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Preface

The first Research Seminar on Sdf-Desiccation and its Importance in Concrete
Technology was organised by our department in June 1997. The seminar resulted in a
printed report containing 20 papers covering many different aspects of self-desiccation.”)

Self-desiccation is a consequence of the net volume reduction when cement reacts with
water, a phenomenon that was clarified many decades ago by the exceptional concrete
scientist Treval C. Powers and his colleagues. This volume reduction creates an almost
equivalent air-filled pore volume inside the concrete. This volume reduction and air-
volume generation is amost of the same order in normal concrete as in high performance
concrete with its low water-binder ratio. In the former, the cement content is low but the
degree of hydrationislarge. In thelatter, thereverseisthe case.

The effects of the volume reduction, however, are quite different in these two types of
concrete. In normal concrete, the volume reduction will often occur unnoticed sinceit will
not significantly alter the state of the pore water; the pore structureis too coarsefor that. Its
only effect is a certain reduction in the degree of saturation of sealed concrete, which of
course is a sort of self-desiccation. However, saturation will be easily restored if the
concrete stays in contact with water during curing, or if it is put in contact with liquid
water after curing.

In high performance concrete the volume reduction will cause a significant, more or less
permanent, change in the state of the pore water due to the fine-porous structure
manifesting itself as an amost horizontal desorption isotherm. This change can be
observed as a clear reduction in the RH-level inside the concrete. Therefore, significant
mechanical effects occur, such as autogenous shrinkage and internal micro-cracking. The
drying effect is maintainedfor long time also when the concreteis stored in water. Thus, in
high performance concrete, the self-desiccation is a long-lasting and significant
phenomenon that could either be negative and must therefore be taken into consideration,
or that could be utilisedfor improved concrete performance.

The first Research Seminar gave good insight into the phenomenon of self-desiccation,
both the negative effects such as increased shrinkage, and the positive effects such as
increased drying rate and enhanced frost resistance. This second seminar will further
broaden our knowledge.

Lund, 26 May 1999

Goran Fagerlund

1) Persson,B., Fagerlund,G. (Editors). Self-Desiccation and its Importance in Concrete Technology. Lund
Instituteof Technology, Department of Building Materias, Report TVBM-3075, 1997.
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EARLY AGE CHEMICAL SHRINKAGEAND AUTOGENOUS
DEFORMATION OF CEMENT PASTES
Chemical shrinkage and autogenous deformation

T.A . HAMMER

SINTEF Civil and Environmental Engineering, Trondheim, Norway and
C. HEESE

Technical University of Aachen, Germany

Abstract

In the very early age, i.e. theinitial phase that is before and during the time of setting,
the cement paste changesfrom aliquid to asolid. The result of the chemical shrinkage
on the externa deformation, the autogenous deformation, has proven to change
considerably in this period: i.e. from shrinkagerate equal to the chemical shrinkageto
arate which is in the magnitude of /10 of the chemical shrinkage. The point of time
when the autogenous deformation departs the chemical shrinkage development has
been investigated. The results suggest that the relation between the chemical shrinkage
and the autogenous deformation in the initial phase not only depend on degree of
hydration, but also the initial consistency (stiffness) of the paste. Thus, it may not be
expected to find any unique relation between the autogenous shrinkage of pastes and
equivalent concretes.

1 Introduction and Scope

Provided no external moisture exchange, the chemical shrinkage (CS) due to the
hydration is the fundamental driving force resulting in external volume changes,
autogenous deformation (AD) and voids as expressed in Fig. 1. The AD may be
defined as all the external volume change taking place without any mass change. The
CSisthe main driving force, but the relation between CS and AD of the concreteisin
genera influenced by severa factors: Any re-absorption of bleed water and/or
absorbed water in the aggregates as well as the size of the hydration generated pores
and the aggregate restraint.

M easurements have shown that AD may develop shortly after mixing and thus
contribute to cracking while the concreteis till plastic, i.e. in the “initial phase™ [I].
In order to predict the AD contribution to the crack risk in this phase we want to
measure the "'linear” AD development (the one-dimensional horizontal component)
and the development of the tensile strain capacity of the concrete. Work at
NTNU/SINTEF revealsthat thereis an inconsistent rel ation between what we consider



as the "true driving force”, namely the volumetric AD measured on pastes with
rotation, and the measured linear AD of the concrete. Therefore, in order to arrive a a
reliable method for the measurement of the linear AD of concrete we started to
determine the relations starting with the CS of the paste and ending with the "'linear"
AD of the concrete. Thefirst step is to measurethe CS on the pastes. The next step is
to measure the consequence on the volumetric external contraction, i.e. the volumetric
AD of the paste, see Fig 1. Thethird step is to measurethe linear AD of the pastes, i.e.
the horizontal component and the settlement. The logical relation should give the
results that two times the linear deformation * settlement equals the volumetric
deformation. The fourth step is to go from linear measurementson pastesto linear AD
of the equivalent concrete. Thisis discussed in [1] with focus on the third step that
provesto cause the main concern, regarding the inconsistency.

The present paper deals with thefirst step, i.e. therelation between the CS and the
volumetric AD of pastes. It is based on the thesis of Christian Heese [2].

— Chemical shrinkage

— Autogenous deformation

|Empty pores |

]
T 1 i

0 12 24 36 48
Age (hours)

Fig. 1. Principle development of the chemica shrinkage and volumetric autogenous
shrinkage of cement paste.

In Fig. 1, it can be seen that the autogenous deformation devel ops rather similarly
to the chemical shrinkage until some point, the diverting; point. Apparently, thereis a
full " collapse” (liquid behaviour) of the pastein this period.

From the above it follows that the relation between the autogenous shrinkage and
the chemical shrinkage changesrather dramatically during the initial phase. Therefore,
we have divided the initial phase in two sub-phases: liquid and semi-liuuid, as
discussed below.

In the liquid phase, starting from the time of casting, the stiffness of the paste-




mortar-concreteis very low and, thus, the chemical shrinkage results in an identical
external volumetric contraction. Consequently, the autogenous deformation equal s the
chemical shrinkage. The duration of depends on the initial fluidity, materia
compositionand possibly any external weight.

At the start of the semi-liquid phase a sufficiently rigid skeleton, is formed, i.e.
with sufficient stiffness, to enable the sampleto support its own weight (+ any externa
weight). The stiffness development in this phase will gradually prevent the external
contraction, seen as a flattening out of the AD-curve curve in Fig. 1, and result in
empty pore space. At theend of this phase the under-pressurein the pore system will
be the dominating driving forcefor the AD.

