC mentioned above was to cut the specimen
identical to the one used for measurements of autogenousshrinkage. For this
purpose cylindersformerly used in the studies of quasi-instantaneousdeformations
wereinvestigated. These cylindersoriginated fi-om the same batchesas the
specimensused for the studiesof carbonation shrinkage, which were saved for
future studies. The cylinderswere cut in two halves, 150 mminlength. A solution
of phenolphthaleinwas applied directly on the cut surface. The depth of carbonation
was directly measured by microscope at 4 places on each cut part of the cylinder, in
all 8 measurements. The differencein the measured carbonation depth of each HPC
batch waslittle, within 1 mm. The average 5-year carbonation depth of the 8
measurementson each cylinder versus w/c isshownin Figure8.17. The
carbonation became astonishingly deep in HPC with w/c= 0.37. However, for HPC
with w/c < 0.30 combined with 10% granulated silicafume no carbonation appeared
even after 5 years. For HPC with silicafume slurry the w/c-limit for carbonation
seemed to belarger. Figur e 8.18 shows the carbonation shrinkage versus the
carbonation depth of the cylinder. The following equation was found between
carbonation depth and carbonation shrinkage for 55-mm cylinder, ec (per mil):

gc=0.005-d.-(1+0.14-d,) (8.15)

d, denotes the depth of carbonationfor 55-mm cylinder (mm)

The size of the carbonation shrinkage a so depended on the size of the cylinder. A
small cylinder was more affected by carbonation shrinkagethan alarge one. Tensile

stress at the surface was compensated by compression at theinner of the cylinder.

8.8 Conclusons

Autogenous shrinkage was rel ated to age, wi/c, type and amount of silicafume.
Autogenous shrinkage was related to the decline of internal relative humidity.
Long-term drying shrinkage of mature HPC was related to the evaporated water.
The conditionsfor carbonationwere related to w/c and content of silicafume.
Age a start of the carbonation of HPC was related to wi/c.

The drying shrinkage of young HPC was related to age and to the loss of weight.
Carbonation shrinkage of HPC was related to age, w/c and depth of carbonation.
Long-term shrinkage was related to age, w/c and type and content of silicafume.
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9. SHORT-TERM DEFORMATION
9.1 Generd

The quasi-ingtantaneousloading on air-cured or sealed HPC cylinderswas
immediately followed by studies of short-term deformation. At early age and/or at a
high stress/strength ratio the plastic deformations probably dominate the short-term
deformation. Loading on concrete is often rapidly transferred when prestressingis
done. The prestressing wires are often cut with welding or grinding equipment
which imposes a sudden loading on the concrete. One question of interestis
whether thiskind of loading causeslarger creep deformation of the concrete than
when the prestressing is dowly transferred to the concrete with hydraulic
equipment. Finally, it was of interest to investigate short-term creep deformations of
HPC concerning its continued prolongationwith long-term creep deformations. The
researchwas performed in an MTS machine. The conditionsin Section 6 applied.

9.2 Experimental procedure

Cylinder specimens300 mm long and 55 mm in diameter were aso used in the
experiment with short-term deformations. (The experimentswere an extension of
the quasi -instantaneous studi es as described above.) The measurementswere
performedin an MTS machine on four points outside the specimen by
Schlumberger displacement and gauging transducers(LVDT). The general layout is
givenin section 3.3 above. Materias, preparation of specimensand chronology are
described in Section 4 above, and the concrete mix proportionsare shownin Table
5.1. The measuring pointswere stiffly connected to the stedl cast-initemsby pin
bolts of 3-mm diameter. Thelength between the longitudinal measuring pointswas
250 mm and between the transversal points 55.5 mm. The measurement was
performed every 12 minutes by a computer. The testing room was air-conditioned to
avoid displacementsdue to temperature movements. Furthermore the drying HPC
cylinder was built into an insulated box as described above. The ambient climate of
the HPC cylinder and its temperature was mainly stable, Figure 6.1 and 6.2.

9.3 Reaults

The shrinkagewas reduced from the measured strain before the resultswere
presented, Section 8. Figur e 9.1 showsthe compliance (specific deformation, €/c)
of HPC mix 6 versus the loading time. Figur e 9.2 shows the short-term compliance
of all mature concretes versustime. Appendix 9 showsall the results of short-term
complianceversuslogarithmictime. The following symbolswere used:

t denotes age of the concrete

t' denotes age of the concrete when loading
J(t,t") denotescreep compliance (millionths/MPa)
5... =HPCmix5, Table51
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...01 =loadingat 0.8 days age with stresscylinder strength=0.84
...02 =loadingat 2 days agewith stresscylinder strength=0.84
...03 =loadingat 2 days age with stresdcylinder strength=0.42
...28 =loadingat 28 days age with stresdcylinder strength= 0.42

9.4 Sourcesof error and accuracy

Thefollowing sourcesof error were taken into account:

Leve of loading
Deformationerrorsof the LVDTs
Eccentricity of loading

Effectsof lateral strain

The variationsof theloading were kept within 0.01kN, i.e. the stress variation was

+ 0.004 MPa. The LVDTs were calibrated to an accuracy of + 0.002 mm. The
relativefault was obtained:

SILE VIt = Sele - Solo (6.5)

At 10 MPa gtress the maximum fault was cal cul ated according to equation (6.5):
It )YI(tt") = 8e/s - 8o/ = 0.00410.25-0.008110 = 0.008 ~ 0.01 and was thus very
small. The eccentricity, e, of theloading was calculated after 66 h of loading
accordingto equations (6.6) - (6.12) adopting € astic conditions, Table9.1. Table
9.2 showsthe stress during the 66 h of loading. The cal culated eccentricity
decreased substantially given that the concrete behaved more plasticaly at early
ages than after 66 h, cp. Table6.2. The effect of Poisson’s ratio, u, will be studied
at the unloading of the specimen. The compliance dueto lateral strain decreased by
amultiplication by 1- u>.

Table9.1 - Loading eccentricity (mm) Table9.2- Stress during the short-term

loading (MPa)
Concrete |01 |02 [03 |28 Concrete |01 02 03 28
1 52 13 3.1 |22 1 14 186 |78 [20.7
2 43 108 129 |2.8 2 144 1264 |13.2 |25.8
3 32 |53 |23 (22 3 16.2 |18 129 (174
4 1.8 |0 45 (3.3 4 139 |224 |14.4 |26.7
5 0.9 (3 39 |1 5 22.8 |27 18 31.8
6 1.5 173 |55 |1 6 18 36 174 {33.3
7 1.9 109 (14 2.1 7 21.8 1379 120.2 |354
8 23 109 (3.8 (34 8 21 40.6 |19.5 |1354
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95 Analyses

9.5.1 Stressand timedependence of HPC with air curing

The compliance during the testing period was separated into two parts: one part
expressed the deformation due to theinitial loading; the other part expressed creep:

Jtt)=ap | dtt)(et)rb=ap [ d(t-t)/(t-t)+1000/Dy (6.13)

ap  denotesthe drying cregp compliancerate, Table 9.3 [millionths/(MPa-h)]

b denotestheinitial compliance 1 h after loading, Table 9.4 (millionths/MPa)
t denotesthe age of the concrete (h)

t' denotesthe age of the concretewhen loading (h)

D, =1/b; denotesthe deformation modulusat |oading, see Table 9.4 (GPa)
J(t,t") denotesthe compliance (specific creep, millionths/MPa)

For correlation of the creep ratetheinitial compliance, b (millionths/MPa) was
calculated by logarithmic regression from 0.4 s of loading until 66 h of loading.
Figure 9.3 showsthe compliancerate versus the maturity of the concreteindicated
asthereative 28-day strength, f./f.2s. The creep rate was dependent on the maturity
and on the stress/strength level. Figur e 9.4 showsthat the compliance rate
decreased with w/c for mature HPC. The compliancerate was larger for HPC with
air-entrainment. Figur e 9.4 also showsthat the eccentricity had no effect on the
compliancerate when specimens were loaded at 28 days age. Thefollowing
equation was obtained for the rate of short-term drying creep [millionths/(MPa-h)]:

ap = 3.4-[(W/c)-0.13]-s,5 + [0.3-11-(c/f)J In(f/f8)  {0.25<w/c<0.40} (9.1)
ap  denotestherate of short-term drying creep of HPC [millionths/(MPah)]
f/fox denotestherelative 28-day strength at loading {0.3< f/f55<1}

s,s  =1.5for 5% silicafumeand/or air-entrainment; s,s= 1 for 10% silicafume
o/f.  denotesthe stress/strength (100 mm cube) ratio at loading {0.3<c/£,<0.6}

Table 9.3 - Complianceratewithin66 h Table 9.4 - Compliance 1 h after loading

[millionths/(MPa-h)] (millionths/MPa)

Concrete |01 02 |03 [28 Concrete |01 02 03 |28
1 483 |5.11 |341 |1.16 1 102.5 [84.9 [64.5 |39
2 6.13 |4.76 |3.14 [0.936 | |2 92.8 |81.3 [66.2 |36.8
3 6.93 16.02 |2.97 |13 3 107.5 {95.1 |[58.5 |43
4 11.2 |7.65 [3.18 |1.21 4 154.3 1103.7 [56.3 {37.9
5 457 (3.6 |2.51 |0.625 5 78 61.3 160 324
6 12.53 |4.46 |2.27 [0.611 | |6 164 |70.5 |[46.5 |31.8
7 885 |41 12.16 10.378 | |7 121 |65.1 (442 |26.8
8 899 (45 1296 |0.564 | |8 113 [64.6 [49.9 {299
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9.5.2 Comparisonwith basiccreep

Within the project short-term creep deformation studies also were performed on 32
sealed cylinderswith constant moisture and temperature conditions, i.e. basic creep,
Persson (1995A). Appendix 9 (sealed curing) providesthe complianceof all tests
of short-term creep of sealed HPC. Figur e 9.5 shows compliance versus relative 28-
day strength when the loading was performed. The stress/strength levels 0.3 and 0.6
areindicated in Figure9.5. However, the overlapping of relative strength, £./f,s,
where the creep was studied with a stress/strength level at both 0.3 and 0.6, was
very little (actually it varied only between 0.4 and 0.55). The following equation
was obtained for the creep rate of sealed HPC, ap [millionths/(MPa-h)]:

apg= 0.14-[(W/c)+2.5] 5,5+ [0.29-6.9-(c/f,) ] In(f/f,25) 9.2)
ap denotes the creep rate of sealed HPC [millionths/(MPa-h)]:

In(f/f8) denotesthe natura logarithm of the relative strength when loading
{0.4< £ /f23<1 for 6/£=0.3 and 0.15< £ /f,3<0.5 for ¢/£=0.6}

Sas =1.25 for HPCs with 5% silicafume or/and air-entrainment (10%
slicafume); s.s= 1 for HPC with 10% silicafume
o/f, denotes the stress/strength (100 mm cube) ratio at loading
(0.3<0/£,<0.6)
12 |

= 10
©
o
£
£ s
5 \
E 6 . \ » L~ = Stresslcube strength=0. 6
% = / _ OStresslcube strength=0.3
o =
g ) .. ; . . | / /
] \‘-.\
E—. 2 s /“B- S
g %
o “"‘*-N

0 !

0 0.2 0.4 0.6 0.8 1

Strength/28-day strength
Figure 9.5- Cregp compliancerate of sealed HPC versustherdative strength, £./f,,s.
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9.5.3 Creegp rateand moisturecondition

With stress/strength level, o/f; = 0.3, f/f,26=0.5 and w/c= 0.3 the creep rate of HPC
Was ap = 2.6 [millionths/(MPa-h)] for drying creep and ag= 1.6 for basic creep after
1 hin both cases. With stress/strength level, o/f, = 0.6, f./f,25=0.5 and w/c= 0.3 the
creep rate of HPC was ap = 3.8 [millionths/(MPa-h)] for drying creep and ag= 3.1
for basic creep after 1 h. Theincrease of the cregp rate with air curing compared
with sealed curing was explained by the moisture gradient of the specimen. During
drying a certain amount of shrinkage occurred at the surface of the concrete, which
caused an uneven distribution of stressin the cylinder. Figure 96 indicatesthe
creeprate, a, versusthe rdative strength, f./f.2s, and the difference betweenthe
interna relative humidity of theinner part, @.. and the surface, @, of the cylinder,
AO= @~ O, Figure524. From Figure 96, the following equationwas obtained:

ag05= 0.52+1.6-A0 -(3.6- AQ+1. 7y In(f/f0g)  {0/£,=0.3; 0.5< £,/f,05<1} (9.3)
2g0.5= 0.84-0.6- A B(9.3- AG+3) In(£,/£.05) (6/£:=0.6; 0.15< £,/£,5<0.5}  (9.4)

ag03 denotesthe short creep rate of HPC with ¢/£,=0.3 [millionths/(MPa-h)]
g0 6 denotes the short creep rate of HPC with 6/£,=0.6 [millionths/(MPa-h)]

1(f/f2s)  denotesthe natural logarithm of the relative strength at loading
A= O differencein rdative humidity of the inner part, @:. and the surface, O,

14 2i-@s=0 (0.6)
\ . i Ghem

"i" 12 1+ \\ % = Zi-@s=0 (0.3)
@ NS O @i-@s=0 (0.6)
S 104 \ + @i-@5~0.10 (0.3)
£ \\g o Zi-@s~0.10 (0.6)
o A1 . a fu -~
5 8 S 515504 (03] 2-25~020 (0.3)
-'E a DAY ] A @i-@s~0.20 (0.6)
= 61 o o @i-Ps~0.30 (0.3)
2 0 @i-@s~0.30 (0.6)
s 4 = @i-@s~0.40 (0.3)
3 ) £ @i-@s~0.40 (0.6)
2 -

o8 4 i : : 1

0 0.2 0.4 0.6 0.8 1

Strength/28-day strength at loading

Figure 9.6 - Creep rate versusrdative strength at |oading with differencesin relative
humidity between surface and interior of the tested cylinder. ( )= stress/strength
level when loading.
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9.5.8 Cregprateand strength growth

It was of interest to obtain a relationship between creep and strength that was
independent of time. Therate of strength growth was estimated in alogarithmicway
like the rate of creepfiom age of loading until unloading. The strength at loading
and unloading the specimenswas obtained fiom Appendix 5 (drying creep) and
fiom Persson (1995A) on studiesof exactly the sametype of concretes(basic
cregp). All dataon the strength development (air-cured and seal ed specimens) are
providedin Appendix 5. Figures9.7 and 9.8 show therate of creep versusthe rate
of strength growth for drying and basic short-term creep respectively. From Figures
9.7 and 9.8 the following genera relationship was obtained for the rate of creep:

dI(tt) _  roae

> oo d(t-t')

—— = G- 8 i

d(t—1) { 0< df/d(t-t") <0.12} (9.5)
c,d denote constantsgiven in Table 9.5 [millionths/(MPa-h)]

df/d(t-t)  denotesthe strength growth during the loading time (MPa/h)
dI(t,t")/d(t-t") denotes the short-term creep rate during the loading time, t-t'

[millionths/(MPa-h)]
foor denotesthe 28-day strength (MPa)
Table 9.5 - Constantsin equation (9.5)
Ambient conditions/stress level [Drying Sealed
Stress/strength level at loading  |5/£=0.6 |o/=03 |0/f=0.6 |o/f=0.3
Concrete C d C d C d C d

5% silicafume; air-entrainment |3.42 |8.82 |1.22 (179 |2.22 (109 [(0.51 |26
(10% slicafume)

10%silicafume 29 1102 |0.67 |22.8 [2.15 |9.64 1041 |28

95 Summary and conclusons

Short-term cregp was studied during 66 h. The following conclusions were drawn:

e Therateof short term creep compliance of HPC was dependent on the relative
strength at |oading and on the stresslevel mainly.

e Theeccentricity after 66 h of loading (lessthan 7 mm given elastic conditions)
had no influence on the rate of creep.

Therate of creep was about 50% larger with drying than with sealed curing.
Thetype and amount of silicafume aso affected the creep rate of HPC.

The creep rate increased with air-entrainment in HPC.

The short-term creep rate and the strength growth were aso correl ated.
Finally, the rate of creep was related to the moisturegradient in the specimen.
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10. UNLOADING DEFORMATIONSAFTER SHORT-
TERM LOADING

10.1 General

The short-term creep loading carried out for 66 h was immediately followed by
studies of the deformations during unloading of the cylinder specimen. Studies of
unloading took placein the MTS machine. From a practical point of view unloading
deformationswere of interest since these simulated the structural use of prestressed
HPC. At first a prestressed structure obtains a high compressivestressin the zone of
the prestressing tendons. Later on, in bent structural use, the opposite side of the
structure becomes compressed. The zone of HPC where the tendons are Situated
subsequently obtains alower stress. In some casesit even obtains cracks since the
tendons secure the structural stability. It was thus of interest to study the
deformations connected to the reloading situationin the structure, which was
simulated by creep studies of HPC in the MTS machine. Both deformations
immediately connected to the unloading and also any deformationsfollowing the
unloading were interesting to study. The unloading tests also gave information about
the modulus of elasticity, Figure 1.1, and deformationtransversal to the cylinder.

10.2 Experimental

Specimen:

The same conditionsapplied asin Section 6 above. The drying specimen was placed
in an insulated box in the MTS machine connected to a climate chamber, Figure 6.1
and 6.2 The testing room was air-conditionedto avoid displacements due to
temperature movementswhen the specimen was transported before and after the
testsin the MTS machine. Two cylinderswere studied during repeated |oading and
unloading to verify the testing routine. Cylinder specimensas described in Section 6
were a so used in the unloading experiments. Materials, preparation of specimen
and chronology are given in Section 4 above and the HPC compositionsare givenin
Table5.1. Thegenera layout is givenin the Section 3.3 aove. The hydraulic
conditionsin the MTS machine, i.e. the size of the pipes and the servo controlled
accumulator, required an unloading period of about 1 s. Unloading procedure was
thus not quasi-instantaneous like the loading described above,

M easur ements:

The measurement was carried out in an MTS machineat four points outsidethe
specimen by displacement and gauging transducers (LVDT). The measurement
pointswere firmly connected to the steel cast-initemsin the specimen by pin bolts
of 3-mm diameter. The length between the longitudina measurement points was
250 mm and between the transversal points 55.5 mm.
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Repeated loading and unloading:

After atime of recovery, two specimensof concretetypes2 and 7 were utilised for
repeated quasi -instantaneous |oading and unloading with 3 minutesinterval.

10.3 Reaults

Figure10.1 shows atypical unloading deformation versustime. Figure 10.2 shows
the compliance of mature HPC versustime. Appendix 10 providesthe results of the
resisting HPCs at unloading and results of repested loading of mixes2 and 7. The
decrease of compliance of unloadingisgivenin Table 10.1 (millionths/MPa).

Table 10.1. Decline of compliance after 1 s of unloading (millionths/MPa)

Concrete/age [01 02 03 28 09 10 199 200
1 32.7 |31.82 [34.36 [29.21 |-
29.4 |28.5 |30.56 |28.3 |30.31 |30.72 |- -

2
3 30.1 (33.5 |31.52 |31.23 |- - - -
4 277 [26.7 [26.95 |26.48 |- - - -
5 26.87 |27.32 [34.38 [27.09 |- - - -
6 29 247 1264 [24.59 |- - - -
7 25.5 [22.83 [24.59 |22.81 |- - 20.76 (21.04
8 26.9 12031 {26.4 12397 |- - - -
250
-\.\
§ 200 \-\-\I Y n » ]
=
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Figure 10.1 - Unloading deformation of mix 6 versustime.
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Figure 10.2 - Compliance at unloading of all mature HPCs versustime.

10.4 Sourcesof error and accuracy

The most essential sourcesof error were:

Level of loading

Deformation errors of the LVDTs

Effectsof lateral strain

Recovery deformations during unloading due to the MTS machine.

L oading:

—u—128
—0—228
—+»—328
—0—428
——528
—A—628
—e—728
—0--828

Theloading was kept within 0.01 kN, i.e. within astressvariation of + 0.004 MPa.

Deformations of the LVDTs:

Theresultswithidentical conditions coincided perfectly. The calibrationswere
performed to obtain an accuracy of £ 0.002 mm. After differentiationthe maximum
relativefault, GJ(t,t*)/J(t,t"), was obtained according to [G InJ(t,t)/8J(t,t)=1/J(t,t")]:

St £)/J(t, t*) = de/e - do/o

(6.5)

At 10 MPa stress the maximum fault was cal culated according to equation (6.5):
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SILE )LL) = 8e/e - So/o= 0.00410.25-0.008/10= 0.008 ~ 0.01, thus very small.

Effect of lateral srain:

The effect of Poisson's ratio, u, will be shownin the analysisbelow. The reduction
of compliancedueto lateral strain would be decreased by amultiplicationfactor u?.

Recovery deformationsincluded in the unloading:

Owing to the hydraulics of the MTS machine, some of the recovery wasincludedin
the recorded deformation at unloading. However, the recovery was very dow. The
unloading deformationwas then defined within 1 s from the start of unloading,
normally 0.1 s after the fast compliancerate at unloading changedinto the dow
deformation at recovery. The maximum compliancefault due to the dow unloading
was estimated as 0.1 millionths/MPa.

10.5 Analyses
10.5.1 Elastic modulusof air-cured HPC

Figure 1.1 definesthe elastic modulus (the inverted complianceat unloading, GPa):
E¢=1000/AJ(t,t") (10.1)

Ey denotesthe e astic modulus (GPa)
Al(t, t) denotes the differencein compliance at unloading (millionths/MPa)

Figur e 10.3 shows the elastic modulusversus strength of mature HPC, which gives:
Epma=6.77-(f.)**" (10.2)

f, denotesthe compressivestrength (MPa)
Epma denotesthe elastic modulus of drying mature HPC (GPa)

Figure 10.3 shows the deformation modulus of mature HPC at different loading
times, 0.01, 0.1 and 1 s aswell. The deformation modulus of mature HPC at 0.01 s
loading time coincided well with the elastic modulus at unloading. Figure 10.3 also
providesacomparisonwith the extension of the Model Code 90, MC 90, Jaccoud
and L eclercq (1995). The MC 90 éastic moduluswas about 1 GPa larger thanthe
elastic modulus observedin the experimentd, i.e. the difference compared with the
experimentswas small. The relationship of the elastic modulus and the compressive
strength was clearly dependent on the maturity of the concrete when it was|oaded.
When a particular HPC was studied, the elastic modulus even increased at lower
strength. "When young concretewas |oaded, the transition zone between aggregate
and cement paste did not act particularly well. The mgjority of the compressive
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strain of concrete at early ages was restrained by the cement paste, which caused
viscous and plastic creep, Figure1.1. Later on, during the ongoing hydration of the
concrete, the quality of the transition zone was improved. At unloading the
deformation was restrained by the aggregate. As aresult of thisrestrain the elastic
modulusincreased for a particular concrete even at lower strength. The growth of
the modulus confirmed the restraining effect of the aggregate dependent on the
maturity of the concrete. The aggregateevidently acted as areinforcement of the
concrete during unloading at early ages. The tension of the aggregatein the concrete
at the unloading of concrete that was loaded at an early age, may create arisk of
crackingin the aggregate. The restraining effect of the aggregatein the concreteaso
caused a permanent deformation of, for example, prestressed structures. Evenif the
concrete was unloaded from stress, the deformation remained permanent dueto
maturity of the concrete when the concrete was prestressed. Figur e 10.4 showsthe
additional relative elastic modulus at unloading of young concrete versus the growth
of strength from loading until unloading, Af., compared to the 28-day strength, f,s.
From Figur e 10.4 thefollowing correl ationwas obtained:

(Epyo/Epma)=0.88+0.41-(c/£)+[0.38-0.81-(c/£))]-(ALf,/£.25) (10.3)

Epma denotesthe modulusof mature drying concrete (GPa)
Epy, denotesthe dastic modulus of young drying concrete (GPa)
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Figure 10.3 - The dastic modulus of mature concrete versus compressive strength.
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Figure 10.4 - Relative el astic modulus versusrel ative strength growth (increase of
strength between |oading and unloading compared with 28-day strength).

10.5.2 Comparison between elastic moduluswith air and sealed curing

An identical procedure of unloading was used for studies of sealed specimens,
Persson (1995A), Appendix 10 (seaed curing). Figure10.5 showsthe elastic
modulusat unloading. Figure 10.5 aso showsthe deformationmodulus at 0.01, 0.1
and 1 s of loading. LikeFigure 10.3, Figure 10.5 showsthat the deformation
modulus coincided well with the elastic modulusat 0.01 s loading time (the
difference waslessthan 1 GPa). Figure 10.5 also indicatesthat the elastic modulus
of mature HPC with sealed curing was substantialy larger than the elastic modulus
of drying HPC. Partly empty poresin drying HPC were more compressible, i.e. a
lower e astic moduluswas obtained during drying conditions. A comparisonwith
the extension of Mode Code 90, MC 90, Jaccoud and L eclercq (1995), showsthat
all the results of the elastic moduluswere larger with sealed curing than with air
curing. The elastic modulus of sealed mature HPC (when measured within 1 s) was
correlatedin the following equation:

Epme=4.71-(f)** (10.4)

f, denotesthe compressive strength (MPa)
Epma denotesthe elastic modulusat unloading of sealed mature HPC (GPa)
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For sealed concrete, young when loading, alarger € astic moduluswas obtained
given a constant strength, Figure10.6. The following correlationwas obtained:

(Epyo/Epms)= 0.87-+0.4+(/£,)+[0.14-0.21-(c/£,)]-(AL,/i2g)

fo
fc28
EBma
EByo
Af,
(6]

10.5.5 Effect of moistureon e astic defor mations

denotesthe strength at loading (MPa)

denotes the 28-day strength of HPC (MPa)

denotes the modulus of sedled concrete mature when loading (GPa)
denotes the elastic modulus of sedled concrete young when loading (GPa)

denotes the strength growth between |oading and unloading of HPC (MPa)
denotesthe stress of HPC (MPa)

(10.5)

Theinternal relative humidity, O, of the HPC in the cregp testswas studied on
drying cylinders, Figure 524 and Appendix 5 or on sealed cubes, Persson
(1995A), Appendix 10. Theinverted complianceeither 0.01 s after loadingor 1 s
after unloading was used as the elastic modulus, E(f,,@). From Figure 10.7, which
showsresults of about 130 tests, the foll owing equation was obtained (GPa):

E(f,,@)=10.3-(1.45-@)-(£,) > @*1?

Elastic modulus (GPa)
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10.6 Summary and conclusons

Several tests of the unloading deformationsof HPC were performed, half of them on
seded concrete. The following conclusonswere drawn:

The experimental modulus of eadticity at unloading of air-cured mature HPC
coincided well with the extenson of Modd Code 90.

The experimental modulusof elasticity at unloading of air-cured mature HPC
was about 10% smaller than with sealed HPC probably due to the larger
mobility of the water in a drying Structure.

The experimental modulus of easticity at unloading of HPC coincided well with
the deformation modulusat |oading of HPC given aloading time of 0.01s.

An HPC that was |oaded young obtained alarger el astic modulus when unloaded
than amature HPC due to the ongoing hydration, with the strength held
congtant.

The measured modulus of elasticity was related to the interna relative humidity
by pardlée testson fragments of HPC.
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1 POISSON'SRATIO AT SHORT-TERM LOADING

11. General and previousstudiesof the Poisson'sratioon HPC

The lateral strain affected complianceduring acreep test by an increase of u? where

g
v = (11.1)
€

ax

v denotes Poisson's ratio
gxx  Oenotestheaxia deformationof the specimen
g denotesthelateral strain of the specimen during the creep test

Besidesthe compliance, the lateral strain also affected the size of the deformation
modulus and the e astic modulus. Taking Poisson's ratio into account, these moduli
will be reduced by u%. For NSC Poisson's ratio, v, was adopted to be around 0.18;
the effect was then around 3% . Brooks(1993), Brooksand Hynes(1993)
calculated the Poisson's ratio for Compresit, formally known as Compact
Reinforced Composite, CRC, Bache (1987). The cal culations were based on
experiments on plain HPC with a compressivestrength (prisms 50 x 50 x 200 mm)
of 159 MPa (elastic modulus: 58 GPa) and on fibre-reinforced (17% by mass) CRC
with a compressive strength of 195 MPa (Y oung's modulus. 62 GPa). The w/c of
the concretewas 0.22 (water-binder ratio = 0.18). The silicafume content was 24%
calculated on the basis of the cement content. Poisson's ratio, v=0.19 for the plain
concrete and v= 0.22 for reinforced concrete was calculated. However, the elastic
modulus of HPC in this study was smaller than the elastic modulus of CRC.

11.2 Experimental results

Thelateral strainsas well asthe axia strain were studied during the 66 h short-term
creep tests, Sections6 and 10 above. Thelatera strain was observed at one point of
the specimen. The axia strain was studied on 3 sides of the specimen. Data on the
strain were collected rapidly during the loading and at the unloading procedure.
Data were collected over thefirst 2 secondsto obtain the Poisson's ratio. The latera
strain was aso observed during the unloading of the short-termtesting. Two
Poisson's ratios, v, were obtained for each concrete quality and each age, Table
5.1, one at loading and one at unloading after 66 h of creep. Normally the measured
valueof v stabilisedwithin0.4s at loading and 0.7 s from unloading, Per sson
(1995A). However, to avoid dynamic effectson the u, the calculationof v was
performed for measurementsat 1.5 s after loading and 1.8 s after unloading (the
time of collected data being limited). Influenceon v of thetype of silicafume or
aggregate was observed. Figure 11.1 shows Poisson's ratio at loading and
unloading of drying HPC versusrelative 28-day strength at loading and unloading.
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11.3 Sourcesof error and accuracy

The man sources of error were:

e Deformation errorsof the LVDTs
e Secondary effectsof eccentricity of loading
e Temperature movements

Deformation errorsof theLVDTs

The calibration was performed to obtain an accuracy of + 0.002 mm. However, the
measurement accuracy of the LVDTswas within a displacement of + 0.0005 mm.
Poisson's ratio was evaluated according to equation (11.1). The logarithmwas:

Inv=Ingy-Ingxy (11.2)

After differentiation the maximum reativefault, dv/v, was obtained (8lnv/dv=1/v):

SV/V = B €1/ Elat = O Eax/Eax 4 (11.3)

For ayoung concrete (type 3) the following relative fault, duv/v, was obtai ned:

dv/v = 0.0005/0.0030 - 0.000510.8315 = 0.1666 - 0.0006 ~ 0.17, whichwas afairly
largerelativefault. For amature concrete (type 1) the following relativefault, dv/v,
was obtained: duv/v = 0.0005/0.0047 - 0.000510.4709= 0.1065- 0.0010~ 0.11
which alsowas afairly largerelativefault. The reasonfor the largefault may bethe
small measured distance: 55.5 mm only. The calculated accuracy beinglow, the redl
accuracy was studied by means of 48 supplementary experiments on mature
concrete, Table51. Table11.1 givesthe concretepropertiesof the study on long-
term Poisson's ratio. Figure11.2 showsthe obtained long-term Poisson's ratio. The
coefficient of variationwas smdl, Figure11.3, normally lessthan 0.04. The effect
of type of silicafume or aggregateon Poisson's ratio was confirmed.

Table 11.1 - Properties of HPC of the study on long-term Poisson’s ratio.

HPC |Age |Stress, o |Strength, f. | f. at 28 days’ age, fos |o/f. |f/fs
mix |(days) |(MPa) |(MPa) (MPa)

1 550 [20.7 68 69 0.30 [0.99
2 540 25.8 89 86 0.29 11.03
3 510 27 69 58 0.39 {1.19
4 720 26.6 101 91 0.26 |1.11
5 450 |38.7 116 106 0.33 |1.09
6 380 333 116 111 0.29 10.96
7 580 |34.9 121 117 0.29 |1.03
8 400 354 129 118 0.27 11.09
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Eccentricity at loading:

Eccentricity could not be avoided. Bending in the cylinder may also affect the
lateral dimensions. The size of the effect of the bending could not be estimated
sinceonly one LVDT was utilised.

Temperatur eeffects.

The measurement device was placed within the climate box in the MTS machine,
However, to avoid any possible temperature effects on the measurement frame, only
very short-term lateral displacementsof the cylinder were calculated (withina2 s
period). It was possible aso to study the incrementa Poisson's ratio. Owing to
possible effects of small aterationsof the temperature, this possibility was not
utilised.

11.4 Analysis

11.4.1 Drying concr ete:

AsshowninFigure11.3, v exhibited coefficientsof variationsgeneraly lessthan
0.04, which is acceptable. From Figure11.1 atendency of Poisson's ratio at
loading or unloading of drying HPC, vp, was correl ated to the maturity:

Up &= kD[0051n(fc/f023)+0 13] {02< fc/fc23<1} (1 14)

f, denotesthe compressive strength of HPC at |oading or unloading (MPa)

f,e denotesthe compressvestrengthof the concreteat 28 days (MPa)

In  denotesthe natural logarithm

kp =12 for HPC with silicafume durry and granite (mix 4, 7), kp = 1 otherwise
vp  denotesPoisson's ratio at loading or unloading of drying HPC

11.4.2 Comparison with sealed concrete

Figure 114 shows results obtained from exactly the same type of experiments,
Persson (1995A), appendix 11 (sealed). From Figure 11.4 atendency of Poisson's
ratio at loading or unloading of sedled HPC, vg, was correlated to the maturity:

VB =~ kB[004lIl(fc/fc23)+O 14] {02< fc/fczg<1} (1 15)

f, denotes the compressivestrength of HPC at |oading or unloading (MPa)
f,s denotesthe compressvestrength of the concreteat 28 days (MPa)
In denotesthe natural logarithm
=1.4 for HPC with silica fume durry and granite (mix 4, 7), kp = 1 otherwise
vg  denotesPoisson's ratio at loading or unloading of sealed HPC
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11.4.3 Effect of moisture

As pointed out above, the obtained long-term v was about 30% larger for HPC of
mix 4 or 7 than for other HPCs, both for young HPC and for mature HPC. One
reason for this observation may be the silicafume dlurry in HPC mix 4 and 7, which
initially caused a more rapid strength development of HPC than the granulated silica
fume did, Persson (1995A), Appendix 11 (sealed curing). Another reasonfor the
rise of v may be the type of aggregate (granitein concrete 7 and special gravel in
both HPC mix 4 and 7). Theinternal relative humidity, O, was studied on parallel
Specimens on each testing occasion. Appendix 11 shows tendency curves of the
effect of O onv of young HPC versusthe maturity. Appendix | 1 showsv of
mature HPC versus 0 . These results were astonishing Snce v of NSC rose with the
humidity. The results may be related to the self-desiccation of HPC. Findly,
tendency curves of v versus strength of HPC are shownin Appendix 11. The
tendency curves of v were not correlated to the maturity, O, or to strength.

11.5 Summary and conclusionson studiesof Poisson's ratio

A total of 178 tests of Poisson's ratio were carried out, of which 48 were on young
HPC. Tests on young HPC exhibited low significance related to the maturity. One
reason for the low significance was eccentricities at loading and unloading of the
specimen. (The longitudinal strain was measured at three point but the tranversal
only a one.) Daerga and Elfgren (1991) have shown that eccentricities often occur
in HPC both during compression and tension. The tests on young HPC were
supplemented by further loading and unloading tests on mature HPC. This study
showed a coefficient of variation < 0.04, which was acceptable. Thefollowing
conclusions were drawn:

e Poisson's ratio, v, wasfound to be around u = 0.13 for mature drying HPC with
guartzitesandstone and granulated silica fume. v of a sealed mature HPC was
about 0.01 larger.

e Poisson's ratio, v, wasfound to be around v = 0.16 for mature HPC with granite
and silicafumedurry.

e About 50 supplementary tests confirmed these results of Poisson's ratio, v,
related to mature HPC.

e Poisson's ratio, v, of young HPC exhibited low significancerelated to the
maturity of HPC.

e Atacurrent strength of haf the 28-day strength, Poisson's ratio, u, became
about 0.03 smaller than as mentioned above, i.e. v = 0.10 (granulated dice fume
durry) and v = 0.13 (silicafume durry).

e Poisson's ratio, v, of sealed young HPC wasfound to be about 0.03 smaller than
Poisson's ratio, v, of HPC with air curing.
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12. MODULI OF ELASTICITY

12.1 General and previousresear ch

A non-destructive testing method of the elastic moduluswas of great interest for the
purpose of studying damagein the concretethat was related to possibleinterior
detriment due to, for example, freezing. The dynamic modulus of elasticity, Eqyy, Of
HPC was detected by the fundamental transversefrequency. A vibrationwas
appliedto the centre of the HPC specimen and the fundamental transverse
frequency obtained at one end of the specimen. The evaluation of Egy, Was
dependent on the weight, the shape of the specimen, the internal relative humidity
and on Poisson's ratio. Xu (1992) studied the dynamic modulus of elasticity, Eqyn,
on prisms of cement mortar stored at different ambient relative humidity and
supposed to be equal to the internal relative humidity, O. A large dependence of O
on Eyy,, wasfound to exist, Figure 12.1. Between @ = 0.40 and @ = 0.95 Eqy, rose
from 30 to around 36 GPa, i.e. = 20%. It was the objective of the studies of dynamic
modulus of elasticity to compare the resultswith the static modulus of elasticity (at
unloading) and the deformation modulus obtained at loading of the HPC specimens.
It was aso the aim of the studiesto correlate the influence of maturity and moisture
on the measured dynamic modulus of eadticity.

12.2 Experimental

Right before the quasi-instantaneoustesting of the deformation and elastic modulus
of drying HPC in the MTS machine, the same specimen was tested related to Eqyn.
Supplementary tests were also performed. During these tests conditionsaccording to
Section 6 and Table 11.1 applied. Thefollowing testing procedure was used:

e The centre of the sides of the specimenwas marked perpendicular to the
directionof the cylinder specimenat curing. (Cylinder stored lying after casting
developed air voids at the upper face.)

e Thefundamental transverse frequency was detected by apickup applied to the
centre at one side of the concrete specimen.

e Thedriver (vibrator) was placed at one side of one end of the specimen.

e Theweight and the shape of the specimenwere measured.

e Theinterna relative humidity was measured on fragmentsfrom parallel
specimens.

e Thedynamic moduluswas taken within %4 h of the quasi-instantaneous testing.

e Poisson's ratio was measured on the same specimen during the quasi-
Instantaneoustesting.

¢ Repeated |oading and unloading tests were performed with HPC according to
Table11.1.

The evaluation of Eqy, Was carried out accordingto ASTM C 215-85:
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Egyn = 0.00416-(L>T/d*)-W-n? (12.1)

d denotesthe diameter of the specimen (in.)

n denotesthe fundamentd transverse frequency (Hz)

E4n denotesthe dynamic modulus of elasticity (GPa)

K ratio of gyration (=d/4 for cylinder)

L denotesthelength (in.)

T  =1.17for v=1/6 and K/L=0.046 [=55.5/(4-300]; T=1.17 for v=0.05; T=1.18
for v=0.25

W  denotesthe weight of the specimen (Ib.)

