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Resumo

O comportamento de retracdo e fluéncia dos concretos de altaresisténcia € muito diferente dos concre-
tos convencionais. Estes aspectos devem ser adequadamente quantificados para representar as defor-
macdes de longa duracdo do material na analise estrutural e projeto. Este trabalho discute resultados
experimentais com o objetivo de determinar as deformacdes de fluéncia e retracdo desde a idade de
fabricagdo, além de comparar os diversos sistemas que podem ser utilizados para medir as deforma-
¢des. Foram ensaiados no laboratério cinco diferentes concretos sob condic¢des de ambiente controla-
do, de temperatura e umidade. Os fenébmenos que sao quantificados podem ser classificados como
retracdo basica e de secagem, e fluéncia basica e de secagem. Também é apresentada a importancia
relativa destes mecanismos no concreto de altaresisténcia.

PALAVRAS-CHAVE: Fluéncia, Retragdo, Concreto De Alta Resisténcia, Analise Experimental.

Abstract

Introduction

High performance concretes (HPCs) can be
defined asaclass of concretesthat are engineered to

The creep and shrinkage behaviour of high strength silicafume concretesissignificantly different from
that of conventional concretes. In order to represent the proper time-dependent response of the material
in structural analysisand design, these aspects should be adequately quantified. This paper discusses
an experimental setup that is able to determine the creep and shrinkage of concrete from the time of
placing. It also compares different gages that can be used for measuring the strains. The method is
applied to five different concretes in the laboratory under controlled environmental conditions. The
phenomenathat are quantified can be classified as basic shrinkage, drying shrinkage, basic creep and
drying creep. The relative importance of these mechanisms in high strength concrete will also be
presented.
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exhibit superior properties in order to increase the
integrity, safety and service life of structures in a
cost-effective manner. These materials not only
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possess adequate workability in the fresh state and
high strength in the hardened state but can also
provide other improved properties such as lower
permesability, higher durability and higher stiffness.
The most common HPCs are those incorporating
silica fume and superplasticizer, and those having
low water-cement ratios. They usually have
compressive strengths higher than 60 MPa.
Generaly, HPCs are designed to satisfy the critical
performance requisites of the structure, including the
aspects affecting their production, utilization,
maintenance and service behaviour. One important
facet of the structural response is the long-term
mechanical behaviour, which is governed primarily
by the time-dependent mechanisms of concrete,
especially those causing creep and shrinkage.
Conventionally, such behaviour was considered as a
consequence of the material composition and
compressive strength, and rarely specified as a
performance requisite. However, recent researches
have focused on the benefits of using high strength
silica fume concretes for long-term structural
performance. This has led to the possibility of
designing the concrete composition to yield the
required time-dependent behaviour. For example, 45

Favre et d. (1992) demonstrated that the long-
term deflections of reinforced concrete structures,
especialy dabs, under service loads can be reduced
by up to 50% with the incorporation of silica fume
and the reduction of water content.

The development and the structura utilization of
HPCs need the adequate characterization of their
time-dependent behaviour. This requires the
validation of experimental techniques that can be
used to quantify the various mechanisms affecting
the creep and shrinkage of HPC. The most important
of these mechanisms are basic creep, drying creep,
hydration shrinkage and drying shrinkage (ACKER,
1993). From the experimenta point of view, basic
creep can be defined as the creep that occurs when
the surface of the specimen is sealed to prevent
moisture transference from and to the environment,
drying creep is the one which occurs due to the

interaction with the environment, in an unsealed
specimen, hydration shrinkage occurs in a sealed
specimen or in a surface saturated condition, and
drying shrinkage is the one which occurs due to
moisture loss in an unsealed specimen. These
behavioral aspectsare considerably differentin HPCs
when compared with normal concretes. Due to the
low water content and compact microstructure, HPC
exhibits lower drying shrinkage and drying creep.
The hydration shrinkage, hereafter referred to as
endogenous shrinkage, is quite negligible in normal
concretes but is significant in HPCs. It can be taken
asthe combined effect of the chemical or Le Chatalier
shrinkage, which occurs due to the volume loss
during hydration, the self-dessication shrinkage,
which occurs due to the consumption of bonded
water for hydration leading to internal drying, and
thermal shrinkage dueto higher internal temperatures
(DE LARRARD; MALIER, 1992; VERNET;
CADORET, 1992).