For a given mixture, the stiffness development and thus the diverting point
depends on the degree of hydration. However, one may assume that the degree of
hydration needed to make the sufficient skeleton depends on the particle spacing, i.e.
"initia stiffness” of the paste. To test the hypotheses we tested the CH and AD of
pastes where we changed the stiffness by different means. w/b, silica fume and inert
filler, seeTable 1.

Table 1. Paste compodtions

Silicafume Filler (0-125Tm), Cone
w/b Cement, *) content green stone/gabbro ~ penetration
Blaine (m7kg) (% by weight of (% by weight of (mm)
cement) cement)

0.290 370 0 0 34.2

0.310 370 0 0 > 40.0
0.335 370 5 0 34.3
0.360 370 5 0 36.0
0.370 370 5 17.6 32.2
0.400 370 5 0 > 40
0.410 370 5 35.3 33.3
0.360 370 10 0 26.3
0.368 516 0 0 36.9
0.420 516 0 0 > 40
0.355 516 5 0 24.1
0.368 516 5 0 25.0
0.400 516 5 0 33.5
0.406 516 5 17.6 30.1
0.476 516 5 35.3 31.6
0.367 516 10 0 20.1

*) 370 m’/kg: Cement type “Anl.”, 516 m/kg: Cement type “Ind.”
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2 Test Methods

2.1 Chemical Shrinkage

The total chemical shrinkage was determined according to the following method [3]: A
small amount (about 25 cm®) of paste is filled in an Erlenmeyer flask with a graded
pipette on top. The rest of the volumeisfilled with distilled water. The volume change
is recorded as the reduction of the water level in the system [3]. The flasks are placed
in a water bath for temperature control. The method has proven to be reliable, and it
may be started at a short time after mixing (lessthan 15 minutes).

The method is based on the assumption that the pores, when created, fills with
water. This is true in most cases because the thickness of the paste samples is small
(i.e. maximum 10 mm), at least in the first day(s) of age. Thus, the method gives the
true chemical shrinkagein the early thermo phase, a so.

2.2 Autogenousshrinkage

The autogenous shrinkage was measured according to the buoyancy principle, using a
rubber balloon (a condom) filled with paste of which the weight in water is recorded
continuougly or at fixed intervals[2]. The method may allow bleeding water to lay on
the surface. If so, the subsequent absorption will be observed as an extra contraction.
In order to avoid the bleeding, thefilled condom is usually placed in a tube and placed
on rolls to be rotated. The effect of rotation is discussed by Justnes et al [3]. The
procedure has proven to give good correlation with the chemical shrinkage method [3].
Thus, the method gives the "true” chemical shrinkage in this phase. Temperature
control is taken care of by the continuos immersion in water. In the present case the
rotation was performed manually in steps, i.e. 180 ° rotation every 5 minutes until the
time of around initial setting.

2.3 Condgency

The consistency was measured on 20 minutes old pastes by the use of a Vicat
apparatus with a cone shaped plunger with a maximum diameter of 29 mm and a
height of 39 mm. The weight was 56,4 grams. The consistency was expressed as the
depth of penetration of the cone (0 — 40 mm) and presented as the mean vaue of to
measurements (i.e. on two separate samples). The difference between the two
measurements werein the rangeof 0 — 0,5 mm.

3 Reaults

Fig 2 showsatypical result. There was not aways a good coincidence between the CS
and the AD development in theliquid phase. Thisis dueto some discrepancy in the CS
measurements and AD in particular, especially in the time before about 180 minutes.
Nevertheless, the diverting point is detectable with fair accuracy as the change in
shrinkage rate between the two becomes rather clear. This has been used to determine
the diverting point.
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Effect of w/b

Shrinkage (cm®/100g cement)

0 60 120 180 240 300 360
Time after water addition (min)

Fig. 2. Chemica shrinkage (dotted lines) and autogenous deformation (solid lines) of
pasteswith different w/b (all with 5 % silicafume).

Fig 3 shows the relation between the diverting point and the w/c of al the pastes.
Apparently, there is no good relation. If any, the diverging point decreases with
increasing w/c, which is very surprising. However, when considering the pastes with
equal cement type and silica fume content, it can be seen that the diverting point
increases with increasing w/c. Consequently, when considering pastes with equal
cement type, there must be more than the w/c itsalf that influencesthe diverting point.

Fig 4 shows the relation between the diverting point and the consistency of all the
paste. As can be seen, the relation is much better than the one in Fig 3, showing that
the consistency is an important parameter. Note the rather small differencein DP and
consistency of the pastes with w/c in the range of 0.35 to 0.36 and 5 % silica fume
(Anl05) and the equivalent pastes with 17.6 and 35.3 % filler (Anl05+filler) in spite of
higher w/c; 0.38 - 0.43.

The results suggest that the relation between the CS and the AD in the initia
phase not only depends on w/c and cement type, but also the silicafume and aggregate
content because it influencesthe consistency of the paste. Thus, it may not be expected
to find any unique relation between the AD of pastes and equivaent concretes (i.e.
equal w/(c * s)) in this phase. Another important parameter which strengthen thisis the
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(super)-plasticising admixtures, which is not investigated here: As the paste is much
less water demanding than the equivalent concrete, it is practically impossible to make
a sound paste (without filler) with the same amount of (super)-plasticiser as the
equivalent concrete.

Furthermore, a consequenceof increased initial stiffnessis that the total AD in the
initial phase is decreased. The AD development in the thermo phase is probably not
influenced.

400 ‘ : ‘
s | | CANIOO
S R SRR o W Anl05
? : 1 @ Anl1
E\ 300 e e e e e e o Pa e e e e e ol i i e e e el i e e e e B AnI10 g
S e £z AnlO5+filler
€3 | S AU ]
58 250 | | . 01Indoo
g 5 o e | ® Ind05
§ = 2004 S T S @ Ind10
22 q504---ooo S S e ] A Indos-+filler |
O c ' n | ‘
E 100 | : |
S T S A LA 7
0 : : } :
0.25 0.3 0.35 0.4 0.45 0.5

Fig. 3. Relation between the point of time where the autogenousshrinkage divert from
the chemical shrinkageand the water to binder ratio of all the pastes tested
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Fig.4. Relation between the point of time where the autogenous shrinkagedivert from
the chemical shrinkage and the consistency of the paste measured 20 minutes
after water addition.
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SHRINKAGE OF HIGH-STRENGTH CONCRETEAT DIFFERENT
AMBIENT HUMIDITIES

S. MIYAZAWA

Department of Civil Engineering, Ashikaga Institute of Technology, Ashikaga, Japan
E TAZAWA

Department of Civil Engineering, Hiroshima University, Hiroshima, Japan

Abstract

Changes in length and mass of concrete specimens with different water-cement ratio
which have been exposed to different ambient humidity are experimentally
investigated. The relation between ambient relative humidity and drying shrinkage
has been discussed. It has been proved that the balance of internal relative humidity
and ambient relative humidity affects shrinkage of concrete under dried conditions and
that high-strength concrete may expand at high relative humidity.