Simplificationswere done of equation (12.1):
Egyn = 5.46:10° -Gn® (12.2)

Edyn denotesthe dynamic modulusfor a cylinder 300 mmlong and 55.5 mmin
diameter (GPa)

G denotes the weight (kg)

n denotesthe fundamentd transverse frequency (Hz)

12.3 Reaults

Table12.1 showsresults of the dynamic modulus of €lasticity, Eqyn, for the
different typesof concrete, between 1 and 28 days age. Table12.2 showsthe
interna relative humidity of fragments fiom parallel-testedcylinders. Figures 12.2
and 12.3 show the compliance, o/s, at thefirst loading and first unloading of the
cylindersrespectively. Appendix 12 showsthe loading versus early loading time.
Appendix 12 also shows the compliance at loading and the compliance at
unloading. Table 12.3 shows the average deformation modulus, Do, the elastic
modulus, Eq¢, at the repested tests of mature HPC and Egy,, Of the mature HPCs
before the tests. The accuracy of the testswas evaluated and is Sated.

Table12.1 - Estimated elastic dynamic Table 12.2 —Internal relative humidity in

modulus, equation (12.2), (GPa). fragmentsof pardle cylinders.

Concrete |01 |02 |03 28 [Concrete (01 |02 |03 |28
1 279 |- - 35.1 1 0.93 {090 (090 |0.65
2 - 352 1324 {36.9 2 096 (093 (090 |0.65
3 304 |- 334 |(33.8 3 0.90 10.85 0.85 0.65
4 - - - - 4 0.96 1096 |[0.96 |0.65
5 36.1 136.6 {385 384 - 5 0.9310.93 (090 |0.65
6 30.7 1|41.0 {377 1422 6 0.9310.90 |090 |0.65
7 - - - - 7 0.9310.90 1090 |0.65
8 35.2 1409 [39.6 [42.6 8 0.90 |090 10.90 |0.65
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Table 12.3 - Deformationmodulus, Dy o;, €lastic modulus, Eg,: and dynamic

modulus of elasticity, Eqg,

, after loadings and unloadings, testing accuracy (GPa).

Concrete 128 228 328 428 528 628 728 828
Doo; 0.01 s after |35.5 |34.5 |32.8 (342 403 (414 469 |41.3
loading

Dy.01, coefficient |0.012 |0.024 |0.0035|0.01 }0.0038 {0.015 |0.0075]0
of variation

Egat | s after 352 |36.7 |325 1404 |399 |41.7 |(470 |41.2
unloading

Eqwt, COefficient [0.013 |0.014 |0.012 |0.011 |0.012 [0.0048|0.033 |0.0061
of variation

Dynamic 36.6 |37 353 |405 |(404 |40.7 (489 |414
modulus, E4y,

12.4 Sourcesof error and accuracy

The following sources of error were estimated:

e Thepickup or thedriver perhaps had a bad connection to the specimen.
e Theweight wasincorrect measured.
¢ Thefundamental transversefrequency wasincorrectly detected.

e Possble effect of varyinginternal relative humidity within the specimen.
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Dynamicmodulusof easticity based on the fundamental transver sefrequency:

The equipment used to obtain the fundamental transversefrequency was not
calibrated. However, by the scale it was possible to obtain an accuracy of = 10 Hz.
The weighing was performed with an accuracy of + 0.1g. The dynamic modulus of
elagticity, Eqyn, Was evaluated according to equation (12.1) above. The logarithm of
eguation (12.2) was evauated:

In(Egyn)= 5.46-10° -[In(G)-+ 2-In(n)] (12.3)
After differentiation the maximumreativefault, dv/v, was obtained (8lnv/dv=1/v):
SEdyn/Edyn =6G/G+2-dn/n (124)

For ayoung concrete (type 3) thefollowing relativefault, 8E4yn/Eqyn, Was obtained:
8Eayn/Eayn = 5.46-10°° (0211770 + 2-10/1780)= ~ 0.011, whichwas afairly small

relativefault. For amature concrete (type 1) thefollowing relative fault, SEgyn/Edyn,
was obtained: SE4yn/Egyn = 0.211940 + 2:10/1747= 0.1065 - 0.0010 ~ 0.011 (small).

M easurement of internal relative humidity:

The dew-point meterswere calibrated accordingto ASTM E 104-85. The same
accuracy aswith sealed concrete was obtained, i.e. + 0.015, Persson (1997C).

M easurement of the deformation modulus and the static modulus of elasticity:

The accuracy (coefficient of variation) was estimatedin Table 12.3. The average
coefficient of variation of the deformation moduluswas 0.009 and the average
coefficient of variation of the static modulusof easticity was0.013. These
estimated faultswere small.

12.5 Analyses

12.5.1 Defor mation modulus, dynamicand static modulusof easticity

Figure 12.4 shows the deformation modulus0.01 s after loading, Do o1, the dynamic
modulusof elasticity, Eqys, Versusthe elastic modulus at unloading, Eg,; with the
following correations:

Do o= (1.04-8-10°t): Eginy : (12.5)
Egyn = (1.04-4-107t) Egqyy (12.6)

t denotesthe age of the concrete (days, d)
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12.5.2 Defor mation, elastic dynamic and static modulus of young HPC

Figurel2.5 showsthe dynamic modulus, E4y,, Versusthe deformation modulus,
Dy 01, at differentinternal relative humidity, 0. The effect of high O was correlated:

Egyn = 14.85-(@-0.537)-(Dg ) ** 71 £0.65<3<0.9} (12.7)

Door  denotesthe deformationmodulus 0.01 s after loading (GPa)
E4n  denotesthe dynamic modulusof dagticity (GPa)

Correlation was made to the maturity when the HPC was tested, which aso gave a
relationship to the interna relative humidity (since young concrete exhibited high
). Figure 12.6 showstheratio of the dynamic modulus, Eqys, to the deformation
modulus, Dy, Versusthe relative 28-day strength, f./fe.s. The relative 28-day
strength dominated the increase of the modulus (as much as 50%):

Edyn = Door[1.14-0.29+(6/£,)-0.0753 In(£,/£.05)(c/£,+4.08)] (12.8)

Doo1  denotesthe deformation modulus0.01 s after loading (GPa)
E4m denotesthe dynamic modulusof easticity (GPa)
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12.5.3 Ageing effect on defor mation, dynamic and elastic static modulus

The results on mature HPC described in Table 11.1 were correlated to the ageing
effect:

Egyns = (Bagn, )19 (12.9)
Doott = (Do, D)t>"% (12.10)
By = (Bat, 1)1 (12.11)
t denotes age (months)

Dooi  denotesthe deformation modulus0.01 s after loading (GPa)
E4m denotesthe dynamic modulusof dasticity (GPa)

Eqat denotesthe static modulusof easticity at unloading (GPa)
1 denotes1 month' s age

12.5.4 Strength effect on defor mation, dynamic and elastic static modulus

Figure 12.7 showsthe different moduli of mature HPC related to the cube strength.
Figure 12.7 a so showsthe proposed MC 90, from which dightly larger vaues of
the el astic moduluswere obtained than in the experiments carried out. The type of
silicafume (granulated or durry) had an effect on the size of the moduli and was
thusindicated in the figure. As a comparison the proposed extension of Modd Code
90, MC 90, Jaccoud and L eclercq (1995), was indicated in thefigure. At 100 MPa
Eayn Was 1% smaller, Do.o Was 5% smaller and Dg.o; Was 3% smaller than the value
obtained according to the extended MC 90. The resultson mature air-cured HPC
describedin Table 11.1 were correlated to the cube strength:

Egyn = kg -11.2£,>%7 (12.12)
Dyo1 = kg +7.47-£23! (12.13)
Egar = kg -8.1-£,27 (12.14)

f, denotesthe compressive strength of 100 mm cube at testing (MPa)

ky = 1.1for HPC with silicafume durry; kg = 1 with granulated silicafume
Do denotesthe deformation modulus0.01 s after loading (GPa)

Eam denotesthe dynamic modulusof elasticity (GPa)

Eqx denotesthe static modulusof eagdticity at unloading (GPa)

Symbolsin Figure 12.7:
Edyn denotes the dynamic modulus of eagticity (GPa)

Estat denotesthe static modulus of elasticity at unloading (GPa)
MC 90 denotes Extension of Moddl Code 90
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12 Summary and conclusions of the elastic dyvnamic modulus

Forty testsof the dynamic modulusof easticity of drying HPC were compared with
50 loading and 50 unloading tests of young HPC (drying or sealed). The dynamic
elastic modulus was a so compared with 40 loading and 40 unloading tests of
mature HPC with an age varying between 1 months and 2 years. Comparisonwas
also made with MC 90. Thefollowing conclusionswere drawn fiom (220 tests):

e Thedifferent moduli of drying, mature HPC coincided well within 4% of
difference from the dynamic modulus of easticity.

e The dynamic modulus of easticity of young HPC overestimated the Satic
modulus of elasticity by as much as 20% because of the high internal relative
humidity in young concrete.

e Theoverestimation of the dynamic modulus of elasticity of young HPC
compared to the static modulus of elasticity was aso correlated to the maturity.

e Theageing effect of the modulusof elasticity between 1 and 24 months age was
estimated with an exponent of ~ 0.02.

e Theexperimenta dynamic modulusof easticity of drying HPC coincided well
with the proposed extension of Modd Code 90.
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13. RECOVERY DEFORMATIONSAFTER SHORT-TERM
L OADING

13.1 General and previous research

The recovery of HPC after loading was normally related to micro-diffusionin the
gel, Bazant (1993). During the period of creep an uneven pressure was built up in
the gel pores. After unloading the moisturein the pores strovefor equilibrium, i.e.
moisture moved in the pores causing a stressrelease of the aggregate. Directly after
unloading the aggregate was still under compression due to the external loading.
The recovery was also called viscous deformation, Figure 1.1, or viscous elastic
creep. Since the recovery was a pressure-rel ated phenomenonit was most probable
that the size of the recovery would be stress-related. Micro cracking was another
explanationfor the recovery. During the period of 0ading both the aggregate and
the paste were subjected to compression. However, the creep deformation took
place in the cement paste since a good-qudity aggregate normally did not creep.
Accordingly the compressivestresswas larger in the aggregate than the stressesin
the cement paste. After unloading, tensile stresses occurred in the paste but still
compression in the aggregate. Since the cement paste was sensitiveto tensile strain,
micro cracking and relocation of bindingin the gel perhaps caused the recovery.
The recovery continued until the aggregate was fi-ee of compressive stresses. Studies
of recovery gave the following mformation:

e Amount of viscous deformation

o Plastic deformation calculated astotal deformationreduced by shrinkage,
viscous and el astic deformation

e Shareof recovery compared with the total deformationand period of recovery

Giovambattistaand Zerbino (1993) studied the recovery of NSC with strength of
30 or 40 MPa after 10 years of loading. The aggregate consisted of river gravel or
expanded clay. The share of recovery increased by the strength. At 30 MPa
compressive strength the recovery was about 12% of the elastic deformation; at 40
MPa NSC the recovery was about 20% of thetotal elastic strain, Figure13.1.

13.2 Experimental results

After the short-term testing as described in Section 9 the specimen was unloaded
(Section 10) and moved fi-om the MTS machine after finishing the 66 hours of
testing. The drying cylinder was then standing on a table in the air-conditioned box
connected to the climate chamber with conditionsas described in Figures 6.1 and
62 withthe LVDT-equipmentstill firmly attached to it. The recovery was measured
for at least 100 hours. A few concrete cylinderswere measured for 200 additional
hoursto establishthe extended recovery of the concrete. Figure 13.2 showsthe
recovery of mix 6 and Figure 13.3 showsthe 100-hour recovery after unloading of
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Symbolsin Figure 13.1:

denotes concrete with 28-day cornpressive strength=30 MPa,

b)

EC  denotesconcrete with expanded clay
SRG denotes concreteWt h river gravel aggregate

denotes concrete with 28-day strength=40 MPa.
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Figure 13.1- Total strain versustime at long-term research, Giovambattista and

Zerbino (1993).
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concrete, 28-day-old when loading. The recovery of concrete, young when loading,
seemed to be finished after about 100 h, Figur e 13.4. However, for a 28-day-old
concrete the recovery seemed to continue until 240 h. At 400 h of recovery the
recovery certainly also stopped for HPC, mature when loading. Appendix 13 shows
recovery of al HPCs. Symbolsin thefigures:

5...=HPCmix, Table5.1

...01=loading at 0.8 days age with stresslcylinder strength = 0.84
...02=loading at 2 days age with stresscylinder strength=0.84
...03=loading at 2 days age with stresdcylinder strength=0.42
...28=loadingat 28 days age with stresd cylinder strength= 0.42

13.3 Sourcesof error and accuracy

Some sources of error were detected and the accuracy estimated:

¢ Possibletemperaturemovementsin the cylinder during the period of recovery
were avoided by the storage of the specimen in the climate chamber.

¢ Possible moisture movementswere also avoided by the use of the climate
chamber.

e Thedistancefrom the ends of the specimento the measurement point wasfairly
smal, which may cause some errors due to uneven stressesin the specimen,
Wittmann (1993).

e Theaccuracy at unloading was discussed in Section 10.4 above. These
discussions concerning accuracy aso gpply to the accuracy during the recovery.
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Figure 13.2 - The recovery of mix 6 versustime.
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13.4 Analyses

13.4.1 Concrete maturewhen loading

As pointed out above, the stress prior to unloading was the driving force for

recovery. All HPCs wereloaded to astress/strength ratio= 0.30. Figure 13.5 shows

the elastic, plastic and viscous strain after 66 h of loading and 100 h of recovery
versusthetotal stress, Figure 1.1. From Figure 13.5 the following relationships
were deduced related to the different strain (per mil):

£ = 410-6-(0.094-0) {0.015<6<0.045 GPa} (13.1)
£~ 830-5+(0.042-0) {0.015<5<0.045 GPa} (13.2)
£ = 144-6-(0.056-0) {0.015<6<0.045 GPa} (13.3)

gq  denoteselastic strain of mature HPC after 66 h of loading and 100 h of
recovery (per mil)

denotes plastic strain of mature HPC after 66 h of 1oading and 100 h of
recovery (per mil)

e,;  denotesviscousstrain of mature HPC after 66 h of loading and 100 h of

recovery (per mil)
c denotesthe stressin the HPC (GPa) {0.015<6<0.045 GPa}
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Figure 13.5 - Elastic, plastic and viscous strain after 66 h loading and 100 h
recovery versusthetotal stress, Figure 1.1.
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Figure 13.6 shows plastic and viscous strain after 66 h of loading and 100 h of
recovery versusthe elastic strain. From Figur e 13.6 the following correlations were
obtained (per mil):

Ep— 1.4-¢4 '(1-831) {O.5<Sel<0.9 per Inll} (134)
£y = 0.26+54 (1.3-€4) {0.5<€4<0.9 per mil} (135)

g  denoteselastic strain of mature HPC after 66 h of loading and 100 h of

recovery (per mil)

denotes plastic strain of mature HPC after 66 h of loading and 100 h of

recovery (per mil)

g;  denotesviscousstrain of mature HPC after 66 h of loading and 100 h of
recovery (per mil)

€pl

However, equations (13.2) and (13.4) for plastic strain both exhibited alow
significance, most probably due to the reduction of shrinkage measured on aparalle
specimen. However, it was not possible to confirm that the shrinkage of unloaded
parallel cast HPC specimen obtained the same shrinkage as the specimen during
loading in the MTS machine, cp. Bazant (1993).
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Figure 13.6 - Plastic and viscous strain of drying HPC, mature when loading, after
66 h of loading and 100 h of recovery versusthe elastic strain.
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13.4.2 Concreteloaded at early ages

The plastic strain of young HPC was dependent on the stresslevd, (o/f;), when the
loading took place. In Figur e 13.7 the relative plastic strain of young HPC was
correlated to the growth of strength between loading, 1o, and unloading, un, of the

concrete, i.e. 8fy/fos = £, un/feas - foro/fizs:
&p1/Eel = 1.45-(o/f;) + [17.8-(0/f;) - 2.97-(8£/1.28) (13.6)

In Figure 13.8 the relative viscous strain was likewise correlated to the growth of
strength:

£xi/Eel = 0.89-[(55,/F,28)+0.19)] ~ 0.9-[(8£/£.2)+0.2)] (13.7)

13.4.3 Comparison with sealed concrete

Figure 13.9 showsthe elastic, plastic and viscous elastic strain after 66 h of loading
and 100 h of recovery, Persson (1995A), Appendix 13 (sealed curing). Figure
13.9 gave the following correlations (per mil):

€Bpl™ 0.04-gp¢ '(5.5-8]331) {0.5<8el<0.9 per IIlll} (138)
€pvi = 0.1°€p¢ *(2.4-Ep,)) {0.5<€,<0.9 per mil} (13.9)
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Figure 13.7 - Relative plastic strain of HPC, young when loading, versus the growth
of strength between loading and unloading.
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epa  denoteselastic strain of sedled HPC after 66 h of loading and 100 h of
recovery (per mil)

epn  denotesplastic strain of sealed HPC after 66 h of loading and 100 h of
recovery (per mil)

gy denotesviscousstrain of sealed HPC after 66 h of loading and 100 h of
recovery (per mil)

The plastic strain of young seded HPC was dependent on the stresslevd, (o/£,),
when the loading took place. In Figure 13.10 the relative plastic strain of young
HPC was correlated to the relative growth of strength between loading, lo, and
unloading, un, of the concrete, i.e. 8fo/fzs = f un/feas = fo1o/feas. IN Figure 13.11 the
relative viscouswas a S0 correlated to the growth of strength. Appendix 13 shows
the elastic, plastic and viscous strain of sealed HPC.

eppi/en, = 0.8:(a/f) + [17.3-(o/f,) - 2.4]-(8f/fc28) (13.10)
epvi/EB, = 0.75(8f/fi25+0.3) (13.11)
gpg  denoteselastic strain after 66 h of loading and 100 h of recovery (per mil)

ep  denotesplastic strain after 66 h of loading and 100 h of recovery (per mil)
epyi  denotesviscousstrain after 66 h of loading and 100 h of recovery (per mil)
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Figure 13.10 - Relative plastic strain of sealed young HPC versus ‘strehgth growth.
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Results of viscous deformation coincided well with resultsfor NSC according to
Giovambattistaand Zerbino (1993), i.e. viscous strain varying between 12% of
the dastic strain (drying HPC) and 20% of the elastic strain (sealed HPC). The
viscousstrain of HPC wasincreasing with the stresslikewiseto results on NSC,
Giovambattistaand Zerbino (1993).

13.5 Summarv and

Thedastic strain studies of 32 drying and 32 sealed HPC cylinders during 66 h
werefollowed by observationsof viscous elastic strain and plastic (irreversible)
strain during more than 100 h. Thefollowing conclusions were drawn:

e Theviscous strain of air-cured mature HPC was equal to the viscous strain of
sealed curing.

e Theplasticstrain of air-cured mature HPC was about threetimes as large as the
viscous strain.

e Theplasticstrain of sealed mature HPC was about equal to the viscous strain.

e Theviscous strain of young HPC was dependent on the strength growth during
theloading.

e Theplasticstrainof young HPC was dependent both on the stress/strength level
and on the strength growth from |oading till unloading.

e Viscousstrain varied between 12% (drying) and 20% of elastic strain (sealed ).

e Viscousstrain of HPC was increasing with the stresslikewise to resultson NSC.
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14. LONG-TERM DEFORMATIONS

14.1 General and previousresearch

The main objectiveof the study wasto establish knowledge of the long-term creep
deformations of HPC. Asdefined in Figure1.1 above, thelong-term creep
deformationsincluded elastic, viscous and plastic deformations. The strain was
measured from the stress-fkeestate. Then it was established after a period of fairly
dow loading until constant stresswas reached. The specimenswere unloaded after
at least 3 years to obtain the elastic, viscous and plastic component of thelong-term
creep. Paralld to the creep studies, the shrinkage was studied to reduceitsinfluence
on the creep.

In Figure14.1 the steep lineindicates the compliance (specific creep), €/c, versus
the compressive strength of the concrete, Bjerkeli et al. (1989). However, the
secondlinein Figure14.1 indicatesthat theinverse of theinitial "'eastic” modulus
does not follow the compliancein parallel. The resulting initial strain of concreteat
ahigher strength will then belarger than in aNSC at the same stress/strength ratio.
Thereferenceindicated in Figure14.1, Ngab et al. (1981) showsan even lower
compliancet hen Bjerkdli et al. (1989). Miiller and Kiittner (1995) show the effect
of the maturity of the concrete on the creep coefficient, Figure14.2. Loading before
28 days' ageincreased the creep coefficient substantially, whileloading at old ages
decreased the creep coefficientto half the value that was obtained when the
concretewas|oaded at 28 days age. Theresults of the present study indicated
dightly smaller initial strain but slightly larger creep compliance.

200 +
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100 +
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Initial compliance
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Cylinder strength (MPa)

Compliance (millionths/MPa)

Figure 14.1 - Creep compliance (full line) and initial compliance (dotted line) versus
cylinder strength, Bjerkeli et a. (1989), Ngab et al. (1981).
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14.2 Experimental

14.2.1 Specimen

Figure14.3 showsthe specimen and the spring-loadingdevice that were used. The
4 plate springsin the device acted as hinges, which decreased the possible eccentric
loading in the device. The measurementswere taken on 3 points of the specimen by
Huggenberger or Proceq mechanical devices. The general layout is givenin Section
3.3. Materials, preparation of specimen and chronology are given in Section 4. The
eight typesof mx designaregivenin Table5.1 At commencement of testing the
age of the concrete was either 1 or 2 days (stress/cube strength level = 0.6) or 2 or
28 days (stress/cube strengthlevel = 0.3). Air-cured and seeled HPCs were studied.

14.2.2 Prepar ation of loading deviceand location of specimen

Parallel to the start of the quasi-instantaneousloading, Section 6, inthe MTS
machine an identical specimenwas placed in the spring-loadingdevice, Figure
14.3, which also shows specimensfor studies of strength and shrinkage. The weight
of the specimenwastaken beforeit was placed. The measuring points were stiffly
connected to the steel cast-in itemsin the specimen by pin bolts of 3 mm diameter.
The length between the longitudina measuring pointswas 250 mm. The stedl plates
of the device were adjusted horizonta beforethe |ocation of the specimen. The
position of the cylinder was adjusted to avoid eccentricitiesin the device. The
moisture stability in the sealed specimen was secured by sealing compound between
the vulcanised 2 mm butyl-rubber of the specimen and the plate of the device.
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14.2.3 Commencement of testing

After commencement of the quasi-instantaneous|oading of a drying HPC cylinder
inthe MTS machine, thefollowing routinewas carried out in the spring-loading
devicewithin a quarter of an hour:

e The postion of the precision-turned screwsin both sealed and drying cylinders
was measured.

e Theinternal temperature of the cylinders was measured.

e Theloading, identical to that in the MTS machine, was applied in the spring-
loading devices,; one devicefor a sealed HPC, another for the air-cured. The
loading rate was about 1 MPa/s.

e Thefirst measurementswererecordedwithin 2 minutes of loading by the
mechanical device.

e Theloading was manualy kept constant for an hour in the spring-loading
devices.

e The second measurement was recorded.

e After 1 hour the nuts on the screws of the spring-loadingwere tightened until a
10% decrease of the loading was recorded on the display of theload cell in the
device, Figure 14.3. This decrease of loading on the display correspondedto a
constant length between the measurement point when the external |oading was
removed and only the spring acted.

e After 3 hours 90% of the specified loading of the specimenwas appliedin the
load-cell.

The nuts of the screwsin the device wereloosened.

The external loading was adjusted to within+ 0.05 kN.

The measurement was recorded between the 6 screws on both the cylinders.
No decrease of loading then occurred, cp. above.

14.2.4 Continual measurements

Atabout 10and 16 h, 1.day, 2, 4, 8, 16 days, 1 month, 2, 4, 8,12, 18, 24, 30, 36
and (in some cases) 48 monthsafter commencement of testing, the following
measurement routine applied:

e The measurement between the screws of the cylinder was established with
tightened screws on the spring-loading device.

90% of the specifiedloading of the specimenwas applied in the load-cell.
The nuts of the screwsin the device wereloosened.

Theloading was adjusted to within + 0.05kN.

The measurement was recorded between the 6 screws on the cylinder.
The nuts on the screws of the spring-loading were tightened until a 10%
decrease of the loading was recorded on the display of theload cell in the
device. Thisdecrease of loading on the display corresponded to a constant

140



length between the measurement point when the externa loading was removed
and only the spring acted.

e Thepressureof the jack in the device was rel eased.

¢ The measurement between the screws of the cylinder was established with
tightened screws.

14.2.5 Unloading of specimen

o After at least 3 yearsof loading al specimens, Table 4.5, were unloaded
according to the following procedure:

e The measurement between the turned screws of the concrete cylinder was

established with tightened screws on the spring-loading device.

90% of the specified loading of the specimen was applied in the load-cell.

The nuts of the screwsin the device werewdl | |oosened.

The loading was adjusted to within+ 0.05 kN.

The measurement was recorded between the 6 screws on the cylinder.

The concrete cylinder was unloaded.

The measurement was recorded between the 6 screws on the cylinder within 1

minute of unloading (long-term elastic deformation, Figurel .l).

e The measurementswere aso taken 2 minutesand 2 weeks after unloading (in
order to separate viscousand plastic deformation).

e The cylinder was weighed to establishthe moisture |osses.

14.2.6 Loading level

Tables14.1-14.6 show the cube strength when the specimenswere |oaded and
unloaded. Tables14.7-14.8 show the stressduring loading and, finally, Table 14.9-
14.14 show the stress/strength at loading, at 28 days age and at unloading of the
cylinders, Persson (1995A) and section 5. Concretes of type 1, 4 and 7 were cast on
different occasionsrelated to air curing and sealed curing. All other HPCs were cast
paraléd, i.e. HPC from the same batch was used in paralldl tests of short-termand
long-term drying creep (air curing) and long-term basic creep (sealed curing). The
stress-level shownin Tables14.9-14.14 above was related to the cube strength,
feeube- The stress-level that was related to the current cylinder strength was
substantialy higher. Equation (5.8) above gives agood estimation of the cylinder
strength, feeyt = 0.71-fecune (Cube strength). Symbols:

B= sealed curing (basic creep)

D=air curing (drying creep)

6...= HPC mix, Table51

...01=loading at 0.8 days age with stresscylinder strength = 0.84
...02=loading at 2 days age with stress/cylinder strength= 0.84
...03=loading at 2 days age with stresscylinder strength= 0.42
...28=loading at 28 days age with stresdcylinder strength= 0.42

141



Table 14.1. - Strength at loading with Table 14.2. - Strength at loading with

air curing (MPa). sealed curing (MPa).

Concrete |01 02 |03 |28 Concrete (01 (02 [03 |28
1 23 132 |26 |69 1 14.1 |123.5 |52 |82
2 24 |44 |44 |86 2 24 144 |44 [101
3 27 (30 |43 |58 3 27 |30 |43 |79
4 23 |37 |48 |91 4 37 |34 [55.5 |91
5 38 [45 |60 |106 5 38 |45 |60 |126
6 30 (61 |58 111 6 30 |61 |58 136
7 36 [63 |67 (118 7 41.5 |58 |59.5 (116
8 35 |69 |65 118 8 35 |69 |74 [132

Table 14.3. - Strength at 28 dayswith Table 14.4 - Strength at 28 dayswith

ar curing (MPa). seded curing (MPa). - L
Concrete |01 |02 [03 |28 | |Concrete |01 |02 [03 |28 |
1 68 69 50 69 1 50 60 96 82

2 86 87 83 |86 2 101 |108 |101 |101

3 Va4 58 82 58 3 99 79 106 |79

4 83 95 95 91 4 102 {106 (104 |91

5 106 |86 104 |106 5 126 (113 |125 |[126

6 98 111 108 (111 6 122 1136 |120 |136

7 109 |110 [118 118 7 119 [126 |126 |[116

8 107 |118 |116 |118 8 128 (132 127 {132

Table 14.5 - Strength at unloadingwith ~ Table 14.6 - Strength at unloading with

air curing (MPa). sealed curing (MPa).

Concrete |01 02 03 |28 Concrete |01 02 |03 |28

1 72 |66 |54 |69 1 66 |71 112 |101
2 91 |- 88 |91 2 117 118 (123 |[117
3 - 69 |85 |69 3 105 |105 |[118 |105
4 91 99 |95 100 4 113 |118 (113 |112
5 116 |93 118 (116 5 131 |126 |125 (131
6 106 |116 |113 |116 6 144 {141 (130 (141
7 118 (122 123 |123 7 132 [132 129 |128
8 120 |129 |127 |129 8 145 |154 |[137 |154

14.3 Reaults

Figure 14.4 showsthe reduced compliance, ¢/o, of concrete 6 versustime. Figure
14.5 showsthe reduced compliance, €/c, versus time when unloading concrete 6.
Appendix 14 showsthe reduced compliance of all HPCs in the creep tests. Symbols
used in Figuresand Tables:
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Table 14. 7-Stressduring long-term Table 14.8 - Stress during long-term

loading with air curing (MPa). loading with sealed curing (MPa).
Concrete |01 02 (03 |28 Concrete |01 02 |03 |28

1 14 18.6 |7.8 [20.7 1 85 [14.1 |15.6 |24.6
2 144 126.4 |13 25.8 2 144 1264 |13 25.8
3 16.2 |18 129 174 3 16.2 |18 129 |17.4
4 13.9 1224 144 |26.7 4 222 {204 |16.7 |30

5 22.8 |27 18 31.8 5 22.8 |27 18 31.8
6 18 36 17.4 |33.3 6 18 36 17.4 |33.3
7 21.8 1379 {20.2 |354 7 249 (348 [19.9 |349
8 21 40.6 {19.5 [354 8 21 40.6 [19.5 |354
Table 14. 9- Stresd strength-level at Table 14.10-Stresdgrength-leve at
loading of long-term creep testswith loading of long-term creep testswith
air curing. seded curing.

Concrete |01 (02 (03 (28 Concrete (01 |02 |03 |28
1 0.61 |0.58 {0.30]0.30 1 0.60 |0.60 |0.30 |0.30
2 0.60 10.60 [0.30 [0.30 2 0.60 [0.60 [0.30 ]0.26
3 0.60 10.60 {0.30 [0.30 3 0.60 [0.60 |0.30 |0.22
4 0.60 [0.61 |0.30 {0.29 4 0.60 {0.60 |0.30 |0.33
5 0.60 [0.60 |0.30 |0.30 5 0.60 [0.60 {0.30 |0.25
6 0.60 10.59 [0.30 [0.30 6 0.60 [0.59 10.30 {0.25
7 0.61 {0.60 {0.30 |0.30 7 0.60 10.60 [0.33 {0.30
8 0.60 {0.59 10.30 10.30 8 0.60 |0.59 [0.26 |0.27

Table 14.1 | - Stresd strength-level of Table 14. 12- Stresd strength-level of
long-term creep testswith air curing a long-term creep testswithsedled

28 days age. curing at 28 days age.

Concrete |01 02 03 28 Concrete |01 02 03 28

1 0.21 10.27 {0.16 (0.30 1 0.17 [0.24 |0.16 |0.30
2 0.17 {0.30 [0.16 |0.30 2 0.14 [0.24 {0.13 |0.26
3 0.21 {0.31 [0.16 |0.30 3 0.16 {0.23 {0.12 |0.22
4 0.17 [0.24 10.15 |0.29 4 0.22 {0.19 {0.16 (0.33
5 0.22 10.32 (0.17 |{0.30 5 0.18 {0.24 |0.14 |0.25
6 0.18 |10.32 |0.16 {0.30 6 0.15 10.26 |0.15 [0.25
7 0.20 |10.35 {0.17 [0.30 7 0.21 (0.28 |0.16 |0.30
8 0.20 10.34 {0.17 [0.30 8 0.16 (0.31 }0.15 [0.27

6...= HPCmx, Table5.1

...01=loading at 0. 8days age with stresdcylinder strength=0. 84
...02=loading at 2 days age with stresdcylinder strength="0. 84
...03=loading at 2 days age with stresdcylinder strength=0. 42
...28=loading at 28 days age with stresdcylinder strength=0. 42
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Table 14. 13- Stressstrength-level at Table 14.14-Stresdstrength-levelat
unloading of long-term creep testswith unloading of long-term loading with
air curing. sealed curing.

Concrete |01 02 03 28 Concrete |01 02 03 28

0.194]0.282|0. 144|0. 300 0.12910.19910. 13910. 244

0.158 0.148]0. 284 0.123|0. 224|0. 106 |0. 221

0.260 [0.152 [0.252 0.154/0.1/7110. 109|0. 166

0.15310.226 {0.152 | 0.267 0.196 {0.173 10.148 | 0.268

0.19710.290 {0.153 | 0.274 0.17410.214 |10.144 | 0.243

0.17010.31010.179 10.287 0.125]0.255 |0.134 |1 0.236

0.1850.311 {0.164 | 0.288 0.18910.264 10.154 |1 0.273

RIJN|{ N ITWOIN—

R AN [RB[WIN |-

0.17510.317 {0.154 |1 0.274 0.149 10.264 |10.142 |1 0.230

Symbolsusedin Figures14.4 and 14.5:

B= sedled curing (basic creep)

D= air curing (drying creep)

6. ..=HPC mix, Table5.1

...01=loading at 0. 8days age with stresdcylinder strength = 0. 84
...02=loading at 2 days age with stresdcylinder strength=0. 84
...03=loading at 2 days age with stresslcylinder strength=0. 42
...28=loading at 28 days age with stresdcylinder strength=0. 42
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Figure 14. 4- Reduced compliance (regarding shrinkage) of mix 6 versustime.
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Figure 14.5 - Reduced compliance of HPC mix 6 at unloading versustime.

14.4 Sourcesof error and accuracy
14.4.1 L oading in the spring-loading device

A precisionload-cdl, which kept the loading within 0.05 kN, was used whilethe
measurements were done. The load-level between the measurementswas cal cul ated
using the e astic modulus. The variation of the loading when measuring was kept
within+ 0.05 kN, correspondingto a stress variation of = 0.04 MPa. The accuracy
of theloading at measuringwas thusfairly good. Between the measurement the
maximum variation of loading was estimated as + 3% at the commencement of the
tests(highrate of creep) and as+ 1% at end of the long-term tests (low creep rate).

14.4.2 Defor mations of mechanical devices

Cdlibrationswith a Mitutoyo micrometer showed that the measurements were
within+ 0.002 mm. The calibrationsof the mechanica deviceswere performedto
obtain an accuracy of + 0.002 mm. The compliance, J(t,t”), was evaluated:
Itt)=¢lo (14.1)

g denotesthe concrete deformation (millionths)
o denotesthe compressive stress (MPa)
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Thetotal accuracy was 8J(t,t”)/J(t,t”). The logarithm of equation (6.3) was.
InJjtt)=Ineg-Inoc (14.2)
After differentiation the relativefault was obtained [8lnJ(t,t")/8J(t,t" )= 1/J(t,t)]:
I )I(tt") = d¢e/e - do/c (14.3)
At 10 MPa stress the maximum fault was small accordingto equation (6.5) =~ 0.03.

14.4.3 Eccentricity of loading and loading rate

The eccentricity was calculated at each loading. The eccentricity was normally
within= 5 mm. Adopting el astic conditions, the eccentricity, e was calculated:

. exz +ey2 (14.4)
a Al, Al
=2 (Al =22 20 14.5
ex Al (A 1 2 2 ) ( )
a-/3
e, = (Al = AL) (14.6)
Al= Al t AL+ Al a4.7)

a denotesthe centre distance of the mechanical devices
Al;  denotesdeformation of mechanica devicei

Aswas observed in Section 6 the maximal acceptabl e eccentricity would be 16 mm
at astress/strength ratio= 0.3 and 4.5 mm at astress/strength ratio= 0.6. In Tables
14.15-14.18 the estimated eccentricitiesat long-termloading providing elastic
conditionsare given (mm). The eccentricity of the loading was more or less
acceptablegiven that the concrete behaved more plastically at early ages. The
reason for the eccentricitieswas probably the type of early curing of the cylinders.
The cylinderswerelying on their side, which may have caused the aggregate to
move towards the bottom of the mould and the cement pastein the opposite
direction. The reason for thiskind of curing wasto obtain plane and paralldl endsin
the specimen. Capping of the ends was not possible dueto the large stressesin the
concrete. In Sections6 and 7 above it has been shown that the measured
eccentricitiesdid not affect either the creep rate or the deformation modulus after
short-termloading. One way to detect the effect of eccentricity on cregp wasto
compare the compliance between short-term and long-term loading after 2.7 days.
Figure14.6 showsthe long-term compliance versusthe short-term at eccentricities,
e, varying between e=O and e=15 mm.
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Table 14.15 - Eccentricitiesat loading Table 14.16 - Eccentricitiesat loading

of long-term creep tests of HPC with of long-termtests of HPC loading with
ar curing. sealed curing.

[Concrete |01 {02 [03 |28 Concrete {01 (02 |03 |28
1 89 136 |14 |3.1 1 0.8 10.7 [3.4 |4.7
2 3.8 |45 |82 |85 2 0.8 |9 1.2 |79
3 147 |15.1 4.7 |11.5 3 48 |[152 {44 (8.2
4 4 46 |3.1 |5 4 76 |1 9.1 3.7
5 7 119 [24 |1.6 5 0 25 |12 |22
6 4 3.7 [4.1 [3.1 6 6.5 |45 |6 |44
7 24 (42 (94 |55 7 56 |43 |11 6
8 7 0.5 (9.6 (3.2 8 57 |51 |[11.6 {2.8
Table 14.17 - Eccentricitiesat Table 14.18 - Eccentricitiesat
unloading of long-term creep tests of unloading of long-term creep tests of
HPC with air curing. seded HPC.
Concrete |01 02 |03 (28 Concrete {01 (02 (03 |28
1 6 6 32 |34 1 6.6 |37 |3 7.2
2 88 |15 |52 |3.7 2 55 3.7 |13.3 |3
3 72 146 |72 |54 3 1.8 (11.1 {3.3 |12.1
4 54 |3 5.5 [3.3 4 53 |2 8 10.8
5 1.8 [119 [6.6 |4.1 5 84 |74 [73 |11
6 54 |16 |11 1.8 6 9.5 169 |11 2.6
7 54 |54 [126 |6 7 46 |55 |72 1|63
8 77 103 |65 |22 8 125 |74 |53 [9.8

The eccentricity did not systematically influence the measured long-term
compliance. Concretes 328 and 502 exhibited e=12, which resulted in about 20%
larger long-term compliance than short-term. Concrete301 exhibited e=15 mm but
in this case the long-term compliance was equal to the short-term. Figure 14.6 also
showsthat the rate of loading (about 1700 MPa/s at quasi-instantaneous|oading and
1 MPa/s at long-termloading) did not affect the compliance after 66 h. (The loading
was applied without aload-peak, cp. Sections6 and 12 and Appendices6 and 12.)

14.4.4 Effectsof lateral strain

The effect of the Poisson's ratio was obtained in Section 11 above. The decrease of
the compliance owing to Poisson's ratio was estimated to v’ 0.02, i.e. very little.

14.4.5Weight losses of specimenswith sealed curing during the creep

The weight of the specimenswas obtained before and after the long-termtests.
Tables 14.19 and 14.20 providethe weight losses during the test period. Specimens
used for creep testsand for studies of shrinkagewereidentically moisture insulated.
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Figure 14.6- Long-term complianceafter 66 h of loading versusthe short-term
compliancelikewise after 66 h of loading at varying eccentricities, e (mm).