The present work, that isapart of Doctoral Thesis
(CARBONARI, 1996), discusses the experimental
methodol ogy needed for quantifying the mechanisms
leading to creep and shrinkage. Shrinkage was
measured on specimensin afog room at nearly 100%
R.H., and on sealed and unsealed specimens
maintained at about 50% R.H. Creep in the linear
range was measured on sealed and unsealed
specimens maintained at about 50% R.H.
Additionally, the evolution of the internal
temperature of the concrete was also monitored with
embedded thermocouple. The ambient temperature
was maintained at about 20°C.

Methodology for experimental characterization

Creep of concrete is normally determined by
measuring the compressive strains of standard
specimens at selected age under prescribed
environmental conditions, by applying a constant
stress of not more than 40% of the strength (ASTM,
1987). Theload isapplied in framesthat are capable
of maintaining the required load in spite of the
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specimen deformation. Drying creep is measured at
atemperature of about 20°C and arelative humidity
of about 50%. Shrinkage is measured similarly but
on specimens that are not loaded. In one type of test
system, arigid frame houses the specimen(s) between
a spring and a loading plate. An oil jack with a
manometer or load cell is normaly used to apply
the stress. The loading plate is then bolted in place
and the deformation of the specimensis compensated
by the elongation of the spring. A more sensitive
system is the oleopneumatic frame discussed later
(Figure 2a).

(a) (b) © @)
soif PRs ==
e

Figure 1 (@ Bonded strain gage, (b) embedded
epoxy mold strain gage, (c) embedded
extensometers, (d) mechanical extensometer

— Bounded strain gage

Reference discs for
mechanical
extensometer

Reference discs

Load cell —

Embebed extensometer

Bounded strain gage

Figure 2. (a) Testing configuration, and (b) Specimen
with gage locations

The measurement of the strains requires
equipment withaprecision of at least 10 microstrains.
Such equipment can be embedded in the specimens,
attached permanently to their surfaces or portable
(ASTM, 1987). Four methods were used in the
present study to measure the time-dependent
deformations: surface-bonded strain gages,
embedded extensometers with strain gages in full-
bridge arrangement, embedded epoxy mold strain

gages, and a mechanical dial gage based
extensometer (Figure 1). The latter was used to
manually determine the relative displacements
between pairs of steel reference discs glued to the
specimen surface. All surface measurementswith the
strain gages and the mechanical extensometer were
made over the center of the specimen, along lines
pardld to its longitudina axis and a 120° to each
other. The embedded gages and extensometerswere
placed at the center of the specimen, along its axis.
The locations of the gages and the reference discs
are shown in Figure 2b. The lengths of the strain
gages (of Micro-Measurements) were 50 mm and the
gage length for the mechanica extensometer was 150
mm. Embedded extensometers (Tokyo Sokki KM-
50F and KM-100A) of two lengths, 50 and 100 mm,
were used. They measured the relative displacement
between two metal discs, onefixed to each end. The
embedment strain gage (Micro-Measurements
EGP5-120/T) was a 100 mm long foil gage coated
with a polyamide epoxy giving it a prismatic shape
(7H19H110 mm). The two broader faces had been
molded with indentations to increase the adherence
to the concrete. The mechanical DEMEC-type
extensometer had a precision of 0.002 mm.