Keywords: high-strength concrete, shrinkage, relative humidity, water-cement ratio

1 Introduction

Volume change of concrete, which is not caused by temperature change nor external
load, includes autogenous shrinkage, drying shrinkage and carbonation shrinkage. It
isimportant to predict shrinkage of concretein order to estimate cracking tendency and
long term deformation of concrete members. A prediction mode for autogenous
shrinkage, which is dominant in shrinkage of high-strength concrete, has been
proposed by the authors[l]. Asfor drying shrinkage, some production models such
as CEB-FIP model [2] and JSCE model [ 3] have been proposed, but they may not be
applicableto high-strength concrete with 80 N/mm? and 55 N/mm? respectively. The
ultimate purpose of this study is to obtain a prediction model for shrinkage of high-
strength concreteincluding both autogenous shrinkageand drying shrinkage.
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2 Experimental procedures

2.1 Materials and mix proportion of concrete

Ordinary Portland cement, river sand (specific gravity: 2.63, absorption: 1.39 %,
fineness modulus: 2.68) and gravel (specific gravity: 2.56, absorption: 1.84 %,
maximum size: 25 mm) were used.  Concretes with water-cement ratio of 0.2, 0.3,
0.4, 05 and 0.6 were prepared. A polycarboxylicacid type superplasticizer was used
for concretes with water-cement ratio less than 0.40 and an air-entraining agent was
used for concretes with water-cement ratio more than 0.50. Mix proportions of the
concretesand propertiesof flesh concreteareshown in Table 1.

2.2 Measurement of length change

Specimens of 100X 100X400 mm beam were prepared for measuring autogenous
shrinkage and drying shrinkage. Three specimenswere prepared for each condition.
Autogenous shrinkage test was done in accordance with a JCI test method [4]. For
thefirst 24 hours after casting, the measurementswere done with mixtures in a steel
mold by dial gauges(Fig 1). Inorder to eliminatethe restraint by the mold, a Teflon
plate 1 mm in thicknesswas put on the bottom of themold. The measurementswere
started at the time of initial setting which was determined by Japanese Industrial
Standard (JS A 6204). During the first day, the temperature of the specimens rose
due to cement hydration. Therefore, the thermal expansion strain was excluded from
the measured strain on the assumption that the thermal expansion coefficient of the
concretes was 10X10%°C.  After the specimens were demolded at the age of 24
hours, the specimens were sealed with aluminum tape in order to prevent from
evaporation. And length change of the specimenswas measured with contact chips
attached on the surface of the specimens, where the gauge length was 300 mm. The
maximum change in mass of the sealed specimen was no more than 0.02% during the
test periods (it is specified to be less than 0.05 % in the JCI method), therefore the
influenceof moisture movement to or from the specimenscan be ignored.

Polystyrene board
Mold Polyester film

Polyester film

Did gauge

Fig.1 Measurement of autogenousshrinkageof concreteduring first 24 hours
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Tablel Mix proportionand propertiesof flesh concrete

w/c | s/a M ass content (kg/m°) Admixture | Slump(cm) Air

0.20 | 30 160 | 800 | 439 998 23 20.0 30
(55X 55)

030 | 33 | 160 | 533 |- 539 | 1066 0.8 215 3.2
(53X 44)

040 | 34 160 | 400 | 611 | 1104 0.8 215 4.4

050 | 37 162 | 324 | 667 | 1106 0.04 16.0 2.3

060 | 39 163 | 272 | 719 | 1095 0.036 50 6.9

For drying shrinkage test, the specimenswere sealed immediately after demolding and
were cured under sealed condition until the age of 7 days. The aluminum tape was
removed at theageof 7 days. Then, the specimenswere exposed to different ambient
relative humidities of 40%, 60%, 80% and 90%. Changesin length and massaof the
specimenswere measured at specified ages.

3 Results and discussions

Observed length change of the specimensisshown in Figs. 2,3 and 4.  Shrinkage of
sealed specimen, that is autogenousshrinkage, increases with decreasi ng water-cement
ratio. For the specimen with 0.5 water-cement ratio, shrinkage is increased by
exposureto any relative humidity ranging form 40% to 90%, and shrinkage increases
with decreasing relative humidity. For the specimen with 0.2 water-cement ratio, on
the other hand, expansion is observed at 90% relative humidity after 7 days of seded
curing, and volume change is hardly observed at 80% relative humidity. For the
specimen with 0.3 water-cement ratio, volume change is hardly observed at 90 %
relative humidity.

Change in mass of the specimens with increasing age is shown in Figs. 5, 6 and 7.
For the specimenwith 0.5 water-cement ratio, the mass of the specimens decreases at
relative humidity ranging form 40% to 80%, although change in mass is hardly
observed at 90 % relative humidity. For the specimen with 0.2 w/c, on the other
hand, increase in mass is observed at 80% and 90% relative humidity. For the
specimen with 0.3 water-cement ratio, increasein mass is observed at 90 % relative
humidity.

Vapor pressurein small poresis generally less than the saturated vapor pressure at the
same temperature, and it decreases as the size of pore becomes smaller and as the
moisture content of the porous body becomeslower. For high-strength concrete with
low water-cement ratio, pore sizein hydratesis very small and the amount of capillary
water is very little due to consumption of water by cement hydration, so the vapor
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pressure in pores is thought to be significantly low. Therefore, moisture movement
from the environment into concrete with low water-cement ratio occurs when the
concrete is exposed to humid environment.  In concretewith low water-cement ratio,
carbonation may occur only in the exterior part of a specimen, therefore it can be
thought that the increase in mass is not caused by carbonation but by moisture
movement into the specimens.

~800 -| —A— 40%RH
—+— 60%RH

~1000 - —o—80%RH s
—X— 90%RH nh\\£“7}x>\1§iht
1200

Fig. 2 Influenceof relative humidity on length change (w/c = 0.20)
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Fig. 3 Influenceof relative humidity on length change (w/c = 0.30)
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Fig.5 Influenced relative humidity on masschange (w/c = 0.20)
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Relation between drying shrinkage and change in mass is shown in Figs. 8, 9 and 10.
Drying shrinkage in these figures are determined by subtracting autogenous shrinkage
strain from the total strain, where autogenous shrinkage of dried specimen is assumed
to be the same as that of sealed specimen. It can be seen that expansion is observed
in high-strength concrete with 0.2 and 0.3 water-cement ratio when the mass of the
specimensincreases due to moisture movement into the specimen.