Table 14.19- Relativeloss of weight Table 14.20 - Relativeloss of weight

with air curing, w./w. with seded curing, w./w.
Concrete |01 02 03 28 Concrete |01 02 03 28
1 0.14710.052 [{0.195 |-0.082] |1 0.08510.034 |10.042

0.159 {0.058 10.029 | -0.063 0.05 {0.035/0.028 | 0.055

0.235 [0 0.049 |1-0.092 0.025(0.078 {0.033 {0.028

0.212 10.237 [0.235 | -0.036 0.034 {0.053 {0.044 10.023

0.077 0.005 0.03210.030 {0.025 [0.018

0.125 {0.058 10.168 | -0.008 0.038 {0.012 [0.038 |0.017

NN R TWIN

0.202 {0.166 | 0.189 | 0.060 0.02910.027 {0.045 }0.027

(= ARN N Ko QAW =g (SR F ()

- 0.088 |- 0.038 8 0.013 |0.053 | - 10.032

w= mixing water, w.= evaporated water from |loading until unloading

Sealed specimens|ost lessthan 3 g of moisture over 3 years. The long-term losses
of weight were of the same magnitude as the losses of weight during the shrinkage
tests, Section 8. Thereductionof shrinkage strain from the creep strain was thus
accurate. The specimenswith air curing decreased in weight until about 28 days
age. Thenthe weight increased due to carbonation, cp. the 28-day specimens.
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145 Analysisof long-term creep

14.5.1 Stress and time dependencewith air curing

The compliance, J(t,t"), was separated into two parts. one part expressed the
deformation due to theinitial loading; the other part expressed the creep of loading:

J(t,t')y= 1000/Dy+ ap | d(t-t")/(t-t) (14.8)

ap  denotescompliancerate with air curing [millionths/(MPa-day)]

t denotes age of the concrete (days)

t' denotes age at loading (days)

D,  denotesthe deformation modulus at loading, Section 7 above (GPa)
J(t,t") denotesthe compliance (specific creep, millionths/MPa)

Appendix 14 was used to correlate the stress and time dependencewith air curing.
Figur e 14.7 shows the compliancerate of mature HPC versusw/c. The eccentricity
had no effect on the creep rate, Figure 14.7. Figur e 14.8 showsthe creep rate of
HPC young at |oading versusthe relative 28-day strength, f./f.2s , at loading. The
following equation was obtained for the creep rate, ap:

ap = k513 [(W/e)? - 0.6:(w/c) + 0.0959] - kys [1.83 + 2.37-(/£,)] In(f/fizs) (14.9)

9 T | Air-entrainment| =3

741 e=12

4 4 \ e=9
I e=3 -

e= e=5
2 T =3 e=2

Creep rate of mature HPC
[millionths/(MPa-day)]

] i ]
0 , 4, ; ' .

0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38

Water-cement ratio

Figure 14.7 - Compliance rate of mature drying HPC versuswi/c. e= eccentricity at
loading (mm).
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Figure 14.8 - Creep rate of air-cured HPC, young when loading, versusrelative 28-
day strength.

ap  denotes compliancerate with air curing [millionths/(MPa-day)]

f, denotes cube strength at loading (MPa)

f,s  denotes28-day cube strength (MPa)

k.s =0.8for HPC with 5% air-entrainment; k,, = 1.3 for HPC with silicafume
sturry, k,s= | otherwise

Kai = 1.5 for HPC with 5% air-entrainment; k,; = 1 otherwise

14.5.2 Stress and time dependencewith sealed curing

The complianceduring 4 years was separated into two parts. one part expressed the
deformation dueto theinitial loading; the other part expressed the creep of loading:

J(t,t')= 1000/D,, + ap- | d(t-t')/(t-t) (14.10)

ap  denotes compliancerate with sealed curing [millionths/(MPa-day)]
t denotes age of the concrete (days)

t' denotes age at loading (days)

D,  denotesthe deformation modulus at loading, Section 7 above (GPa)
J(t,t") denotesthe compliance (Specific creep, millionths/MPa)
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Appendix 14 was used to correlate the stress and time dependence with sealed
curing. Figure14.9 showsthe compliancerate of mature HPC versusthe water-
cement ratio, w/c. The eccentricity at loadingisindicated in Figure149. The
eccentricity had no effect on the creep rate. Figure14.10 showsthe creeprate of
HPC young at |oading versusthe relative 28-day strength, fo/f»s at loading. The
following equation was obtained for the creep rate, ag:

ap = k523 1-[(W/c)? - 0.594-(w/c) + 0.0952] - ks [2.83 - 3(o/f,)]In(£,/f0s) (14.11)

ag  denotes compliance rate with sealed curing [millionths/(MPa-day)]

f./f2s denotestheredative 28-day strength at loading {0.3< f/f5s<1}

ks = 15for HPC with 5% silicafume or 10%silicafume durry; k=1
otherwise

14.5.3 Dependence on strength growth

It was of interest to obtain arelationship between creep and strength that was
independent of time. The rate of strength growth was estimated logarithmically as
wastherate of creep from age of loading until unloading. The strength of the
specimens when loaded and unloaded was obtained from Appendix 5 and from
Tables14.1-14.6 above on studies of exactly the sametype of concretes. Figures
14.11 and 14.12 show therate of long-term creep of drying and sealed HPC versus
the rate of strength growth betweenloading and unloading of the specimen.

51
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45 -+ -
g 4l e
T e=4 _w
'o —
g 2 35+ -7
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n X 34 P .
) E -
e -
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s 24 g=3 fume
[= g e=
g O —~——— .
FE 157 e= \ + 10% silica fume
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g™ 1+t
S | 10% granulated silica fume |
0.5 +
0 t } } —1 t } —

024 026 028 03 032 034 036 0.38

Water-cement ratio

Figure 14.9 - Compliancerate of sedled mature HPC versusw/c. e= eccentricity at
loading (mm).
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Figure 14.10 - Compliancerate of seded HPC young at loading versus relative 28-
day strength. Full line denotes stress/strength ratio, o/f,= 0.3. Dotted line: o/f= 0.6.
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Figure 14.11 - Creep rate of air-cured HPC versusthe rate of strength growth.
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Figure 14.12 - Creep rate of sealed HPC versusthe rate of strength growth.

From Figures 14.11 and 14.12 the following rel ationshi pswere obtai ned:

Tn(t.t")= 1000 ﬂ)t, + apy - V- 48KD [(o/fc) + 1.44](dfo/fe28), j' d(t-t')(t-t) (14.12)

Ipa(t,t")= 1000/D,, + apy, €*> @29 [ d(t-t)/(e-t") (14.13)

apm = Kais'5 13- [(W/c) - 0.6-(w/c) + 0.0959] (14.14)

apm= kys5:231-[(w/c)* - 0.594-(w/c) + 0.0952] (14.16)

apm denotes compliancerate of sealed mature HPC [millionths/(MPa-day)]

apn  denotes compliancerate of air-cured mature HPC [millionths/(MPa-day)]

ai denotes 5% air-entrainment

df.  denotesrelative 28-day strengthincrease between loading and unloading

ki = 1.5for HPC with 5% air-entrainment; k,;s= 0.8 for HPC with silicafume
durry; ku=1 otherwise

ks = 21.5for HPC with 5% silicafume or for HPC with 10% silica fume durry;

k=1 otherwise
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0 e

O w

Df'

= 1.14for HPC with 5% air-entrainment; kg = 0.97for silicafume durry; kg
= | otherwise

= 1.2for HPC with slicafume durry; kp= 1 otherwise

denotes compressive strength at |oading (MPa)

denotessilicafume durry

denotes age of the concrete (days)

denotes age at loading (days)

denotessedled curing

denotes air curing

denotes the deformation modulus at |oading, Section 7 (GPa)

J(t,t") denotesthe compliance (Specific creep, millionths/MPa)

14.5.4 Dependenceon internal relative humidity

The increased creep rate during drying was explained by the moisturedistribution of
the specimen. During the drying a certain amount of shrinkage occurred at the
surface of the concrete, which caused an uneven distributionof stressin the
cylinder. Figur e 14.13 shows the creep rate versusthe reative strength, f/f,2s, at
loading and the difference between the internal relative humidity of the inner part,
©;, and the surface, @, of the cylinder (= ambient relative humidity), AO=@- 0, .
From Figur e 14.13 thefollowing correl ationwas cal culated (millionths/MPa-h):

Creep rate [millionths/(MPa x day)]

14 +

12 4+
= Zi-@s=0 (0.3)
10 + O @i-Ps=0 (0.6)
o Zi-@s~0.30 (0.3)
8+ o @i-@s~0.30 (0.6)
A @i-@s~0.40 (0.3)
6 + A Gi-@s~0.40 (0.6)
4 g
2 ER
0 t } t } |

Relative 28-day strength at loading

Figure 14.13- Creep rate versusrdative strength at loading. Difference between
internal relative humidity of inner part, @.. and surface, 9, at loading. Dotted line:
stresdstrength= 0.6. Solid line: stresdstrength=0.3. ()= stresdstrengthratio.
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Joa(tt)=1000/D, +[apy-6.1-(AG+0.11) In(E/fae)]- | d(t)(t-4)
{6/£=03; 0.5<f/f0s<1}  (14.17)

Joo(t,t')=1000/D,+apn-4.3(A0+0.39) ‘In(f/fzp)]- [ d(t-t)/(t-t)
{0/£:=0.6; 0.2<f,/f25<0.5} (14.18)

Apm denotes compliancerate of sealed mature HPC, equation (4.16)
fo/feos denotesthe relative 28-day strength at loading
J(tt) denotes the compliance (specific creep, millionths/MPa)

AQ= ;- O, denotesdifferencein interna reative humidity between the inner part
of the cylinder at loading and the surface of the cylinder

0.3 denotes relative stress/strength-level at loading, o/f,= 0.3

0.6 denotesreative stress/strength-level at loading, o/f= 0.6

However, after about 1 month of creep almost no differenceexistedin relative
humidity between the ambient climate and the interna part of the drying cylinders,
Figureb5.24. Figure 14.14 showsthe creep rate versus the internal relative humidity
of the cylindersafter 1 month. No correlationof creep rate versusrelative humidity
was possibleowing to low significancein Figure 14.14.

14 T

g = @~0.60 (0.3)
124 0 @~0.60 (0.6)
& + @~0.74 (0.3)
% 104 B [internal relative humidity, @= 0.60] o @~0.74 (0.6)
8 . §~0.77 (0.3)
= g A @~0.77 (0.6)
2 o 2~0.80 (0.3)
5 0 @~0.80 (0.6)
T 67 % 2~0.83 (0.3)
" 54 @~0.83 (0.6)
g 44
o
O
g
O 2 1

| Internal relative humidity, @= 0.83] |Internal relative humidity, @= 0.74]
0 | : : : : : : i . |

01 02 03 04 05 06 07 08 09 1 1.1
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Figure 14.14 - Creep rate versusinternal rdative humidity of the cylindersafter 1
month. Thinline: stresdstrength= 0.6. Solid line: stress/strength = 0.3.
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1455 Elagticity

All concreteswere unloaded at an age varying between 3 and 4 years.
Simultaneously the deformation, the mechanical propertiesand the weight of the
concrete were established, Section 5. Tables14.19-20 givethe differencein
compliance at unloading, AJ(t,t"), (millionths/MPa). The long-term el astic modulus
was defined as the inverted complianceat unloading, Figurel.1

e =0 (14.19)
AJ(t, )

Ee denotesthe long-term modulusof elasticity (GPa)
AJ(t,t") denotesthe differencein complianceat unloading (millionths/MPa)

Table 14.19 - Compliance at unloading Table 14.20 - Compliance at unloading

of air-cured HPC (millionths/MPa). of sealed HPC (millionths/MPa).
Concrete |01 02 03 28 Concrete |01 |02 (03 |28

1 33.9 |31.7 |36.1 |32.7 1 261 |25 |253 |21.6
2 29.7 1314 |31.0 |35.1 2 20.3 {19.8 |20.2 |22.1
3 31.7 |35.7 |30.2 |33.7 3 20 |24.3 |22.3 |21.6
4 249 |28.1 (27.1 {272 4 20.2 {22.8 |120.7 |20.6
5 28.3 |28.7 {30.5 |{27.0 5 20 |21 |20 1202
6 26.2 |126.6 |25.6 |26.1 6 20.6 |21 203 |19

7 26.1 (22.7 [21.7 (22 7 224 |21.6 |23.3 |22.1
8 24.4 126.1 (24.8 (244 8 20.8 [23.5 |23.4 |224

Symbolsin the Figuresand Tables:

B=sealed curing

D=air curing

6...=HPCmix, Table5.1

...01=loading at 0.8 days age with stresscylinder strength = 0.84
...02=loading at 2 days age with stresscylinder strength= 0.84
...03=loading at 2 days age with stresscylinder strength = 0.42
...28=loading at 28 days age with stresd cylinder strength= 0.42

In Figure14.15 the eastic modulusis shown versus the current cube strength.
Figure14.16 shows the elastic modulusof concrete that was mature at loading
versusthe strength. From Figure14.16, which showsthe éastic modulus of HPC
that was mature at loading, no influence of air-entrainment nor of kind of silica
fume was observed. Asreported in Section 10 above, the strain at unloading was
dependent on the maturity of HPC at loading. Figure14.15 shows an dmost
constant correlation between the elastic modulus and strength of drying concrete
taking into account the strength at unloading, f.,,, ahd the age at loading, t' (GPa):
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Ep = 0.0543+(76-1")(£,) 00> 4139 {1<t’<28 days}  (14.20)

f.. denotesthecompressvecube strengthat unloading (MPa)
t' denotesthe age at loading (days)
Ep  denotesthe eastic modulusof drymg concrete (GPa)

The dastic modulusof drying HPC was about 5 GPa |essthan the extension of
Model Code 90, Jaccoud and L eclerq (1995). The eastic moduluswas aso
smaller in the present long-term experimentsthan in the short-term creep, Section
10, probably dueto the fact that the HPC had been drying for at least 3 years.
Sealed HPC exhibited about 8 MPa larger elastic modulusthan Modd Code 90
perhapssince poresfilled to a higher degree prevent movementsof moisture
especidly at early ages. The dependence on age was explained by the self-
desiccation of the HPC that partly emptied the pores and alowed for moisture
movementsin the structure. From Figur e 14.15 the following correlation between
the elastic modulusand strength of sealed concrete was cal culated (GPa):

Ep = 6.02[2.4+n(t")](fuue) > 13750 (I<t<28days)  (14.21)

f,, denotesthe compressivecube strengthat unloading (MPa)
t' denotesthe age at loading (days)
Egz  denotesthe elastic modulusof sealed concrete (GPa)

As mentioned above and also shown in section 10, the elastic moduluswas
dependent on the internal relative humidity at unloading. Figure14.17 showsthe
el astic modulus versus unloading strength at different relative humidity, O. The
following equations were cal culated (GPa):

Eg =0.60 z36\/fmm ) (1422)

B =080 %17.6"(foun)”? (14.23)

f,, denotesthecompressivecube strengthat unloading (MPa)

14.5.6 Viscous-elasticand viscous-plasticcompliance compar ed with
elasticcompliance[" creep coefficient” , Bazant (1995)]

From a practical point of view it was of great interest and essential to relate the
differentkinds of creep such asviscous-plagticity and viscous-elasticityto the
elasticity at unloading. From this comparison different kinds of creep coefficients
may be evaluated dependent on definition. Appendix 14 give the compliance of the
long-term creep at unloading. Tables14.21-14.22 givethe differencein compliance
between 1 minute and 1 month after unloading (viscous-elagticity). T ables14.23-
14.24 showsthe remaining compliance 1 month after unloading (viscous-plasticity).
Symbolsin the tables are given above.
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Figure 14.17 — Elastic modulusat unloading versus strength. Relative humidity, O.

Table14.21 - Differencein compliance ~ Table 14.22 - Difference in compliance

of HPC with air curing 1 month after of HPC with sedled curing 1 month
unloading (viscous-elasticity) after unloading (viscous-élasticity)
(millionths/MPa). (millionths/MPa).

Concrete |01 02 |03 (28 Concrete (01 (02 (03 |28
1 34 |89 |96 |4 1 -1.6 |8 88 |27
2 54 |41 146 |[5.1 2 39 |34 (0.2 |28
3 56 |68 |17 |4.6 3 03 |-0.5 |05 |22
4 6 03 |05 |04 4 5 0.8 (25 |2

5 03 (48 |-3 0.5 5 3.5 3.1 |15 |[1.52
6 32 [1.7 |0 0.5 6 28 0.7 |-0.1 [1

7 1.2 |0 -0.2 104 7 27 (14 114 |12
8 21 109 |11 |0 8 1.7 119 |12 |08

6...= HPC mix, Table5.1

...01=loading at 0.8 days age with stresdcylinder strength = 0.84
...02=|oading at 2 days age with stresscylinder strength= 0.84
...03=loading at 2 days age with stresslcylinder strength= 0.42
...28=|oading at 28 days age with stresdcylinder strength= 0.42

Mature concrete was anaysed first. Figure 14.18 gives the compliance at unloading
of concretethat was mature & loading.
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Table 14.23 - Remaining compliance 1
month after unloading of air-cured

Table 14.24 - Remaining compliance 1
month after unloadingin HPC with

HPC (viscous-plagticity, sedled curing (viscous-pladticity,
millionths/MPa). millionths/MPa).
Concrete |01 02 (03 (28 Concrete (01 (02 (03 |28
1 141 133 130 |82.1 1 176 |91 [59.7 |35.7
2 173 1144 919 |39.6 2 95.6 ]70.8 |61 354
3 161 |156 |94.7 |70.3 3 117 [89.4 |65.7 [24.9
4 240 |165 |86.1 |41.3 4 137 [115 [62.5 [40.6
5 124 (111 |55 (285 5 89.1 159.6 [48.2 {14.2
6 228 ({121 |68.3 |34.8 6 106 [60.9 [51.6 |17.5
7 194 195 169.2 |23.6 7 121 [79.1 |61.6 |25.5
8 143 196.1 |91.9 |36.2 8 86.3 |39.1 |35.8 |15.8
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Figure 14.18 - Compliance a unloading of HPCs that were mature when |oaded.
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Figures14.19-14.22 givetheratio of viscous-plastic complianceor viscous-elastic
complianceto the e astic complianceat unloading with air curing and sealed curing.
The eccentricity at unloadingis shownin Figures 14.19-14.20. The eccentricity did
not affect the complianceratio. Besdes w/c the complianceratio of air-cured
mature HPC was affected by the amount of silicafume and of air-entrainment,
Figure 14.19. The air-entrainment and the amount of silicafume probably affected
the early drying of the specimens. The effect of air-entrainment was partly reduced
in young drying HPC, which obtained alower complianceratio than HPC without
arr-entrainment, Figure 14.21. The stress/strength ratio had an affect on the early
age compliance ratio since the drying shrinkage caused an uneven stress distribution
in the specimen (shrinkage in the surface). At stress/strength ratio 0.6 the linear

rel ationship between stress and strain was thus exceeded. HPC with silicafume
durry exhibited alarger early complianceratio than HPC with granulated silica
fume, probably due to the greater fineness. Besides w/c the complianceratio of
mature sealed HPC was affected by the type of silicafume, probably dueto the
larger fineness of silicafumedurry, Section5, Figure14.20. Thetype of silica
fume probably affected the early salf-desiccation of the specimens, cp. equation
(5.37), Persson (1996D). The stress/strength ratio had only asmall effect on the
early age compliance ratio with sealed curing since the autogenous shrinkage caused
an even stressdistributionin the specimen (no additional shrinkage at the surface).
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Figure 14.19 - Ratio of plastic or viscous complianceto e astic compliance versus
w/c. Unloading of mature HPC with air curing. e= eccentricity (mm).
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Figure 14.20 - Ratio of plastic or viscous complianceto the elastic compliance
versus w/c. Unloading of mature HPC with sealed curing. e= eccentricity (mm).

9
-.,9_. v Silica fume slurry
L
8 X
.g 7 4 ., Stress/strength level= 0.6
T o *, —— .
§ £ 64V ) Granulated silica = 5% al-r entral-nment ©0.6)
3 3 \ N fume O5% air-entrainment (0.3)
2 .g 51 LY " » Granulated silica fume (0.6)
% £ e N ", 0 Granulated silica fume (0.3)
= 8 S -
e 5 4 -+ - ) ", 5% air-entrainment + Silica fume slurry (0.6)
-g s L, RN A Y A Silica fume slurry (0.3)
%_ = W Tl N ""'.. ( )= stress/strength level
—_ ™ - "
[ 2+ ~3
: ™Y
2
ot
b4 1 4
3 °
<
0
0.25

Relative 28-day strength at loading

Figure 14.21 - Ratio of additiona plastic to the elastic complianceversus relative
28-day strength. Unloading of HPC with air curing, young when loading.
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HPC with silicafume durry exhibited adightly larger early complianceratio than
HPC with granulated silicafumefor the reason mentioned above. From the
discussion above and Figures14.19-14.22 thefollowing equations were cal cul ated:

Tt Te)p= 50-Kmai Kens-[(W/C)*-0.68-(w/c)+0.1372]-7.8 Kygirkye(0/6,) In(f/£.25) (14.24)

(o Te)B=82 Kunst [(W/C)*-0.544-(W/C)+0.08241+49-(0/£,) Kys - ~ 877K U011 (/Re28)
(14.25)

Ti/Te = 0.75Keup [(W/)-0.251kyp In(E /£ 08) (14.26)

al denotes 5% air-entrainment
m denotesmature HPC
f, denotes compressive strength at loading (MPa)
f,e denotescompressivestrengthat 28 days age (MPa)
[ks kmai ’ kmsl: kmD, kmS-, 1(yai, kysl: kyD ]
denotes constantsgivenin Table 14.24 (k=1 otherwise).
d denotes silica fume durry
denotes HPC young when loading
B, D denotesealed and air curing respectively
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J/Je  denotesratio of viscous-plastic complianceto the eastic compliance at
unloading

Jw/Je denotesratio of viscous-elastic complianceto the elastic compliance at
unloading

c denotes stress (MPa)
5 denotes HPC with 5% silicafume

Table 14.24 - Constants in equations (14.24) and (14.25) (k=1 otherwise).

Constant k (slurry) (Kmai [Kma  [kmp |Kms [Kyai [Kya |k
Air curing - 1.38 |- 1.66 [1.33 (052 |1.48 |0
Sealed 1.1 - 1.56 |1 - - 2 -0.06
curing

The viscous-elasticpart of the compliancewas small and hardly detectableat w/c<
0.35.

14.5.6 Basic creep rate compar ed with another model

Asindicated above, aknowledge of the long-term basic creep rate was of the utmost
importancefor thelifetimeof aconcrete structure. Present codes often
underestimate the effect of the cregp, most probably due to low creep rate
assumption, Sakata (1993). As proposed, the basic cregp may be separated into one
part related to creep and another part consisting of theinitial deformations, Bazant
(1995). It was therefore essential to describe the dope of the creep function, i.e. the
creep rate. From the eight long-term creep testscarried out as a part of the project
the long-term creep rate, dC(t,28)/dt, for mature concretewas expressed in relation
to the 28-day strength, Per sson (1995A), Persson (1997B) and Appendix 14
(sealed curing) [millionths/(MPa-day)]:

dC (;;28) =k-025- (fczs )—0.84 . (t ~ 98 )k-(0.19 o3 —0.81) (14'27)
dC(t,28)/dt denotesthe long-term creep ratefor HPC mature when loading
[millionths/(MPa-day)]
foon denotes 28-day cube strength (GPa) {0.085<f,,¢<0.145 GPa}
k k= 0.92 for HPC with 5% silicafume; k= 1 for 10% silicafume
t denotesthe age (days); {28<t<720 days}

Thelong-term creep rate of concrete, young at loading, dC(t,t")/dt, varied mainly
with the relative 28-day strength of the concrete. In this case, 24 tests of HPC were
availablefor analysis. Thelong-term term studiesindicated that, even after along
time, the creep rate of a concrete, young at loading, was higher than that of aHPC
that was mature at loading. The creep rate was expressed as, Per sson (1995A),

Per sson (1997B) and Appendix 14 (sealed curing) [millionths/(MPa-day)]:
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dC (t,t) =11 -e 2Cfm) . (t t,)0.95 £gog [0 (£ /f g )—0.54 ]-0.72

o e (14.28)
dC(t,t")/dt  denotesthelong-termcreep rate of HPC, that wasyoung at loading
f, denotes cube strength at loading (GPa)

feos denotes 28-day cube strength (GPa) {0.085<f,<0.145 GPa}

t denotes age (days) {2<t<720 days)

t' denotesthe age at loading (t> t') (days) {0.8<t"<3days}

Equations(14.27) and (14.28) were compared with the well-knownmodd for
estimation of the creep rate called B, Bazant (1995) using the concretesin this
study. The cregprate of concretein modd Bs;, dCy/dt, was smplified and
transformed asfollows, Hedenblad (1996) [millionths/(psi-day)]:

dco(t,t')_45.11-%-[1/ﬁ+0.29-(w/9)4]+ 0.14
ot () |-ty +(t-1t)°] t-(al/c)’’

(14.29)

a  denotesthe aggregate content (Ib/ft’)

c  denotesthe cement content in the concrete (Ib/ft%)

f',  denotesthe cylinder strength (psl)

dC,/dt denotesthe creep rate of the concrete [millionths/(psi-day)]
t denotesthe age of the concrete (days)

t' denotesthe age at loading (days)

w  denotesthe water content at mixing (Ib/ft®)

In the comparisons a stressto strength ratio at loading of the concrete, o/f,= 0.3
(based on the cube strength, f;) was studied. Both young concrete (2 days age) and
mature concrete (28 days age) were used in the comparison. Modd B, appliedfor
o/f’.< 0.4 (cylinder strength, T ;). The cylinder strength, T , of 32 cylinderswas
correlated to cube strength, E, Figure5.5 (MPa):

£=0.714, (5.8)

The stress/cylinder strengthratio at |oading of the specimensin the study was then
calculated: o/f’ ;= 0.41. Figure 14.23 shows the creep rate estimated according to
equations(14.27), (14.28) and (14.29) versusthe measured creep, Persson (1995A),
Per sson (1997B) and Bazant (1995) and Appendix 14 (sealed curing). The

preci se estimations according to the equationsare givenin Table 14.25. Symbols
used in Table 14.25:

a  denotesthe aggregate content (Ib/ft®)

a denotes 5% air-entrainment

C  denotesthe cement content (1b/ft®)

fos  denotesthe 28-day cube strength (MPa)
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Figure 14.23 - Estimated creep rate [equations (14.27) - (14.29)] versus measured.

f',  denotesthe 28-day cylinder strength (psi)
..g.. denotesgranulated silicafume
Kk denotes a parameter in equation (14.27) above
..s.. denotessilicafume durry
t denotesthe age of the concrete at estimation of the creep rate (days)
t' denotesthe age of the concrete at loading (days)
B;  denotesthe cregpformulagivenin eguation (14.29) above
Eq. (1) denotes equation (14.27)
Eq. (2) denotes equation (14.28)
Eq. (3) denotes equation (14.29)
Ref. denotes measured creep rate, Per sson (1995A), Persson (1997B) and
Appendix 14 (sealed curing)
c denotesthe stress on the concrete
= o/fox
...5 denotes 5% silicafumecal culated on the basis of cement content
25... denotesw/c=0.25

The estimationsaccording to equation (14.29) gave a decreasing estimated creep
rate with increasing measured creep rate, which was in contrast to equations (14.27)
and (14.28) and a so in disagreement with other research results, cp. Figure 14.2,
Miiller and Kiittner (1995). One reason for this divergencemay be the dominating
right-hand part of model B, Bazant (1995):
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Table 14.25 - Estimation of creep rate of HPC [equations (14.27) - (14.29)].
Mix |f’. c [(welt |t° [tt” Ja/c [Bs-Eq.[B:-Eq.k [Eq. |o [Eq. (2)[Ref.

3)__13) (1)
Sort |psi b 1% d |d d | psi’® MPa® | |[MPa®|- [MPa®|MPa®
/fit
38g5ai (9200 (33 138 [210 28 [182 4.07[2.68 [3.88 [0.92[3.94 |1 | 4.11
38g5ai (9200 [33 138 [210[2 [208 [4.07[2.67 [3.85 [0.92] 0.54/4.75 [4.89
37gl0 [11300(28 |37 [210 28 [182]4.182.63 1382 |1 |63 N1 | 2.52
37g10 [11300[28 37 2102 [208 4.18262 1379 |1 | 0.534.24 |4.42
36g10ai /9500 |28 137 [210 28 [182[3.92[2.72 B.95 1 J3 1 | 3.04
36g10ai[9500 [28 37 2102 [208[3.92[270 [3.92 |1 | 0.51/4.82 l6.24
33s5  [10400[28 133 [210 28 [182 4.152.61 [3.78 [0.92[3.89 1 |- 3.62
33s5  [10400[28 |33 [210[2 [208 [4.15[2.59 [3.75 [0.92}- 0.534.46 |[5.56
31gl0 [13100[31 |31 [210 28 [182[3.67[2.81 408 [1 [235 1 | 2.11
31g10 [13100[31 31 [210[2 o8 3.67[2.79 J4o5s 1 | 0.643.48 [3.76
30g10 [14100[33 30 21028 [182[3.47[291 421 |1 P24 )1 | 2.39
30g10 [14100[33 30 [210[2 [208[3.47[2.89 2 1 | 0.65[3.29 [4.48
20510 1260030 [30 [210 28 [182[39.2[2.69 [3.89 |1 P44 1 | 2.45
20s10 [12600(30 30 [210[2 [208[3.92[2.67 [3.86 |1 | 0.4714.12  [4.88
25g10 [14700[34 25 1ofpg (182345291 422 1 17 1 | 2.39
25¢10 [14700[34 25 102 [2083.45[2890 k2 N1 | 0.583.37 [3.23

dC , (t,t*) 0.14
= 14.30
dt ]tac t'(a/C)OJ ( )

[

a/c  denotesthe aggregateto cement ratio
dC,/dt denotesthe creep rate of the concrete [millionths/(psi-day)]
t denotesthe age of the concrete (days)

About 96% of the creep rate cal culated according to equation (14.29) depended on
the right-hand part shown in equation (14.30), which meant that the strength of the
concrete had amost no effect on the creep rate. The strength at loading played an
important role when estimating the creep, Miiller and Kiittner (1995), Figure 14.2.
Equation (14.29) only depended on the age of the HPC being studied and also on
the aggregate content, a/c. In order to estimatethe affect of the aggregate and other
mix design propertiesof HPC on the measured creep ratein the present study, an
extended parameter study was carried out, Figure 14.24 and Table 14.26. Table
14.26 shows the accuracy parameter R?, equation (14.31) for the creep rate of
mature HPC at 210 days age related to the parametersmentioned above. Strength,
f., was concluded the most significant parameter for the creep rate.

Y

R%2=1
Y )?
(ZYiZ)_Q_ﬂi

(14.31)

167



800 +

nt - "
700 + ™ )
600 +
500 + Aggregate content (per mil by
* volume)
8 * * * . O Aggregate to cement ratio (per
2 = = O cent)
400 + 17
© A A A * Cement content (kg/m?®)
© a
A
S 300 M 0 Compressive strength (MPa)
S 1
T©
g A + Mixing water content (kg/m®)
e
§ 200 A Water-cementratio (per mil)
S o ‘
°
0 L 1 1 :
2 25 3 3.5 4

Measured creep rate of mature HPC [millionths/{MPa x day)]

Figure 14.24- Parametersaffecting creep rate of HPC. Symbols are given above.

Table 14.26 - Accuracy parameter R? of the creep rate for HPC, 210 days age.

Accuracy/ a (per mil by [a/c (per |c f. W wlc (per
studied parameter | volume) cent) | (kg/m®) |(MPa) | (kg/m?) |Mil)
R’ 0.62 0.37 051 [0.66 [0.07 [0.34

SymbolsinFigure 14.24 and Table 14.26:

denotes aggregate content (per mil by volume)
denotesratio of aggregateto cement (%)
denotes cement content (kg/m”)

denotes compressive strength (MPa)
denotesthe number of measured values
denoteswater content (kg/m”)

denotesthe measured vaue

denotes the average measured value
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14.6_SummarVv and conclusions

A total of 32 air-cured and 52 sedl ed specimenswere studied over aminimum
period of 1100 days up to 1700 days. Traditional soring-loading deviceswere used.
The studiestook placein a climate chamber with extremely accuraterdative
humidity and temperature. The loading was dowly applied by hydraulic equipment
with the control of a precisionload-cell. Theloading was controlled at each time of
measurement.

Measurement were also carried out without any external loading in order to
control the loading-level in the device, which varied £ 3% asa maximum.,

The measurements were taken mechanicaly. The mechanically measured
deformationsof HPCs in the spring-loading devices coincided reasonably well with
the deformationsof specimensthat were measured by LVDTs in paralldl tests. The
measurementswere taken on three sides of the specimen which made it possibleto
obtain the eccentricity of the loading given elastic conditions (mature concrete). The
eccentricity was also obtained at the unloading of the specimens(elastic conditions).
Owing to theway of curing the specimens(lying) the eccentricity sometimeswas
quite large given el astic conditions. However, the eccentricity did not significantly
influencethe amount of deformation. One explanationwas perhaps that elastic
conditionsdid not exist at early ages but rather plastic.

After the measurement period the specimenswere rapidly unloaded and the elastic
deformation established within 1 minute. The viscous deformation was studied over
1 month. Finally, the plastic deformation (the remaining) was obtained. Paralle
testsof compressive strength, hydration and internal relative humidity were carried
out during the whole time of the creep study. The specimenswere weighed before
and after the measurement period. Comparison was performed with other research.
Thefollowing conclusionswere drawn:

o Loadingtime, w/c, air-entrainment, and type of silicafume, stress/strength level,

and strength at |oading and 28-day strength mainly influenced the long-term
creep of HPC with air curing.

¢ Loadingtime, w/c, and amount of silicafume, type of silicafume, stress/strength

level, and strength at |oading and 28-day strength mainly influenced the long-
term creep of HPC with sealed curing.

e Therateof creepwas dso related to the strength growth rate of HPC.

e Therateof creep of mature drying HPC increased with air-entrainment and was
dependent on amount and type of silicafume.

e Therateof cregp of young drying HPC was dependent on air-entrainment, the
amount and type of silicafume.

e Thecreeprate of sealed HPC was dependent on air-entrainmentand amount of
silicafume,

e Therateof cregpin HPC was related to the internal relative humidity of HPC.

169



The eastic modulusof HPC withar curing that was obtained in the present
study was about 5 GPa smaller than the el astic modul us estimated accordingto
the proposed extension of Modd Code 90.

The eastic modulusof HPC with sealed curing that was obtained in the present
study was about 8 GPa larger t hen the el astic modulus estimated according to the
proposed extension of Modd Code 90. These resultswere explained by the
increased immobility of water in sealed specimens compared with drying HPC.
The viscous-eladtic partition of cregp was smdl (hardly detectable) at w/c <
0.35.

Time, w/c, air-entrainment, and type of silicafume, stresd strengthlevel, and
strength at loading and 28-day strength influenced the long-term plastic
complianceto elastic complianceratio of HPC withar curing mainly.

Time, w/c, and type of silicafume, stresdstrengthlevel, and strength at loading
and 28-day strength influenced the long-term plastic complianceto elastic
complianceratio of HPC with sealed curing mainly.

The creep rate of the HPC estimated according to equations evaluated within
these studies, decreased with increasing compressivestrength, whichwasin
contrast to another well-known mode.

The proposed equationsagreed reasonably well with the experimental results.
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15. CREEP AND SHRINKAGE AFTER HEAT CURING

15.1 Genegr al

From a practical point of view, it was Of great interest to study creep of HPC after
heat curing. HPC of mix 6, Table5.1, was studied at various temperatures, Figure
15.1. The temperature during the fi st day was chosen to reflect a curing period in a
large HPC structure. After thefi st day HPC was studied at different temperatures.

15.2 Experimental

Thetested HPC cylinder was built into a climate box within the M TS machine. The
same loading and unloading procedures were used as applied in the short-term
studiesabove, Sections 6-13. HPC of mix 6 was cured at about 48 °C for 16 h and
thentested at various temperatures, Figure 15.1. The loading on the HPC cylinders
was applied at 1 day's age. The cylinderswere unloaded after 66 h.

Parallel to the testsin the MTS machine long-term tests of heated HPC of mix 6
were performed. The spring-loading devices used for the long-term studies initially
were placed in same climate chamber as was supplying the MTS machine, i.e. the
same temperaturewas obtained in the specimen at the short-term and at the
beginning of thelong-term tests. After the heat curing for 16 h + 66 h, the creep of
the cylinderswas studied at 20 °C, sedled or air-cured, for 3 years.

15.3 Result of short-term creep

The climate chamber that was used to maintain the rel ative humidity and
temperaturein the MTS machine was connected to another chamber in which cubes
of 100 mm were placed in order to study the mechanical properties of the HPC.
Figure 15.2 gives the compressive strength of HPC type 6. One day of heat curing
at 48 °C reduced the strength at 28 days age by about 10%. The heat-cured HPCs
obtained the same strength after 1 day of curing, asdid HPCs cured at 20 °C after
about 2 days. Figur es 15.3-15.5 give the hydration, internal relative humidity, RH,
and weight losses of the heated HPC of mix 6. The heat-cured HPCs obtained |ower
relative hydration and also initially alower RH than the HPCs cured at normal
temperature, which explained the resulting |lower strength at 28 days age. Figure
15.6 shows the shrinkage of the HPC after heat curing accordingto Figure 15.1.
Figure 15.7 showsthe shrinkage versus the weight losses, i.e. a combination of
Figures15.5 and 15.6. Figure15.8 showsthe total compliance reduced by the

shrinkage versus|oading time at various curing temperatures. Symbolsthat were
used in thefigures:
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denotes sealed curing (basic creep)

B
D denotesair curing (drying creep)

T denotestheinterna temperature of the cylinder ("C)
6

I HPC nnx, Table5.1
...02 denotes batch number
(0.30) denotes stresd cube strength at loading, o/f,= 0.30

15.4 Analysisof short-term creep after heat curing

Some variationsin the temperature were observed during the creep test at -16 °C. At
-1"C rapidfailuresof the specimenswere observed both at o/f, = 0.6 and at o/f, =
0.38. At -1"C the short-term tests only were carried out at astressto cube strength
ratio, o/f, = 0.17. Remaining tests at temperatures other than-1"C were carried out
a o/f,=0.3(-16 °C) or at o/f,~ 0.6 (32°, 38" and 58 "C). Asareference creep
resultsfrom HPC of mix 6 cured at 20 °C and loaded at 1 and 2 days age are
shownin Figure 15.8. Thefailuresof the specimensat -1 °C were probably due to
formation of some saltsonly stable at thistemperature, Stark (1995, 1997), Stark
and Bollmann (1995), Stark (1996). However, moreresearchisrequiredto

@ m thishypothetical failure mechanism that occurred during creep tests of HPC
at -1"C only. Figure 15.9 showsthe creep rate versusthe stressto strengthratio a
loading. Figur e 15.10 shows the creep rate versus the temperature of the specimen.
The creep rate of HPC at -1 °C was substantialy larger than at other temperatures.
Thefollowing equationsfor the creep rate were cal cul ated:

d/dt= (c/£))-0.55[1-+13-(o/E)J/(tt)  {0.30<0/£,<0.60 exceptfor T=-1"C) (15.1)
(dJ/df) 1= (o/£) 13/(t-t") {0.17<0/£,<0.38} | (15.2)
(d1/df) = (0/£,)[T-0.021(1-0/£,)+0.3-(1+23.3-/£))/(t-t)

{0.30<0/£,<0.60 ,-20<T<60 "C except for T=-1"C) (15.3)

Symbolsin Figures15.8-15.9 and in equations (15.1)- (15.3):

di/dt denotesthe creep rate at temperatures other than-1"C
[millionths/(MPa-h)]

(dJ/dt).,-  denotesthe cregp rate of HPC at [millionths/(MPa-h)]

t-t' denotesthe loading time (days)

T denotes the temperature of the HPC (-20< T <60" C)

The stresd strength ratio at |oading turned out to be more important asregardsthe
creep rate than the temperature did. The effect of temperature shownin Figure
15.10 wasrelated to the stressd strengthlevels. At 20 "'C the study was carried out
both at stresdstrength= 0.3 and =0.6 at loading. The creep rate rose accordingly.
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155 Analysisof long-term deformationsafter heat curing

After 1 day of heat curing at 48" C the curing was carried out at 32 "C for 2.7 days,
both related to short-term creep and shrinkage. During the short-term creep test in
the MTS machine parallel long-termtest were started up in aclimate chamber with
exactly the same climate asin the MTS machine. However, during thefirst 2.7 days
only aninitial temperature of 32"'C was studied regarding long-term deformations.
After this period the creep studies were carried out at 20 °C for more than 1000
days. Figure 15.2 showsthe long-term strength of the HPC, i.e. about 13% lower
strength after 1 year and heat curing compared with curing at 20 °C. The lower
hydration after heat curing partly expressed the lower strength, cp. Figures15.2
and 15.3.