All the surface and embedded strain gages had
resistances of 120-ohm and were connected to
Wheatstone circuits in quarter-bridge three-wire
configuration. A relatively low input of 2 volts was
used in order to avoid excessive heating of the strain
gages. The output voltage was measured through a
multiplexer-based data acquisition system and a di-
gital multimeter with a maximum precision of 6%
digits (corresponding to +1mm/m strain). This
system was controlled through Hewlett Packard
software on a computer with an HP-IB interface
board. Both input and output voltages of each
Whesatstone bridge were continuoudly monitored and
stored by the computer. The Wheatstone bridge
circuits were verified with shunt resistors. The
embedded extensometer was agitated with 10 volts
and monitored by the same data acquisition system.
Thetemperature of the concrete was measured with
embedded thermocouple and a data logger.
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The embedment transducers, embedment strain
gages and thermocouple were positioned within the
specimen molds before casting, leaving them
embedded in the concrete. For the bonded strain
gages, the surface of the specimen was prepared by
coating it with an epoxy. This coating was cured and
polished before the strain gage was glued on with
the same epoxy resin. All the electrical deviceswere
connected through shielded cables to avoid
desensitization due to interferences.

Two sizes of cylinders were used in the study:
150H450 mm fabricated in rigid fiber glass molds
and 94H282 mm fabricated in rigid PMMA molds.
Note that all the specimen dimensions were larger
than five times the maximum aggregate size (i.e., 12
mm) of the concretes.

The creep tests were performed in oleopneumatic
testing machines (Figure 2a) with 25 T flat jacks.
Two specimenswereloaded in each stedl frame, with
stedl balls at the top and bottom to compensate for
eccentricitiesand uneven jack deformation. Load was
applied by rapidly pressurizing the ail in the jack
with a pump. The pressure was monitored with a
digital manometer during the loading process and
later with a glycerine did manometer. Additiondly,
the loads in some tests were monitored with strain
gage based load cells. During the first few days of
loading, the load losses were compensated by
monitoring the oil pressure periodically. A
membrane-type nitrogen accumulator was used to
stabilize the applied pressure.

Experimental program and results

Five series of specimenswere cast andtested. The
compositions of these concretes and their basic
propertiesare givenin Table 1. The specimenswere
maintained in their molds for at least 24 hours and
later in afog room at about 95% R.H. and 21°Cfor
two days before loading. The specimens of Series 1
and 2 were capped with a sulphur mortar and the
specimens of Series 3, 4 and 5 were ground with a
diamond disc.

As mentioned earlier, the primary objective of
the present investigation was to study the
effectiveness of experimental procedures used to
guantify the creep and shrinkage mechanisms. The
main aspects considered here are discussed in the
following sections, along with other results that
provide information about the time-dependent
behaviour.

Table 1 Compositions (per nf) and the basic
properties of the concretes used

Property Series 1 Series 2 | Series5
Spanishtype| -55A
(CEN Class | 525R)
C,S=45%, C,S = 23%,
C.A =10%, C,AF=9%
Blaine spec. surf. = 5090 cn¥/g
28 d compr. strength = 68.8 MPa
550kg 428kg
Siliceous (0- 5 mm)
690kg | 870kg
Basalt (5 -12 mm)
980kg

190kg

Series 3 | Series 4
Spanish type1-45A
(CEN Class | 425R)
C,S=67%, C,S= 4%,
C,A =9.2%, CAF=9.6%
Blaine spec. surf. = 3900 cm?/g
28 d compr. strength = 62.1 MPa

444kg 482kg
River sand (0 - 5 mm)
1020 kg | 889kg

Cement type

Cement content

Sand type

Sand content

Crushed gravel type
Crushed gravel content

Limestone (5 -12 mm)
870kg 739kg 893kg
145kg 150kg 153kg

Solid napthalene DARACEM 120

418 kg* 4.18kg 5.64 kg 8.88 kg 4.62 kg
GRACE Force 10000 Rheobuild Elkem (densified powder)
110kg 44 kg 44 kg 46 kg
175cm

81 MPa

Water content

Superplasticizer type

Superplasticizer content

Microsilicatype

Microsilica content
Sump 12 cm

83 MPa

17cm
65 MPa

13cm
75 MPa

20cm
64 MPa

Compressivestrength
* superplasticizer added intwo parts

Effect of the method of measurement

Figure 3 shows measurements made with the
embedded strain gage were practically the same as
the mean value of the measurements made with the
surface-bonded strain gages. The averages of the
mechanical extensometer measurements were also
the same but the variations were much higher.
Moreover, the mechanical extensometer is not
recommended at early stages of loading when severd
frequent measurements have to be made and the
deformations are very small. It was observed that
the embedded extensometers used in this study
exhibited higher initial deformations than the other
sensorsin the creep tests.