Strain (x10°°)
~600 —400 ~200 0 200 400

R el §

M

w/c =0.20

- 40%RH -1
—+ 60%RH
—-80%RH
% 90%RH

Change in mass (%)

-2

Fig.8 Relation between drying shrinkageand mass change (w/c = 0.20)
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£
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—+ 60%RH s
—-80%RH o
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-2

Fig.9 Relation between drying shrinkageand mass change (w/c = 0.30)
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Relation between ambient relative humidity and drying shrinkageis shown in Fig. 11
In any case, shrinkage decreases with increasing ambient relative humidity and
expansion can be recorded when ambient relativehumidity is more than a certain value
that is dependent on water-cement ratio. The value of the specific ambient relative

humidity (P ,) at which neither drying shrinkage nor expansion isnot recorded can be

Strain (x 107%)
-700 -600 -500 -400 -300 -200 -100 0
w/c =050

- 40%RH
— —+60%RH — ; ' ;
-o-80%RH
- 90%RH

|
Change in mass (%)

-3
Fig.10 Relation between drying shrinkage and mass change (w/c = 0.50)

Relative humidity (%)
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200 | -o-w/¢c =020

-s-w/c = 0.30 |
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--w/c = 0.50
o 1 ] i /‘i

-x-w/¢ = 0.60

=100 |
=200 |

Strain(x 10°%)

=300 |
-400

=500

Fig.11 Relation between relative humidity and drying shrinakgeat different
relative humidity (age: 35 days, duration of sealed curing: 7days)
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determined from this figure. As shown in Figs. 12, the value of 0, decreases with
decreasing water-cement ratio.  The internal relative humidity of concrete calculated
from eq. (1) proposed by Persson isalso shownin Fig. 12. He proposed a prediction
model for internal relative humidity of sealed concrete asfollows(5].

® (w/c, t) = 1.08* (1+0.00003 * t) - (w/c)®1¢ (1+000170 M

where, ¢ denotes the interna relative humidity of concrete, t denotes age and w/c
denoteswater-cement ratio.

The internal relative humidity has been also predicted by French Chapter of RILEM
(AFREM) [6]fromeq (2). Caculatedvaluesfrom eq(2) areshowninFig. 13.

b (£,55) = 72exp(— 0.046f ,)+75 )

where, f,,¢ denotes the compressivestrength of concreteat 28 days.

It has been suggested that interna relative humidity of high-strength concrete
decreases with increasing degree of hydration due to self-desiccation. It can be seen
from Fig. 12 that the value of P, isabout the same as the internal relative humidity.
It can be said that drying shrinkage is governed by the difference between interna
humidity and external humidity. Ambient relative humidity lower than 0, leads to
shrinkage and that higher thanP , leads to expansion. This concept has been also
proposed by AFREM [6].
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Fig.12 Relation between water-cement ratio and relative humidity
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Fig. 13 Relation between compressivestrength and relative humidity

4 Conclusons

Influenceof ambient humidity on shrinkageof high-strength concrete is quite different
from ordinary concrete. Decreasesin mass and length of specimen are expected in
concrete when the internal relative humidity is higher than the ambient relative
humidity. Increasesin mass and length are expected in high-strength concrete when
theinternal relative humidity islower than the ambient relative humidity.
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A COMPUTER PROGRAM TO CALCULATE DRYING OF AND DESICCATIONIN
CONCRETE

G. HEDENBLAD and J. ARFVIDSSON
Building Materialsand Building Physics,
Lund Institute of Technology, Lund, Sweden

Abstract

A computer program, TorkaS 1.0, to calculate drying of and desiccationin concreteis
presented in the paper. In the paper the background to the development of the program, a brief
description of the theoretical structureand a descriptionof how to use TorkaS 1.0 are
described.

Keywords. Moisture, concrete, drying, self-desiccation.

1 Introduction

A good indoor climate requirescompetenceand experienceon the part of both the customer
and the executor at the erection or rebuildingof a building. The demands concern many
different areas, e.g. sound, light, moisture, thermal comfort and air but also the physical
design of the building. The demands of the customer and the demandsfor competence haveto
be satisfied throughout the building process. Keen competition, costsfor building loans and
the desire to take possession of the building have made the rate of production much more
rapid. The drying of construction water normally takes such along timethat it oftenisa
critical activity in the schedule of the building. By choosing the design of the structure,
concrete quality, method of productionetc., the drying time can be influenced, that is,
prolonged or shortened. If apreliminary moisturedesign is worked out during the planning
phase, the drying time of the construction water can be estimated, and then thereis achance
to achieve amore economic design for the concrete construction.

The computer program TorkaS 1.0 is the latest chain in along process. At the Building
Materialsand Building Physics, Lund Institute of Technology we have worked with moisture
issues sinceitsfoundationin 1964. In 1973 the resultsof some drying experiments with
concrete were published/1/. In 1977 Nilsson /2/ published the well-known (in Sweden) Table
for predicting the drying timesto 90% relative humidity (RH).

From 1981, work in the different departmentshas been co-ordinated by the Moisture

Research Group of the Institute. From 1985 the Swedish Council for Building Research has
financially supported the Computational Group at the Division of Building Physics, and the
Divisionis amember of the MoistureResearch Group. During this period there has been an
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informal co-operation between Building Materialsand Building Physics. This madeit natural
to co-operateon the development of a computer program for predicting the drying of
concrete. The development of TorkaS 1.0 has received financial support from the Swedish
Building Industry Development Found (SBUF).

2 Redigribution of moisureafter thefloor coveringislaid — depth of measurement

Drying of aconcreteslab or wall begins at the surface, while the moisture content in the
middle of the construction remainshigh. When a more or lessimperviousfloor coveringis
laid on the surface, the moisturein the concrete below the imperviousfloor coveringis
redistributed and equalized. The moisturelevel at acertain " equivaent depth™ from the
surfaceis exactly equal to the moisture level, which will be achieved at the surface after the
floor coveringislaid. In principle, thisequival ent depth depends on the impermeability of the
flooring material. The most dangerouscase occurs when the flooring material is completely
impervious. This caseis dealt with below.

Drying fromboth sides of a construction: Equivalent depth = 0.2 H.
Drying from one side only: Equivalent depth = 0.4 H.
H isthethicknessof thedab (wall).

Drying from both sides of aconstructionapplies, for instance, to intermediate floors and
partitions. The drying from thistype of constructionsnormally continuesfrom the other side
of the constructioneven after an impervious coveringislaid on one side. This meansthat the
redistributed higher moisturelevel persistsonly for a “limited” time.