Another explanation for the lower strength after heat curing was the lower RH,
Figure 15.4. At both 4 and 28 days age the RH was about 5% lower after heat
curing than after curing at 20 "C, leaving lesswater in the HPC availablefor
development of hydration and strength, Per sson (19963). The long-term weight
losses were substantially lower after heat curing at 48 °C than after curing at 20 "'C,
Figure 15.5. Moreover HPC cured at 20 °C started to increasein weight after above
28 days age, probably dueto carbonation, cp. Section 8 above. No such increase of
weight was observed after heated curing of HPC, probably indicating that no
carbonation occurred. The heat curing probably created amore dense surface of
HPC, which delayed the transport of carbon dioxide, or, dternatively, the surface of
HPC obtained too low arelative humidity for carbonationto occur, cp. Section 8
above. (Carbonation requiresboth air and moisture to occur.)

L essdrying occurred in heat-cured HPC thanin HPC cured a 20 "'C: about 19%
of the mixing water evaporated over 1000 days but about 26% from HPC cured at
20" C. Figure15.7 seemsto confirm these results. In order to study the shrinkage
after heated curing it was essentia to know the coefficient of thermal dilatation at
varioustemperatures. Figur e 15.11 showsthat the coefficient of thermal dilatation
on average was about 0.01 per mil/°C, athough dightly increasingwith the

temperature. From Figure15.11 thefollowing coefficient of thermal dilatation was
obtained:

or = (9.8+0.014-AT) 10 {-20<T<60 "C) (15.4)
or denotesthe coefficient of thermd dilatation {m/(m-°C)}
AT denotesthe changein temperature ("C)

The long-term autogenousshrinkage over 1000 days was about 0.35 per mil after
curing at 20 "'C but twice as large after heat curing (about 0.7 per mil), Figure 15.7.
The reason for this observationis unknown. Figure 15.7 aso shows that the drying
shrinkageover 1000 days was about 0.6 per mil after curing a 20 °C and about 0.7
per mil after heat curing, resultswhich coincided well with the correlations
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presented in Section 8 above. The reduced long-term creep complianceis shownin
Figure 15.12. (The shrinkage strain has been reduced fiom the creep strain.) The
creep rate with sealed curing increased with the increase of curing temperature,
Table 15.1, which coincideswell with Figure 15.10. However, the opposite effect
of the temperaturewas observed with air curing, Table 15.1. Thenthe creep rate
decreased after heat curing mainly owingto the different amount of evaporable
water. About 19% of the mixing water evaporated fiom the heated HPC over 1000
days and about 26%fiom HPC cured at 20 °C.

The driving forcefor drying shrinkageis evaporation of watey, i.e.
decrease of RH, whichin turn decreasesthe underpressurein the pore water, Figure
15.13. Since RH decreased much morein the 20 " C-cured specimen alarger creep
rate was observed than in heat-cured HPC. The creep rate for heated HPC was
Independent of the curing condition since the decrease of RH wasin the same order
for the two curing conditions.

Table 15.1 - Reduced long-term creep rate [millionths/(days-MPa)]

Conditions Cured at 20 °C |Heat-cured
Sealed curing [2.1 3.8
Air curing 7 3.9
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15.6 Summary and conclusions

Short-termcreep of five HPCs was Sudied at temperatures varying between -16 and
58"C. Therate of creep was correatedto the temperature except for -1 °C at which
temperaturerapid failures were observed during the creep tests, probably owingto
formation of saltsin the HPC. The saltswere only stable at this particular
temperature. This hypothesis still isto be confirmed by further research. Long-term
creegp of HPC after heat curing was studied for more than 1000 days. Parald studies
were carried out related to strength, hydration, interna relative humidity weight
losses and shrinkage. The following conclusionswere drawn:

The creep rate of HPC during short-term creep increased both with the stressto
strength ratio and with the temperature. Much larger creep rate was observed at
-1"C than at other temperatureswhen the stressto strength ratio was held
congtant.

The long-term creep rate with sedled curing a so increased with the increase of
curing temperature, which coincided well with the findings of short-term creep
tests. The opposite effect of the temperature was observed with air curing since
the creep rate decreased after heat curing mainly due to the different amount of
evaporable water.

The long-term autogenous shrinkage over 1000 days was about 0.35 per mil after
curing at 20 °C but twice as large after heat curing (about 0.7 per mil). The
reason for this observation is unknown. The drying shrinkage over 1000 days
was about 0.6 per mil after curing at 20 °C and about 0.7 per mil after heat
curing, resultswhich coincided well with the correl ations presented above.
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16. DIMENS ONAL EFFECT ON CREEP AND
SHRINKAGE

16.1 Gener al

It was of greet interest to study the dimensiona influence on creep and shrinkage of
HPC. Bazant and Baweja (1995) give agenerd approach regarding the influence
of the size of the structure on creep and shrinkage, Figure2.2. The gpproach is
based on moisturetransportsin the concrete. It is known for NSC that the rate of
drying shrinkageincreaseswith lower haf the hydraulic radius of the construction,
i.e. at lower VIA (V = volumeand A = cross-sectionarea). However, sincethefinal
drying shrinkageis more or lessindependent of the size of the construction, thetime
of drying shrinkage is shorter at lower VIA when the ambient climateis held
constant. The autogenousshrinkageis not dependent on specimen size. Since drying
creepis partly affected by the drying shrinkage, drying creep too becomes size-
dependent. It was the purpose of thisstudy to compare creep and shrinkage of 55-
mm cylinderswith the same propertiesof cylinders 100 mm in diameter.

16.2 M aterialsand experimental methods

16.2.1 Aggregate, cement and studied HPCs

Tables 16.1-16.2 shows the main propertiesof the aggregateand the cement and
Table 16.3 the mix design (wlc = 0.37). The natural sand had 0.8% ignitionlosses
and the silicafume 2.3% ignition losses (granulated, specific surface; 17.5 m%/g).

16.2.2 Prepar ation of specimens

Ten cylinders 100 mm in diameter and 500 mm in length of each HPC were cast
and sedled cured for 16 h at 20 °C. Six cast-initemswere placed in each cylinder.
After demoulding 4-mm stainless screws were connected to the cast-initems and
fixed with nutsto the surface of the specimen. A measurement cup was ground into
the head of the screws. Half the specimenswere sealed cured with adhesive
aluminium foil directly after demoulding. The specimenswere weighed before the
measurements started. Eight specimens, of each HPC were placed in atraditiona
creep device. Two specimens per HPC were used to study shrinkage. Cubeswith
100 mm sides were used to study compressive strength and internal relative
humidity, RH. The cubes were sealed in the sameway asthe cylinders(haf of the
specimenswere drymg). The ambient climate was provided by a climate chamber
with 20 £+ 0.5 °C and ambient RH = 55+ 3%.
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Table 16.1- Characteristicsof the aggregate.

Materiall Elastic Compressve Split tensile I gnition
characteristics modulus | strength strength |osses
Quartzitesandstone |60 GPa 332 MPa 15 MPa 0.3%
Table 16.2 - Chemica composition and the main characteristics of the cement.
X-ray fluorescenceanalysis (%)

CaO 64.9

Si0; 222

Al O, 3.36

F6203 4.78

MgO 0.91

| CP-analysis (%)

K50 0.56

Na,O n nA

L ECO apparatus (%)

Ignitionlossesat 950 °C 0.6

SO; 2.0

Physical properties

Specific surfaceaccordingto Blaine 302 m*/kg

Density 3220 kg/m®

Setting time

Vicat 135 min.

Water 26.0%

Standard test (prisms40x40x160 mm) |(MPa)

1 day 11.0

2 days 20.2

7 days 35.8

28 days 52.6

Table 16.3 - Mix design of studied HPCs with w/c= 0.37 (kg/m’ dry materia).
Material 101 |103

Quartzite sandstone, 11-16 mm 455 910

Quartzite sandstone, 8-11 mm 455

Natural sand, Astorp 0-8 880 |790

Granulated silica fume 22 44

Cement 445 1440

Air-entraining 1ge  (vinsole resin) 0.02 10.04

Water 162 (161

Superplasticiser (melamine formaldehyde) |3.3 |4.8

Air-content (% by total volume) 24 143

Density (kg/m>) 2430 | 2350

Slump (mm) 140 (170
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16.2.3 L cading and measur ements

The measurement points were placed at a distance of 300 mm. Thefirst
measurement was taken directly after preparation. After testing the compressive
strength the force of the cregp device was set at a naxi numof 0.6 of the
compressive strength or 196 kN (25 MPa). The required time of loading was about 2
minutes. The first measurement was taken within 3 minutes fiom the start of
loading. Initially theloading was controlled with a container of nitrogen gas that
was connectedto the hydraulic oil pressureof the jack in the spring-loading device.
The load level was controlled with a precisionload-cell. After a couple of daysthe
loading was maintained by four springsin the device. The age of the HPC at loading
varied between 2 and 28 days, i.e. the stress/cube strength varied between 25 and
50% at loading. Mechanical measurement devices were used. The measurement
device was calibrated with an INVAR rod. The accuracy of the measurement was +
0.002 mm and of theloading + 3% over time. At loading the load-cdll and the jack
provided the precise loading with a high accuracy (& 0.1 kN).

16.2.4 I nternal relativehumidity, RH

Fragmentsfiom strength tests were used to study RH. Pieces of HPC fiom the inner
part of the cube were placedin aglass tube, whichwas tightened with a rubber
plug. After 24 h a dew point meter was entered into the glass tube and tightened
with an expanding rubber ring around the glass. A golden mirror of the dew point
meter was heated and cooled continuoudly. At the precise (decreasing) temperature
of the dew point the reflection of light flash was interrupted on the golden mirror
due to condensationof moistureof thedr around the dew point meter. Thear
around the mirror was connected to the air in the capillary pores of the HPC. The
same RH was obtainedin the dew point meter asin the HPC provided the
measurement time was set sufficiently long (at 22 h). It was important to calibrate
the dew point meter. The calibrationswere performed accordingto ASTM E 104-
85 with solutionsof salt at 33.1, 75.5, 85.1, 94.6 and 97.6% RH, which RH was
dightly temperature-dependent.

16.2.5 Unloading procedure

After about 10 months of loading the elastic, viscous and plastic deformations were
observed after the specimenswere unloaded. The first measurement was taken 2
minutes after unloading. The measuring then continued until no more viscous
deformationwas observed. The weight.of the specimen was measured.
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16.3 Reaults

Figures16.1 and 16.2 show the development of strength and internal relative
humidity, RH, in 200-mm cubes. In Table 16.4 the stressto cube strength ratio used
at loadingis shown. RH of drymg cubeswas mainly dependent on the hydraulic
radius of the specimen. Half the hydraulicradius, VIA, of the cubeswas 0.017 m
for the cubes but V/A= 0.025 mfor the 100 nm cylinder specimen. The cylindersin
the main research on creep and shrinkage had V/A= 0.014 m. Shrinkage of 100 mm
cylindersversus time and shrinkage of the sametype of cylindersversus moisture
lossesis shownin Figures 16.3 and 16.4. The moisture losses, w., have been
related to the original amount of mixing water, w. Finally the compliance, i.e. the
specific deformation after reduction of shrinkageof cylinderssubjected to sustained
constant loading, is shown in Figures 16.5 and 16.6.

16.4 Analysis

16.4.1 Shrinkage

The amount and rate of autogenous shrinkage was more or lessindependent of the
Size specimen, cp. Appendices 8.1 and 8.3 with Figure 16.3. The mgority of the
autogenous shrinkage stopped after 100 days. However the drying shrinkage was
Size-dependent. Cylinders 55 mm in diameter (V/A= 0.014 m) obtained drymg
shrinkagefor about 1 month before the carbonation shrinkagestarted. Cylinders
100 mm in diameter (V/A= 0.025 m) exhibited drying shrinkagefor 100 days before
any carbonation shrinkage (increase of weight) was observed, Per sson (1997A), cp.
Appendices8.1, 8.3, 8.17 and 8.19 with Figures16.2, 16.3 and 16.4. Figure 16.7
shows the rate of drymg shrinkageversus haf the hydraulic radiusof the specimen.
From Figure 16.7 the following correl ationwas obtai ned between the drymg
shrinkagerate, half the hydraulicradius, VIA, and age of the HPC:

de/dt = 0.0073-(V/AY* 1t {0.014<V/A<0.025} (16.1)
de/dt denotesthe drying shrinkage rate (millionths/day)

t denotes age (days)

A denotesthe area of the specimen (m?)

Y, denotes the volume of the specimen (m?)

VIA denotes half the hydraulic radius(m)

Symbolsused inthe figures:

B denotes sedled curing

D denotesair curing

1011 HPC mx (101.) and 28 days age when loading (...28)
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16.4.2 Creep compliance

The measured creep compliance was reduced by the measured shrinkage. The
measured creep compliancewas compared with the cal culated creep compliance
according to equations(6.13), (9.1), (9.2), (14.8), (14.9), (14.10) and (14.11).

Jtt)w=a | dEt)/(Et)rb=ag [ d(Et)/(t-t)+1000/Dy (6.13)

apg= 3.4-[(W/C)-0.13]-Spas + [0.3-11-(c/£) ] In(£/£.25) {0.25<wW/c<0.40}  (9.1)

apsy= 0.14-[(W/C)+2.5]'spast [0.29-6.9-(o/f,) ] In(fo/f.28) 9.2)

ash denotesthe short-term compliance rate [millionths/(MPa-h)]

aBsh denotes short-term basic creep rate [millionths/(MPa-h)]

aDsh denotes short-termdrying creep rate [millionths/(MPa-h)]

b denotestheinitia compliance 1 s after loading (millionths/MPa)

fo/feos denotesthe relative 28-day strength at loading {0.4< f,/f2s<1 for
o/£=0.3 and 0.15< f/f,3<0.5 for 6/£;=0.6}

SBas =1.25 for HPC with 5% silicafume or/and air-entrainment combined
with 10% silicafume; sp.s= 1 for HPC with 10% silica fume

SDa5 =1.5 for HPC with 5% silica fume and/or air-entrainment; sp,s= 1 for

HPC with 10% silicafume
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t denotesthe age of the concrete (h)

t' denotesthe age of the concrete when loading (h)

Dy denotes the deformation modulus 1 h after loading, Section 7 (GPa)
J(t,t)en denotesthe snort-term compliance (specific creep, millionths/MPa)
o/f, denotesthe stress/cube strength ratio when loading {0.3<c/£,<0.6}
J(t,t o= 1000/De+ apie: | d(t-t)/(t-t) - (14.8)

apio =K' 513-[(W/c)* - 0.6+(w/c) + 0.0959] - ki [1.83 + 2.37-(o/£)] In(f,/f.25) (14.9)

aplo denotesthelong-term creep rate with air curing [millionths/(MPa-day)]

K, = 1.5 for HPC with 5% air-entrainment; k,; = k.= otherwise

Kas =0.8 for HPC with 5% air-entrainment; k,; = 1.3 silicafume slurry

t denotes age of the concrete (days)

t' denotes age at |oading (days)

D, denotesthe deformation modulus at loading, Section 7 (GPa)

Jtt)p,  denotesthelong-termdrying cregp compliance (millionths/MPa)

J(t,t )i= 1000/De+ agyyr [ d(t-)/(tt") (14.10)

aRio denotes|ong-term basic cregp compliancerate with sealed curing
[millionths/(MPa-day)]

t denotes age of the concrete (days)

t' denotes age at loading (days)

Dy denotesthe deformation modulus at loading, Section 7 (GPa)

J(t,t B denotes the long-term basi ¢ creep compliance (millionths/MPa)

ap1o = ko523 1-[(W/c)? - 0.594-(w/c) + 0.0952] - kis [2.83 - 3-(c/£,)]-In(f,/fi5) (14.11)

aBio denotes long-term creep rate with sealed curing [millionths/(MPa-day)]

fo/feos denotestherelative 28-day strength at loading {0.3< f/f.25<1}

Kss = 1.5 for HPC with 5% silicafume or 10% silicafume durry; k=1
otherwise

Table 16.4 provides detail sconcerning the parameters of the equations. The effect
of the size of the cylinder (55 or 100 mm) was taken into account when choosing
half the hydraulicradius, i.e. the volumeto arearatio of the specimens(V/A), Table
16.5. The measured deformation at 100 s of loading was estimated with logarithmic
extrapolation of all values of the creep compliancelessthan 10 days age. Figure
16.8 shows estimated compliance, Jes:, vVersusthe measured compliance according
to equation:

Jest =IpH[V/IA)gs5s/(VIA)g100] (In-Te)=TeH(dgss/dg100) (In-Js)=Tp +0.555 -(Jp-Jp) (16.2)
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Table 16.4 — Parameters of equations (9.1), (9.2), (14.9) and (14.11).
No Age ()'/fc fJ In Sas Ash & Jsh kai kss Ay d J[o Jtot
(d) fos (fc/fc28) j. d/t I &/t
0 27

1011B [312 {0.57]0.21]-1.57 [1.25]6.22(7.76 |48 |1 1.5 [6.91 [4.75 |33 |81
1011D (312 {0.59]0.23{-1.47 |15 |10.3(7.76 |80 |1.5 |09 [11.5 |4.75 |[55]135
1013B (313 {0.29]0.57]-0.56 11.25|1.46|7.76 |74 |- 1.5 |6 475 128 |36
1013D 313 |0.29]0.63{-0.46 |1.5 [2.55[7.76 {20 |1.25|/0.9 [797 [4.75 |38 |58
1018B 308 10.30(0.78-0.25 [1.25]|0.95|7.76 |7.4]- 1.5 [5.03 [4.75 |24 |31
1018D (308 {0.30|0.87]-0.14 |15 |1.64{7.76 |13 |125|09 [7.25 |4.75 |34 |47
10128B {288 |0.27| 1 0 1.2510.5 {7.76 [3.9]- 1.5 |43 4.65 120 |24
10128D | 288 {0.30| 1 0 1.5 11221776 [9.5]1.25]09 |6.93 |4.65 {33 |42
1032B 230 {0.60{0.40(-0.92 {1.25]|4.0 [7.76 |31 |- 1 3.80 |4.44 |17 |48
1032D 230 |0.60{0.43|-0.84 1.5 [6.51[7.76 |51 |1.5 |0.8 [10.5 [4.44 |47 |97
1033B 231 |0.29{0.54]|-0.62 [1.25]|1.56|7.76 [12 |- 1 4.06 [4.44 |18 |30
1033D {231 |0.29]0.59]-0.53 |1.5 |2.75|7.76 [21 |15 |0.8 |9.38 |4.44 |42 |63
1034B 232 10.48|0.58|-0.54 [1.25(2.13|7.76 |17 |- 1 3.6 |444 [16]32
1034D 232 |0.48[0.63|-046 [1.5 |46 |7.76 [36 |15 |08 |94 (444 (42|77
10328B | 208 |0.28| 1 0 1.2510.5 |7.76 |3.9]- 1.5 [2.84 {433 [12]16
10328D | 208 {0.30| 1 0 1.5 11.2217.76 19.5[1.25/0.8 |831 |4.33 |36 |46

Table 16.5 - Measured and estimated creep compliance after 100s (millionths/MPa).

denotes estimated compliance of sealed cylinder 55 mm in diameter at

No J mea. J 100s J. creep— J mea. =J 100s J, est.
1011B {129 [48 |81 81
1011D {174 [49 |125 111
1013B {63 |24 |39 36
1013D |66 {23 |43 48
1018B |57 {29 |28 31
1018D |64 |32 |32 40
10128B |48 128 |20 24
10128D (49 129 |20 34
1032B 118 |57 |61 48
1032D {140 |59 |81 71
1033B  [81 (42 |39 30
1033D |90 {29 |61 48
1034B |69 |33 |36 32
1034D 108 |36 |72 57
10328B |47 |31 16 16
10328D |56 |29 |27 32
d denotesdiameter of cylinder (mm)
Js

Jp

The following equation was obtai ned between estimated and measured compliance:

denotes estimated compliance at drying of cylinder 55 mm in diameter

191




140

T
o
= 120
/2] Py
s Pl
S -~
2 100 ~Z
(] - 7
g 80 F =
S o
o, 7~
P
§ 60 ol
o _r
o an ke
& Pid
b 40 =
E [ % AL
o "
E 20 o
"'a‘, war*
w
0
0 20 40 60 80 100 120 140

Measured creep compliance {millionths/MPa)

Figure 16.8 - Estimated compliance versus measured compliance.

Jest. = 0-92'Jmea_ (163)
st denotes the creep compliance estimated according to equation (6.13),

(9.), (9.2), (14.8), (14.9), (14.10), (14.11) and (16.2) (millionths/MPa)
Jimea. denotes the measured creep compliance (millionths/MPa)

Accordingto equation (16.3), the estimated cregp compliance coincided reasonably
well with the estimated compliance taking in account half the hydraulic radius of the
specimen according to equation (16.2).

16.5 Sum vy and conclusions of dimensional study

The results and analysisof the creep and shrinkage investigation presented above
performed on moret han 100 cylinders 55 mm in diameter were compared with tests
on 20 cylinders 100 mm in diameter. The following conclusionswere drawn:

e Theautogenous shrinkage was independent of size.

e Thedrying creep rate was correlated to the hydraulic radius of the specimen.
The creep compliance studied on cylinders 100 mm in diameter coincided well
with the results of creep studies performed on cylinders55 mm in diameter
taking into account half the hydraulic radius of the specimens.
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17. FIELD STUDIES

17.1 Genegal

From a practical point of view it was of great interest to confirm the laboratory
studies by afew field studies. The high stress/strength levelsachievedin the
laboratory research were difficult to smulate in structures affected by gravity force
only. Thefield studieswere therefore carried out on prestressed constructions. Two
types of beamswere studied: hat beams mainly prestressed at the bottom flange and
square beams, symmetrically prestressed, i.e. prestressed pillars. It was the objective
of thefield studies to compare the field studies with the |aboratory studies.

17.2 Experimental

Specimen and materials:

Thewidth of the hat beam was 350 mm and the height was 300 mm. The height of
the flange was 160 mm and thusthe height of the web was 140 mm. Theweb had a
width of 170 mm. In theflange 18 pieces of prestressed strands were placed. The
web contained 2 strands, Figure17.1. The strandshad a diameter of 12.5 mm and
weretensionedto aforce of 135 kN each. HPC was poured into the mould and
cured. After a curing period varying between 18 and 42 h the strandswere cut
outside the mould and thus the force from the strandswas transferred to the HPC.
Dueto dastic strain and creep strain of the HPC the force of the strands
continuoudly diminished. Some relaxation of the strandsa so occurred which aso
lowered the force. Since the force was unsymmetrically related to the section of the
beams, some overestimationwas made to establish the resulting stress.

The square beams had a size of 200x200 mm and were prestressed by
alternatively 12 or 16 piecesof 12.5 mm strands. The strandswere symmetrically
placed in the beam, Figure 17.1. Theinitial force of the strands varied between 90
and 135 kN before prestressing of the HPC. Theforcewas hydraulicaly transferred
to the HPC after a curing period varying between 2 and 4 days. Thusthe stressin
the HPC beams became more or less symmetrically distributed.

The m x proportions, etc. of the HPCsin the hat beams aregivenin Table 17.1
(kg/m° dry material, etc.). After pouring, the HPC was heated in the mould. The
cubesthat were used to obtain the strength were placed in ahot box. The
temperaturein the box was adjusted to obtain the same heat development asthe
beam. Thetarget valuefor the strength of the HPC was 80 MPa before prestressing
was performed. Some hat beams were insulated by butyl-rubber cloth to study basic
creep (B). The remaining beamswere placed in a climatewith a relative humidity of
about 45% (D). All beamswere studied at 20 °C after initial curing at about 48" C.

The mix proportions, etc. of the HPCsin the squarebeamsare givenin Table 17.2
(kg/m’ dry material, etc.).
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Figure 17.1 - Section of beams. e = strandsin all beams. o = strandsin some beams.

Table 17.1 - Mix proportions, etc. of HPCs in hat beams (kg/m’® dry material, etc.).

Material/ mix 1 2 3 4 5
Coarse aggregate 8-16 mm 1043 (1024 [990 (990 {970
Gravel 0-8 mm 617 |736 [708 (708 |[715
Filler 118 |- 90 |90 87
Cement, ¢, low-alkali (404 m*/kg Blaine) [510 [512 [510 [511 [429"+ 76
Silica fume, s (fineness 17.5 m*/g) 51 |56 [51 [51 [50
Superplasticiser 9 9.6 |7 7 12.1
w/c 0.28 {0.27 |0.30 [0.30 {0.28
s/c 0.10 [0.11 |0.10 [0.10 [0.10
Density 2510 | 2475 {2510 |2510 | 2483
Age at loading (h) 18 (42 (22 (20 |20
Strength at loading (100-mm cube, MPa) |70 87 |83 (85 |78
Strength at 28 days’ age (MPa) 122 [130 [122 [125 |110

1) 302 m?lkg Blaine, 2) ~1000 m*kg Blaine, w= mixing water including moisture

The cubesthat were used to obtain the strength development of the square beams
were placed in an insulated box on top of the beam but inside the mould. The box

was not insulated towards the beam. The cubes thus obtained the same hesat
development asthe beam did. Different target valuesfor the strength of the HPC
before prestressingwere used dependent on the force applied by the strands.
Initially the HPC was cured in the steel mould. Plasticfoil and 60 mm of heat
insulation covered thetop of the HPC. About 12 h before prestressing the beams
were cooled to 20 °C. After prestressing the beams were cured at the same
temperatureas before (20 °C) but uncovered. After 1 h of measurement the beams

were placed in an ambient climate of ~ 45% relativehumidity at 20 °C temperature.
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Table 17.2 - Mix proportions, etc. of HPC in square beams (kg/m3 dry material).

Material/ mix 3230 (3240 [3730 |3740 |3750
Coarse aggregate 12-16 mm 425 (425 [425 |380 |380
Coarse aggregate 8-12 mm 425 1425 425 380 |380
Coarse aggregate 4-8 mm 325 |325 325 |190 |190
Gravel 0-8 mm 775 |775 |775 [790 |790
Fibre 1-4 |(1-4 |0-2 [0-2 [0-2
Cement, ¢, low-alkali (302 m*/kg Blaine) {500 [500 [500 [480 {480
Silica fume, s (fineness 17.5 m*/g) 35 35 35 33 33
Superplasticiser, melamine formaldehyde | 10 10 10 48 |48
w/c 0.32 1032 ]0.37 |0.37 [0.37
s/c 0.07 10.07 [0.07 [0.07 |0.07
Density 2500 [2500 {2500 12390 |2390
Age at loading (h) 69 [65 (48 |71 |92
Strength at loading (150-mm cube, MPa) |57-69 | 62-72 | 42-46 |49-55 | 56-62
Strength at 28 days’ age (MPa) 62- |100- |77- |81- |85-
88" |105" |gg" |89 |ggV

1) detailsaregivenin the estimations below

L ater after about 1 week the square beams were placed at alower temperature. The
final measurement was performed at atemperature of 20 "C. The coefficient of
thermal dilatation was assumed to be 0.01 per mil/°C. The HPCsin the square
beams contained either 0, 1,2 or 4 kg/m® polypropyleneplastic fibre in order to
prevent spalling of the HPC surfacein the event of fire temperatures. In the mix
proportionsthe fibre additive was indicated after the mix no. For example: 37..2
indicateswater-cement ratio, w/c = 0.37 and afibre content of 2 kg/m®. Thefigure
in betweenindicated the target 28-day load level, o/, at loading (prestressing,
%/10). Thedistributionaf particlesin the fresh HPC was of great importancefor the
workability of the HPC and the possibility to pour HPC in a structure, Per sson
(1995B). Figure 17.2 shows the cumulated material in the HPC including cement
and theided distributionof particlesfor HPC with a 28-day strength of 120 MPa.

Experimental methods:

The autogenousshrinkage and the drying shrinkage were measured for all the HPCs
studied. The cylinder had alength of 300 mm and adiameter of 55.5 mm. The
cylinderswere cast on site and then transportedto the laboratory where the HPC
was demoulded. One cylinder of each batch of HPC wasinsulated by 2 mm butyl-
rubber cloth; one cylinder was left unprepared. Cast-in items were placed 25 mm
fiom the ends of the 300-mm cylinder. After demoulding, stainless ground screws
were placed in the cast-initems. The cylinderswere placed ina 20 °C air-
conditioned room with an ambient relative humidity of 55%. Thefirst measurement
took place after the HPC reached the same temperature as the ambient climateroom.
Measurements at three sides of the cylindersstarted at about 20 hours age.
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The measurement device (Proceg) was calibratedto an INVAR rod, cp. laboratory
experiments. The measurementswere carried out for 3 years. The weight of the
cylinder was obtained paralld to the measurement of length to control |osses of

moi sture fiom the specimen. In case of hat beams a part of the beam wasinsulated
by 2-mm butyl-rubber cloth. The drying shrinkage was obtained on the remaining
part of the beam in an ambient climate of about 55% relative humidity. Cast-in
items of steel were placed in the flange of the hat beam. The distancefiom the
bottom and the top of the flange to the cast-in item was 25 mm. The horizontal
distance betweenthe cast-in items was 250 mm. After demoulding, the beam
consoles were fixed to the cast-initems. The measurement was carried out by
LVDTsin the same way as describedin the laboratory experiments. The LVDTs
were calibrated before the measurement took place. A computer collected the strain
data. Inthe case of square beam, cast-initems of steel were placed in the top of the
beam. The distance fiom the side of the beam to the cast-initem was 100 mm. The
horizontal distance betweenthe cast-initems paralée to the beam was 250 mm.
After demoulding, the beam consoleswerefixed to the cast-initems. The
measurement was carried out by LVDTsin the same way as described above. The
LVDTswere calibrated before each measurement took place. A computer
automatically collected the strain data. After 1 h the LVDT-measurements were
replaced by mechanical measurementsin stainlessground screws, that were placed
in the cagt-initems In the case of square beam, cast-in plastic pipeswere placed at
the top of the beam reaching the centre of the square section in order to measurethe
internal relative humidity. The pipe was tightened with arubber plug between the
measurements. During the measurement of internal relative humidity the dew-point
meter (calibrated accordingto ASTM E 104-85) was placed in the pipefor at |east
16 h. The instrument was covered with a hood to avoid temperature changes.
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17.3 Reaults

Figure 17.3 showstheresults of interna relative humidity in the square beams.
Figure 17.4 showsthe shrinkageof cylinders. The observed tota strain (including
shrinkage) of the hat beams at the middle height of theflangeis shownin Figure
17.5. The observed total strain at the middle upper edge of the square beamsis
shownin Figures17.6-17.10. Figure 17.11 shows the moisturelosses versus time.
Figure17.12 showsthe shrinkage versus moisturelosses of all beams.

17.4 Sourcesof error and accuracy

The main sourcesof error were:

e Temperature difference between the beam and the LVDTs the instrument during
measurement of internal relative humidity.

¢ Uneven deformation of the surface and the inner part of the beam.

o Ddayed start of the tests of shrinkage.
Moisturelossesin studies of basic creep.

e Differencesbetween measured strength and strength obtained in the beams

¢ Differencesin ambient climate of beams and specimensfor shrinkage studies.
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Figure 17.3 — Interna relative humidity in square beams. ( )= stress/strength level.
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Figure 17.9 - Measured total strain of beams S374 at the middletop versusloading
time. S= square beam; 32...=w/c; ..3.= amount of plasticfibre; ...4= batch no.

200



Measured strain {per mil)

oy
251
2 L
15 1
—=—S3750
.l —0—$3751
» —— 837521
] / —o— 537522
0.5 1 ——S3752
0 - f f f ; f ; !
0.0001  0.001 0.01 0.1 1 10 100 1000

Loading time (days)

Figure 17.10 - Measuredtotal strain beam S375 at the middletop versus loading
time. S= square beam; 32..=w/c; ..3.= amount of plasticfibre; ...4= batch no.
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Figure 17.11 Moisturelosses versustime. B= sealed curing, D= air curing.
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Figure 17.12 - Shrinkage versus moisture losses, we/w. B= sedled curing, D= air
curing, H2= hat beam 2, S= square beam, 32= water-cement ratio, w/c (per cent).

The maximum temperature of the hat beam at unloading was about 30 "'C. However,
the LVDTs were 20 "' C at the start of measurement, which cause afault. Thefault
increased the measured Strain, i.e. large cregp strain was measured including some
temperature differences. The fault in the strain then became about 0.10 per mil
assuming that the coefficient of thermal dilatation was 0.010 per mil/°C. At 30 MPa
stressin the HPC, the fault was | essthan 4 millionths/MPa.

The square beam was cooled to 20 °C before the prestressing of the HPC was
performed. In an extensiveinvestigation of the influence of the moisture profile on
the measured shrinkage, Alvaredo and Wittmann (1993), it was pointed out that
the way of measurement was of great importance for obtaininga correct strain. If
the measurement points were placed at the surface, the measured shrinkage became
larger than the average shrinkage of the beam, due to the shrinkage of the surface.
The maximum measured fault could be estimated as the difference between drying
shrinkage and the autogenous shrinkage. At 28 days age this difference was about
0.18 per mil calculated as an average on the beamsH1, H2 and H3. Thefault of
compliancethen was|essthen 6 millionths/MPa at 30 MPa stressin the HPC.

Dueto the required time of trangport of specimens from the site to the |aboratory,
the start of the shrinkage measurementswas delayed for beam H2 and H3. The
measured autogenous shrinkage then became about 0.05 per mil lower than when
the measurementsstarted at 1 day's age. Thisfault was also small. The moisture
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losses of the insulated specimen were also much smaller than losses of moisturein
drying specimen and aso much smaller than theinitial amount of water. The -
compressive strength was obtained for one beam of each stress/strength level only.
However, dueto different admixture of plasticfibre in the beamsthe mixing was
continued during the addition of plastic fibre, which may have influenced the
compressive strength, perhaps + 5 MPa. Some differences certainly existed between
the ambient climate in the laboratory, where the shrinkage was measured, and the
industry where the beamswere cured, perhaps as much as £ 10% RH, internal
relative humidity. The strain was mainly measured at 20 °C or recalculated to 20 °C
accordant athermal coefficient of dilatationof 0.01 per mil/°C, cp. equation (15.4).

17.5 Analysis

17.5.1 Effect of elasticity during relaxation and estimated shrinkage

Equation (14.23) and Figur e 17.3 were used to compensatefor the decline of forces
in e strands during the creep deformations(named el astic effect; millionths/MPa):
AJg = (Aco/o)-(1000/Eg). Asregardsshrinkage Figur e 17.12 shows shrinkage versus
the loss of moisture. The autogenous shrinkage was estimated at the left of Figure
17.12. (A linear regression was carried out and the autogenous shrinkage estimated
a no loss of weight.) Thelong-term drying shrinkage (excluding autogenous
shrinkage) was estimated at an age before the specimen increased in weight due to
carbonation. Theresultsof carbonation shrinkage from Section 8 above were

co rmed by the present field study, i.e. no carbonation shrinkage occurred
provided w/c < 0.30 and s/c > 0.10, where ¢ denotes the cement content, s denotes
the content of silica fume and w denotes the amount of mixing water. Figure 17.13
shows the shrinkage estimated according to equations (8.10)-(8.13) versus measured
shrinkage. The estimation of shrinkage according to equations (8.10)-(8.13) isalso
shownin Table 17.3. Another possibility the estimate the shrinkage was by the
measured internal relative humidity, O, Figure7.3 and equation (8.2). However, O
in the beams was about 1% lower than O estimated according to equation (5.39,
self-desiccation). It was then concluded to be more accurate to use the measured
shrinkagefor the caculation of the reduction of the complianceowing to shrinkage.

Table 17.3 - Estimated shrinkage accordin

to equations (8.10)-(8.13) (per mil).
Type of shrinkage | w/c=0.27 | w/c=0.28 | w/c=0.30 |w/c=0.32 |w/c=0.37
Total 0.66 0.61 0.54 0.50 0.52
Autogenous 0.24 0.23 0.20 0.17 0.09
Carbonation 0.02 0.03 0.04 0.06 0.10
Drying 0.37 0.34 0.29 10.27 0.33

e=k-34-[(w/c)*-0.68-(w/c)+0.13]

ep=kgp-1.5 [043 -(W/C)]
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£c=0.85-[(w/c)-0.25] (8.12)

ep=33-[(W/c)*-0.654-(w/c)+0.115] (8.13)

k = 1.1 for HPC with 10% silicafume durry; k = 1 for HPC with 10 %
granulated silicafumeor 5% durry

kg = 1.5 for HPC with 10% silicafume dlurry; kg= 1 for HPC with 10 %

granulated silicafume or 5% durry
E €p, €, &p denotestotal, autogenous, carbonation and drying shrinkage (per mil)

From Figure7.13 it was observed that the estimated shrinkage was smdler than the
measured shrinkage. Total, autogenous and carbonation shrinkage was 20% smaller
and the drying shrinkage 30% smaller than the measured. Onereasonfor this
observationis probably that another type of cement was used in some of the studied
HPCs (with w/c varying between 0.27 and 0.30). Accordingto Miyazawa and
Tazawa (1997), the type of cement influences the amount of shrinkagein HPC.
Larger shrinkage was observed with higher fineness of the cement. In thisfield
study the finenesswas Blaine 404 m?/kg but in the laboratory study presentedin
Section 8 the cement fineness was only Blaine 302 m*/kg. In the remaining HPCs
(withw/c varying between 0.32 and 0.37) the unfavourablegrading curve of the
fresh HPC perhaps affected the size of shrinkage owing to lower workability in the
fresh state, i.e. the compaction of a plastic concrete becomes more difficult.