Subsequent examination of the embedded
extensometer showed that they undergo buckling
during the rapid application of load. No such
problems were observed in the shrinkage tests.
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-1200 Total strain (instantaneous + creep + shrinkage)

1 Series 2, sealed specimens, 15 x 45 cm cylinders
-1100 — temperature = 20 deg. C
] applied stress = 0.2 f_, f.= 85 MPa

age of loading, ty = 24 days

-1000 —
-900 —
-800 —

-700

microstrains (strain x 106 )

-600

MEAN OF THREE BONDED STRAIN GAGES

-500
EMBEDDED STRAIN GAGE

[—.— MEAN OF THREE MECHANICAL MEASUREMENTS}

BT —T——T T T T T T T
0 50 100 150 200 250 300 350 400
load duration, t - t, (days)

Figure 3. Measurements of deformation made with
3 system.

Effect of variationsin humidity

In order to know the effect of the outside humidity
on this concrete, at the end of the 5 differed series
tests, the unsealed specimens were submerged in
water, instead of being taken to garbage (the ones
related to the creep tests as well asto the shrinkage
tests) and weretested. Theresults of thisexperience
areshownin Figure 4, where the creep and shrinkage
deformation were considered as a positive signal.
The specimens were previously unsealed and
therefore, presented a decrease in shrinkage
deformation after immersion in water. The fact that
thefinal value of the two specimens are very smilar
caled our attention, as it reflected the fact that the
final vaueisindependent of the way and of the fact
that the drying shrinkage isareversible deformation,
being only not reversible the corresponding value to
the basic shrinkage. In the specimens used in the
creep tests, theresults of thefinal deformations after
the dip were considered very similar, in line with
what was obtained for the shrinkage specimens. This
could answer the fact that the drying creep is

recoverable while the part not recoverable
corresponds to the basic creep. It should be noticed

that nog all, the changes of MiGro-sfrysture. are
ZOOOS'_jrésurem ents made with embedded strain gage

LOADED | UNLOADED |
!

CREEP - UNSEALED
CREEP - SEALED
SHRINKAGE - UNSEALED

tro+

SHRINKAGE - SEALED

IN WATER

microstrains
1

@
Q
S

|

0 40 80 120
(t-to) - to = 28 days

160 200

Figure4. Recovery and unrecoverable deformations

Evolution of temperature and shrinkage during
the hardening process

Asnoted by several researchers (e.g., LE ROY;
DE LARRARD, 1993; TAZAWA; MIYAZAWA,
1993; TAZAWA et d., 1995), silicafume concretes
with low water-cement ratios exhibit considerable
endogenous shrinkage. This behaviour at very early
age is demonstrated in Figure 5. The measurements
of shrinkage and specimen temperature were started
about 1 hour after casting. The temperature initialy
decreases to reach a balance with the ambient
temperature. This, along with the setting, causes
some shrinkage in the period up to 15 hours after
casting. The subsequent hydration reactionsincrease
the concrete temperature to about C above the
ambient temperature. Thisinitialy causes expansion,
probably due to thermal effects, and later
considerable shrinkage (in the order of 200
microstrains). The measurements were made while
the specimen was in the mold.
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_225 — Eary age deformation and temperature evolution
| Series 3, specimen in mold, 9.4 x 28.2 cm cylinder
200 duration of casting operation = 1 hour o

1 shrinkage strain
-175

-150
-125

-100 Y o
i Y, temperature within -
% the concrete

microstrains

75 24

temperature (deg. C)