Dryingfrom one side only of aconstruction appliesto aconcrete slab on the ground, but also
to concretefloorscast on imperviouspermanent formwork (e.g. decking). The valuedf 0.4 H
is probably on the safe side. In slabson the ground, underlain by expanded plastics, some
drying can neverthelesstake place downwards. In afloor on the ground underlain by mineral
wool, drying takes place downwards due to a temperaturedifference acrosstheinsulation if
thisisdry. In spite of this, no differentiationis madein the equivalent depth, and the value 0.4
H is used irrespectivedf the properties of the insulation material.

3 Somenoteson thetheoretical structureof TorkaS 1.0

An important starting point for the model of the drying of concreteis the moisture transport
properties of matureconcrete, which were presented in /3/. Even if these moisture transport
properties are valid for matureconcrete, they can berelatedin principal to the capillary
porosity. They can then be related to the water cement ratio (w/c) and to the degree of
hydration. The degree of hydration is afunction of w/c, temperature, RH, type of cement and
time. From theserelationsit is possible to cal cul ate the moisture transport properties of
concrete after the construction. Some other important parts are the devel opment of the degree
of hydration and the sorptionisotherm. In TorkaS 1.0, the latest published research on the
degreeof hydration /4/ has been used. The cal culationsare made according to thefinite
difference method and are describedin /5/. The program has been devel opedfor the Swedish
cement, Slite Std, which is an ordinary Portland cement (OPC).
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4 Theinterfaceof the program

Thefirst input pageis shownin Fig. 1. The texts on theinput and result pages are here
translatedfrom Swedish to English. The requested input data are climate (placein Sweden),
type of construction, time of the casting, time when the houseis tight (roof on), time when
controlled drying starts, time when the dryingisended. A calendar isincluded in the page and
the date from the calendar can be transportedto the time of the casting etc. The program also
asksfor the thickness of the construction, w/c and the cement content (kg/m> concrete).

. 2 Concrete diying

Fig. 1. First input page of the program Torka$S 1.0.

There aretwo typesof construction, namely, slab on the ground and intermediatefloor.

For slabs on the ground there are three different types of layer beneath the concrete; minera
wool, expanded polystyrene and an impermeablelayer. For intermediatefloors thereare also
threedifferent construction types, homogenous concrete slab drying from both sides, concrete
slab cast on aconcrete formwork and impermeable formwork (e.g. steel sheeting).

For slabs on the ground with mineral wool beneath the concrete, it is supposed that the
thickness of theinsulationis 10 cm. With this thickness of the insulation and with normal
ground-areasaf one-family houses, in most cases drying can take placedownwards. The
calculationsare based on the assumption that the moisture permeability of the mineral wool is
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10-10° mPls. The relative humidity of the ground is set to 100%. If the mineral is wet, from
rain etc., it is probable that no drying can take place downwards. In thiscase it is more correct
to calculate this as slab on the ground with impermeablelayer.

For slabs on the ground with expanded polystyrene (EPS), it i s supposed that some drying can
take place downwards. The cal culationsare based on the assumption that the moisture
permesbility of the EPSis 1-10° m?/s and RH in the ground is 100%. For slabs on the ground
with extruded polystyrene (XPS), it is supposed that this material is so impermeablethat no
drying can take place downwards and can be cal culated as slabs on the ground with
impermeablelayer.

For aconventional intermediatefloor the top surface of the concrete can be exposed to rain
etc. Both the top and bottom surface of the concreteis supposed to havethe same RH and
temperature. The drying take place on both sides of the concrete.

For an intermediatefloor cast on a concreteformwork, we have the same conditionsexcept
that in the calculationsthe total thickness, including the concrete formwork, is used. In
TorkaS 1.0 thethickness of the formwork is set to 5 cm. For an intermediatefloor with
impermeableformwork, drying takes place on one side only. The second input pageis shown
inFig. 2.

te diying

18/7

Fig. 2. Second input page of the program TorkaS 1.0.
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Under the second input page™' climate” it is possibleto choose temperature, relative humidity
andrain (R) and also membranecuring (M) during the period from the casting to the start of
the drying. Depending on the locationin Sweden, which is selected on thefirst input page,
different values of temperature and RH and also days with rain are automatically cal culated
and shown in the table. But one can easily change the valuesin thetable to values which are
more valid for the actual building, e.g. higher or lower temperatureor RH or more or fewer
days with rain. From the start of the dryingto theend of the drying period one selectsthe
drying temperatureand the drying rel ativehumidity, which are constant during the drying
period. The third (result) pageis shownin Fig. 3.

SIS

Fig. 3. Third (result) pageof the program TorkaS 1.0.

Theresultsof the calculations are shown both as RH at the equivalent depth as afunction o
time and asthe distribution of RH in the concreteas afunction of time. The upper diagram
showsthe RH at the equivalent depth.

TorkaS 1.0 can also be used to calcul ate the self-desiccationof concrete, the user just sets M
(membranecuring) in the columnfor rain in the tablein the second input page. One can at the
same time select an appropriate curing temperature.
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Comparisons between measured drying times, both in thelaboratory and in thefield, and
drying times cal culated with TorkaS 1.0 have been made and are presented in /6/. About 50
comparisons are made and in most cases the differencesbetween cal cul ated and measured RH
aresmall.

5. Limitationsof the program

Thickness of the concrete construction: 10 — 30 cm.
w/c: 0.35 - 0.80.
Maximum drying temperature: 30°C.
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ASPECTS OF MONITORING MOISTURE CHANGES USING ELECTRICAL
|MPEDANCE SPECTROSCOPY
Monitoring Moisture Using Electrical Impedance

W. J WEISS, J. D. SHANE, A. MIESES, T. O. MASON, and S. P. SHAH
Center for Advanced Cement-Based Materials, Northwestern University
2145 Sheridan Road, Suite A130, Evanston, IL 60208-4400

Abstract

Concrete may be susceptible to early-age cracking if volumetric changes are
prevented. Previous researchers illustrated that the potential for cracking can be
amplified in low water-to-cement ratio (w/c) concrete mixtures due to a combination
of reduced stress relaxation (creep), increased stiffness (elastic modulus), increased
brittleness, and increased early-age shrinkage. Although the majority of research has
focused on the behavior of thin specimens (assumed uniform moisture throughout the
Cross-section), it is of practical importance to understand how moisture and shrinkage
gradientsinfluence the behavior of thicker concrete sections. These moisture profiles
induce differential shrinkage rates throughout the depth resulting in curling
displacements and stress gradients. This paper describes the use of electrical
impedance spectroscopy as a method for assessing moisture profile development
based on the simple assumption that the electrical properties of concrete can be
related to moisture properties. Measured electrical resistanceis correlated to relative
humidity using geometrically similar calibration specimens stored a known relative
hurnidities. In addition to correlating relative humidity with electrical resistance, the
electrical response of the calibration specimens was investigated to understand how
changes in the moisture condition influence the electrical response.  This research
illustrates the need for frequency scanning to ensure that bulk electrical propertiesare
measured. In addition, frequency scanning may have additional benefits since
characteristic features develop during drying that may provide additional insight into
water-lossmechanisms and microstructural features.