0.8
| Estimated total shrinkage
\ .
0.6 L] \ l/
7
" _"s| mTotal
A > O Autogenous

/, -7 « Carbonation

0.4 -

~

A'
I]D O -

0.2 tml ’ —]

° P - 0 Drying
© . 20 o

Estimated shrinkage (per mil)

Estimated drying shrinkage |

o
/ | Estimated autogenous shrinkage |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Measured shrinkage (per mil)

Figure 17.13 - Egtimated shrinkage versus messured shrinkagein thefield studies.
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17.5.2 Creep complianceof hat beams

The measured strain of HPC in hat beamsis shownin Figure17.5 above. To
comparethefield results with the laboratory resultsin Sections 9 and 14 estimations
of the compliance, J (millionths/MPa) were expressed by the following equation:

J=¢/o (17.1)

J denotesthe compliance (millionths/MPa)
E denotes the measured strain (millionths)
c denotesthe stress of HPC (MPa)

The calculationsof the stressesin the HPC were based on Hur st (1988) mainly.
Theforces were estimated according to the following equations:

F; = n;(Fo-g;'Esr Ast) (17.2)
4

Fiow = ) E (17.3)
1

A, denotesareaof astrand

n denotes number of strandsin layer i

E,  denoteselastic modulus of strands

F;  denotesforcesof strandsin layer i

Fi  denotestotal force of strands

Fo  denotestheinitial forcein the strands before prestressing of the concrete
& denotes specific deformation of beams at level of strand layer |

The stressesof the concreteflange were estimated according to:

Gu = Fiotal/Ac - Fiota'er/Wy (174)
Sb = Fiotal/ Ac = Frotarer/ Wy (17.5)
¢ =0.5(c, + op) (17.6)

er denotesthe eccentricity of the prestressing force compared with concrete area
A,  denotesthe concretearea

F. denotestotal forceof strands

W, denotesthe deviation moment related to the bottom edge of the flange

W, denotesthe deviationmoment related to the upper edge of the flange

o, Sressesintheconcreteat bottom edge of the flange

o, Stressesinthe concreteat upper edge of theflange
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Table 17.4 providesforces, stressesof the strandsand compliance of HPC after
relaxation. The comparisonwith laboratory studies was carried out with equations
(6.13), (9.1), (9.2), (14.8), (14.9), (14.10) and (14.11).

J(tt )= 2 | d(t-t)/(t-t)+b=ag [ d(t-t)/(t-')+1000/Dy (6.13)

ag, denotesthe short-term compliancerate, Table 6.3 [millionths/(MPa-h)]

b denotestheinitial compliance 1 h after loading, Table 6.4 (millionths/MPa)
t denotesthe age of the concrete (h)

t' denotesthe age of the concretewhen loading (s)

D,  denotesthe deformation modulusafter 1 h of loading, see Section 7 (GPa)
J(t,t")s, denotesthe short-term compliance (specific creep, millionths/MPa)

aps= 3.4-[(W/c)-0.13]'Spys + [0.3-11-(c/F) In(E,/fi28) {0.25<w/c<0.40} (9.1)

ang, denotes short-termdrying creep rate [millionths/(MPa-h)]

f/fos denotestherelative 28-day strength at loading {0.3< fo/fe5<1}

spas =15 for HPC with 5% silicafume and/or air-entrainment; sp,s= 1 for HPC
with 10%silicafume

o/f, denotesthe stress/strength (100 mm cube) ratio at |oading {0.3<c/£,<0.6}
apsp= 0.14-[(W/c)+2.5]spast [0.29-6.9-(c/f,) ] In(f,/f.2¢) 9.2)

ags  denotesshort-termbasic creep rate [millionths/(MPah)]

o/f, denotesthe stress/strength (100 mm cube) ratio at loading {0.3<c/£,<0.6}

f/f.os denotesreativestrength {0.4< f./f.2s<1 for o/f.= 0.3 and 0.15< £/f23<0.5 for
o/f,= 0.6)

spas  =1.25 for concrete with 5% silicafume or/and air-entrainment (10%silica
fume); sp,s= 1 for 10% slicafume

J(t,t o= 1000/Dy-+ apy | d(t-")/(t-t") (14.8)

ap,  denoteslong-term drying creep compliancerate with air curing
[millionths/(MPa-day)]

t denotes age of the concrete (days)

t' denotesage at |oading (days)

D,  denotesthe deformation modulusat loading, Section 7 above (GPa)
J(t,t")p1, denotes the long-term drying creep compliance (millionths/MPa)

apio = K5 13-[(W/C) - 0.6+(w/c) + 0.0959] - kys [1.83 + 2.37-(c/f) In(f/fiag)  (14.9)

ap, denoteslong-term drying creep compliancerate with air curing
[millionths/(MPa-day)]
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Table 17.4 - Forces, stresses of strands and compliance after relaxation (kN, MPa).

For ce; stress/hat beam HID [H2B |[H2D [H3B |H3D [H4D |H 5D
Forcein strands 100 s after 2290 |2370 [2370 |2300 |2300 |2335 [2304
prestressing (kN)

28 d after prestressing (kN) 2005 2200 |2150 |[2094 |2039 |- 1999
Stressin HPC 100 s after prestressing (33.9 [35.1 |35.1 |34 33 335 |33.6
(MPa)

28 d after prestressing (MPa) 29.2 [32.7 [31.9 |309 |30 - 29.1
Compliance 100s 31 23.7 |23.7 |30 30 275 |[2938
after prestressing, J1o0 (millionths/MPa)

28 d after prestressing 61.2 |38.2 [43.6 [495 |555 |- 60.8
(millionths/MPa)

Elastic effect (millionths/MPa) 2.9 14 (19 (19 |19 |- 2.9
Reduction of complianceat 28 days | 7.6 57 |57 |58 |58 |- 4.8
age dueto shrinkage (millionths/MPa) | (8.9) (14.4) (16.3) (17.1)
Resulting 28d compliance (excluding (255 [10.2 [16.1 [156 [216 |- 29.1
complianceat 100 s of loading, elastic |(24.2) (7.4) (11.1) (16.8)
effect and shrinkage; millionths/MPa)

Estimated 28 d compliance (excluding |22.5 |17 17 155 [155 |- 18.5
complianceat 100 s of loading and (39.7) (27.2) (24.9) (29.3)
shrinkage; millionths/MPa)

B = basic creep; D = drying creep=( ); d=loading time (days); s= seconds.

k,s =0.8for HPC with 5% air-entrainment; k,; = 1.3 for silicafume durry

k; = L5for HPC with 5% air-entrainment; k; = kas = 1 otherwise

J(t,t )= 1000/D,, + agie | d(t-t")/(t-t") (14.10)

ap, denoteslong-term basic cregp compliancerate with sealed curing

[millionths/(MPa-day)]

t denotes age of the concrete (days)

t' denotes age at loading (days)

D, denotesthe deformationmodulusat |oading, Section 7 above (GPa)
I(t,t")g1, denotes the long-term basic creep compliance (millionths/MPa)

apio = kes 23 1-[(W/C)? - 0.594-(w/c) + 0.0952] - kes[2.83 - 3-(6/E)] In(f/fiag) (14.11)

ap, denoteslong-term basic creep compliancerate with sealed curing

[millionths/(MPa-day)]

f/fas denotesthe relative 28-day strength at loading {0.3< f/f2<1}
ks = 1.5for 5% silicafumeor 10% silicafume slurry; kes= 1 otherwise

Table 17.5 provides detailed information concerning the parametersof the
equations. The size of the beam compared with the cylinders used in the laboratory
studies was taken into account by half the hydraulic radius of the specimens(VIA).
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‘Table 17.5 - Parametersof equations(6.13), (9 1)-(9.2), (14.8)- (14 11). k5= s.5=1.

No w/c (W/C) O'/f fcj In Ash Jsh 103 Jio Jtot
fos | (f/fas) f dt/t J‘ dt/t
008 27

1B [0.28]0.0784 10.48]|0.57|-0.56 |2.15|7.76 16.7 {2.46 |2.34 5.76 |23

1D {0.28/0.0784 10.48]|0.57|-0.56 |3.30|7.76 25.6 16.03 |2.34 14.1{40

2B {0.27]0.0729 |0.40{0.67]|-0.40 |[1.43]|7.76 11.312.44 |2.34 56917

2D 10.27]0.0729 |0.40/0.67]|-0.40 [2.11]|7.76 16.4 [4.60 |2.34 10.8 (27

3B |0.30]/0.09 0.3640.68]-0.385 |1.3 |7.76 10.1 [2.98 [2.34 5.36|16

3D |0.30]0.09 0.3610.68]-0.385 |1.99|7.76 15.414.06 [2.34 9.50]25

5B [0.28)0.0784 |0.38{0.71{-0.50 [1.62|7.76 12.6 {2.52 [2.34 591]19

5D [0.2810.0784 |0.38]0.71]|-0.50 [2.45|7.76 19.0 [4.60 [2.34 10.8{30

B= basic creegp; D= drying creep

Figure 17.14 shows the compliance estimated according to the equations given
above and based on laboratory studies versus creep measured in hat beams of
independent fidd studies[f: “+” is used when estimating the compliance (increase
of compliance); “~” is used when cal culating the resulting compliance (decrease)].

J beam — JB + [(V/ A)cyl/ (V/ A‘)beam]'(JD'J B) (177)
40 e
. w /
£ %
£ . /
g 30 W =
= o / e
g 25 E; 7 /\\ .'.
3 / \< {/
c / . L] y
2 20 L, D, \\.\\\
/ . ".-
§ /'.é .,; ™~ \ \
a 19 7 T - AN N % Estimations with sealed curing
§ / o / \ (55-mm cylinder)
; 10 / " O Estimations with sealed or air-
2 ,/’/ curing (55-mm cylinder)
g 5 [ Estimations related to half the
E hydralic radius (0.061 m)

0 5 10 15 20 25 30 35 40

Measured creep compliance (millionths/MPa)

Figure 17.14 - Estimated creep compliance versus measured creep in hat beams.
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Notationsin equation (17.7):

A denotes the cross section area of the specimen
Jueam denotes the compliance of the beam taking in account the size effect
Jg denotes compliance of seded cylinder 55 mm in diameter at

Ip denotes complianceat drying of cylinder 55 mm in diameter
Vv denotesthe area of the specimen

VIA =0.014 mfor cylinder specimens, = 0.061 mfor hat beam, Figure 17.1

Figure 17.14 also showsthe compliance calculated only for drying cylinder, which
resulted in an overestimation of about 69%. When the estimation was carried
accordingto basic creep only, the underestimation became about 18%. When
equation (17.7) was used the estimated compliance coincided reasonably well with
the measured compliance (an overestimation of about 1%).

17.5.3 Cregp compliance of square beams

Some beams were identical as regardsthe structural properties, in which case only
the averageresults are presented. Tables 17.6-17.8 snow the structural properties of
the square beams S32. Table17.9-17.12 show the structural properties of the beams
S37. The estimationsof the creep were carried out with equations (6.13), (9.1),
(9.2), (14.8), (14.9), (14.10) and (14.11). Figure 17.15 shows the estimated creep
compliance versus the measured creep compliance, i .e. the compliance was reduced
by the creep compliance 100 s after loading and by the shrinkage. The elastic effect
was added accordant Section 17.5.1. The cregp compliance was adjusted according
to equation (17.7), which takesinto account half the hydraulic radius of the
specimen. Half the hydraulic radius of the square beam was 0.05 m. The estimated
creep and measured cregp was compared with the following equation:

Jest. = f'Jmca. (178)
Table 17.13 providesthe correction parameter f of the estimated creep compared
with the measured creep. On average the correction parameter, f,,= 0.95, was

obtained, whichis reasonably good, cp. Figure 2.1. It was decreasing with loading
time, i.e. the ambient climate seemed to have an influence.

17.5.4 Defor mation modulus

The deformation modulus after 100 s of loading was compared with the deformation
modul us estimated according to equations (6.13), (7.8) and (9.2) given above.

Dypa(fo;t-t";0/1)=
{6.06-3.02-(c/£,)-[0.44-0.51-(c/£,)] In(t-t")}-(f,)>*2+0-001 (c/ey 0039 (o/-0.5yIn(t) 177 g)
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Table 17.6 - Forces, stresses, compliance and reduction of shrinkage of beams S32.

Property/beam 3231 (3232 [3234V (3241 (3242 32440
Force (kN) in strandsat 100 s 1082 {1108 1102 |1512 |1601 |1596
10 d after prestressing 972 |1010 |974 1236 |[1353 |1364
200 d after prestressing 908 |919 886 1120 [1266 |[1170
Stress(MPa) in HPC after 100 s 28 29 28 39 42 42
10 d after prestressing 25 26 25 32 35 36
200 d after prestressing 23 23.7 [22.6 289 |[32.5 130.1
Compliance (millionths/MPa) after 100s |31.4 {267 |278 |[359 (272 1276
10 d after prestressing 54 45 53 71 54 53
200 d after prestressing 685 [66 649 |91.7 |675 82.7
Elastic effect (millionths/MPa) at 10d 2.5 24 2.5 4 3.7 3.2
200 d after prestressing 19 |23 22 122 |16 3.6
Reduction of compliance 8.5 8.5 8.5 7 6 6
(millionths/MPa) for shrinkageafter 10d {(22) [(22) |(22) |(16) 1(14.5) [(14)
200 d after prestressing 17 17 17 13 12 13
32) |62 |62 [@5 [@3) |e4)
Resulting; creep compliance 17(4) (11 19 (6) |32 25 22
(millionths/MPa) at 10d (-2) (23) [(16) |(14)
200 d after prestressing 23 (8) (24 (9) (22 (7) |45 31 46
(33) [(20) [(35)
Estimated creep compliance 112.7 9.2 8.8 232 1202 |18.9
10 d after prestressing (20.6) |(14.8) |(15.2) |(38.9) [(33.7) |(31.6)
200 d after prestressing (millionths/MPa) {21.0 |16.5 |[152 |31.7 {288 [274
(32.3) (25.2) |(25.6) [(53.4) |(47.4) |(44.9)

D average of 2 beams; d= loading time (days); s= seconds; (....)= drying shrinkage.

Table 17.7 - Parameters of beam S323 in equations (6.13), (9.1), (9.2), (14.8),
(14.9), (14.10) and (14.11); w/c = 0.32; (w/c)*= 0.1024.

No Age |o/f. |f/ |In Sas |an | € [Jn |ks [ d Jo | Jeot
fos | (f/fas) j.d Id/t
ams
3231B|10d [0.41]0.78|-0.24 |1.15(1.06|7.76|8.25|1.3 |2.76 |1.61 |4.44|12.7
3231D|10d |041(0.78|-0.24 |13 |1.84{7.76|143|- 3901161 (6.28 {20.6
3232B110d |0.39]091}-0.09 {1.15{0.67|7.76(52 {13 |2.46|1.61 |40 |92
3232D|10d |0.39]{091]|-0.09 |13 |1.19{7.76|9.2 |- 348 1161 (56 |148
3234B110d [0.49]0.92{-008 ]1.15(0.70{7.76|54 |13 [2.12{1.61 |3.4 |88
3234D|10d 10.49{0.92|-0.08 |13 |1.24;7.76|9.6 |- 3471161 |56 (152
3231B|200d|0410.781-0.24 |1.15{1.06(7.76(8.25[1.3 [2.76 {4.61 |12.721.0
3231D|200d]0.4110.78{-0.24 |13 |1.847.761143}- 3901461 (18.0132.3
3232B|200d|0.391091|-0.09 |1.15|0.67(7.76|52 |13 |2.46 {461 |113]165
3232D}200d]0.39/091{-0.09 |13 |[1.19]7.76{9.2 |- 348 |461 (16.0(25.2
3234B1200d{0.49|092|-008 |1.15{0.70(7.76(5.4 {13 |2.12|4.61 |98 [152
3234D|200d]04910.921-008 |13 {1.24|7.76]9.6 3471461 (160256

d= loadingtime (days); B= basic creep; D= drying creep
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Table 17.8 - Parameters of beam S324 in equations (6.13), (9.1), (9.2), (14.8),
(14.9), (14.10) and (14.11); w/c = 0.32; (w/c)*= 0.1024.

No Age |o/f. |f/ |In Sas | | € Ja | Kss |5 d Joo | ot
fas | (/feas) [t [ s
08 27
3241B|10d [0.63(0.62/-0.48 [1.15{2.40]7.76 [18.6 [13]|2.85 |1.61 |4.58(23.2
3241D[10d [0.63(0.62]|-048 (1.3 |4.01{7.76 |31.1 |- |483 |1.61 |7.76(38.9
3242B|[10d [0.58{0.66]/-0.42 |1.15/2.01{7.76 |15.6 [13]2.86 |1.61 |4.60|20.2
3242D|10d }0.5810.66(-042 |1.3 |3.38]7.76 263 |- |4.58 |1.61 [7.37|33.7
3244B|{10d [0.58{0.69|-0.38 |{1.15|1.87|7.76 |14.5 |1.3]2.80 {1.61 {440 189
3244D|10d [0.58(0.69|-0.38 |13 |3.14(7.76 (244 |- |445 |1.6]1 |7.16|31.6
3241B|200d{0.63[0.62|-0.48 [1.15/240[7.76 [18.6 [1.3|2.85 |4.61 |13.131.7
13241D1200d[0.63(0.62(-0.48 [1.3 {401|7.76 {31.1 |- |483 |4.61 |22.3 (534
3242B 1200d[0.5810.66|-0.42 (1.15/2.01{7.76 {156 [13]|2.86 |4.61 |13.2(28.8
3242D(200d|0.58{0.66{-042 |13 |3.38]7.76 263 |- (458 |461 [21.1]|474
3244B |200 d{0.58{0.69{-0.38 [1.15|1.87[7.76 [14.5 |13]2.80 |4.6]1 [129 {274
3244D 200 d[0.58(0.69|-0.38 (1.3 [|3.14(7.76 |244 |- |4.45 |4.61 |20.51(44.9

d=loading time (days); B= basic creep; D= drying creep

Table 17.9 - Forces, stresses, compliance (millionths/MPa), etcetera for beams S37.

Property/beam 3730|3731 |3732" | 3740 | 3741 |3742" |3750 | 3751 |3752"
Force (kN) after 100s | 857 |888 |[910 1111111301136 |1327|1347|1319
10 d after prestressing 713 {750 |769 907 [950 |924 1116 {1188 | 1097
200 d after prestressing | 639 | 655 |684 813 [856 |826 968 [1052 956
Stress (MPa) at 100 s 22 |23 |23 29 |30 |30 34 |35 |34
10 d after prestressing |18 |19 |20 24 |25 |24 29 |31 |28
200 d after prestressing [16 |17 |18 21 |22 |21 25 |27 |25
Compliance at 100s 43 35 31 36 |33 32 36 33 37
10 d after prestressing 84 |72 |66 71 [63 |68 74 |59 |78
200 d of prestressing 113 |106 |95 94 {84 |91 110 [88 |[114
Elastic effect at 10d 43 142 |39 41 |4 48 35 (27 |42
200 d after prestressing {2.6 (2.5 |2.4 3 3 3 33 [33 |26
Reduction for shrinkage |8 8 7(20) |6 6 6(17) |5 5 5(14)
after 10 d (mill/MPa)  |(22) |(2]) a7 |@e) (14) |(13)
200 d after prestressing |15 [15 |14 12 |11 12 10 |9 10
47N (47 [(46) [(38) {(36) |(38) |(32) |(30) |(32)
Resulting compliance 37 {33 |31 33 |28 |35 37 (24 |40
(millionths/MPa, 10d)  [(23) [(20) 1(18) [(22) 1(18) |(24) 1(28) [(16) |(31)
200 d after prestressing (58 |59 |52 51 (43 |50 67 |49 |70
(24) 1(27) [(20) 1(23) 1(18) 1(24) [(45) 1(28) [(48)
Estimated creep 126.6 1285 127.2 1253 (23.71249 |24.1 121.1 {203
complianceafter 10d__1(46) 1(49) (47) 1(44) |(41) 1(43) [(42) 1(37) 1(35)
200 d after prestressing [40.8 (429 |416 [38.7 |37.1|38.1 |37.0|33.9|32.9
(millionths/MPa) (68) 1(72) 1(69) 1(65) [(62) 1(65) 1(63) 1(57) [(55)

1) averageof 2 beams; d= [oading time (days); s= seconds; (....)= drying shrinkage.
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Table 17.10 - Parametersof beam S373in eq

uations. wic= 0.37; (w/c)*= 0.1369.

No A o/f. |f/ |In S5 [am | § Ja |ks |aw | ¢ Jo | Xd
g€ f.8 (fc/fc28) [dt/t jd:/
0028 27
3730B [10d [0.52]|0.55|-0.61 [1.15|2.46|7.76 [19.1|1.3|4.7 |1.61 (7.6 |27
37301) [10d |0.52|055|-0.61 |1.3 |4.36|7.76 |33.8|" 7.4 1161 [11.9|46
3731B [10d |0.53|0.52|-0.66 [1.15|/2.68(7.76 [20.8(1.3 4.8 |1.61 (7.74(29
32311) [10d |0.53(0.52|-0.66 [1.3 [4.70|7.76 |[36.6|- |[7.7|1.61|125|49
3732B |10d |0.50(0.52|-0.65 |1.15(251|7.76 |195|1.3 (4.8 (1.61|7.7 |28
37321) [10d |0.50[{0.52|-0.65 [1.3 |4.44]|7.76 |345|- 75 11.61 |112.1|47
3730B [200d|0.52(0.55[-0.61 [1.15[2.46(7.76 |19.1|1.3[4.7 [4.61 [21.7]|41
37301) [200d |0.52({0.55|-0.61 |[1.3 [4.36|7.76 |[33.8]|"- 7.4 14.61 |34.1|68
3731B |200d [0.53(0.52|-0.66 |[1.15(2.68(7.76 [20.8|1.3|4.8|4.61 [22.1|43
3231D [200d|0.53[0.52[-0.66 [1.3 [4.70(7.76 [36.6|- |[7.7[4.61[357|72
3732B [200d|0.50|0.52(-0.65 |1.15(251|7.76 [195(1.3]|4.8(4.61 [22.1(42
37321) |200d|0.50|0.52|-0.65 |1.3 |4.44|7.76 |345[- |7.5|4.61|34.6|/69
d= days age; B= basic creep; D= drying creep
Table 17.11- Parametersof beam S374 in equations(6.13), (9.1), (9.2), (14.8),
(14.9), (14.10) and (14.11); w/c = 0.37; (w/c)*= 0.1369.
Beam [(Age |off. |f/ |[In Sas |am | © Jo |ks (a0 | d Jo | Jtor
fas |(E/fa) [a [/
oms 27
3740B |10d |0.59[/0.60[-0.50 [1.15]2.35|7.76 |18.2]1.3 [4.44|1.61 |7.1 |25
3740D |10d |0.59/0.60(-0.50 |1.3 [4.16{7.76 [32.2]|- |7.15{1.61 |11.5]|44
3741B |10d [0.55]/0.62[-048 [1.15[2.14|7.76 |16.6|1.3 |4.44[1.61 |7.1 |24
3241D {10d |0.55|0.62|-048 [1.3 |3.82|7.76 [29.6|- [7.04|1.61 |11.3]41
3742B |10d |0.59/0.61{-049 [1.15]|231]7.76 |17.9|1.3 [4.38]1.61 |7.04]|25
3742D |10d |0.59/0.61[-049 |13 [4.09]7.76 |31.8|- |7.12]1.61 [11.5]/43
3740B |200d|0.59[0.60[-0.50 [1.15{2.35]|7.76 |18.2]|1.3 [4.44|4.61 |20.5]|39
3740D [200d|0.59/0.60|-0.50 {13 [4.16|7.76 {322|- [7.15|4.61 [33 |65
3741B |200d{0.55[0.62(-0.48 [1.15[2.14]|7.76 |16.6|1.3 {4.44[4.61 |20.5]|37
3241D |200d{0.55/0.62|-048 |1.3 [3.82[7.76 [29.6|- |7.04l4.61 [32.5]|62
3742B |200d|0.59/0.61[-049 [1.15[231}7.76 |17.9|1.3 {4.38]4.61 {20.2]38
3742D |200d|0.59{0.61{-049 [13 14.09|7.76 |31.8|- [7.12]4.61 |32.8]|65

d=days age, B= basic creep; D= drying creep

t-t

denotesthe loading time

First of all the complianceat 1s loading time was estimated according to equation
(7.8). Then the additional compliance between 1s and 100s was cal cul ated
according to equations (6.13) and (9.2). Table 17.14 shows the estimationsof the

100-Sdeformation modulus and cal culationsof the measured deformation modulus.
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Table 17.12 - Parametersof beam S375in equations (6.13), (9.1), (9.2), (14.8),
(14.9), (14.10) and (14.11); w/c = 0.37; (w/c)*= 0.1369.

Beam Age G'/fc fc/fczs In Sas Ash % Jsh kss Ao jd.dt/ J|o Jtot
(f/fizs) [a/ J
(1047,
3750B|10d [(0.61{0.60 |-045 [1.15|2.21(7.76 |17.2|13 {4.29]|1.61 {69 |24.1
3750D|10d }0.6110.64 [-045 |13 |3.95(7.76 [30.6]- 7.0111.61 [11.3{41.9
3751B|10d |0.57]068 |-038 |[1.15|1.84(7.76 [143|1.3 {425]|1.61 |684|21.1
3251D{10d {0.570.68 {-0.38 |[1.3 |3.32{7.76 |25.8]- 6.75[{1.61 |10.9]36.7

3752B|10d [0.5710.71 [-0.35 [1.15|1.74|7.76 [13.5]|1.3 [4.21|1.61 |6.78]20.3

3752D|10d [0.57]0.71 [-0.35 |13 [3.15{7.76 |24.4|- |6.65{1.61 |10.7]35.1

3750B {200d [0.61 [0.60 |-0.45 |1.15|2.21|7.76 |17.2|1.3 [4.29]4.61 [19.8]37.0

3750D{200d [0.61 |0.64 [-045 [1.3 |3.95[7.76 |30.6|- [7.01]/4.61 |323]|62.9
3751B |200d[0.57 |0.68 |-038 |1.15[1.84[7.76 |14.3|1.3 |4.25]{4.61 |19.6]33.9
3251D{200d [0.57 {0.68 |-038 |13 [3.32]|7.76 [25.8|- |6.75|4.61 |31.1|56.9

3752B {200d [0.57 [0.71 |-035 |1.15[/1.7417.76 [13.5]1.3 {4.21]4.61 |19.4]|32.9

3752D{200d|0.57 |0.71 [-0.35 [1.3 |3.15|7.76 [24.4|- [6.65/4.61 {30.7(55.1

d= days age; B= basic creep; D= drying creep

Table 17.13 - Correction parameter for estimated measured creep, eq. (17.8).

Studied object |Hat beams Square beams

w/c 0.27<w/c<0.30 | w/c= 0.32 w/c= 0.32 | w/c= 0.37 | w/c= 0.37
Loading time (d) {28 d 10d 200 d 10d 200 d
Parameter f 1.01 1.01 0.94 0.96 0.91

Figure 17.16 shows the estimated deformation modulus of the HPCs 100 s after
loading versus the measured deformationmodulus. Given constant strength, f,, the
estimated deformation moduluswas smaller in HPC with plasticfibre thanin plain
HPC, Table 17.15. Normally plasticfibreshave no or very little effect on the
mechanical propertiesof HPC. Figure 17.18 showsthat the plastic fibre had little or
no effect on the estimated creep compliance of the studied HPCs compared with the
measured compliancegiven< 1 kg/m®. Figure 17.17 shows agood correlation
between the amount of plastic fibre and the relative deformation modul us:

Diio =Dpot «(140.0523-f) (17.10)

f denotes the amount of plasticfibre (kg/m®)
D;, denotesthe deformation modulus of HPC with plastic fibre
D,r denotesthe deformationmodulusof HPC with no plastic fibre

Table 17.15 - Ratio of deformation modulusaccording to equation (17.9) to
deformation modulus measured 100s after |oading (constant strength).

Amount of plasticfibre (kg/m°) 0 |l 2 |4

Estimated rel ative deformation modul us (constant strength) |0.93|0.88 [ 0.81 | 0.76
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Table 17.14 - Deformation modulus calculated according to equation (17.9) and
measured deformation modulus 100 s after loading; s,s= 1.15.

Beam G/fc fc Dls Jls (ml“./ AJIOOs Jmos (ml“/ Dest. Dme& AD
(MPa) |(MPa) |MPa) |(mill/ |MPa) (GPa) |(GPa) |(GPa)
MPa)

HIB (048 )70 31 32.3 2.1 344 29.1 32.3 3.2
H2B [0.40 |87 344 [29.1 21 [312 321 |[(42) [@0)
H2D [0.40 |87 34.4 29.1 2.1 31.2 32.1 (42) (10)
H3B |0.36 |83 34.5 29 2.1 31.1 32.2 33.3 1.1
H3D |0.36 |83 34.5 29 2.1 31.1 32.2 33.3 1.1
H4D |0.39 |85 34.9 28.7 2.1 30.8 32.5 36.4 3.9
H5D 10.38 |78 33.2 30.1 2.1 32.2 31.1 33.6 2.5
S323110.41 |69 31.6 31.6 2.1 33.7 29.7 319 2.2
S3232[0.39 |75 33.1 30.2 2.1 32.3 31.0 37.5 6.5
S3234 0.49 |57 28.1 35.6 2.1 37.7 26.5 36.0 9.5
S3241 [0.63 |62 27.4 36.5 2.1 38.6 25.9 27.9 2.0
S324210.58 |72 30 333 2.1 354 28.2 36.8 8.6
S3244{0.58 |72 30 33.3 2.1 354 28.2 36.2 8

S3730{0.52 |42 242 41.3 2.1 432 23.1 233 0.2
S3731(0.53 |43 243 41.1 2.1 43.2 23.1 28.6 5.5
S373210.50 |46 25.5 39.3 2.1 41.4 242 323 8.1
S374010.59 |49 25.5 39.2 2.1 41.3 24.2 27.8 3.6
S3741 [0.55 |55 27.0 37 2.1 39.1 25.6 1303 4.7
S3742{0.59 |51 25.6 39.1 2.1 41.2 243 31.3 7

S3750 {0.61 |56 26.2 38.2 2.1 40.3 24.8 27.8 3.0
S375110.57 |62 28.2 35.5 2.1 37.6 26.6 30.3 3.7
53752 {0.57 | 60 27.8 35.9 2.1 38.0 26.3 27.0 0.7

17.6 Summary and conclusions

Two typesof beams, i.e.""hat'" beams and square beams, were studied up to 200
days. The measured strain was compared with estimated strain according to several
equationsgiven above. The objectivewas to comparethe results on creep and
shrinkage obtainedin the laboratory with the results on the beams. The following
conclusionswere drawn:

-

¢ The estimated deformation modulus was 7% smaller than the measured
deformation modulus when the compressive strength was held constant.

e Additionof plasticfibrein HPCtended to increasethe deformation modulus
when the compressive strength was held constant.

e Theestimated creep complianceof 7 hat beams made of HPC was about 1%
larger than the measured compliance.

e Theestimated creep complianceof 20 square HPC beams coincided reasonably
well with the measured compliancegiven < 1 kg/m? plasticfibre in the HPC,
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18. STRENGTH AFTER LONG-TERM LOADING

18.1 General and experimental

The long-term creep rate observed in Section 14 above was dependent on the age of
HPC when loading. HPC that was|oaded at early ages exhibited alarger long-term
creep rate than HPC that was |oaded in the mature state. Perhapsthe high
stresslcylinder strength level affected the long-term strength of the loaded HPC and
thus aso the long-term stability of the structure where HPC was used. After the
long-term creep studiesthe seded cylindersin the tests were investigated as regards
strength. Parallel cast sedled cylindersthat were used in studies of autogenous
shrinkage were also investigated as regards strength. The moisture condition of the
HPC perhaps affected the results of the strength tests, Per sson (1997D). After the
strength testswere performed, HPC pieces were collected in glass tubes. After 1 day
the HPC pieces then were used to measure the relative humidity, O, Section 5.

18.2 Resultsand discussion

Table 18.1 gives O of the tested specimens, which followed the self-desiccation
curves, cp. Section 5. On average @= 0.70 of |oaded specimen and @= 0.69 of
specimen with no loading was obtained. The moisture state did not affect the result
of the strength tests. Figure 18.1 showstheratio of the strength of cylinders after
loading and the strength of unloaded cylinders versusthe relative 28-day strength at
loading. The type of mix did not affect the result. Figure 18.2 showstheratio of the
strength of cylindersafter loading and the strength of unloaded cylindersversusthe
relative 28-day strength at |oading. The stresdstrength level isindicated. Theratio
of the strength of cylinders after loading and the strength of unloaded cylinders
increased with the relative 28-day strength at loading. HPC, that was |oaded mature
state, obtained about 10% larger strength after long-term loading than HPC without
loading. With the stresd strength level = 0.3 the following equation was obtained:

fclo/fcun= 04(f¢/f023) +0.73 {G/fc= 03, 0.5<f¢/f023 <1} (18 1)

f, denotes strength at loading (MPa)

f,,  denoteslong-term strength of loaded specimen (MPa)
f., denoteslong-term strength of unloaded specimen (MPa)
fos  denotes28-day strength (MPa)

High stressstrength-level at early ages did not decrease the long-term strength of
HPC. At low stresd strength-level the long-term strength increased ~ 10% after long-
term loading compared with the strength of unloaded HPC. Symbolsin Table 18.1:
...01=loading at 0.8 days age with stresscylinder strength=0.84

...02=loading a 2 days age with stresscylinder strength=0.84

...03=loading at 2 days age with stresscylinder strength = 0.42

...28=loading at 28 days age with stresdcylinder strength= 0.42
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Table 18.1 - Internal relative humidity of specimens (lo= loaded; un= no loading).

Mix/ |1 1 2 2 3 3 5 5 6 6 8 8
batch |lo un |lo un |lo un |lo un |lo un |lo un
01 0.63 [0.73 |0.69 {0.67 |0.62 [0.73 |0.72 {0.71 |0.70 |0.69 |0.68 |0.65
02 0.81 {0.74 {0.64 {0.69 |0.64 |- 0.72 10.74 10.69 10.66 |0.64 {0.68
03 0.67 |{0.83 [0.71 10.68 |0.70 [0.66 |0.71 |0.71 |0.71 |10.71 |0.66 |0.68
28 - 0.74 {0.81 [0.72 |0.72 |0.64 (0.70 10.70 {0.71 |0.70 |0.58 10.67
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Figure 18.1 - Strength of loaded cylinder to strength of unloaded cylindersversus

the rdlative 28-day strength at loading. B= sedled curing; 1= nmix (Table5.1).
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19. EVALUATION OF SUGGESTED PREDICTION
FORMULAS

19.1 General

After the comparison between the results of thefield tests and the laboratory studies
was performed, further evaluation of the suggested prediction formulaswas done.
The resultsafter use of al the suggested prediction formulas seemed to coincide
reasonably well with laboratory data. The accuracy factor (R?) of the suggested
predictionformulasis given. The estimations also gave the possibility to
demonstrate the use of the mentioned equationsin concrete design. However, it
must be emphasi sed that the suggested formulas apply only for the HPCs tested
under the conditionsgivenin this study. Other size of specimen, other types of
material, loading levels, other ambient climate, and so forth, most certainly will give
other quasi-instantaneous and long-term properties of the HPC.

19.2 Method

Equations of principal interest in this report were summarised and the most of the
estimations performed for four typical kinds of HPC, that are givenin Table 19.1.
Table 19.2 givesthe characteristics of the cement, silicafume, and aggregate.

Table 19.1 — Concretes studied in the estimations

HPC |w/c |s/c |Typeof silicafume |Aggregate
1 0.27 |0.10 |Granulated Quartzite
2 0.27 [0.10 |Slurry Granite

3 0.37 |0.05 |Granulated Quartzite
4 0.37 |0.05 g urry Granite

Symbolsin Table 19.1:

c  denotesthe cement content (kg/m°)

S denotesthe content of silicafume (kg/m?)

w denotesthe amount of mixing water including moisture (kg/m”)

Table 19.2 - Characteristics of cement, silica fume and aggregate in the estimations.

Material Elastic |Compressive |Split Specific | Ignition
modulus |strength strength |surface losses
Low-alkali cement - - - 302 m°/kg |0.63%
Granulated silica fume | - - - 17.5 m*/g |2.3%
Silica fume slurry - - - 22.5m’lg |[1.9%
Quartzite sandstone, |60 GPa |330 MPa 15 MPa 0.3%
Granite 61 GPa |150 MPa 10 MPa 1.7%
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19.3 Strength

19.3.1 Efficiency factor of slicafume:

Table 19.3 gives estimations of the strength efficiency factor of 10% silicafume
that was cal culated on the basis of the cement content accordingto equation (5.2):

kso = 0.113-[4.44-In(t)]-(w/cy *C O3]
{1<t< 90 months; 0.24<w/c<0.48; R*= 0.86) (5.2)

k, denotesthe efficiency factor of silicafume related to compressive strength of
sealed cylinders; 80 mm in length and 40 mm in diameter, equation (5.1)
t denotes age (months)

Table 19.3 - Estimation of the strength efficiency factor of silicafume.

t (months) |w/c |k |
3 0.27 |5.2

3 0.37 (2.7
30 0.27 |1.7
30 037 |1

19.3.2 Compressivestrength and split tensilestrength

Table 19.4 gives estimations of the relationship between compressiveand split
tensile strength at sealed curing done on the basis of the following equations:

fips = [0.281-0.0144-In()]-(£,)*"*4+0.010%1n®
{30<f,<150 MPa; 1<t<90 months; R*= 0.66) (5.3)

fy, =[0.144+0.0084-In(t)]-(f,)* ">
{30<£,<150 MPa; 1<t<90 months; R*= 0.69) (5.4)

f, denotes the compressive strength (MPa)
f denotesthe split tensile strength (MPa)

In (t) denotesthe natural logarithm of age, t (months)
s denotes 10% silicafume calculated on the basis of the cement content

Table 19.4 — Estimations of compressive and split tensile strength at sealed curing.

t (months) |w/c |s/c |f. (MPa) |f,, (MPa)
3 0.27 [0.10 [120 10.1
3 0.37 10.05 |80 7.3D
30 0.27 [0.10 |130 7.6
30 0.37 10.05 |90 6.7"

1) average of equations(5.3) and (5.4)
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19.3.3 Compressivestrength

Table 19.5 gives estimations of compressive strength on the basis of the following
equations:

£.5=21.5ky ke [5.75+In(t)-11.5-(w/c)] {0.8<t<28 days; R*= 0.79) (5.5)
£,0=30-k, ks {2.6+[ 1-1.2:(W/c)] In(t)-3.9-(w/c)} {0.8<t<28 days; R*= 0.76} (5.6)

f.;  denotesthe strength with sealed curing (basic creep)

f,,  denotesthe strength of HPCwith air curing (drying creep)

Kk, = 0.88 in HPC with 5% air-entrainment; k, = 1 without air-entrainment
ks =0.77in HPC 5% silicafume; k, = 1 in concrete with 10% silicafume
In (t) denotesthe natural logarithm of the age of the HPC {0.8<t<28 days)

Table 19.5 - Estimations of compressive strength.

t (days) w/c _|s/c  |Air-entrainment (%) | f.z (MPa) |f.p (MP2a)
3 0.27 {0.10 |1 81 69

3 0.37 10.05 |1 42 41

3 0.37 10.05 |5 37 36

28 0.27 10.10 |1 154 138

28 0.37 [0.05 |1 99 85

28 0.37 [0.05 |5 87 74

19.3.4 Influenceof air curing on the strength:

Table 19.6 gives 100-mm cubes strength of with air curing related to sealed curing.

f,p=a-[0.93-0.36-(w/c)]-f;z {R*=0.80} (5.7)

f;  denotesthe cylinder strength with sealed curing (basic creep)

f,  denotesthe cylinder strength with air curing (drying creep)

a = 1.1in HPCwith silicafume durry; a= 0.94 with 5% silicafume; a= 1in
concrete with 10% granulated silicafume.