.50 —'i.l I/ ) L

ambiental
temperature

20

25 T T T T T T T T
0.8 12 16
time after casting (days)

Figure 5. Short-term temperature and shrinkage
evolution

2.0

Basic shrinkage and drying shrinkage

The basic shrinkage, also called endogenous
shrinkage, is the deformation in a specimen that has
been maintained at constant temperature and without
humidity change with the environment. The
guantification of this deformation has been made
using the wet chamber (100% H.R.) during the period
of cure, and using a sealed during the period of the
test in the environment of the climatic chamber
(50+5%). Figure 6 presents the curves of the basic
shrinkage of the concrete of the series 2 and 5,
measured since the beginning of the period of cure
in the wet chamber. Through thisfigureit is verified
that the basi ¢ shrinkage of the high strength concrete
is considerable and, therefore, it must be considered
inthe behavioral forecast models of the material. For
aperiod of 3 months, that deformation reaches about
450 mm/m (Series 2). This phenomenon is very
different for normal concretes, which almost do not
present basic shrinkage. On the other hand, it is
observed in thisfigure that the concrete of the series
2 that carriesahigh quantity of paste presents greater
basic deformation that the concrete of the series 5
(about 3,3 times), for the same water/cement ratio.
Then, the effect of the volume of pastein the concrete
must also be considered in the behaviour models of
the material.

500 — sealed specimens, basic shrinkage, ti =2 days
9.4 x 28.2 cm cylinders

400 —@— SERIES 2 (5% ky CEMENT, 110 kgM\CROS\LICAj

—)€— SERIES 5(428 kg CEMENT, 44 kg MICROSILICA)

300

200 H

microstrains

100 —H

0 1 10
log (t-ti);days

100

Figure 6. Deformations of basic shrinkage

350 — total shrinkage: basic + drying
4 9.4 x28.2cm cylinders, unsealed
300 —

250 —9¢— SERESS5(428kg CEVENT, 44 kg MICROSILIOL‘«H
)

—@— SERES 1(550 kg CEMENT, 110 kg MICROSILICA)

microstrains
= N
wu o
o o
] ]

100 —

50 —

0 —

0 1 10 100

log (t-ts);days

Figure 7. Deformation of total shrinkage :
basic + drying

The total shrinkage is measured in a specimen
exposed to the drying process, after the cure in the
wet chamber by a period of 28 days (ts). Figure 7
presentsthe curves of the shrinkage measured in the
specimens of the concrete of the series1 and 5, during
a period of 3 months. The total shrinkage (basic +
drying) of the concrete of the series 5 is about 1,8
times greater than that of the series 1, against the
basic shrinkage deformations of the series 2 and 5
(Figure 6). This is due to the fact that the series 2
concrete hasless free water due to the internal self-
dessi cation suffered during the curing time, generated
by the high paste content. During the 3 months period
of testing in the climatic chamber, the concrete of
the series 5 presented a proportion about 30% of basic
shrinkage and 70% of drying shrinkage, and the
concrete of the series 1 presented about 75% of basic
shrinkage and 25% of drying shrinkage, related to
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the total shrinkage deformation measured for each
one of the series. These results agree with the
previous conclusions, where the concrete with greater
paste content presented greater basic shrinkage
proportion on the total deformation.

Basic creepand drying creep

Similarly to the shrinkage, the creep should aso
be differentiated in terms of : basic creep and drying
creep. They are affected by the same variable that
the shrinkage, but they are aso influenced by the
type of load, the magnitude and duration of this. The
basic creep is obtained in the absence of humidity
exchange with the environment (sealed specimens
were used), and the drying creep is obtained from an
unsealed specimen in a controlled environment (HR
= 50 + 5%) less the creep observed in the seded
specimen. To comparetheresults obtained in thetests
accomplished in the present work, the results are
presented in Table 2 in terms of the creep coefficient,
that relates the creep deformations (they do not
include the shrinkage) to the instant deformations.
Such coefficients are given due to the type of
concrete, size of the specimen, tension and condition
level of exposition, with load for a period of 3
months. From these results the following
considerations can be made:

 thebasic creep coefficient represents about 85%
of the total creep for the concrete of the series 1
and 2, and 70% for the concrete of the series 3, 4
and 5. Thismeansthat the basic creep isthe most
important part of the total creep of the high
strength concrete, but the results show that the
drying deformations can not be despised.

 thetota creep coefficients (basic + drying) of the
concreteof the series 3, 4 and 5 are dightly greater
than that of the series 1. These results indicate
that the concrete of the series 2 is more compact,
and, therefore, the creep coefficient of the
concrete could be associated to compressive
strength.