Keywords:  Electrical Properties, Humidity Profiling, Impedance, Moisture
Distribution, Self-Desiccation
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1. Introduction

Previous research has shown that as concrete dries a non-linear moisture gradient
develops [I]. Moisture profiles cause differential shrinkage which may result in
excessive curling and cracking, especialy in dabs, pavements, and floors [2]. The
shrinkage characteristics of low water-to-cement ratio (w/c) concrete differ fiom
conventional concrete however. In low w/c mixtures a significant portion of the
overall 'drying' can be caused by self-desiccation(internal drying) as opposed to water
lost to the environment (external drying) [3]. While moistureloss to the surrounding
environment is a diffusion based problem that is highly dependent on section
thickness [4], autogenous shrinkage is generally assumed to be independent of
specimen size.  However, recent research has suggested that autogenous
shrinkage/water |0ss may not occur uniformly throughout the cross section [5]. Since
low w/c concrete has a more uniform moisture distribution (i.e., less severe moisture
profiles), these mixtures may be useful in reducing curling displacements, provided
cracking can be prevented.

2. Research Motivation

Self-desiccating concrete may be a useful method to reduce shrinkage curling,
improve aggressive ion penetration resistance, improve freeze-thaw resistance [6],
reduce reinforcement corrosion, and reduce moisture related problems that arise in
some floor covering applications[7]. However, research is still required to develop
methods for combating the harmful effects associated with self-desiccation which
increasethe potential for early-ageshrinkage cracking [8,9] and may result in strength
reduction over time [10]. This paper presents results from an ongoing investigation
amed a using electrical properties as a method to characterize the moisture
distribution in cement-based materials. Specificaly, this research investigated three
model paste systems with different water-to-cement ratios (w/c's). Electrica
properties were monitored on a variety of specimens to understand how changes in
moisture influence the electrical response. In addition, the electrical response was
measured as a function of depth to understand how moisture profiles develop in
different mixtures. The measured electrical properties were then correlated with the
humidity profilesthat develop in concrete.

3. A Review of Electrical ProfileMeasurementsin Concrete

Several studies have been focused on using electrical properties as a method to
assess the moisture profiles that are induced in concrete due to drying and wetting.
Schiepl and co-workers [11,12] have proposed the use of a multi-ring electrode
configuration to characterizethe electrical resistivity profilesthat develop in cement-
based materials as they dry. In addition, McCarter and co-workers[13,14,15,16,17]
have conducted a wide range of experimentsusing electrode pairs spaced at different
distances fiom the drying surface to assess the drying and wetting depth in concrete
using normalized conductivity and resistivity. Yuasaet a. [18] compiled areview of
similar techniquesthat have been developed in Jgpan to assess moisture content. In
addition, the authors [19] have attempted to correlate the measured eectrical
resistance to physical drying properties by considering aging and relative humidity
effectsusing calibration specimens.
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4. Experimental Program

4.1 Mix Constituents

In thiswork, a series of paste mixtures were prepared to investigatethe influence
of water-to-cement ratio (wlc) and drying on the characteristic moisture profile and
electrical response. Three paste mixtures were used in this study with water-to-
cement ratios (w/c) of 0.3, 0.4, and 0.5. The mixtureswere cast usng acommercialy
available Type | ordinary portland cement with a chemical composition of 54% C,S,
19% C3S, 10% C3A, 7% C4AF, and aBlaine fineness of 368 m/kg.

4.2 Specimen Geometry

Three different specimen geometries were cast as shown in Figure 1. The first
specimen geometry (75 mm depth, 75 mm width, and 150 mm length) was intended to
investigate the development of moisture and electrical impedance gradients as a
function of drying time and depth from the drying surface. These specimens were
exposed to one-sided drying in a constant 40% RH, 30°C environment. Nine
electrode pairs were placed at different depths from the drying surface (6.25, 9.5,
125, 19, 25, 31, 38, 50, 70 mm) to monitor changesin electrical response at different
depths. The second specimen geometry used in this investigation was intended to
permit accelerated drying (equilibration) in environments of different relative
humidity to provide a calibrationfor the larger specimen. Therefore, the calibration
specimens were chosen to be relatively thin, 75 mm width, 125 mm depth, and 50
mm length. In both geometries unpolished stainless steel rods were used as the
electrodes. The 2.4 mm diameter rods were spaced 12.5 mm apart and placed in the
acrylic forms before casting. 1t should be noted that the holes in the acrylic were
slightly oversized and filled with a rubberized sealant to permit shrinkage movements
while minimizing restraint. In addition, twenty calibration specimens (25 mm dia x
75 mm) for each mixture were cast for the determination of the depth dependent
evaporableand non-evaporablewater of the samplewith time.
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Figurel: Specimen Geometry



34

4.3 SamplePreparation

The casting procedure was identical for all the mixtures investigated. The mix
constituents were weighed, combined in a rotary mixer, and mixed for 20 minutes at
low speed while frequently scraping the sides of the mixer to ensure a uniform mix
composition. After mixing, the cement paste was placed in the acrylic forms, rodded,
and vibrated for a short time (<15 sec) before the surface was finished with a steel
trowel. After casting, the forms were covered with thin plastic sheets to minimize
moisture loss and covered with wet burlap and plastic sheeting for 24 hours. After
curing for 24 hours, the calibration specimens were demol ded, weighed, and placedin
their respectiveenvironmental chambers.

Asshown in Figure 1, two calibration specimensfrom each mixture were stored over
salt solutions of known relative humidity. The different salt solutions used in this
investigation were Sodium Bromide (NaBr) - 60% RH, Sodium Chloride (NaCl) -
75% RH, and Zinc Sulfate Heptahydrate (ZnSO;, « 7H,0) - 90% RH. One set of
calibration specimens were sealed between acrylic plates to prevent moisture |0ss,
while the 50% RH specimenswere stored in an environmental chamber as were the
40% RH specimens, cylindrical specimens, and moisture profile specimens. In some
cases, samples were stored over pure water to obtain a 100% RH environment. The
electrodes of each specimen were permitted to protrude through the top of the glass
desiccator to facilitateage-dependent measurement without disturbing the samples.