Table 19.6 — The 100-mm cubes strength related to type of curing, sealed or air.

t (days) |w/c |[s/c |Typeof slicafumeslicafume |f.g (MPa) |f.n (MPa)
3 0.27 |0.10 |Granulated 81 68

3 0.37 |0.05 |Granulated 42 32

3 0.37 [0.05 |gurry 46 35

28 0.27 |0.10 |Granulated 154 128

28 0.37 [0.05 |Granulated 99 74

28 0.37 |0.05 |gyrry 109 81
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19.4 Hydration
19.4.1 Sealed curing

Table 19.7 givesthe strength, f.g, according to the following expressions:

f.5 = 3.3ks (W/c) ™ [(Wo/w)-5.2-kyks e V)] {R*=0.67} (5.27)

fegs = 600-[(Wy/w)-0.052] {R*=0.97} (5.28)

e denotesthe natural logarithm

k, =2.2 for air-entrained HPC, k,= 1 otherwise (except with 10% silicaslurry)
ks =0.72 for HPC with 5% silicafume, ks= 1 otherwise (except for silicaslurry)
S| denotes 10% silicafume slurry

w./w denotesthe relative hydration (non-evaporable water to mixing water)

Table 19.7 - Strength related to hydration with sealed curing.

w/c__ |wy/w _|s/c__ | Air-entrainment (%) |Type of silica fume |f.z (MPa)
027 0.3 0.10 |1 Granulated 47

027 ]0.3 0.10 |1 Slurry 149

0.37 ]0.3 0.05 |1 Granulated 56

0.37 {03 0.05 |5 Granulated 83

037 0.5 0.05 |1 | Granulated 1104

19.4.2 Air curing

Table 19.8 givesthe relative hydration and strength, f.p, of HPC with air curing:

fop = 530k, ks [(Wo/w)-Kk,0.14]
fopsi = 510-[(wn/w)-0.015]
k, =0.6 for HPC with 5% air-entraining, k,= 1 otherwise

ks =0.8 for HPC with 5% silicafume dlurry, ky= 1 otherwise
S| denotes 10% silicafume Slurry

{R*=0.86} (5.31)

{R*=0.97} (5.32)

wy/w denotesthe relative hydration (non-evaporablewater to mixing water)

Table 19.8 - Relative hydration and strength of HPC with air curing:

wy/W_|w/c_|s/c | Air-entrainment (%) |Type of silica fume |f,p (MPa)
0.2 0.27 [0.10 |1 Granulated 32

0.2 10.27 [0.10 |1 Slurry 94

0.2 0.37 10.05 |1 Granulated 25

0.2 1037 10.05 |5 Granulated 15

04 1027 |0.10 |1 Granulated 1138
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19.5 Internal relative humidity

19.5.1 Sealed curing

Table 19.9 gives the internal relative humidity calculated with the equations:

A(t,w/c)s = 1.13 [1-0.065-In(t)]-(w/c)0-24-[1-0. 1 In(t)] {R’=0.76} (5.35)
@(t,w/c) = 1.09-(w/c)0.17-(1+0.0451+1) {R*=0.54} (5.36)
t denotes the age of the concrete {1<t <15 months}

w/c denotes the water-cement ratio §{0.22<w/c <0.58 }

S denotes 10% silica fume

@(t,w/c) denotes RH in sealed-cured Portland cement concrete with sealed curing
@(t,w/c); denotes RH in sealed-cured concrete with 10% silica fume

Table 19.9 - Internal relative humidity, @, in sealed HPC

t (months) |w/c |[s/c |O :
1 0.27 10.10 |0.83
1 0.37 10.05 [0.91"
3 0.27 10.10 [0.79
3 0.37 10.05 [0.87
30 0.27 10.10 |0.72
30 0.37 10.05 |0.747

1) average of 0 and 10% silica fume
Table 19.10 gives @ in sealed HPC calculated with the equation:
@(wbrg, t) = 0.38:[w/(c+2's) + 2.4 - 0.1:In t] + ADy {R*=0.83} (5.37)

c denotes the cement content in the concrete (kg/m’)
denotes the content of silica fume in the concrete (kg/m’)
denotes the age of the concrete {1<t<1000 days}
denotes the water content in the concrete (kg/m’)

AQDg =-0.035 for 5-10% silica fume slurry at age, t< 28 days

=7 @

Table 19.10 - Internal relative humidity, @, in sealed HPC

t (days) |w/c (slc |O 9q

28 0.27 |0.10 {0.87 |0.83
28 0.37 |0.05 |0.91 [0.87
90 0.27 |0.10 |0.83 {0.83
90 0.37 10.05 {0.87 |0.87
900 0.27 |0.10 10.74 |0.74
900 0.37 |0.05 |0.78 |0.78
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Table 19.11 the internal relative humidity in HPC cal culated with the equation:

@ =0.965t QOI%'(W/C) 0.0331-In(t)+0.0505
{1<t<1000 days; 0.25<w/c<0.38; R’= 0.53) (5.39)

Table 19.11 - Internal relative humidity, 0, in sealed HPC.

t (days) |w/c |s/lc O

28 0.27 [0.10 10.83
28 0.37 [0.05 ]0.88
90 0.27 [0.10 }0.81
90 0.37 |0.05 [0.86
900 0.27 [0.10 ]0.76
900 0.37 [0.05 ]0.83

Table 19.12 givesthe relative humidity correlated to the relative hydration, w,/w:

@=1.2:[(W/c)-0.467]-In(w,/w)+0.637-(w/c)+0.536
£0.25<w/c<0.38; 0.10< w,/w<0.60; R*= 0.28} (5.40)

Table 19.12 - The relative humidity, 0, in HPC with sealed curing.

w/c |wyw |O
0.27 0.2 1.0
0.27 104 (092
0.27 |0.6 [0.83
0.37 |10.2 ]0.96
0.37 |04 |0.88
0.37 |0.6 [0.83

19.5.2 Air curing
Table19.13 gives RH intheinner part of 100-mm cubes cal cul ated with equation:

O = 1.193.t709883,(yy/c) ~0.0155In()+0.1937
{1<t<1000 days; 0.25<w/c<0.38; R>= 0.46) (5.39)

Table 19.13 - Internal relative humidity, 0, in sealed HPC.

t (days) |w/c |slc  |O

28 ~ ~ |0.27 |0.10 |0.74
28 0.37 |0.05 |0.77
90 0.27 |0.10 |0.68
90 0.37 10.05 ]0.71
900 0.27 10.10 [0.58
900 0.37 0.05 [0.60
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19.6 Quasg-instantaneouscr eep compliance

19.6.1 Air curing

Table 19.14 givesthe drying creep compliance during thefirst second (from 0.01 s
of loading) calculated according to the following two equations:

Jet)=a [ dt-t)(e-t)rb=a [ d(t-t')/(t-t)+1000/Dy (6.13)
a denotes the compliancerate, Table 6.3 [millionths/(MPa-s)]
b denotesinitial compliance 1 s after loading, Table 6.4 (millionths/MPa)
t denotesthe age of the concrete(s)
t' denotes the age of the concrete at loading (s)
t-t' denotes loading time (s)
Dy denotesthe deformation modulus after 1 s of loading (GPa)
J(t,t) denotes the compliance (specific creep, millionths/MPa)
ap=[0.37-0.23-(c/f;)]'sas + [1.2-5.5(c/f,) ] In(f/f.28) {R*=0.78) (6.14)
ap denotesthe compliancerate with air curing [millionths/(MPa-s)]
In(f/f,3) denotesthe natural logarithm of the relative 28-day cube strength
Sas =1.1for HPC with 5% silicafume or/and air-entrainment; s,s= 1 for
HPC with 10% silicafume and no air-entrainment
o/f, denotesthe stress/cube strength ratio at loading {0.3<c/£,<0.6}
Table 19.14 - Drying creep compliance during thefirst second (from 0.01s).
f/f0 |o/f, |Amount of silica | g, J(t,t')-1/Dyy
fume (%) [millionths/(IMPa-s)] | (millionths/MPa)
03 |03 |5 0.87 4
03 |03 |10 0.84 39
03 |06 |10 2.75 12.7
065 0.3 |5 0.52 2.4
0.65 |0.3 |10 0.49 2.3
0.65 |0.6 |10 1.13 4.2
1 03 |5 0.33 1.5
1 03 |10 0.30 1.4
1 0.6 |10 0.23 1.1

19.6.2 Sealed curing

Table 19.15 givesthe first second of compliance according to equation (6.13) and

ap = [0.18+0.42-(c/£))]'ss + [0.12-2+(c/£,)] In(f,/fi¢) {R>= 0.68) (6.15)

225




ap denotesthe compliance rate with sealed curing [millionths/(MPa-s)]
fo/fios relative strength level{o/£,=0.3: 0.4<f/f53<1; 6/£=0.6: 0.15<f,/f73<0.5}
In(f/f23) denotesthe natural logarithm of the relative 28-day cube strength

Ss =1.5 for HPC with 5% silicafume; ss= 1 for 10% silicafume

o/f, denotesthe stress/cube strengthratio at loading {0.3<c/£,<0.6}

Table 19.15 - Sealed cregp compliance during thefirst second (from 0.01 s).

f/feas |o/f. |[Amount of silica |4, J(t,t)-1/ Dy
fume (%) [millionths/(MPa-s)] | (millionths/MPa)

03 ]0.3 |5 0,87 4

03 (03 |10 0.84 3.9

03 (06 |10 2.75 12.7

0.65 |03 |5 | 1052 124

0.65 (03 |10 o4y (23

0.65 (0.6 [10 1113 4.2

1 |03 |5 0.33 B 1.5

1 0.3 [10 ' 0.30 | 11.4

1 0.6 |10 0.23 1.1

19.6.3 Influenceof internal relativehumidity

Table19.16 givesthe creep rate during according to the following equation:

a03=0.30-0.04- A @-(0.48+0.02- A@)-In(£,/f.55)
{o/f=0.3; 0.4< f/f0s<1; R>=0.60}  (6.16)

806=0.43-2.7- A@-(1.07+5.14- AQ) In(£,/£,55)
{6/£=0.6; 0.15< £,/f,,3<0.5; R>= 0.60} (6.17)

a3 denotes the creep rate with stress/strength = 0.3 [millionths/(MPa-s)]

In(f./f:25) denotesthe natural logarithm of the relative strength/28-day strength

AO denotesthe difference between the internal relative humidity of the inner
part, @;, and the surface, @, of the cylinder

Table 19.16 - Creep rate during thefirst second of loading (from 0.01s).

f./f0s |AD |a03 [millionths/(MPas)] |ao¢ [millionths/(MPa-s)]
0.3 0.15 |0.8 2.2

0.3 0.30 |0.8 2.8

0.65 |0.15 |04 0.8

0.65 |0.30 |04 0.8

1 0.15 |0.3 R

1 030 |0.3 -1

1) out of thelimits of equation (6.17)
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19.7 Defor mation modulus

19.7.1 Air curing

Tables 19.17 - 19.19 givesthe deformation modulusof HPC with air curing
determined accordingto the following equations:

Dp=a-(f,)° {R*= 0.74-0.85} (7.2)
Dp =[c-In(t-t")+d]-(f,)* ¢ {0.01<t-t'<1s; R*=0.73}  (7.3)

Dp(f;t-t";0/f.)=
{10.7-12.8+(/£)-[0.15+0.29-(6/£)] In(t-t')}- (fc)0.18+0.61-(c/fc)+ 0.022-(0/fe-0.1y In(t-t")

{R*=0.73} (7.4)
a b, ¢, d, e f denotesconstantsgivenin Table7.3 and Table 7.4
fo denotesthe cube strength at loading (MPa) {20<f,<120 MPa}
In(t-t") denotesthe natural logarithm of the time elapsed from loading
t-t’ denotesloadingtime (s)
Dp denotesthe deformation modulus of HPC with air curing, (GPa)
o/f, denotesthe stressto cube strength ratio at loading {0.3<c/f,<0.6}
Table 7.3 - Constants a and b of equation (7.2) Table7.4- Constantsc, d, eandf
Loading Stress/strength |Stress/strength | | Stresslstrength | Stresslstrength
time, t-t'(s) | level, o/f,= 0.6 |level, o/f,= 0.3 | |level, 6/f.=0.6 |level, o/f,=0.3
Constant a b a b Cc Cc -0.241
0.328
0.01 4.55 0.4947 | 8 0.3402 | |d 3.05 |d 6.89
0.1 3.81 0.5155|7.45 ]0.35 e 0.011|e 0.0044
1 3.04 0.545316.89 [0.3606 | |f 0.544 |f 0.361
Table 19.17 - Deformation modulus of air-cured HPC according to equation (7.2).
L oading time | Compressive strength | Stressistrength | Defor mation modulus l
(s) (MPa) level (GPa)
0.01s 80 0.3 355
0.01s 120 0.3 40.8
0.01s 120 0.6 48.6
Is 80 0.3 33.5
ls 120 0.3 38.7
Is 120 0.6 41.4
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Table 19.18 - Deformation modulus of air-cured HPC according to equation (7.3).

Loadingtime |[Compressivestrength |Stresdstrength | Deformation modulus
(s) (MPa) level (GPa)

0.01s 80 0.3 35.6

0.01s 120 0.3 40.9

0.01s 120 0.6 48.4

I's 80 0.3 335

I's 120 0.3 38.8

I's 120 0.6 41.2

Table 19.19 - Deformation modulus of air-cured HPC according to equation (7.4).

Loading time | Compressivestrength |Stress/strength | Deformation modulus

() (MPa) leve (GPa)
0.01s 80 0.3 35.7
0.01s 120 0.3 410
0.01s 120 0.6 483
I's 80 03 337
Is 120 0.3 39.0
Is 120 0.6 41.2

19.7.2 Sealed curing

Table 19.20 gives the deformation modulus, Dg, according to equation (7.5):
Dg(f,;t-t)=0.43-[7.9-In(t-t")]-(£,)* " B0 40 01<t-t'<1s; R%= 0.92}(7.5)
In(t-t") denotesthe natural logarithm of the time elapsed from loading

Table 19.20 - Deformation modulus of air-cured HPC according to equation (7.5).

Loadingtime(s) |Compressivestrength (MPa) |Defor mation modulus(GPa)
0.01s 80 39.6
0.01s 120 47.6
Is 80 35.2
I's 120 43.8

Tables 19.21 - 19.23 show the deformation modulus, Dg, of HPC with sealed curing
computed according to the equations(7.6) — (7.8) with constantsa, b, ¢, d, e, f given
inTable75 and Table 7.6:

Dg=a:(f,)° {10<f,<140 MPa; R*=0.74-0.95}  (7.6)

Dg = [c-In(t-t")+d]-(f,)° " {0.01<t-t'<1s; R*= 0.66} (7.7)

228




Dy(f,;t-t";0/f;) =
{6.06-3.02-(0/£)-[0.44-0.51-(c/£,)] In(t-t)}( fc)0.42+0.061-(c/fc)- 0.039-(c/fc-0.5) In(t-t")

{R?*=0.66} (7.8)
In(t-t") denotesthe natural logarithm of the time elapsed from loading
Table 7.5 - Constants a and b of equation (7.6)  Table 7.6 - Constants ¢, d, € and f
Loading Stress/strength | Stress/strength | | Stress/strength | Stress/strength
time, t-t'(s) |level, o/f.= 0.6 |level, o/f.= 0.3 | |level, o/f.,= 0.6 |level, c/f.= 0.3
Constant |a b a b c -0.139 |c¢ -0.291
0.01 4.89 0.481316.59 10.4041 | |d 4.25 d 5.16
0.1 4.58 0.468215.64 ]0.4309 | |e -0.0047 |e 0.0071
1 425 045951525 104369 | |[f 0459 |f 0.440

Table 19.21 - Deformationmodulus of sealed HPC according to equation (7.6).

Loadingtime | Compressivestrength |Stress/strength |Defor mation modulus
(s) (MPa) level (GPa)

0.01s 80 0.3 38.7

0.01s 120 0.3 45.6

0.01s 120 0.6 49.0

Is 80 0.3 35.6

I's 120 0.3 425

Is 120 0.6 38.4

Table 19.22 - Deformation modulus of sealed HPC according to equation (7.7).

Loadingtime | Compressivestrength |Stress/strength | Defor mation modulus
(s) (MPa) level (GPa)

0.01s 80 0.3 38.7

0.01s 120 0.3 45.7

0.01s 120 0.6 48.8

I's 80 0.3 355

1s 120 0.3 424

Is | 120 10.6 138.3

Table 19.23- Deformation modulus of sealed HPC according to equation (7.8).
Loading time | Compressivestrength |Stressstrength | Deformation modulus
(s) (MPa) level (GPa)

0.01s 80 0.3 37.7

0.01s 120 0.3 444

0.01s 120 0.6 47.2

Is 80 0.3 35.2

I's 120 0.3 42.0

1s 1120 10.6 137.8
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19.8 Shrinkage

19.8.1 Autogenousshrinkage

Table 19.24 gives the autogenous shrinkage counted from equations (8.1)-(8.2):

e5= ky'ks1.42:[0.44-(w/c)] {R?=0.80} (8.1)
e5= kyp'1.75+(1-1.13-0) {R?=0.72} (8.2)
kq = 1.5for silicafumedurry; k.= | for granulated silicafume

kg = 1.3for silicafumedurry; k= | for granulated silicafume

ks =0.78for 5% silicafume; ks= 1 for 1% silicafume

w/c  denotesthe water-cement ratio {0.2<w/c<0.4}
0] denotestheinternal relative humidity {0.70<3<0.90}

Table 19.24 - Autogenous shrinkage according to the equations(8.1) - (8.2):

wic |O Typeofsilica |Amount of silica | Equation (8.1, | Equation (8.2,
fume fume per mil) per mil)

0.27 [0.76 |Granulated 5% 0.19 0.25

0.27 |0.76 |Granulated 10% 0.24 0.25

0.37 |0.83 | Granulated 5% 0.08 0.11

10.37 10.83 |Slurry 15% 10.12 10.14

19.8.2 Drying shrinkage
Table 19.25 gives the drying shrinkage of mature HPC versus the evaporated water:
ep= kip20-[1.1-(We/w)-(We/c)] {R?=0.18} (8.3)

¢  denotesthe cement content of the concrete (kglm®)

ko = 0.4for HPCwith silicafume slurry; kg = 1 for granulated silicafume
w denotesthe mixing water of the concrete (kglm?®) {0< w./w<0.03}

w, denotesthe evaporated water from the concrete (kglm®) {0< w,/w<0.03}
gp  denotesthe specific snrinkage related to the evaporated water (per mil)

Table 19.25 - Drying shrinkage of mature HPC versus the evaporated water.
w/w |w./c | Type of silica fume |gp (per mil)
0.03 ]0.01 |Granulated 0.46
0.03 |0.01 |Slurry 0.18
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Table 19.26 givesthe drying shrinkage for HPC with w/c<0.3:
ep1= 1.55-[(w/c)-0.219]-¢ 5210423 (welw)-{wele)] {R?>=0.80} (8.7)

c denotes the cement content of the concrete (kg/m?)

w  denotesthe mixing water of the concrete (kg/m°) {0.25< w/c<0.30}

w,  denotesthe evaporated water from the concrete (kg/m3) {0<w,/w<0.30}
gp;  denotesthe specific shrinkage related to the evaporated water (per mil)

Table 19.26 - Drying shrinkage for HPC with w/c< 0.3.
w/c |we/w |we/c |gpi(per mil)
0.25 [0.25 ]0.08 |0.16
0.25 {035 |0.12 {0.29
0.30 10.35 10.12 {0.73

19.8.3 Total shrinkage

Table 19.27 shows thetotal shrinkage after at least 3 years estimated according to:

e=k-34-[(w/c)*-0.68-(w/c)+0.13] {R*=0.80} (8.10)
ep=kp1.5:[0.43-(w/c)] {R*>=0.75} (8.11)
£c=0.85-[(w/c)-0.25] {R?*=0.49} (8.12)
ep=33-[(W/c)*-0.654-(w/c)+0.115] {R?=0.52} (8.13)
k =1.1for HPCwith 10% silicafume dlurry; k=I for HPC with 10% granul ated

silicafume or 5% silicafume durry
ks  =15(10% silicafumedurry); kg=1 (10% granulated silicafume or 5% slurry)
E, €8, £c, €p denotetotal, basic (autogenous), carbonation and drying (per mil)

Table 19.27 - Shrinkage after at least 3 years according to equations (8.10)-(8.13).

wic Type of silica | Amount of silica |¢ (per |ep(per |ec (per |&p (per
fume fume (%) mil) mil) mil) mil)
0.27 Granulated 10 0.66 0.24 0.02 0.38
0.27 Slurry 5 0.66 0.24 0.02 0.38
0.27 Slurry 10 0.72 0.36 0.02 0.38
0.37 Granulated 10 0.52 0.09 0.10 0.33
0.37 Slurry 5 7 0.52 0.09 0.10 0.33
0.37 Slurry 10 0.57 0.14 0.10 0.33
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19.8.4 Shrinkageat constant weight (no loss of weight)

Table 19.28 gives the shrinkage at no loss of weight according to equation (8.14):
£80= KenKsq'1.38-[0.45-(w/c)] {R’=0.67} (8.14)
gg,  denotesshrinkagein HPC with no loss of weight (autogenous, per mil)

ke, =133for HPC withsilicafume slurry; kg, = 1 with granulated silicafume
ks, = 0.69for HPC with 5% silicafume; ks,= 1 for HPC with 10% silicafume

Table 19.28 - Autogenous shrinkage according to the equations(8.14)

w/c | Typeof silicafume |Amount of silicafume |, (per mil) |
0.27 |Granulated 5% 0.17
0.27 |Granulated 10% 0.25
0.27 Surrv 10% 0.33
0.37 |Granulated 5% 0.08
0.37 |Granulated 10% 0.11
0.37 |g urry 5% 0.15

19.9 Short-term deformation

19.9.1Drying short-term cregp compliance

Table 19.29 shows creep according to equation (6.13) and the following equation:
ap = 3.4-[(W/c)-0.13]"s,5 + [0.3-11-(c/£) ] In(f,/f.28) {0.25<w/c<0.40; R*=0.73} (9.1)
ap  denotesthe rate of short-term drying creep of HPC [millionths/(MPa-h)]
f./fs denotestherelative 28-day strength at loading {0.3< f,/f,55<1}

s,s  =1.5for 5% silicafume and/or air-entrainment; s,s= 1 for 10% silicafume

o/f.  denotesthe stress/strength (100 mm cube) ratio at loading {0.3<c/f,<0.6}

Table 19.29 — Compliance from 1 s till 66-h of loading according to equation (9.1).

w/c |f/f..e |o/f. |Amount of silicafume (%) | Compliance (millionths/MPa)
027 |03 |03 [5 4.312.4=53
0.3 |10 4.1-12.4= 50
0.6 [10 8-12.4= 99
06 |03 |10 2-12.4=24
0.6 |10 3.7-12.4=46
1 0.3 |5 0.56:12.4=6.9
0.3 (10 0.37-12.4=4.6
03703 |03 |5 4.8-12.4=59
06 |03 |5 28124=34
1 03 |5 1.2-12.4=15
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19.9.2 Basic short-term creep compliance

Table 19.30 shows creep accordingto equation (6.13) and to following equation:

ag™ 0. 14[(W/C)+25] *Sas57t [029-69(G/fc)] 'M(fc/fczg)

ap

Sas

o/f,

Table 19.30- Com

{R’=0.83} (9.2)

denotes the creep rate of sealed HPC [millionths/(MPa-h)]:
In(f./f23) denotesthe natural logarithm of the relative strength when loading

{0.4< £/f3<1 for o/£=0.3 and 0.15< f/f,3<0.5 for o/£=0.6)
=1.25 for HPCs with 5% silicafume or/and air-entrainment (10%silica
fume); s.s= 1 for HPC with 10% silica fume

denotesthe stress/strength (100 mm cube) ratio at |oading {0.3<c/£,<0.6}

pliance from 1 s till 66-h of loading according to equation (9.2).

w/c |f./f,s |o/f. | Amount of silicafume (%) |66-h compliance(millionths/MPa)
027103 |03 |5 2.6:12.4=32
0.3 |10 2.5-12.4=31
0.6 |10 5:12.4= 62
06 |03 [10 1.3-12.4= 16
0.6 (10 2.4-12.4=29
1 03 |5 0.49-12.4=6.1
0.3 |10 0.39-12.4= 4.8
0.37 0.3 03 |5 2.6'12.4=32.6
0.6 03 |5 14-12.4=17.4
1 03 |5 0.5-12.4=6.2

19.9.3 Short-term creep and internal relativehumidity

Table 19.31 givesthe creep rate estimated according to equations (9.3)-9.4):

ag03=0.52+1.6: A@-(3.6: AQ+1.7)In(f./f.55) {6/£.=0.3; 0.5< f/f23<1; R?>=0.93} (9.3)

200.6=0.84-0.6: A@-(9.3- AG+3) In(f/f,55) {0/£:=0.6; 0.15<F,/£.25<0.5; R?=0.51} (9.4)

ago.3
ag0.6

ln(fc/ f028)

denotesthe short creep rate of HPC with ¢/£,=0.3 [millionths/(MPa-h)]
denotesthe short creep rate of HPC with 6/£,=0.6 [millionths/(MPa-h)]
denotesthe natural logarithm of the relative strength at loading

AG= ;- O, differencein relative humidity of the inner part, &;, and the surface, O,

Table 19.31 - Creep rate estimated according to equations (9.3)-9.4).

fo/fers |AO |Equation (9.3) |Equation (9.3)

0.6

0.30

1.6

3.6

1

0.15

0.9

0.8
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19.10 Elastic modulus
19.10.1 Air-cured HPC

Table 19.32 showsthe elastic modulus estimated according to equation (10.2):
Epma=6.77-(f,)*3"° (R?=0.87) (10.2)

f, denotes the compressive strength (MPa)
Epma denotesthe elastic modulusversus strength of mature drying HPC (GPa)

Table 19.32 - Elastic modulus of mature drying HPC according to equation (10.2).
f. (MPa) 80 90 100 [110 120 |130 140 |150
Epm. (GPa) |356 [373 [388 (402 |416 (428 [441 [452

Table 9.33 shows the relative elastic modulus of young HPC compared to the 28-
day elastic modulus of mature HPC estimated according to equation (10.3):

(Ebyo/Epma)=0.88+0.41-(6/£,)+[0.38-0.8 1-(o/f)]- (Af/f2s)  {R>=0.25} (10.3)

f, denotesthe strength at |oading of young concrete (MPa)

f.. denotesthe 28-day strength (MPa)

Epma denotesthe modulus of mature drying concrete (GPa)

Epy, denotesthe elastic modulus of young drying concrete (GPa)

Af,  denotesthe growth of strengthfrom loading until unloading (MPa)
c denotesthe stress of the concrete (MPa)

Table 9.33 - Relative éastic modulus of drying HPC according to equation (10.3).
Afc/ fczs oJ fc EDyo/EDma
0 0.3 11.00
0 0.6 [1.13
0.2 03 |101
0.2 0.6 [1.11
0.4 0.3 [1.06
0.4 0.6 11.08

19.10.2 Sealed HPC

Table 19.34 showsthe elastic modulus estimated according to equation (10.4):

Epma=4.71-(f,)** {R?*=0.85) (10.4)
fe denotesthe compressive strength (MPa)
Ebma denotesthe elastic modulus of mature sealed HPC (GPa)
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Table 19.34 - Elastic modulus of mature sealed HPC according to equation (10.4).
f. (MPa) 80 90 100 110 120 |130 140 |150
Ep,.(GPa) [386 [40.8 [43.0 (450 |469 |48.7 |50.5 |52.2

Table9.35 shows the rel ative elastic modulus of young sealed HPC compared to
the 28-day elastic modulus of mature HPC estimated according to equation (10.3):

(EByo/Epma)= 0.87+0.4-(c/f,)+[0.14-0.21-(o/f,)]-(Af/fi28) {R?*=0.19} (10.5)

f/f.os denotesthe ratio of strength at loading and the 28-day strength Eg,,, denotes
the modulus of mature sealed concrete (GPa)

Ep,, denotesthe elastic modulusof young sealed concrete (GPa)

Af,  denotesthe strength growth between loading and unloading of HPC (MPa)
a denotes the stress of HPC (MPa)

Table9.35 - Relative dastic modulusaccording to equation (10.3).
Afc/ fczs o/ fc EByo/E Bma
0 0.3 [1.00
0 0.6 |[1.11
0.2 03 |1.03
0.2 0.6 |1.11
0.4 03 [1.02
0.4 0.6 |1.11

19.10.3 Effect of moistureon elastic modulus
Table 19.36 shows result of elastic modulusestimated according to equation (10.6):
E(f,,@)=10.3-(1.45-@)-(f,)>*> @012 {R?=0.83} (10.6)

f, denotesthe strength at |oading (MPa)
0] denotesthe internal relative humidity

Table 19.36 - Result of elastic modul us estimated according to equation (10.6).

f. (MPa) 0) E(f..0) (GPa)
80 0.65 355
80 0.95 39.2
100 0.65 38.3
100 0.95 435
120 0.65 40.7
120 0.95 47.3
140 0.65 428
140 0.95 50.8
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19.11Possion'sratio

Table 19.37 gives Poisson's ratio estimated according to equations (11.4)- (11.5):

v, = kp'[0.04-In(f./£,25)+0.14] {R*>=0.15} (11.5)
vp = kp'[0.05-In(f,/f55)+0.13] {R*=0.25} (11.4)

fe denotes the compressivestrength at |oading or unloading (MPa)

f .  denotesthe compressive strength at 28 days's age (MPa)

In denotesthe natural logarithm

kg  =1l.4for HPC withsilicafume durry and granite (mix 4, 7); kp = 1 otherwise
kp =1.2 for HPC with silicafume dlurry and granite (mix 4, 7); kp = 1 otherwise
vg  denotes Poisson's ratio at loading or unloading of sealed HPC

vp  denotesPoisson's ratio at loading or unloading of drying HPC

Table 19.37 - Poisson's ratio estimated according to equations (11.4)- (11.5).

fo/fers Type of Type of VB VD
aggregate |silicafume

0.3 Granite Slurrv 0.13 0.08
0.3 Quartzite |Granulated |0.09 0.07
0.65 Granite Slurrv 0.17 0.13
0.65 Quartzite  |Granulated |0.12 0.11
1 Granite Surrv 0.20 0.16
1 Quartzite |Granulated |0.14 0.13

19.12 Dynamic modulus of € asticity

19.12.1 Defor mation modulus, dynamic and static modulusof easticity

Table 19.38 gives the different kinds of elastic modul us estimated according to:

Do.o1=

Edyn =

(1.04-8:107t) Egne {R*=0.89} (12.5)
(1.04-4-10°1) Egigy {R*=0.95} (12.6)
denotes the age of the concrete (days)

denotes the deformation modulus at loading (GPa)

denotes the dynamic modulus of elasticity (GPa)
denotesthe static modulus of elasticity at unloading (GPa)
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Table 19.38 - Elastic modulus estimated according to equations (12.5) — (12.6).

Estat (GP2) |Age (days) |Doos (GPa) |Egy (GPa)
35 28 36.3 36.4
35 500 35 35.7
40 28 41.5 41.6
40 500 40 40.8
45 28 46.7 46.7
45 500 45 45.9

19.12.2 Deformation, elastic dynamic and static modulus of young HPC
Table 19.39 givesthe effect of moisture on the dynamic modulus of elasticity:

Edyn = 14.85:(@3-0.537): (Do 01)' 2243719 {0.65<@<0.9; R*= 0.93} (12.7)

Do.o1 denotesthe deformation modulus 0.01 s after loading (GPa)
Edyn denotesthe dynamic modulusof elasticity (GPa)
0] denotesthe internal relative humidity

Table 19.39 - The dynamic modulus estimated according to equation (12.7).

Do.o1 (GPa) |9 Egwn (GPa)
35 0.65 37.1
35 0.90 40.8
40 0.65 41.7
40 0.90 44.0
45 0.65 46.2
45 0.90 47.0

Table 19.40 givesthe effect of relative 28-day strength on the dynamic modulus:

Edyn = Door[1.14-0.29-(6/£,)-0.0753-In(f,/£.25)-(c/£,+4.08)]

Do.o1 denotesthe deformation modulus 0.01 s after loading (GPa)

Edyn denotesthe dynamic modulus of elasticity (GPa)

Table 19.40 - The effect of relative 28-day strength on the dynamic modul us.
D0.01 (GPa) fc/ fc28 o/ fc Edyn(GPa)

35 03 [03 |[50.7

40 0.3 0.3 |58

40 0.3 0.6 |55.6

40 0.65 |0.6 [44.7

40 1 0.3 |42.1

45 1 0.3 [474
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19.12.3 Ageing effect on defor mation, dynamic and eastic static modulus

Table19.41 givesan ageing effect on mature HPC described in equations(12.9-11):

Edyn’t — (Edyn, 1)_t0.0025

Do.o1t= (Dogr, 1)17°1°

Estatt = (Estat, 1)'t0'0184

t denotes age (months)

Do o1 denotesthe deformationmodulus0.01 s after loading (GPa)

Edyn denotesthe dynamic modulusof elasticity (GPa)

Egtat denotesthe static modulusof easticity at unloading (GPa)

Table 19.41 - Ageing effect on mature HPC described 1n equations (12.9) — (12.11).
Age (months) | Dy (GPa) |Eyy, (GPa) | Eg,: (GPa)

1 41.5 41.6 40

12 42.9 41.8 41.9

24 433 41.9 42 4

19.12.4 Strength effect on defor mation, dynamic and elastic modulus

Table 19.42 gives an effect of strength estimated according to equations(12.12-14):

Egyn = kg -11.2 £227 {R*=0.89} (12.12)

Door = ky7.47-£>% {R*=0.88} (12.13)

Bgar = kg 8.1 £ {R*=0.89) (12.14)
f, denotesthe compressive strength of 100 mm cube at testing (MPa)

= 1.1for HPC with silicafume dlurry; kg = 1 for granulated silicafume
denotes the deformation modulus 0.01 s after |oading (GPa)

denotes the dynamic modulus of elasticity (GPa)

denotesthe static modulusof elasticity at unloading (GPa)

Table 19.42 - Effect of cube strength estimated according to equations (12.12-14).

f. (MP2a) |Dgai (GPa) |Egyn(GPa) |Eqac (GPa)
80 34.8 36.9 35.5
90 36.2 38.1 36.9
100 37.6 392 382
110 38.9 402 395
120 40.1 412 40.7
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19.13 Recovery defor mations

19.13.1 Matureconcrete

Table 19.43 gives plastic and viscous recovery of mature HPC after 66 h of loading
and 100 h of recovery estimated according to the following equations (per mil):

EpI— 1.4'851 '(1-861)

Eyi — 0.26'861 '(1.3-8e1)

EBpl™ 0.04‘8}331 '(5.5-81351)

ERvi — 0. 1'8]361 '(2.4-8]3e1)

g4  denoteseastic strain of drying HPC

8p1

denotes plastic strain of drying HPC

g;  denotesviscous strain of drying HPC
epyq denoteselastic strain of sealed HPC
epm  denotes plastic strain of sedled HPC
ep;  denotesviscous strain of sealed HPC

{R?=0.37} (13.4)

{R?=0.16} (13.5)

{R?=0.52} (13.8)

{R*=0.25} (13.9)

Table 19.43 - Recovery according to equations (13.4), (13.5), (13.8) and (13.9).

gq(per mil)

gpper mil)

gyi(per mil)

epa(per mil)

epp(per mil)

epvi(per mil)

0.5

0.35

0.10

0.5

0.10

0.10

0.6 0.34 0.11 0.6 0.12 0.11
0.7 0.29 0.11 0.7 0.13 0.12
0.8 0.22 0.10 0.8 0.15 0.13
19.13.2 Youngconcrete

Table 19.44 gives plastic and viscous recovery of young HPC after 66 h of loading
and 100 h of recovery estimated according to the following equations (per mil):

€p/6a = 1.45-(6/E)) + [17.8-(0/£,) - 2.9]-(65,/F29)

&vi/€el = 0.89-[(8/fc28)10.19)] ~ 0.9-[(8fe/fc25)+0.2)]

enpen,, = 0.8:(0/f,) + [17.3-(o/f;) - 2.4](5F/Fuas)

£nvi/En, = 0.75(85/f0+0.3)
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f. denotes current strength (MPa)

f. denotes 28-day strength (MPa)

&fo/feas =t un/fens-f. 10/ 28 (Qrowth of strength betweenloading, lo, and unloading, un)
gq  denoteselastic strainof drying HPC

€pl denotesplastic strain of drying HPC

g,; denotesviscous strainof drying HPC

gpq denoteselastic strain of sealed HPC

epp  denotesplastic strain of sealed HPC

gy  denotesviscous strain of sealed HPC

o/f, stresslevel

Table 19.44 - Recovery according to equations (13.6), (13.7), (13.10) and (13.11).

ofc/fe2s o/f, Epl/Eel EvifEel EBpI/EB, EBvi/EB,
0.2 0.3 0.92 0.35 0.80 0.38
0.2 0.6 2.4 0.35 2.1 0.38
0.4 0.3 1.4 0.53 1.3 0.53
0.4 0.6 4 0.53 3.7 0.53

19.14 L ong-term deformations

19.14.1 Air curing
Table 19.45 givesthelong-term creep rate estimated with the following equation:

ap = kai:513-[(w/c)’ - 0.6-(w/c) + 0.09591 - k,, [ 1 .83 + 2.37-(c/f,) ] In(£;/fi28)
{R*=0.71} (14.9)

ap denotescompliance rate with air curing [millionths/(MPa-day)]

f. denotescube strength at |oading (MPa)

.o denotes28-day cube strength (MPa)

k,s =0.8 with 5% air-entrainment; k,s = 1.3 with silicafume durry, k,=1 otherwise
ks = 1.5for HPC with 5% air-entrainment; k,; =1 otherwise

Table 19.45 - Long-term creep rate estimated with the equation (14.9).

wic  |f/fas |o/f. |Air-entrainment (%) |Silica fume |ap (millionths/MPa-day)
0.27 {03 ]0.6 |1 Granulated |7.4