* the creep coefficient does not vary significantly
with the tension level until 40% f_. That means
that, at least for this tension range, the analyzed
concrete present alinear creep behaviour.

e It has been noted that the H.S.C. presents a
reduction of the creep coefficient compared to the
conventional concrete. If 70% of the last creep
occursin thefirst three months (SWAMY/, 1986),
then, the last creep coefficients expected from the
sealed specimens, of Table 2, would remain
between 0,85 and 1,00; and the unsealed
specimens, between 1,15 and 1,40. On the other

Table 2. Creep coefficient to (t-t )=3 months; Series
of 1to5

CREEP COEFFICIENT
f(MPa) size of
SERIES ageallcoadmg(days) cylinders(cm) F=20%f_ F=40%f

sealed unsealed sealed unsealed

9,4x28,2 0,80 0,85

1 87 (t,=35)

15x 45 0,83

9,4x28,2

2 83 (t=23)

087

3 75 (t=28) 9,4x28,2

4 64 (1,=28) 9,4%28,2

0,86

5 65 (t,=28) 9,4x28,2

* Laboratory ambient (40% < R.H.<80%, T =21+ 5°C)
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hand, considering that 50% of the last creep Conclusions

occursinthefirst threemonths (NEVILLE AND
BROOKS, 1987), the last creep coefficients
expected from the sed ed specimenswould remain
between 1,20 and 1,40; and of the unsealed
specimens, between 1,60 and 1,95.

Discussion

The above results indicate that there are several
aspects of the short- and long-term mechanical
behaviour that are unique to some high performance
concretes, and should be quantified properly.
Besides, this quantification is affected by severa
experimental parameters, which have to be further
studied and standardized. The creep coefficientsthat
were obtained in this study are plotted aong with
other datafrom the literature in Figure 8. A genera
trend can be identified where the creep coefficient
decreases with an increase in the compressive
strength of concrete, which is useful from the
practical engineering point of view. However, it
should be noted that the strength is not the only
parameter that governs the creep behaviour of such
concretes.

creep coefficient 53 Smad et a. (1987), estimation for 500 days
20 9  Nilson (1987), estimation for 5 years
i —_& B delanardetal (1988),at 18 morths
de 4  Tachbama et d. (1990), a 6 montrs
a5 1 * Paulson et al. (1991), predicion for ultimate creep
_\ M Pliskin (1992), typical design parameters
3.0 ] A o Yie and Taeme (1993), at52 months
i X Present study, a 12 months
25 1 2} — Lirear fit Y=3.875-0.0851 X
*
2.0 ®x \
] a |
157
] ® ®
10 * \
05- \{
00 —T1 T r 7T rr1r rrrrrrrr

20 30 40 50 60 70 80 0D 100
comoressive strenath (MPa)

Figure8. The creep coefficientsthis study are plotted
along with other data from the literature

A methodology for the study of creep and
shrinkage in high strength silica fume concretes
has been validated. Thetest setup includesarigid
oleopneumatic frame, a loading jack, a nitrogen-
oil accumulator, a load cell, an €ectronic data
acquisition system controlled with acomputer and
a chamber with controlled environment. The use
of embedded and/or bonded strain gages to the
measurement of deformations is recommended.

The smple method of sealing the specimen with
paraffin and aluminum foil seemsto be adequate
for determining basic creep and endogenous
shrinkage.

The utilization of the mean deformation from at
least three bonded strain gages is recommended
when no embedded sensor is used.

The endogenous shrinkage in the studied
concretes is significant, even at 100% R.H. or in
sedled conditions.

The deformations due to basic creep are much
larger than those dueto drying creep in the studied
concretes.

Theresults show that drying creep isrecoverable
while the part not recoverable corresponds to the
basic creep. Not all the changes of micro-structure
arereversible.

The effect of the volume of pastein the concrete
must aso be considered in the behaviour models
of the material. The concrete with greater paste
content presented greater basic shrinkage
proportion on the total deformation.

The use of cylinders with diameters of about 10
cmin creep testsis possible and should be studied
further.
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