5. Experimental Procedures

Frequency scanning electrical impedance measurements provide a method for
assessing the bulk and electrode behavior of cement-based systems [20,21,22].
Impedance was measured by applying a small (1V) sinusoidal voltage at a known
frequency to induce a current flow. The magnitude of the current and phase angle
were measured. This process was repeated over a wide range of freguencies
(typically mHz to MHz) to facilitate the separation of mechanisms with different
relaxation frequencies. The phase angle and current can be rearranged into red,
imaginary, and total impedance components, which can be represented graphically as
shown in Figure 2. Section 6 provides a description of the most prominent
characteristicsof the impedance spectrain addition to illustrating how this data can be
used to interpret cement-based systems.

In this study, impedance measurements were conducted using a Solartron 1260
impedance/gain-phase analyzer that was interfaced to a personal computer for
automated data collection. Readings were taken over a frequency range of 1 Hz to
107 HZ with ten measurements per decade. Measurements were taken a 1, 3, 7, 17,
28, 49, and 98 days. In addition to the non-destructive el ectrical measurements, a
destructive procedure was used to assess the evaporable and non-evaporable water
contents. This method involved splitting the cylindrical specimens a 12.5 mm
intervals along the length, crushing the sample, and oven-drying of a cement paste
sample. Evaporablewater was computed based on the water |ost when dried at 105°C
for 18 hours, while the non-evaporable water was determined based on the water lost
when an oven-dried pasteisignited to 1000°C.
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6. Electrical Impedance Spectra Characteristics

Figure 2 provides a graphical representation of a typical eectrical impedance
response for a cement-based system. In the Nyquist plot (Fig. 2a) the imaginary
impedance is plotted against the real impedance. The curve that results can be
nominally considered astwo arcs, a bulk response arc (smaller - left) and an electrode
arc (larger - right). While the larger arc contains low frequency measurements
corresponding to the interfacia electrode effects, the small arc consists of higher
frequencies and corresponds to the bulk material effect. Christensen et a. [22]
suggested that the most useful parameter for describing the cementitoussystem is the
intersection point between the two arcs. Since this point occurs at the minimum
imaginary impedance, it is composed primarily of the real impedance of the system as
shown in Figure 2b. For this reason, the point of minimum imaginary impedanceis
commonly referred to as the bulk resistance (Ry).  Since impedance measurements
will be taken over awiderangeof frequencies, IS can resolve the electrical response
to obtain a 'true bulk resistance in cemetitous systems regardless of mixture
composition[21,22,23].

In addition to measuring the bulk resistance, other characteristic features of these
curves can be used to describe the cementitoussystem. Both the electrode and bulk
arcs are frequently represented using parallel electrical circuits combining a resistor
and a capacitor while another featureis commonly referred to as the offset resistance
(Ro). Whileit has been suggested that the offset resistance may be an experimental
artifact [24], Christensen et a. [25] proposed that this high-frequency behavior (Ro)
may be attributed to the presence of a secondary arc corresponding with features of
the conduction path. In addition, if the bulk responseis fitted with a semi-circular arc,
the center is observed to fall below the horizontal axis. The degree to which thecircle
Is depressed is frequently referred to by computing the depression angle of acirclein
which the diameter passes through a point on the circumference with no imaginary
impedance. While this section has provided a brief overview of important 1S
properties, the reader is referred to a recent review by Christensen et al. [22] for
further information on applications and interpretationof |Sin cementitoussystems.
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7. Featuresof theElectrical Response - Calibration Specimens
7.1 Influence Of Aging

Two characteristic mixtures (w/c=0.5 and 0.3) were selected to illustrate the
influence of aging (hydration) and self-desiccation (internal drying) on the measured
bulk resstance. Figure 3 illustrates the experimentaly measured electrical bulk
resistance and relative proportions of internal water measured on sealed specimens at
different ages. The lower w/c paste has a higher measured bulk resistance and lower
evaporable and non-evaporable water contents. The increase in bulk resistance that
occurswith decreasing w/c is primarily attributed to the lower relative volume of the
most conductive component (water or pore fluid) in the sysem. Changes in the
combined water occur most rapidly at early-agessince it is commonly assumed that
the hydration reaction is relatively logarithmic with time. The substantial changesin
the electrical bulk resistance that occur at early-ages may result for a variety of
reasons including rapid consumption of the water by the hydration reaction [26],
changesin pore fluid composition [27], and filling of pore space essentially creating a
more tortuous, discontinuous path [28]. It is interesting to note that the lower w/c
mixture demonstrates a more distinguishable increase in bulk resistance over time.
These trends are similar to the data presented by Scuderi et a. [29] for different w/c
mixturesin which hydrationwas investigated at early ages.
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Figure3: Influenceof Agingon the Hydration Reaction, Water, and Electrical
Resistanceof a Normal (w/c = 0.5) and Sdlf-DesiccatingPaste (w/c = 0.3)

It can be noted that time dependent change in the bulk resistance corresponds
reasonably well with the changes in evaporable or non-evaporablewater in the w/c =
0.5 mixture. Conceptualy this is reasonable since it can be reasoned that primary
path of electrical conduction (path of least resistance) is most likely a combination of
the connected or disconnected capillary pore water solution (water filled pores). As
the cement paste hydrates, water is consumed by the hydration reaction effectively
reducing the relative volume of water available for conduction while the volume of
the less conductive hydration products is increased. Conceptuadly, these time
dependent changes in the volume proportions of the mix constituents can be

Bulk Q<’stance (0Oms)
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illustrated using the descriptive mode proposed by Powers and Brownyard [26] as
shown in Figure4a. It can be seen that over time water reacts with cement to form a
volumeof gd and an abundanceof capillary water is present in the high w/c mixtures.
The influence of hydration on the volume proportions differs in low w/c mixtures
however. It can aso be shown that when alow w/c mixtureis considered in a sealed
system (no external drying or wetting) thereis an abundance of cement in comparison
with water. As a result, water in the fluid filled pores begins to react with the
surrounding cement resulting in salf-desiccation. Low w/c mixtures, even after
complete hydration, will have a portion of the cement that remains unreacted in
addition to air filled poresthat develop dueto self-desiccation. It can be observed that
the time dependent development of bulk resistancedoes not correlatedirectly with the
measured changes in non-evaporable water in the low w/c mixture. This may be
explained in part by self-desiccation (internal drying) which causes an additional air
phase (high resistivity) to develop, thereby making the conduction path more
discontinuous(Fig 4).