0.27 [0.65 0.6 |1 Granulated |4.9

0.27 |0.65 (0.6 |1 Shurry 5.3

0.27 |1 03 |1 Granulated |3.5

037 10.65 |06 |1 Granulated |7.4

037 10.65 [0.6 |5 Granulated | 10.2

037 |1 03 |1 Granulated 6.1
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19.14.2 Sealed curing
Table 19.46 givesthe long-term creep rate estimated with the foll owing equation:

ap = ky5:231-[(W/c)’ - 0.594-(w/c) + 0.0952] - ks [2.83 - 3+(o/f,)]'In(f,/f,05)
{R*>=0.67} (14.11)

ap denotes compliance rate with sealed curing [millionths/(MPa-day)]
f./f.s denotesthe relative 28-day strength at loading {0.3< £/f,5<1}
ks = L5with 5% silicafume or 10% silicafume slurry; k=1 otherwise

Table 19.46 - Long-term creep rate estimated with the equation (14.11).

wic | f/f.e |o/f. |Slicafume ap [millionths/(MPa-day)]

0.27 |03 0.6 |10%granulated |3.1

0.27 |0.65 |0.6 |10%granulated |2.3

0.27 10.65 0.6 |10%slurry 35

0.27 |1 0.3 |10%granulated 1.9

0.37 |0.65 |0.6 |5%granulated [4.9

0.37 |0.65 |0.6 |10%granulated |3.3

0.37 |1 0.3 [10%granulated |2.9

19.14.3 Dependenceon strength growth

Table 19.47 givesthe compliancefrom 100 s until 1000 days' age of loading
cal cul ated according the equations (14.12) - (14.16):

{R*=0.53} (14.12)

Tpa(tt')= 1000/D,, + apy, €*> 2. [ q(e-t)/(t-t') {R?=0.44} (14.13)
apm = Kais'513-[(W/c)* - 0.6-(w/c) + 0.0959] {R?=0.98} (14.14)
apm= K523 1-[(W/c)* - 0.594-(w/c) + 0.0952] {R’=0.99} (14.16)
ap, denotescompliancerateof sealed mature HPC [millionths/(MPa-day)]

ap, denotescompliancerate of air-cured mature HPC [millionths/(MPa-day)]

a denotes 5% air-entrainment

df, denotesrelative 28-day strength increase between loading and unloading
ki = 1.5for 5% air-entrainment; k,;s=0.8 for silicafume surry; k=1 otherwise
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Dy

= 1.5 for HPC with 5% silicafume or for HPC with 10% silicafume durry;
k=1 otherwise
=1.14 for HPC with 5% air-entrainment; ks= 0.969 for silicafume durry; kg=

1 otherwise

= 1.2 for HPC with sllicafume durry; kp=1 otherwise
denotes compressive strength at |oading (MPa)
denotessilicafumedurry
denotes age of the concrete (days)
denotes age at loading (days)
denotes sealed curing

denotesair curing

denotesthe deformation modulus at loading, Section 7 above (GPa)
J(t,t") denotesthe compliance(specific creep, millionths/MPa)

Table 19.47 - Creep from 100 s until 1000 days’ age, equations (14.12) — (14.16).
wlc | df/f2s | o/f. |Air | Type of Silica |Jp(t,t") Ja(t,t")
(%) |silica fume |fume |(millionths/MPa) | (millionths/MPa)

0.27]0 0.3 |1 |Granulated |10% |37 19

0.27{0.3 0.3 |1 |Granulated {10% |45 23

0.2710.3 0.6 |1 |Granulated [10% (47 22

0.2710.3 0.6 |1 |[Slurry 10% |40 33

0.2710.6 0.3 |1 |Granulated |10% |57 30

0.2710.6 0.6 |1 |Granulated [10% |63 27

0.3710 0.3 |1 |Granulated |5% 58 45

0.37|10.3 0.3 |1 |[Granulated |5% 71 57

0.37/0.3 0.6 |1 |Granulated |5% 74 53

0.37]06 |03 |1 |[Granulated [5% |89 72

0.37/0.6 0.6 |1 |Granulated |5% 100 64

0.37|0.6 06 |5 |Granulated |5% 112 69

19.4.4 Dependenceon internal relativehumidity

Table 19.48 gives the compliancefrom 100 s until 1000 days age of loading
accordingto equations(14.16), (14.17) and (14.18):

Joa(t,t')=1000/D, +[ap,-6.1-(A@+0.11) In(E/fg)] [ d(t-t /()

Joo(t,t')=1000/D, +ap,-4.3-(AG+0.39) In(f/fag)]- [ (-t V(e
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aBm

fc/ fc28
J(tt)

AO

0.3
0.6

denotes compliance rate of sealed mature HPC, equation (4.16)
denotestherelative 28-day strength at loading
denotesthe compliance (specific creep, millionths/MPa)
= ;- O, denotesdifferencein internal relative humidity between the inner
part of the cylinder at loading and the surface of the cylinder
denotesrelative stresd strength-level at loading, o/f= 0.3
denotesrelative stresd strength-leve at loading, o/f.= 0.6

Table 19.48 - Compliance from 100 s until 1000 days's age according to equations
(14.16), (14.17) and (14.18).

wic |f/fos |AO|Typeof |Amount of |J0.3(t,t") Jo.s(tst")
silicafume |silicafume | (millionths/MPa) | (millionths/MPa)
0.27 10.3 0.2 |Granulated | 10% 42 51
0.27 10.3 0.4 |Granulated | 10% 58 62
0.27 103 0.4 |Slurry 10% 67 71
0.27 10.65 (0.2 |Granulated | 10% 27 30
0.27 10.65 {0.4 |Granulated | 10% 33 34
0.27 |1 0.2 |Granulated | 10%0 19 19
0.37 |0.3 0.2 |Granulated | 5% 69 77
0.3710.3 104 |Granulated 15% & 88
037 {03 0.4 |Slurry 5% 84 88
0.37]0.65 |0.2 |Granulated | 5% oy 56
0.37/0.65 |0.4 |Granulated |{5% 59 60
0371 0.4 |Granulated | 5% 45 45

19.4.5 Elastic modulus

Table 19.49 gives the e astic modulus related to age at loading and compressive

strength at unloading according to equations (14.20) and (14.21):

ED — 0,0543'(76—t’)'(fcun)00035(tl+134)

EB = 6.02.[2.4+1n(t')]_(fcun)0.0545'[4.37-ln(t')]

fcun
tl

Ep
Ep

denotes the compressive cube strength at unloading (MPa)

denotesthe age at loading (days)
denotesthe elastic modulus of sealed concrete (GPa)
denotesthe elastic modulus of drying concrete (GPa)

{1<t'<28 days; R*= 0.62) (14.20)

{1<t'<28 days; R*= 0.20} (14.21)

19.4.6 Plastic and viscous compliancerelated to the elastic compliance

Table 19.50 gives the plastic and viscous compliancerelated to the elastic
compliance at unloading, all estimated accordingto equations (14.24)- (14.26):
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Table 19.49 - Elastic modulus according to equations (14.20) and (14.21).

Age at loading, t” (days) | Strength at unloading, f., (MPa) |Ep (GPa) |Eg(GPa)
2 80 32.2 44.5
2 110 37.4 47 .4
2 140 42.0 49.8
7 80 32.4 46.4
7 110 37.9 48.4
7 140 42.7 499
28 80 31.1 44.0
28 110 37.2 44.8
28 140 42.7 45.5

ot/ Te)p= 50Knmgi Kpns"[(W/C)2-0.68+(W/c)+0.1372]-7.8 Kygirkys (o/fe) In(f/fzs)
{R*=0.72} (14.24)

ot Te)p= 82 Kmst [(W/c)?-0.544+(w/c)+0.08241+49-(o/fc) kyy e 077 (/R 04STH (028
{R*=0.79} (14.25)

T/Ta = 0.75 K [(W/c)-0.251-k,p In(f/£i25)

a
m
f,
fos

denotes 5% air-entrainment
denotes mature HPC

denotes compressive strength at loading (MPa)

denotes compressive strength at 28 days age (MPa)

[k Konai > Kmst, Kmp, Kms, Kyai, Kysi, kyp]  cONstantsin Table 14.24 (k=1 otherwise).
denotes silicafume slurry

{R*=0.85)}

(14.26)

y denotes HPC young when loading

B, D denotessealed and air curing respectively

Jo/Ja denotesratio of viscous-plasticcomplianceto the elastic compliance

Ju/Ja denotesratio of viscous-elastic complianceto the elastic compliance

o] denotes stress (MPa)

5 denotes HPC with 5% silicafume

Table 19.50 — Relative plastic and viscous compliance, equations (14.24)- (14.26):
w/c  |f/fas |o/fe |Air (%) |s/c(%)|Silica fume |(Ju/Ja)p |(Ip/Je)s | JvilJan
0.27 (0.3 0.6 |1 10 Granulated [6.9 4.2 0.09
0.27 10.65 |03 |1 10 Granulated [2.3 1.2 0.04
0.27 [0.65 103 |1 10 Slurry 2.8 1.5 0.04
0.27 |10.65 |0.6 |1 10 Granulated [3.3 1.0 0.04
0.27 |1 03 |1 10 Granulated |1.3 0.7 0.02
0.37 0.3 06 |1 5 Granulated |7.1 5.0 0.16
0.37 (0.65 |0.6 |1 5 Granulated |[2.5 1.8 0.12
037 |1 03 |1 5 Granulated [1.5 1.5 0.09
0.37 |1 103 |1 |5 | Slurry 12.0 2.3 0.09

244




REFERENCES

P Acker (1993). Creep and Shrinkage of Concrete. Proceedingsof the Fifth
International RILEM Symposium on Creep and Shrinkage in Barcelona. RILEM
1993. E & FN Spon. London. 1993. Pp. 3-14.

A M Alvaredo and F H Wittmann (1993). Shrinkage as Influenced by Strain
Softening and Crack Formation. Proceedingsof the Fifth International RILEM
Symposiumon Creep and Shrinkagein Barcelona. RILEM 1993. E & FN Spon.
London. 1993. Pp. 103-114.

ASTM C 215-85 (1985). Standard Test Method for Fundamental Transverse,
Longitudinal, and Torsional Frequencies of Concrete Specimens. ASTM.
Philadelphia. 1985. Pp. 119-122.

ASTM E 104-85 (1985). Standard Practicefor Maintaining Constant Relative
Humidity by Means of Aqueous Solutions. ASTM. Philadelphia. 1985. Pp. 33,637.

E Atlassi (1993). Effect of Moisture on the Compressive Strength of High
Performance Concrete. Proceedingsat the 3rd Symposium of High-Strength
Concrete. Lillehammer. 1993. Ed. by | Holand and E Sellevold. 1993. Pp. 646-653.

H H Bache (1987). Compact Reinforced Composite, Basic Principles. CBL Report
No. 41. Aalborg Portland. Denmark. 1987.

Z P Bazant (1993). New Test Method to Separate Microcracking from Drying
Creep. Proceedings of the Fifth International RILEM Sympaosium on Creep and
Shrinkagein Barcelona. RILEM 1993. E & FN Spon. London. 1993. Pp. 77-82.

Z P Bazant (1995). Creep and Shrinkage Prediction Model for Analysisand Design
of Concrete Structures- Model B;. Guidelinesfor Formulation of Creep and
Shrinkage PredictionModels. RILEM Technical Committee 107. Materialsand
Structures. 1995. E & FN Spon. London. 1993. Pp. 357-365.

Z P Bazant; S Baweja (1995). Justificationsand Refinements of Model B; for
Concrete Creep and Shrinkage. 1. Statisticsand Sengitivity. Materials and
Structures. Vol. 28. London. 1995. Pp. 415-430.

Z P Bazant; | Carol (1993). Preliminary Guidelines and Recommendationsfor
Characterising Creep and Shrinkage in Structural Design Codes. Proceedings of the
Fifth International RILEM Symposium on Creep and Shrinkage in Barcelona.
RILEM 1993. E & FN Spon. 1993. London. Pp. 805-829.

245



L Bjerkeli; A Tomaszewics; J J Jensen (1989). Deformation Propertiesand Ductility
of High-Strength Concrete. 2nd | nternational Symposium on Applicationsof High-
Strength Concrete. Berkeley. ACI SP-121. 1989. Ed. by H Weston. 1993. Pp. 215-
238.

J Brooks (1993). The Influence of Steel Fibre Reinforcementon Compressive
Strength and Deformation of UltraHigh Strength Cement-SilicaFume Mortar
Matrix. Proceedings at the 3rd Symposium of High-Strength Concretein
Lillehammer. 1993. Ed. by | Holand and E Sellevold. 1993. Pp. 1024-1032.

J Brooks; J P Hynes (1993). Creep and Shrinkage of UltraHigh-Strength Silica
Fume Concrete. Proceedings of the Fifth International RILEM Symposium on Creep

and Shrinkagein Barcelona. RILEM 1993. E & FN Spon. 1993. London. Pp. 493-
498.

JByfors (1980). Plain Concrete at Early Ages. Report FO 3:80. The Swedish
Cement and Concrete Research Ingtitute. Stockholm. 1980. Pp. 40-43.

P A Daerga; L Elfgren (1991). "' Draghiillfasthet hos hogpresterande betong”. Tensile
Strength of High-Performance Concrete. Bygg & Teknik 7/91. Stockholm. 1991. Pp.
25-26. (In Sredi sh.)

M Emborg (1989). Therma Stressesin Concrete Structuresat Early Ages. Doctoral
Thesis. Report 1989:73D. Divison of Structural Engineering. Luled University of
Technology. Lulei. 1989. Pp. 77-99.

R H Evans (1958). Effect of Rate of Loading on Some Mechanical Propertiesof
Concrete. Proceedingsof the Conference of Behaviour of Non-metallic Brittle
Materias. Ed. by W H Walton Butterworths Sc. London. 1958. Pp. 175-192.

G Fagerlund (1972). Relationship between the Porosity and the M echanical
Propertiesof Materials. Report 26. Division of Building Physics. Lund Institute of
Technology. Lund. 1972.

G Fagerlund (1987). Relationsbetween the Strength and the Degree of Hydration or
Porosity of Cement Paste, Cement Mortar and Concrete. Cementa Report T 87023.
Danderyd. 1987. 57 pp.

A Giovambattista; R Zerbino (1993). Creep of Concrete after 10 years of Loading.
Proceedingsof the Fifth International RILEM Symposium on Creep and Shrinkage
in Barcelona. RILEM 1993. E & FN Spon. London. 1993. Pp. 51-62.

246



T C Hansen (1966). Theories of Multiphase Material Appliedto Concrete, Cement
Mortar and Cement Paste. Report 39. The Cement and Concrete Research I nstitute,
CBI. Stockholm. 1966. Pp. 22.

M Hassanzadeh (1994). Fracture Mechanical Properties of High-Performance
Concrete. Report M4:05. Lund Institute of Technology. Division of Building
Materials. 1994. Pp. 8-13.

G Hedenblad (1996). Persona Communication. Division of Building Materials.
Lund Institute of Technology. University of Lund. Lund. 1996.

M K Hurst (1988). Prestressed Concrete Design. Nanyang Technological I nstitute,
Singapore. Chapman and Hall. London. 1998. Pp. 48-67.

J-P Jaccoud; A Leclercq(1995). Some Aspects Concerning Extension of Present
Design Rulesto HPC-structures. Material Propertiesand Design. Proceedingsof the
Fourth Weimar Workshop on High Performance Concrete held at Hochschul efiir
Architektur und Bauwesen (HAB). Weimar. Ed. by F H Wittmann, P Schwesinger.
Freiburg and Unterengstringen. 1995. Pp. 341-357.

O M Jensen; P F Hansen (1995). Autogenous Relative Humidity Changein Silica
Fume-modified Cement Paste. Advances in Cement Research. 1995, 7. No. 25. Pp.
33-38.

S JLokhorst; K van Breugel (1993). The Effect of Microstructural Development on
Creep and Relaxation of Hardening Concrete. Proceedingsof the Fifth International
RILEM Symposiumon Creep and Shrinkagein Barcelona. RILEM 1993. E & FN
Spon. London. 1993. Pp. 145-150.

H S Miiller; Kiittner (1995). Characteristicsand Prediction of Creep of High
Performance Concrete. Material Propertiesand Design. Proceedingsof the Fourth
Weimar Workshop on High Performance Concrete held at Hochschulefiir
Architektur und Bauwesen (HAB). Weimar. Ed. by F H Wittmann, P Schwesinger.
Freiburg and Unterengstringen. 1995. Pp. 145-162.

H S Miiller; M Pristl (1993). Creep and Shrinkage of Concreteat Variable Ambient
Conditions. Proceedings of the Fifth International RILEM Symposium on Creep and
Shrinkagein Barcelona. RILEM 1993. E & FN Spon. London. 1993. Pp. 15-26.

A Ngab; A Nilson; F Slate (1981). Creep of HPC. ACI Journal. 1981. Pp. 255-261.

A Nielsen (1972). Rheology of Building Materials. Doctoral Thesis. Document
D6:1972. National Swedish Building Research. Stockholm. 1972. Pp. 25-53.

247



L O Nilsson (1987). Temperature Effectsin Relative Humidity Measurementson
Concrete- Preliminary Studies. The Moisture Research Group Informs. Report
1987:1. The Swedish Council of Building Research. Stockholm. 1987. Pp. 84.

K Norling Mj6rnell (1994). Self-desiccationin Concrete. Report P-94:2. Division of
Building Materials. Chalmers University of Technology. Gothenburg. 1994. Pp. 21.

V Penttala; P Héyrinen (1992). “Hoghallfast betong och dess
anv~dningsmojligheter."High-Strength Concrete and Its Possible Applications.
The Building Calendar 1992. The Swedish Building Contractors. Helsinki. 1992.
Pp. 684. (In Svedish.)

D Perraton; F de Larrard; P C Aitcin (1994). Additional Dataon the Strength
Retrogression of Air-cured Silica Fume Concretes. 2nd CANMETIACI Conference
on Durability of Concrete. Nice. 1994. Pp. 2-14.

B Persson (1992A). ""Hogpresterande betongs hydratation, struktur och hallfasthet”.
Hydration, Structureand Strength of HPC. Report TVBM-1009. Lund Inst. of
Techn. Div. Building Materiads. Lund. 1992. Pp. 75-97; 99-123. (In Svedish.)

B Persson (1992B). Proportionsof High-Performance Concrete. Report M6:01.
Lund Ingtitute of Technology. Divisionof Building Materials. Lund. 1992. Pp. 1-8.

B Persson (1992C). Pre-testsof High-Performance Concrete. Report M6:02. Lund
Institute of Technology. Division of BuildingMaterials. Lund. 1992. Pp. 1-11.

B Persson (1992D). Programmefor Long-term Investigations of HPC. Report
M6:04. Lund Instituteof Technology. Div. Building Materials. 1992. Lund. 18 pp.

B Persson (1993A). Self-desiccatingHigh-Strength Concrete Slabs. Proceedings at
the 3rd Symposium of High-Strength Concretein Lillehammer. 1993. Ed. by |
Holand and E Sellevold. 1993. Pp. 882-889.

B Persson (1993B). Workability of the Nationa Recipe in the HPC Programme.
Report M6:09. Lund Ingt. of Techn. Div. Building Materials. Lund. 1993. 12 pp.

B Persson (1995A). Basic Creep of High Performance Concrete. Report M6:14.
Lund Ingtitute of Technology. DivisionBuilding Materials. Lund. 1995. 292 pp.

B Persson (1995B). "'lded partikelférdelning i farsk betong.” Ideal Distribution of

Particlesin Fresh Concrete. Report TVBM-7090. Lund Institute of Technology.
Division Building Materials. Lund. 1995. 10 pp. (In Svedish.)

248



B Persson (1996A). Pozzolanic | nteraction Between Portland Cement and Silica
Fume in Concrete. Report TVBM-7105. Lund Inst. of Techn. Div. Building
Materials. Lund. Sixth CANMET/ACI/JCI International Conferenceon Fly Ash,
SilicaFume, Slag and Natural Pozzolansin Concrete. Bangkok. 1998. Pp. 631-660.

B Persson (1996B). Self-desiccationand Its Importancein Concrete Technology.
Materialsand Structures. VVol. 30. RILEM. 1996. Pp. 293-305.

B Persson (1996C). (Early) basic creep of HPC. 4th International Symposium on the
Utilisation of HPC. Paris. 1996. Ed. by F Larrard and R Lacroix. Pp. 405-414.

B Persson (1996D). Moisturein Concrete Subjected to Different Kinds of Curing.
Materialsand Structures. Vol. 30. RILEM 1996. Pp. 533-544.

B Persson (1996E). Hydration and Strength of HPC. Advanced Cement Based
Material. Vol. 3. 1996. Pp. 107-123.

B Persson (1997A). Long-term snrinkage of HPC. Proc. of the 10th Int. Congress on
the Chemistry of Cement. Contr. 2ii073. Gothenburg. 1997. Ed. by H Justnes. 9 pp.

B Persson (1997B). Basic Deformationsof HPC. Nordic Concrete Research. Vol.
20. 1997. Pp. 59-74.

P Persson (1997C). Influence of Cement Type, Silica Fume, Water-cement Ratio
and Moderate Shift of Temperatureon Self-desiccationin Concrete. Report U97.17.
Lund Institute of Technology. Div. Building Materials. Lund. 1994. 20 pp.

B Persson (1997D). Long-term Effect of SilicaFume on the Principal Propertiesof
L ow-temperature-cured Ceramics. CCR. Vol. 27. 1997. Pp. 1667-1680.

B Persson; F Berlin (1994). Programme CREEPfor Estimation of the Creep
Coefficient. Report M6:18. Lund Inst. of Techn. Div. Building Materials. 1994.

B Persson; G Fagerlund (1997). Self-desiccationand Its Importancein Concrete
Technology. Report TVBM-3075. Lund Institute of Technology. Div. Building
Materials. Lund. 1997. 255 pp.

O. Peterson (1976). Interaction between SilicaFume and Standard Portland Cement
in Mortar and Concrete. Cementa Ltd. Malmé. 1976. 8 pp.

T C Powers; T L Brownyard (1946-1948). Studies of Physical Propertiesof

Hardened Portland Cement Paste. Research Laboratories. PCA. Bulletin 22. 1948.
Pp. 473-488, 845-864.

249



V Randall; K Foot (1989). High-Strength Concretefor Pecific First Centre.
Concrete International. 1989. Pp. 14-16.

A M Rosenberg; JM Gaidis (1989). A New Minera Admixturefor High Strength
Concrete. Concrete International. 1989. Pp. 31-36.

Rle Roy; F de Larrard (1993). Creep and shrinkage of High-Strength Concrete.
Proceedingsof the Fifth International RILEM Symposium on Creep and Shrinkage
in Barcelona. RILEM 1993. E & FN Spon. London. 1993. Pp. 500-508.

K Sakata (1993). Prediction of Concrete Creep and Shrinkage. Proceedings of the

Fifth International RILEM Sympaosium on Creep and Shrinkagein Barcelona. 1993.
E & FN Spon. 1993. Pp. 649-654.

P Schwesinger (1996). Priifanlage zur Untersuchung des Lang- und

Kurzzeitverha tensMechanisch, Thermisch und Hygrisch beanspruchter Baustoffe
und Kongtruktionselemente. Fakultit Bauingenieurwesen. Bauhaus-Universitat
Weimar. Weimar. 1996. Pp. 1-2.

A Scordelis(1991). Anaysisof Structural Concrete Systems. Proceedings of the
International Associationfor Bridge and Structural Engineering Colloquium.
Stuttgart. 1991. Pp. 265-266.

A Scordelis(1993). The Importance of Creep and Shrinkageinthe Analysis, Design
and Construction of Concrete Structures. Opening lecture. Fifth International
RILEM Symposum. on Creep and Shrinkagein Barcelona. RILEM 1993,

E JSdllevold (1959). Unelastic Behaviour of Hardened Portland Cement Paste.
Technical Report no 113. Department of Civil Engineering. Stanford University.
1959.267 pp.

H Shkoukani; J C Walraven (1993). Creep and Relaxation of Concrete Subjectedto
Imposed Therma Deformations. Proceedingsof the Fifth International RILEM
Symposium on Creep and Shrinkagein Barcelona. RILEM 1993. E & FN Spon.

L ondon. 1993. Pp. 45-50.

V Sicard (1993). Origenes et Propriétés des Déformations de Retrait et de Fluage de
Bétons a Hautes Performances a Partir de 28 heures de Durcissement. Materiaux et
Durabilité de Constructions. INSA-UPS no. 201. Toulouse. 1993. Pp. 55-81.

JStark (1995, 1997). Formation of Unstable Salts at O°C. Personal Communication.
Weimar. 1995 and 1997.

250



J Stark (1996). Zusammenhinge zwischen Zementhydrationund Dauerhaftigkeit
von Beton. Hochschulefiir Architektur und Bauwesen Weimar. Festkolloquium am
31. Mai 1996. Universitit - GH - Siegen, Labor fiir Bau- und Werkstoffchernie:
Siegen. Germany. 1996. Pp. 5-21.

J Stark; K Bollmann (1995). Untersuchungen zur Bildung von Oberfléchenrissen in
Betonfahrbahndecken. Hochschule fiir Architektur und Bauwesen Weimar. Bulletin
6/7. Val. 41. WissenschaftigeZeichnung von Hochschule fiir Architektur und
Bauwesen: Weirnar. 1995. Pp. 65-74.

E Tazawa; S Miyazawa(1993). Autogenous Shrinkage of Concreteand Its
Importancein Concrete Technology. Proceedings of the Fifth International RILEM
Symposium on Creep. 1993. Pp. 159-168.

E Tazawa; S Miyazawa (1997). Influence of Cement Composition on Autogenous
Shrinkage of Concrete. Proceedings of the 10th International Congresson the
Chemigtry of Cement. Gothenburg. 2ii071. 1997. 8 pp.

F H Wittmann (1993). On the Influence of Stress on Shrinkage of Concrete.
Proceedings of the Fifth RILEM Symposiumon Creep in Concrete. Barcelona.
1993. E & FN Spon. London. 1993. Pp. 151-157.

A Xu (1992). Structure of Hardened Cement-fly Ash Systemsand Their Related

Properties. Report P-92:7. Divison of Building Materias. Chadmers University of
Technology. Gothenburg. 1992. Pp. IV: 15-19.

251



APPENDIX |. GRADING CURVESOF AGGREGATE AND
GRANULOMETRY OF CEMENTS

Appendix 1.1 - Grading curves of the aggregate
Appendix 1.2 - Granulometry of Degerhamn Standard cement and P400 cement

Appendix 1.1 - Grading curves of the agaregate

S T

/ =
" eustanga1 /
60 / / | —s+— Astorp 0-8 / ////
50 / /%7 —o—Norrképing 11-16 / / / //
. / ] //‘ —.— Toresta 8-16 / / / ///

80

through,%)

—A—Bélsta 0-8
/ | —e—Baskarp no 7 /

ZZ "//j -—o—VeddfgeO—B i / _///
gt s =Y

Grading curves (material passing

10
Z —
0 =t . : — ;
0.125 0.25 05 1 2 4 5.6 8 11.3 16 23

Sieve dimension (mm)

Appendix 1.2 - Granulometry of Degerhamn Standard and P400 cement
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APPENDIX. 2. GRADING CURVESOF FRESH CONCRETE
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APPENDIX 3. TEMPERATURE OF CUBESAND
CYLINDERS

Appendix 3.1 - Mix 7 (M, cube and cylinder)
Appendix 3.2 - Mix 8 (cylinders, 1503= basic creep, 1513=drying creep)

Symboals:
M= with granulated silicafume
03= batch number
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Appendix 3.1 — Temper atureof mix 7 (M, cubeand cylinder)
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Appendix 3.2 - Temper atureof mix 8 (cylinders, 1503= basic creep, 1513=

drying cree
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APPENDIX 4. TEMPERATURE OF CUBESAND
CYLINDERSSUBJECTED TO AIR CURING

Appendix 4.1 - Temperature of mix 2 batch 3
Appendix 4.2 - Temperature of mix 5 batch 1
Appendix 4.3 - Temperature of mix 5 batch 2
Appendix 4.4 - Temperature of mix 6 batch 2
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Appendix 4.1 - Temperatureof mix 2 batch 3
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Appendix 4.2 - Temper atureof mix 5 batch 1
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Appendix 4.3 - Temper atureof mix 5 batch 2
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Appendix 4.4 - Temper atureof mix 6 batch 2
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APPENDIX 5. PROPERTIESOF STUDIED CONCRETES

Appendix 5.1 - Compressive strengthof mix 1

Appendix 5.2 - Compressive strength of mix 2

Appendix 5.3 - Compressive strength of mix 3

Appendix 5.4 - Compressive strength of mix 4

Appendix 5.5 - Compressive strength of mix 5

Appendix 5.6 - Compressivestrength of mix 6

Appendix 5.7 - Compressive strength of mix 7

Appendix 5.8 - Compressivestrength of mix 8

Appendix 5.9 - Compressive strength of mix 1 at short-term creep subjected to
sealed curing

Appendix 5.10 - Compressive strength of mix 2 at short-term creep subjected to
sealed curing

Appendix 5.11 - Compressive strength of mix 3 at short-term creep subjected to
sealed curing

Appendix 5.12 - Compressive strength of mix 4 at short-term creep subjected to
sealed curing

Appendix 5.13 - Compressive strength of mix 5 at short-term creep subjected to
sealed curing

Appendix 5.14 - Compressive strength of mix 6 at short-term creep subjected to
sealed curing

Appendix 5.15 - Compressive strength of mix 7 at short-term creep subjected to
sealed curing

Appendix 5.16 - Compressive strength of mix 8 at short-term creep subjected to
sealed curing

Appendix 5.17 - Hydration of mix 1

Appendix 5.18 - Hydration of mix 2

Appendix 5.19 - Hydration of mix 3

Appendix 5.20 - Hydration of mix 4

Appendix 5.21 - Hydration of mix 5

Appendix 5.22 - Hydration of mix 6

Appendix 5.23 - Hydration of mix 7

Appendix 5.24 - Hydration of mix 8

Appendix 5.25 - Hydration of mix 1 at short-term creep subjected to sealed curing
Appendix 5.26 - Hydration of mix 2 at short-term creep subjectedto sealed curing
Appendix 5.27 - Hydration of mix 3 at short-term creep subjected to sealed curing
Appendix 5.28 - Hydration of mix 4 at short-term creep subjectedto sealed curing
Appendix 5.29 - Hydration of mix 5 at short-term creep subjected to sealed curing
Appendix 5.30 - Hydration of mix 6 at short-term creep subjectedto sealed curing
Appendix 5.31 - Hydration of mix 7 at short-term creep subjected to sealed curing
Appendix 5.32 - Hydration of mix 8 at short-term creep subjected to sealed curing
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Appendix 5.33 - Interna relative humidity of mix 1

Appendix 5.34 - Internal relative humidity of mix 2

Appendix 5.35 - Internd relative humidity of mix 3

Appendix 5.36 - Interna relative humidity of mix 4

Appendix 5.37 - Internal reative humidity of mix 5

Appendix 5.38 - Internal relative humidity of mix 6

Appendix 5.39 - Internal relative humidity of mix 7

Appendix 5.40 - Internal relative humidity of mix 8

Appendix 5.41 - Internal relative humidity of mix 1 at short-term creep subjected to
sealed curing

Appendix 5.42 - Internal relative humidity of mix 2 at short-term creep subjected to
sealed curing

Appendix 5.43 - Interna relative humidity of mix 3 at short-term creep subjected to
sealed curing

Appendix 5.44 - Internd relative humidity of mix 4 at short-term creep subjected to
sealed curing

Appendix 5.45 - Interna relative humidity of mix 5 at short-term creep subjectedto
sedled curing

Appendix 5.46 - Interna relative humidity of mix 6 at short-term creep subjectedto
sealed curing

Appendix 5.47 - Internal relative humidity of mix 7 at short-term creep subjected to
sealed curing

Appendix 5.48 - Interna relative humidity of mix 8 at short-term creep subjected to
sealed curing

Appendix 5.49 - Internal relative humidity at short-term creep of all mixes subjected
to sealed curing

Symbols:

..... Coen. cylinder subjectedto ar curing (drying creep)

S T interior of specimen

oS surface of specimen

.B..... Basic creep (cube subjected to sealed curing)

.D..... Drying creep (cube subjectedto air curing)

6.. concretemix 6 (Tableb.1)

.01 age at loading: 1 day; stresdcylinder strengthratio: 0.84
...02 age at loading: 2 days, stresscylinder strength ratio: 0.84
...03 age at loading: 2 days, stresdcylinder strengthratio: 0.42
.28 age at loading: 28 days, stresdcylinder strengthratio: 0.42
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Appendix 5.1 - Compressivestrength of mix 1
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Appendix 5.3 - Compressivestrength of mix 3
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Appendix 5.4 - Compressivestrength of mix 4
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Appendix 5.7 - Compr essive strength of mix 7
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Appendix 5.8 - Compressivestrength of mix 8
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Appendix 5.9 - Compressivestrength of mix 1 at short-term creep subjected to
sealed curing
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Appendix 5.10 - Compressivestrength of mix 2 at short-term creep subiected to
sealed curing
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Appendix 5.11 - Compressivestrength of mix 3 at short-term creep subiected to

sealed curing;
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Appendix 5.12 - Compressive strenagth of mix 4 at short-term cr subiected to
sealed curing:
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Appendix 5.13 - Compressivestrength of mix 5 at short-term creep subjected to
sealed curing
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Appendix 5.14 - Compressive strength of mix 6 at short-term creep subjected to
sealed curing
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Appendix 5.15 - Compr essivestr ength of mix 7 at short-term creep subiected to

sealed curing
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Appendix 5.16 - Compressivestrength of mix 8 at short-term creep subiected to

sealed curing
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Appendix 5.17 - Hydration of mix |
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Appendix 5.19 - Hydr ation of mix 3

Relative hydration

Relative hydration
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Appendix 5.21 - Hydration of mix 5

Relative hydration
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Appendix 5.23 - Hydration of mix 7

Relative hydration
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Appendix 5.24 - Hydration of mix 8

Relative hydration
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Appendix 5.25 - Hydration of mix 1 at short-term creep subiected to sealed
curing:
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Appendix 5.26 - Hydration of mix 2 at short-term creep subjected to sealed
curing

0.6

0.55
0.5 i A

Y ua el A
" >’<—l;/
™

0.45 o —

*

\\
N\
AN
AY
\

0.4 ® =
v —n—B201
L ——B202
—.—B203

0.3 /
0.25 L —0—B228
/

0.35

NN
N\

0.2

Degree of hydration

0.16
0.1
0.05

1 10 100 1000
Age (days)

276



ppen

5.27 - lydration [ mix 3 at short-term &
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curing

Degree of hydration

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Lo B

10 100

Age (days)

1000

—u—B301
——-B302
—+—B303
—o0—B328

Appendix 5.28 - Hydration of mix 4 at short-term creep subjected to sealed

curing
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Appendix 5.29 - Hydr ation of mix 5 at short-term creep subjected to sealed

curin
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Appendix 5.31 - Hvdration of mix 7 at short-term creep subiected to sealed

curin
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Appendix 5.33 - Internal relative humidity of mix 1
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Appendix 5.34 - Internal relative humidity of mix 2
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Appendix 5.35 - Internal relative humidity of mix 3
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Appendix 5.36 - Internal relative humidity of mix 4
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Appendix 5. '/ - Internal elativ | of mix 5
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Appendix 5.38 - Internal relative humiditv of mix 6
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Appendix 5.39 - Internal relative humidity of mix 7
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App di 5.49 - Internal lative humidity at sh _t-term creep of 1l mixes
subiected to sealed curing
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APPENDIX 6. COMPLIANCE OF CYLINDERSAFTER
QUASI-INSTANTANEOUSLOADING

Appendix 6.1 - Quasi-instantaneous complianceof mix | subjected to air curing
Appendix 6.2 - Quasi -instantaneous compliance of mix 2 subjected to air curing
Appendix 6.3 - Quasi-instantaneous compliance of mix 3 subjected to air curing
Appendix 6.4 - Quasi-instantaneous compliance of mix 4 subjected to air curing
Appendix 6.5 - Quasi-instantaneous compliance of mix 5 subjected to air curing
Appendix 6.6 - Quasi-instantaneous compliance of mix 6 subjected to air curing
Appendix 6.7 - Quasi-ingtantaneous compliance of mix 7 subjectedtoar curing
Appendix 6.8 - Quasi -instantaneous compliance of mix 8 subjected to air curing
Appendix 6.9 - Quasi-instantaneous compliance creep rate of mixes subjected to air
curing

Appendix 6.10 - Quasi-instantaneous compliance of mix 1 subjected to sealed
curing

Appendix 6.11 - Quasi-instantaneous compliance of mix 2 subjected to sealed
curing

Appendix 6.12 - Quasi-instantaneous compliance of mix 3 subjected to sealed
curing

Appendix 6.13 - Quasi-instantaneouscompliance of mix 4 subjected to sealed
curing

Appendix 6.14 - Quasi-instantaneous compliance of mix 5 subjected to sealed
curing

Appendix 6.15 - Quasi-instantaneous compliance of mix 6 subjected to sealed
curing

Appendix 6.16 - Quasi-instantaneous compliance of mix 7 subjected to sealed
curing

Appendix 6.17 - Quasi-instantaneous compliance of mix 8 subjected to sealed
curing

Symbols:

e denotesthe eccentricity of loading provided el astic conditions
B.... Basiccreep (cylinder subjected to sealed curing)

D... Drying creep (cylinder subjected to air curing)

..6.. concretemix 6 (Table5.1)

.01 ageatloading: 1 day; stresscylinder strength ratio: 0.84

...02 ageat loading: 2 days,; stresscylinder strength ratio: 0.84

...03  ageat loading: 2 days, stresdcylinder strength ratio: 0.42
...28 ageat loading: 28 days, stresdcylinder strength ratio: 0.42
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! ppendix 6.1 - Quasi-instantaneous ompli n
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Appendix 6.2 - Quasi-instantaneouscompliance of mix 2 subiected to air curing
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Appendix 6.3 = Quad-instantaneous compliance of mix 3 subiected to air curing
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Appendix 6.5 - Quasi-instantaneouscomplianceof mix 5 subiected to air_curing
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Appendix 6.6 - Quasi-instantaneouscomplianceof mix 6 subjected to air curin
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pp 6.7 - Juasi-i compliance of mix 7 subjected to air ¢ ‘irg
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Appendix 6.8 - Quasi-instantaneouscomplianceof mix 8 subjected to air curing
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Appendix 6.10 - Q -instantaneous compliance rate f _mixes subjected to
air_curing
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i 6.11 - Quasi-instantaneous omp an ofmix1 1t ¢t tOsealed
curing
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Appendix 6.12 - Quasi-instantaneous compliance of mix 2 subiected to sealed
curing
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Appendix 6.13 - Quas-instantaneous compliance of mix 3 subiected to sealed

curin
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Appendix 6.15 - Quasi-instantaneous compliance of mix 5 subiected to sealed
curing
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Appendix 6.16 - Quad-instantaneous complianceof mix 6 subjected to sealed
curing
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Appendix 6.17 - Quasi-instantaneous compliance of mix 7 subjected to sealed

curin

45 ‘

LLm
/'.'

. 40 -././,-
o F e
o ol L
g 35 /-7. /[f/ L —ﬁ]
@B -7
2 / > L]
'E hd
= 25 7 7
- P IS SN OO
b 20 /Il /) ;Ir /MK ]
% L7
@
© A /
,§ 15 /, . 7
-3
£ 10 / ,/
] / )
(&) // T

5 e

1”7
/i
0
0.001 0.01 0.1 1
Time, t-t', (s)

—a—B701
—+—B702
—+—B703
—0—B728

Appendix 6.18 - Quad-instantaneous compliance of mix 8 subiected to sealed

curin
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APPENDIX 7. DEFORMATION MODULUSOF
CYLINDERSVERSUSCOMPRESSIVE CUBE STRENGTH
Appendix 7.1 - Deformation moduluswith varying eccentricity of loading.
Appendix 7.2 - Deformation modulus versus cube strength 0.01 s after loading.
Appendix 7.3 - Deformation modulus versus cube strength 0.1 s after loading.
Appendix 7.4 - Deformation modulus versus cube strength 1 s after loading.
Symboals:

e denotesthe eccentricity of loading provided elastic conditions
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Appendix 7.1 - Defor mation moduluswith varying eccentricity of loading
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Appendix 7.2 - Defor mation modulusver sus cube strength 0.01 s after loading
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Appendix 7.3 - Defor mation modulusver sus cube strength 0.1 s after loading;
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Appendix 7.4 - Defor mation modulus ver sus cube strength 1 s after loading
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APPENDI X 8. SHRINKAGE AND LOSSOF WEIGHT OF
CYLINDERS

Appendix 8.1 - Shrinkage of mix 1 versustime

Appendix 8.2 - Shrinkage of mix 2 versustime

Appendix 8.3 - Shrinkage of mix 3 versustime

Appendix 8.4 - Shrinkage of mix 4 versustime

Appendix 8.5 - Shrinkage of mix 5 versustime

Appendix 8.6 - Shrinkage of mix 6 versustime

Appendix 8.7 - Shrinkage of mix 7 versustime

Appendix 8.8 - Shrinkage of mix 8 versustime

Appendix 8.9 - Loss of weight of mix 1 versustime

Appendix 8.10- Loss of weight of mix 2 versustime

Appendix 8.11 - Loss of weight of mix 3 versustime

Appendix 8.12 - Loss of weight of mix 4 versustime

Appendix 8.13 - Loss of weight of mix 5 versustime

Appendix 8.14 - Loss of weight of mix 6 versustime

Appendix 8.15 - Loss of weight of mix 7 versustime

Appendix 8.16 - Loss of weight of mix 8 versustime

Appendix 8.17 - Shrinkage of mix 1 versusloss of weight

Appendix 8.18 - Shrinkage of mix 2 versusloss of weight

Appendix 8.19 - Shrinkage of mix 3 versusloss of weight

Appendix 8.20 - Shrinkage of mix 4 versusloss of weight

Appendix 8.21 - Shrinkage of mix 5 versusloss of weight

Appendix 8.22 - Shrinkage of mix 6 versusloss of weight

Appendix 8.23 - Shrinkage of mix 7 versusloss of weight

Appendix 8.24 - Shrinkage of mix 8 versusloss of weight

Appendix 8.25 - Autogenous shrinkage of mix 1 versustime after short-term creep
Appendix 8.26 - Autogenous shrinkage of mix 2 versustime after short-term creep
Appendix 8.27 - Autogenous shrinkage of mix 3 versustime after snort-term creep
Appendix 8.28 - Autogenous shrinkage of mix 4 versustime after snort-term creep
Appendix 8.29 - Autogenous shrinkage of mix 5 versustime after short-term creep
Appendix 8.30 - Autogenous shrinkage of mix 6 versustime after short-term creep
Appendix 8.31 - Autogenous shrinkage of mix 7 versustime after short-term creep
Appendix 8.32 - Autogenous shrinkage of mix 8 versustime after short-term creep
Appendix 8.33 - Autogenous shrinkage of mix 1 versusloss of weight after short-
term creep

Appendix 8.34 - Autogenous shrinkage of mix 2 versusloss of weight after short-
term creep

Appendix 8.35 - Autogenous shrinkage of mix 3 versusloss of weight after short-
term creep

Appendix 8.36 - Autogenous shrinkage of mix 4 versusloss of weight after short-
term creep

Appendix 8.37 - Autogenous shrinkage of mix 5 versusloss of weight after short-
term creep
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Appendix 8.38 - Autogenousshrinkage of mix 6 versus loss of weight after short-
term creep
Appendix 8.39 - Autogenousshrinkage of mix 7 versus|oss of weight after short-
term creep
Appendix 8.40 - Autogenous shrinkage of mix 8 versusloss of weight after short-
term creep

Symbols:

w
We
B..
D..
6..
.01
.02
...03
.28

denotes the mixing water of the concrete

denotes the evaporated water

denotes basic creep (seded curing)

denotes drying creep (RH=55%)

denotesmix 6

age a loading: 1 day; stresdcylinder strength ratio: 0.84
age a loading: 2 days, stresdcylinder srength ratio: 0.84
age at loading: 2 days, sresdcylinder strength ratio: 0.42
age at loading: 28 days, stresdcylinder strength ratio: 0.42

305



Appendix 8.1 - Shrinkage of mix 1 versustime
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Appendix 8.5 - Shrinkage of mix 5 versustime
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Appendix 8.7 - Shrinkage of mix ] versus time
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Appendix 8.9 - Loss of weight of mix 1 versus time
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Appendix 8.11 - L of weight | i 3 versus ime
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Appendix 8.13 - Loss of weight of mix 5 versus time
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Appendix 8 - Loss of 't of mix 7 versus time
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Appendix 8

Shrinkage (millionths)

- Shrinkage of mix 1 ver susloss of weight
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Appendix 8.18 - Shrinkage of mix 2 ver susloss of weight
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Appendix 8.19 - Shrinkage of mix 3 ver susloss of weight
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Appendix 8.21 - Shrinkageof mix5 rsu l¢ £ r ¢
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Appendix 8.22 - Shrinkage of mix 6 versusloss of weight

700 . |
\$\: Py
™
600 4 .
\ *
. N
@ 500 T - = 6B02,28
£ fle \ 0 6B03
2 ool L1 J - 6D01
E ) | // ©6D02,28
o . i e R
g 300 || RV, 6D03
= .
E ol Lo s j
200 - el
4 . O <& +”
100
0
0 0.05 0.1 0.15 0.2 0.25 03 0.35

Loss of weight, welw

316



Appendix 8.23 - Shrinkage of mix 7 versus loss of weight
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Appendix 8.24 - Shrinkage of mix 8 ver susloss of weight
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Appendix 8.25 - Autoeenous shrinkage of mix | versustimeafter short-term

creep
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Appendix 8.26 - Autoeenous shrinkage of mix 2 versustime after short-term

creep

Autogenous shrinkage (millionths)
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Appendix 8.27 - Autogenousshrinkage of mix 3 versustime after short-term
Creep
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Appendix 8.28 - Autogenous i} of mix 4ver _ time after short-term
creep
400
/l
350 -
I/
300 / e
L=
0.{.,
250 y/4

I —a—B401
200 ) / f/ —0— B402
7 ¥ —+—B403
ﬁ —o0—B428
150 / //
100 B
/
50 /

1 10 100 1000
Age (days)

Autogenous shrinkage (millionths)

319



Appendix 8.29 - Autogenous shrinkage of mix 5 versus time after short- : 1

creep
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Appendix 8.30 - Autogenousshrinkage of mix 6 versustime after short-term

creep
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Appendix 8.31 - Autoeenousshrinkageof mix 7 versustimeafter short-term

creep
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Appendix 8.32 - Autoeenousshrinkage of mix 8 versustime after short-term

creep
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Appendix 8.33 - Autoeenousshrinkageof mix 1 ver susloss of weight after short-
term creep
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Appendix 8.34 - Autogenousshrinkageof mix 2 ver susloss of weight after short-
term creep

600
T 500 . -
< L
5 "
E 400 /
& " =—B201
g .
x *
£ 300 /,//// —o—B203
@ " —+—B228
@ /
=}
S 200 - 7 //
c
% L %
8
=
100 4—
0
0 5 10 15 20 25 30 35

Relative moisture losses (per mil)

322



Appendix 8.35 - Autogenous shrinkage of mix 3 ver susloss of weight after short-
term creep
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Appendix 8.36 - Autogenousshrinkage of mix 4 ver susloss of weight after short-
term creep

400

350 e

300 ~

250 _//D\{Jﬁé "

= — —a—B401
/ Z? / —0—B402

Autogenous shrinkage (millionths)

200 i ood 7 —+—B403
150 —o—B428
100
50
0
0 5 10 15 20 25 30 35

Relative moisture losses (per mil)

323



Appendix 8.37 - Autogenous shrinkage of mix S versus loss of weight after short-

term creep
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Appendix 8.38 - Autogenous shrinkageof mix 6 ver sus loss of weight after short-
term creep
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Appendix 8.39 - Autogenous shrinkage of mix 7 ver susloss of weight after short-
term creep
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Appendix 8.40 - Autogenous shrinkageof mix 8 ver susloss of weight after short-
term creep
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APPENDIX 9. COMPLIANCE OF CYLINDERSAT SHORT-
TERM CREEP

Appendix 9.1 - Short-term compliance of mix 1 subjected to air curing

Appendix 9.2 - Short-term compliance of mix 2 subjected to air curing

Appendix 9.3 - Short-term compliance of mix 3 subjected to air curing

Appendix 9.4 - Short-term compliance of mix 4 subjectedto air curing

Appendix 9.5 - Short-term compliance of mix 5 subjected to air curing

Appendix 9.6 - Short-term compliance of mix 6 subjectedtodr curing

Appendix 9.7 - Short-term compliance of mix 7 subjectedtoar curing

Appendix 9.8 - Short-term compliance of mix 8 subjected to air curing

Appendix 9.9 - Short-term compliance of mix 1 subjected to sealed curing
Appendix 9.10- Short-term compliance of mix 2 subjected to sealed curing
Appendix 9.11 - Short-term compliance of mix 3 subjected to sealed curing
Appendix 9.12 - Short-term compliance of mix 4 subjected to sealed curing
Appendix 9.13 - Short-term compliance of mix 5 subjected to sealed curing
Appendix 9.14 - Short-term compliance of mix 6 subjected to sealed curing
Appendix 9.15- Short-term compliance of mix 7 subjected to sealed curing
Appendix 9.16 - Short-term compliance of mix 8 subjected to sealed curing
Appendix 9.17 - Short-term compliance of al mixes subjected to seaed curing that
were mature when loading

Appendix 9.18- Short-term creep rate of mature HPCs with sealed curing versus w/c

Symbols:

B denotes basic creep (sealed curing)

D denotesdrying creep (air curing)

6.. denotesconcretemix, Table5.1

.01 ageatloading: 1 day; stresdcylinder strengthratio: 0.84
.02 ageatloading: 2 days, stresdcylinder strength ratio: 0.84
...03 ageat loading: 2 days; stresdcylinder strengthratio: 0.42
.28 ageat loading: 28 days, stresdcylinder strengthratio: 0.42
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Appendix 9.1 - Short-term compliance of mix 1 subiected to air curing

Compliance, J(t,t"), (millionths/MPa)

Appendix 9.2 - Short-term compliance of mix 2 subjected to air curing
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Appendix 9.7 - Short-term complianceof mix 7 subiected to air curing
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Appendix 9.8 - Short-term compliance of mix 8 subjected to air curing
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Appendix 9.9 - Short-term complianceof mix | subiected to sealed curing
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Appendix 9.11 - Short-ter m complianceof mix 3 subiected to sealed curing
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Appendix 9.13 - Short-term compliance of mix 5 subjected to sealed curing
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Appendix 9.14 - Short-term complianceof mix 6 subjected to sealed curing
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Appendix 9.15 - Short-term compliance of mix 7 subiected to sealed curing
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Appendix 9.16 - Short-term compliance of mix 8 subjected to sealed curing
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Appendix 9.17 - Short-term complianceof all mixes with sealed curing that were
matur e when loading
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Appendix 9.18 - Short-term creep rate of mature HPCs with sealed curing
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APPENDIX 10. COMPLIANCE OF CYLINDERSAT
UNLOADING

Shrinkage according to Section 8 wasnot reduced from the measured strain.

Appendix 10.1 - Unloading complianceof mix 1 subjected to air curing
Appendix 10.2 - Unloading compliance of mix 2 subjected to air curing
Appendix 10.3 - Unloading complianceof mix 3 subjected to air curing

Appendix 10.4 - Unloading compliance of mix 4 subjected to air curing
Appendix 10.5 - Unloading complianceof mix 5 subjectedtoar curing
Appendix 10.6 - Unloading compliance of mix 6 subjected to air curing
Appendix 10.7 - Unloading compliance of mix 7 subjected to air curing
Appendix 10.8 - Unloading complianceof mix 8 subjected toar curing
Appendix 10.9 - Repeated | oading compliance of mix 2 subjected to air curing
Appendix 10.10 - Repeated |oading compliance of mix 7 subjected to air curing
Appendix 10.11 - Repeated unloading compliance of mix 2 subjected to air curing
Appendix 10.12 - Repeated unloading compliance of mix 7 subjectedto air curing
Appendix 10.13 - Unloading compliance of mix 1 subjected to sealed curing
Appendix 10.14 - Unloading compliance of mix 2 subjected to sealed curing
Appendix 10.15 - Unloading compliance of mix 3 subjected to sealed curing
Appendix 10.16 - Unloading compliance of mix 4 subjected to sealed curing
Appendix 10.17 - Unloading compliance of mix 5 subjected to sealed curing
Appendix 10.18 - Unloading compliance of mix 6 subjected to sealed curing
Appendix 10.19 - Unloading compliance of mix 7 subjected to sealed curing
Appendix 10.20 - Unloading compliance of mix 8 subjected to sealed curing
Appendix 10.21 - Unloading complianceof mature HPC subjected to sealed curing
Appendix 10.22 - Repeated |oading compliance of mix 5 subjectedto sealed curing
Appendix 10.23 - Repesated unloading compliance of mix 5 subjected to sealed
curing

B denotes basic creep (sealed curing)

D denotes drying creep (air curing)

6...  denotesconcretemix, Table5.1

.0l ageatloading: 1 day; stresdcylinder strength ratio: 0.84

...02 ageat loading: 2 days, stresdcylinder strength ratio: 0.84

...03 ageat loading: 2 days;, stresdcylinder strength ratio: 0.42

...28 ageat loading: 28 days; stresdcylinder strength ratio: 0.42
..200 ageat loading: 200 days with loading according to 28 days age
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Appendix 10.1 - Unloading compliance of mix 1 subiected to air_curing

Total compliance (millionths/ MPa)
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Appendix 10.2 - Unloading compliance of mix 2 subjected to air_curing

Total compliance (millionths/ MPa)
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Appendix 10.3 - Unloading complianceof mix 3 subiected to air curing
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Appendix 10.4 - Unloading complianceof mix 4 subiected to air curing
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Appendix 10.5 - Unloading compliance of mix 3 subjected to aii1 curing

Total compliance (millionths/ MPa)
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Appendix 10.6 - Unloading compliance of mix 6 subiected to air curing:

Tot | co—gliance (millionths/ MPa]

250

200

150

100

Time {s)

339

.r\.
~——
\I\.\._—_. i . i
]\-—.ﬂ_\{] -
—— T
\0\’\‘.
OW
MNN -
T ?
0 0.2 0.4 0.6 0.8

—a—601
—1—602
—+—603
—0—628



Appendix 10.7 - Unloading complianceof mix 7 subiected to air curing;
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Appendix 10.9 - Repeated loading compliance of mix 2 subiected to air curing
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Appendix 10.10 - Repeated loading complianceof mix 7 subiected to air curing
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Appendix 10.11 - Repeated unloading compliance of mix 2 subjected to air
curing:
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Appendix 10.12 - Repeated unloading compliance of mix 7 subjected to air
curing
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Appendix 10.13 - Unloading complianceof mix 1 subiected to sealed curing
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Appendix 10.15 . Unloading complian _of mix 3 subjected to sealed cur
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Appendix 10.16 - Unloading complianceof mix 4 subjected to sealed curing
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Appendix 10.17 - Unloading compliance of mix 5 subiected to sealed curing
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Appendix 10.18 - Unloading compliance of mix 6 subiected to sealed curing

Total compliance (millionths/ MPa)

140

120

100

80

60

40

20

345

o
\-\
.\l | | | 1 | | u ] | ]
0\0\'\.\
0\.\
0\.\
0\._-_.
P
\'\\
“-_\‘ N N D
e i ? 4
NA\‘\L\.‘
| |
0 0.1 02 03 04 05 06 07 08 09 1
Time (s)

—u— B601
—+—B602:1
—e—B602:2
—0—B603
——B628



Appendix 10.19 - Unloading complianceof mix 7 subjected to sealed curing
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Appendix 10.20 - Unloading compliance of mix 8 subjected to sealed curing

120
= 100
. -\.-
E \._____\.
£ 80 T~
vt R
E 60 L.\[J\t
QD iy =
2 O
1]
a ‘\‘
E 40 T—,
(e} \0
b "'\’\
© .
it M \0 - - -
’\o\T____Y
0 ;
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)

346

—s—B801
——B802
—+—B803
—0—B828



Appendix 10.21 - Unloading compliance of mature HPC subiected to sealed

curin

Total compliance {millionths/ MPa)
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Appendix 10.22 - Repeated loading: compliance of mix 5 subiected to sealed

curin
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Appendix 10.23 - Repeated unloading; compliance of mix 5 subiected to sealed

curin
35

30

[+

0.

s

% 25

<

o

S

= 20

E

Q

[ 2]

£ 15

S

£

S 10

s

2
5
0

0O 01 02 03 04 05 06 07 08 09

Time (s)

348

1

—u—B528

~—B535:1
—e+—B535:2
—0—B535:3
——B535:4



APPENDIX 11. TRANSVERSAL DEFORMATION OF
CYLINDERS

Appendix 11.1 - Tendency curves of transversal deformation versus maturity
Appendix 11.2 - Transversa deformation of mature HPC versus relative humidity
Appendix 11.3 - Transversal deformation versus current cube strength
Appendix 11.4 — Transversd deformation of mix 1 subjectedto sealed curing
Appendix 11.5 - Transversal deformation of mix 2 subjected to sealed curing
Appendix 11.6 — Transversd deformation of mix 3 subjected to sealed curing
Appendix 11.7 — Transversal deformation of mix 4 subjected to sealed curing
Appendix 11.8 — Transversal deformation of mix 5 subjected to sealed curing
Appendix 11.9 — Transversal deformation of mix 6 subjectedto sealed curing
Appendix 11.10 — Transversa deformation of mix 7 subjected to sealed curing
Appendix 11.11 — Transversa deformation of mix 8 subjected to sealed curing

Symbols:

B denotes basic creep (sealed curing)
D denotes drying creep (air curing)
%] interna relative humidity

6...  denotesconcretemix, Table5.1

.01 ageatloading: 1 day; stresdcylinder strength ratio: 0.84
.02 ageat loading: 2 days, stresdcylinder strengthratio: 0.84
...03 ageatloading: 2 days, stresdcylinder strength ratio: 0.42
...28 ageat loading: 28 days, stresdcylinder strengthratio: 0.42
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Appendix 11.1 - Tendency curves of transver sal defor mation ver sus matur it
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Appendix 11.2 - Transver sal defor mation of mature HPC versus relative

humidity
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Appendix 11.3 - Iransversal deformation versus current cube strength
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Appendix 11.4 - Transver sal defor mation of mix 1 subiected to sealed curing
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Appendix 11.5 — Transversal deformation of mix 2 subjected to sealed curing
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Appendix 11.6 — Transver sal defor mation of mix 3 subjected to sealed curing;
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Appendix 11.7— Transversal defo
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Appendix 11.8 — Transver sal defor mation of mix 5 subjected to sealed curing:
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Appendix 11.9 — Transver sal defor mation of mix 6 subiected to sealed curing
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Appendix 11.10 — Transver sal defor mation of mix 7 subiected to sealed curing
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Appendix 11.11 — Transver sal defor mation of mix 8 subjected to sealed curing
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APPENDIX 12. MODULI OF ELASTICITY

Appendix 12.1 - Loading versus time of mix 1 at loading 1
Appendix 12.2 - Loading versus time of mix 1 at at loading 2
Appendix 12.3 - Loading versus time of mix 1 at loading 3
Appendix 12.4 - Loading versustime of mix 2 at loading 2
Appendix 12.5 - Loading versustime of mix 2 at loading 3
Appendix 12.6 - Loading versustime of mix 2 at loading 4
Appendix 12.7 - Loading versustime of mix 2 at loading 5
Appendix 12.8 - Loading versustime of mix 2 at loading 6
Appendix 12.9 - Loading versustime of mix 3 at loading 1
Appendix 12.10 - Loading versustime of mix 3 at loading 2
Appendix 12.11 - Loading versustime of mix 3 at loading 3
Appendix 12.12 - Loading versustime of mix 4 at loading 1
Appendix 12.13 - Loading versustime of mix 4 at loading 2
Appendix 12.14 - Loading versustime of mix 4 at loading3
Appendix 12.15 - Loading versustime of mix 5 at loading 1
Appendix 12.16 - Loading versustime of mix 5 at loading 2
Appendix 12.17 - Loading versustime of mix 5 at loading 3
Appendix 12.18 - Loading versustime of mix 6 at loading 1
Appendix 12.19 - Loading versustime of mix 6 at loading 2
Appendix 12.20 - Loading versustime of mix 6 at loading 3
Appendix 12.21 - Loading versustime of mix 7 at loading 1
Appendix 12.22 - L oading versustime of mix 7 at loading 2
Appendix 12.23 - Loading versustime of mix 7 at loading 3
Appendix 12.24 - Loading versus time of mix 8 at loading 1
Appendix 12.25 - Loading versustime of mix 8 at loading 2
Appendix 12.26 - Loading versustime of mix 8 at loading 3
Appendix 12.27 - Deformationsversustime of at loading 1
Appendix 12.28 - Deformationsversustime of at loading 2
Appendix 12.29 - Deformationsversustime of at loading 3
Appendix 12.30 - Deformationsversustime of at loading 4
Appendix 12.31 - Deformationsversustime of at loading 5
Appendix 12.32 - Deformationsversustime of at loading 6
Appendix 12.33 - Deformationsversustime of at unloading 1
Appendix 12.34 - Deformationsversustime of at unloading 2
Appendix 12.35 - Deformationsversustime of at unloading 3
Appendix 12.36 - Deformationsversustime of at unloading 4
Appendix 12.37 - Deformationsversustime of at unloading 5
Appendix 12.38 - Deformationsversustime of at unloading 6

1= mix 1

NB. Thedlightly inclined line before quasi-instantaneousloading is obtained
directly from the computer print-out and does not reflect the true loading procedure.
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Appendix 12.1 - Loading ver sustimeof mix 1 at loading 1.
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Appendix 12.2 - L oading ver sustime of mix 1 at loading 2.
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Appendix 12.3 - L oadingversustimeof mix | at loading 3.
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Appendix 12.4 - L oading ver sustime of mix 2 at loading 2.
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Appendix 12.5 - L oading ver sustime of mix 2 at loading 3.
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Appendix 12.6 - L oading ver sustime of mix 2 at loading 4.
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Appendix 12.7 - L oading; ver sustime of mix 2 at loading 5.
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Appendix 12.8 - Loading versustime of mix 2 at loading 6.
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Appendix 12.9 - L oading ver sustime of mix 3 at loading 1.
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Appendix 12.10 - L cading ver sustime of mix 3 at loading 2.
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Appendix 12.11 - Loading ver sustime of mix 3 at loading 3.
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Appendix 12.12 - Loading versus time of mix { at loading 1.
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Appendix 12.13 - L oading ver sustime of mix 4 at loading 2.
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Appendix 12.14 - | oading ver sustime of mix 4 at loading 3.
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Appendix 12.15 - L oading ver sustime of mix 5 at loading 1.
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Appendix 12.16 - L oading ver sustime of mix 5 at loading 2.
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Appendix 12.17 - L oading ver sustime of mix 5 at loading 3.
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Appendix 12.18 - L oading ver sustime of mix 6 at loading 1.

Loading (kN)

84.0

72.8-

68.8

48.0-

... N E—
698 691 6.92 6.93 6.94 6.95 6.96 6.97 6.98 6.99 7.08

Time (s)

365




Appendix 12.19 - L oading ver sustime of mix 6 at loading 2.
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Time (s)

Appendix 12.20 - L oading ver sustimeof mix 6 at loading 3.

Loading (kN)

84.8-

72 .84

60.8-

48.8-

36.68-

24.8

12.8-

'aaa 1 1 1 1 1 i i 1 i i t 1 I 1 1 J i i I
5.58 5.51 5.52 5.52 5.54 5.55 5.56 5.57 5.58 5.59 5.60

Time (s)
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Appendix 12.21 - | oading ver sustime of mix 7 at loading | .
Loading (kN)

v Bae i 1 1 1 1 1 T T T 1 { 1 1 1 1 1 i i I 1

g.48 8.41 8.42 8.43 B8.44 B8.45 B.46 8.47 8.48 8.49 8.50

Time (s)

Appendix 12.22 - | oading ver sustime of mix 7 at loading 2.
Loading (kN)

84.8-

72.0

60.0

48.84

36.04

24.0

12.84

* BEB 1 1 T 1 1 4 1 1 1 ¥ T 1 1 1 1 1 1 i i i

4.85 4.86 4.87 4.88 4.89 4.99 4.91 4.92 4.932 4.94 4.95

Time (s)
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Appendix 12.23 - L oading ver sustime of mix 7 at loading 3.

Loading (kN)

84 .8

72.8-

60.0-

45.0-

36.08-

24 .8+

12.04

’ BEB ¥ i I 1 1 I i 1 i 1 I 1 1 1 1 1 I 1 1 i
448 6.61 4.42 4,43 4.44 4,45 4.46 4.47 4.48 4.43 4.50

Time (s)

Appendix 12.24 - L oading ver sustime of mix 8 at loading 1.

Loading (kN)

84.04

7.8

60 .04

48 .8+

36.04

24.8-

12.8-

. Baa 1 i 0 { 1 J
4.8 4.81 4.82 4.83 4.84 4.85 4.86 4.87 4.88 4.89 4.90

Time (s)
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Appendix 12.25 - L oading ver sustime of mix 8 at loading 2.

Loading (kN)

.068
5.35 5.36 5.37 5.38 5.39 5.48 5.41 5.42 5.43 5.44 5.45

Time (s)

Appendix 12.26 - L oading ver sustime of mix 8 at loading 3.

Loading (kN)

84.8-

72.84

60,0

48 .8

36.8-

24.0-

12.84

¢ aae I 1 1 1 H 1 1 1 1 1 1 i ] i 1 T 1 J T 1

5.58 5.51 5.52 5.53 5.54 5.55 5.5 5.57 5.58 5.59 5.68

Time (s)
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Appendix i - Deformations versustime of at  ding 1
35
© ! s
o 0-00—--"'"‘_—_—_.-—-
= ’_._’._..-0‘
@ 30 |
=]
'.§.. ./-/I. w- S mEE n " "
8 i S RN}
£ 25- N~ S S 95 = 5
£ / ; T
(o]
(5}
A A~ T T
20 AN/ L
0.001 0.01 . 0.1 1
Time (s)
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Compliance (millionths/MPa)
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Appendix 12.29 - Defor mationsver sustime of at loading 3
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Appendix 12.31 - Deformationsver sustime of at loading 5

Compliance (millionths/MPa)

Appendix 12.32 - Deformations versus time Of at loading 6

Compliance (millionths/MPa)
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Appendix 12.33 - Deformationsver sustimeof at unloading 1
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Appendix 12.34 - Defor mations ver sus time of at unloading 2
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Appendix 12.35 - Defor mations ver sus time of at unloading 3

Caompliance (millionths/MPa)
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ypendix 36 - Deformations versus time of at uni  dii |

30

25

’ / L3

15
A
. °

10

Compliance (millionths/MPa)

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Time (s)

374

0 N O O



Appendix 12.37 - Defor mationsver sustimeof at unloading 5
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APPENDI X 13. - RECOVERY OF DEFORMATIONIN HPC
CYLINDERS

The shrinkage was reduced from the measured strain

Appendix 13.1 - Recovery complianceof mix 1 subjectedto air curing
Appendix 13.2 - Recovery complianceof mix 2 subjectedto air curing
Appendix 13.3 - Recovery complianceof mix 3 subjectedto air curing
Appendix 13.4 - Recovery complianceof mix 4 subjectedto air curing
Appendix 13.5 - Recovery complianceof mix 5 subjectedto air curing
Appendix 13.6 - Recovery complianceof mix 6 subjectedtoar curing
Appendix 13.7 - Recovery complianceof mix 7 subjectedto air curing
Appendix 13.8 - Recovery complianceof mix 8 subjectedto air curing
Appendix 13.9 - Elastic strain of mix 1 subjected to sealed curing
Appendix 13.10 - Elastic strain of mix 2 subjected to sealed curing
Appendix 13.11 - Elastic strain of mix 3 subjected to sealed curing
Appendix 13.12 - Elastic strain of mix 4 subjected to sealed curing
Appendix 13.13 - Elastic strain of mix 5 subjected to sedled curing
Appendix 13.14 - Elastic strain of mix 6 subjected to sedled curing
Appendix 13.15 - Elastic strain of mix 7 subjected to sedled curing
Appendix 13.16 - Elastic strain of mix 8 subjected to sealed curing
Appendix 13.17 - Recovery compliance of mix 1 subjectedto sealed curing
Appendix 13.18 - Recovery compliance of mix 2 subjectedto sealed curing
Appendix 13.19 - Recovery complianceof mix 3 subjectedto sedled curing
Appendix 13.20 - Recovery compliance of mix 4 subjectedto sealed curing
Appendix 13.21 - Recovery compliance of mix 5 subjected to sealed curing
Appendix 13.22 - Recovery complianceof mix 6 subjected to sealed curing
Appendix 13.23 - Recovery compliance of mix 7 subjectedto sealed curing
Appendix 13.24 - Recovery compliance of mix 8 subjected to sealed curing

6.. denotesconcretemix, Table5.1

.01 ageat loading: 1 day; stresdcylinder Strengthratio: 0.84
...02 ageatloading: 2 days, stresdcylinder strength ratio: 0.84
...03 ageat loading: 2 days, stresdcylinder strengthratio: 0.42
...28 age at loading: 28 days, stresdcylinder strengthratio: 0.42
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Appendix 13.1 - Recoverv complianceof mix 1 subiected to air curing

Deformation after reduction of shrinkage
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Appendix 13.2 - Recover v compliance of mix 2 subiected to air curing

Deformation after reduction of shrinkage
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Appendix 13.4 - Recoverv complianceof mix 4 subiected to air curing

Deformation after reduction of shrinkage
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Appendix 13.5 - Recovery complianceof mix 5 subiected to air curing

Deformation after reduction of shrinkage

Appendix 13.6 - Recovery complianceof mix 6 subjected to air curing

Deformation after reduction of shrinkage

(mm/m)

{mm/m)

2
L L | -
1.8 s
INI\.\.N-
1.6 -
1.4
OH—
"-E\.__
1.2 -—‘\u‘ﬂ\n\u\t
3 ]
1
0.8
»> *— ]
06 \-.—.‘-—""‘—'0---4»;—0:;0—
0.4
0.2 . 0000004
0
0.0001 0.001 0.01 0.1 1 10 100
Time (h)

35

25

15

05

e

0

0.0001

0.001

0.01

0.1

Time (h)

379

~—u— 501
~—0—502
—+—503
—0—528

—u—601
——602
—+—603
—0—628



Appendix 13.7 = Recoverv compliance of mix 7 subiected to air curing
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Appendix 13.8 - Recover v compliance of mix 8 subiected to air curing
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Appendix 13.9 - Elasticstrain of mix 1 subjected to sealed curing
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Appendix13.10 - Elasticgtrain of mix 2 subjected to sealed curing
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Appendix 13.11 - Elastic strain of mix 3 subiected to sealed curing
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Appendix 13.12 - Elastic strain of mix 4 subiected to sealed curing
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Appendix 13.13 - Elastic strain of mix 5 subjected to sealed curing

Elastic deformation with sealed curing
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ppendi 13.1 - Elastic strain of mix 6 subjected tosea  curing
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App 13.15 - Elastic strain of mix 7 subjected to sealed curing
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Appendix 13.17 - Recovery complianceof mix 1 subiected to sealed curing

Deformation with sealed curing after
reduction of autogenous shrinkage {mm/m)
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Appendix 13.18 - Recovery compliance of mix 2 subjected to sealed curing

Deformation with sealed curing after
reduction of autogenous shrinkage (mm/m)
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Appendix 13.19 - Recovery omplianc of mix 3 subjected to sealed curing
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Appendix 13.20 - Recover v complianceof mix 4 subiected to sealed curin
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Appendix 13.21 - Recovery complianceof mix 5 subiected to sealed curing

Deformation with sealed curing after
reduction of autogenous shrinkage (mm/m)
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Appendix 13.22 - Recovery compliance of mix 6 subiected to sealed curing

Deformation with sealed curing after
reduction of autogenous shrinkage {(mm/m)
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Appendix 13.23 - Recovery compliance of mix 7 subjected to sealed curing

Deformation with sealed curing after
reduction of autogenous shrinkage (mmim)
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Appendix 13.24 - Recovery compliance of mix 8 subjected to sealed curing

Deformation with sealed curing after
reduction of autogenous shrinkage (mmim)
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APPENDIX 14 - LONG-TERM CREEP OF CYLINDERS

Appendix 14.1 - Long-term compliance of mix 1

Appendix 14.2 — Long-term compliance of mix 2

Appendix 14.3 — Long-term compliance of mix 3

Appendix 14.4 — Long-term compliance of mix 4

Appendix 14.5 - Long-term compliance of mix 5

Appendix 14.6 — Long-term compliance of mix 6

Appendix 14.7 — Long-term compliance of mix 7

Appendix 14.8 — Long-term compliance of mix 8

Appendix 14.9 — Long-term compliance of mix 1 at unloading

Appendix 14.10 — Long-term compliance of mix 2 at unloading

Appendix 14.11 — Long-term compliance of mix 3 at unloading

Appendix 14.12 - L ong-term compliance of mix 4 at unloading

Appendix 14.13 — Long-term compliance of mix 5 at unloading

Appendix 14.14 — Long-term compliance of mix 6 at unloading

Appendix 14.15 - Long-term compliance of mix 7 at unloading

Appendix 14.16 - Long-term compliance of mix 8 at unloading

Appendix 14.17 - Long-term compliance of mix 1 after short-term creep subjected
to sealed curing

Appendix 14.18 — Long-term compliance of mix 2 after short-term creep subjected
to sealed curing

Appendix 14.19 — Long-term compliance of mix 3 after short-term creep subjected
to sealed curing

Appendix 14.20 - Long-term compliance of mix 4 after short-term creep subjected
to sealed curing

Appendix 14.21 — Long-term compliance of mix 5 after short-term creep subjected
to sealed curing

Appendix 14.22 — Long-term compliance of mix 6 after short-term creep subjected
to sealed curing

Appendix 14.23 — Long-term compliance of mix 7 after short-term creep subjected
to sealed curing

Appendix 14.24 — Long-term compliance of mix 8 after short-term creep subjected
to sealed curing

B denotesbasic creep (sealed curing)

D denotesdrying creep (air curing)

6.. denotesconcretemix, Table5.1

...01 ageat loading: 1 day; stresdcylinder strength ratio: 0.84
...02 ageatloading: 2 days, stresdcylinder strength ratio: 0.84
...03 ageat loading: 2 days; stresdcylinder strengthratio: 0.42
.28 ageat loading: 28 days, stresdcylinder strength ratio: 0.42
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Appendix 14.1 — L ong-ter m complianceof mix 1
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Appendix 14.6 — L one-ter m complianceof mix 6
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Appendix 1 .8 — Long-ter _ompliance of mix 8

Reduced compliance (millionths/MPa)
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Appendix 14.9 — L ong-term compliance of mix 1 at unloading

Reduced compliance at unloading (millionths/MPa)
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Appendix 14.10 - L ong-ter m complianceof mix 2 at unloading
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Appendix 14.11 — | ong-term complianceof mix 3 at unloading
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Appendix 14.12 — Long- tetm compliance of mix 4 at unloading
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Appendix 14.13 - | ong-term complianceof mix 5 at unloading
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Appendix 14.14 - L ong-ter m complianceof mix 6 at unloading
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Appendix 14.15 - L ong-term complianceof mix 7 at unloading
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Appendix 14.16 = L ong-term compliance of mix 8 at unloading
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Appendix 14.17 — L ong-term compliance of mix 1 after short-ter m creep

s11bjected (o sealed curing

Compliance, J(t, t'), (millionths/MPa)
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Appendix 14.18 — L ong-term complianceof mix 2 after short-term creep
subiected to sealed curing

Compliance, J{t, t'), (millionths/MPa)
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Appendix 14.19 — Long-term compliance of mix 3 after short-term creep

subjected to sealed curing
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Appendix 14.21 = L ong-ter m compliance of mix 5 after short-term creep

subiected to sealed curing
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Appendix 14.23 - L ong-term complianceof mix 7 after short-term creep
subjected to sealed curing

Compliance, J(t,t"), (millionths/MPa)
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Appendix 14.24 — Long-term compliance of mix 8 after short-term creep

jected t se uring
140
/.&.
_ 120 /.__a-l/l
[} ]
o
g //l/
E o /D/ﬂ/u—-
o
= 80 P ol
g D/"‘ ’_—-./.
- . ‘____./
% 60 el ‘
ad P ]
5 — :
ﬂ; 0/
€ 40 D
= o0
§
o 20
0 -
1 10 100 1000

Time, t-t” (days)

409

—=—B801
—1—B802
—+—B803
—o—B828



i

s

REGISTER
Aqggregate
Air-entrainment
Autogenous shrinkage

Basic creep

Carbonation

Cement

Compressive strength

Creep rate

Deformation modulus

Dimensiona effect
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Drying shrinkage

Dynamic elastic modulus

Early creep
Eccentricity

Elastic modulus
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Filler

Grading curve
Granite
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Hydration

Ignition losses
Internal relative humidity

Laterd strain
Load leve
Low-dkai cement
Mix proportions

Moisture

Plastic creep

Porosity

Poisson's retio
Pre-stressing
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Reinforcement

Sand
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Split tensle strength
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Super-plasticiser

Transversa deformation
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Viscouscreep
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General: Except for Section 14.5.6 and paper 111 the creep rate {millionths/[MPa x
(loading time)]) in thereport isexpressed for one unit of loading time only. In order
to obtain a complete and correct expressonfor the cregp rate, i.e. independent of
theloadingtime, the cregp rateisto be divided by theloadingtime (in's, h or days).
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X |2 a centredisganceof LVDT |a centredistanceof LVDT
or creep rate (mm, or creep rate factor (mm,
[millionths/(MPa-age)] } millionths/MPa)

3 ap thecomplianceratewith |ag thecompliancerate
sedled curing factor with sealed curing
[millionths/(MPa-age)] (millionths/MBa)
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arcuring . factor withar curing
[millionths/(MPa-age)] (millionths/MPa)

5 a03 thecreep rate with ap3 thecreepratefactor with
stress/strength = 0.3 stress/strength = 0.3
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stress/strength = 0.6 stress/strength = 0.6
[millionths/(MPa-ag€e)] (millionths/MPa)
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