If we consider a conceptual model for electrical conduction similar to that suggested
by MacPhee et a. [28] and McCarter et d. [14] (Fig. 4b), it can be reasoned that the
electrical conduction could occur aong five main paths through a paste phase. First,
the least resistive path would correspond to the connected capillary porosity (pore
fluid). Over time, asthe degree of hydration increases, the continuous phase beginsto
become more discontinuous and tortuous (disconnected porosity). This maze of
hydration products and fluid-filled porosity resultsin an increasein resistivity. The
final two phases, unhydrated cement paste and air voids, are highly resistive and as
such probably do not contribute significantly to the electrical conduction other than
reducing the volume of conducting material. It should also be noted that in the low
w/c paste, the self-desiccation of the paste contributesto a further reduction in the
available capillary and gel water whilethe more resistivecomponent, air, is increased.

Connected Porosity

1
]

Initially During Effect of Disconnected Porosity

Hydration  Hydration External Drying

Hydration Products

Air

Initi During Complete Effect of Unhydrated Cement
nitially ' { .
Hydration  Hydration External Drying L

LowWater-to-Cement Ratio Mixture

M unhydrated Cement [ _] /|&|ydration Poducts
ir

I:l Mix Water |:|

Figure 4. Conceptual View of the Hydrated Products and Electrical Conduction
Through Different Phasesof the Cement Paste



Frequently, the 'bulk feature arc' appears to be composed of overlapping arcs
corresponding to different conduction paths. Scuderi et d. [29] observed that a
secondary feature became visiblein low w/c mixtures at certain early-ages, however
only one arc was discernable a& later ages. McCarter [30] observed a secondary arc
near the electrodein systems containing fly ash and MacPhee et al. [28] observed the
existence of secondary feature arcs in pressed cement pastes. In addition, Chen and
Chung et d. [31] observed a secondary arc feature in fiber reinforced composites.
More recently, Hwang et a. [32] and Ford et d. [33] suggested that this arc may be
attributed to imperfect contact effects at the electrode/cement interface. Implications
of the results obtained in these ssimulations and their connection with the measured
impedancebehavior will be discussed in the following sections.

7.2 Influence Of Drying

Whileit is commonly accepted that dry concrete is more electrically resistive than
moist concrete[2, 34], thiswork attempted to correlate the increasein resistance with
the environmental conditions. In addition, this work began to describe how the
features of the electrical response are altered by drying. Figure 5 illustrates time
dependent Nyquist plots for a w/c=0.5 calibration specimen stored in a severe drying
environment (40% RH). Although the specimen is relatively thin, it may take 2
months to equilibrate with the surrounding environment. It can be seen that as the
specimen dries it becomes more resistive. This is most likely attributed to the
decrease in the conductive fluid-filled pores as previous described in Figure 4. In
addition to increased resistance, it should be noted that the frequency a which the
bulk resistance occurs is reduced due to hydration and further reduced due to drying.
When the specimen was measured at an age of one day, the bulk feature arc was
barely distinguishable as noted by others at early ages [29]. When measurements
were taken a an age of three days the bulk arc is clearly visble and relatively
circular. As the specimen continued to hydrate and dry, the arc developed more
completely, however the angle of depression increased. At an age of 28 days, the
bulk arcis relatively flat with a distinguishabledifferencein curvature from one side
of the arc to the other. This suggests that two (or more) distinct feature arcs may be
present. As the specimen dries further a second arc is definitely distinguishable at
high frequenciesand the electrodearc begins to disappear.

A lessthan semi-circular bulk arc may develop in the drying specimens for severa
reasons including a combination of true bulk material behavior, preferential drying
along the electrode, layered drying/properties surrounding the electrode, drying of the
pores along the electrode, or cracking at the electrode. Previous arguments suggest
that different conduction paths could provide a partial explanation for this secondary
feature[27]. It isbelieved that the non-semi-circular arcs observedin thisstudy is not
caused by preferential drying at the electrodes since the surface of the specimen
which was penetrated by the electrode was sedled in all the specimens with a
combination of a rubberized silicon and acrylic sheeting. The sealed end conditions
would also eliminate the idea of a layered interface devel oping around the electrode
since there would be no mechanism for differential drying aong the specimen
between the electrodes. It is aso concelvable that small cracks develop a the
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interface due to shrinkage, however no visible cracking was observed. Another
possible explanation could explain the occurrence of additional features is the
development of air 'gaps between the electrode and ‘cement-paste’ caused by drying
(Fig. 6). Thiswould be similar to the case described by Hwang et d. [32] in cerium
oxide where the el ectrodeswould not have perfect contact with the bulk material due
to surface imperfections. Figure 6 illustrates that in a saturated system the water
would occupy the pores aong the electrodelcement paste interface, however as the
specimen driesin both the phase and at the electrode/bulk interface, the contact area
between the electrode and bulk cement could be reduced. Ford et al. [33] observed
that the secondary feature would decrease for cement paste as the electrode surfaces
wererewet oOr treated with silver paint. Figure 6b illustrates the relationship between
the 'bulk-resistance’ of an arc that is fitted to the arc a low values of real impedance
(Rs-rir) and the bulk resistance measured at the point of low imaginary impedance
(Remm). 1t can be seen that for the majority of the calibration specimens, the fit and
minimum imaginary impedance bulk resistancevalues are relatively similar (i.e. ratio
~1.0), however for dry systems the bulk resistance measured a the lowest imaginary
impedance exceeds the fit value considerably, especially for the higher wlc mixtures.
Unfortunately, due to specimen geometry, the DC resistance can not be measured
directly and the electrode surfaces can not be rewet without the danger of saturating
the entire specimen. While further studies are planned to isolate the cause of the
difference between the fit and observed bulk arc, for the remainder of this work the
point of minimum imaginary impedance will be used since it is assumed that any
differencesthat develop due to contact effects between the el ectrode and bulk would
be similar between calibration and profile specimens.

Figure 7 compares the measured bulk resistance of the three water-to-cement ratio
mixturesinvestigated in this study over arange of different relative humidities. Firgt,
it should be noted that the vertical axisis plotted using a logarithmic axis due to the
wide difference in the measured bulk resistance suggesting the high sensitivity of an
electrical impedance based technique. The change in bulk resistance covers
approximately five orders of magnitude for the high wlc mixture, however it is only
threefor the lower wic mixture. Thissuggeststhat the sengitivity of the measurement
technique may be reduced as the w/c is decreased.

The general shape of the relationship between bulk resistance and the change in
relative humidity (100%-RHenvironmenT) CaN be separated into two distinct regions.
The first region exists between a 0 and 40% change in relative humidity (i.e., low
drying) while the second region illustrates a more substantial change as the relative
humidity is reduced by = 40% or more. Non-linearity observed in Roper's [35]
shrinkage versus water weight loss curvesimpliesthat different mechanismsoccur as
differing levelsof drying are applied. As the specimen beginsto dry (i.e., between -
90% and saturated) the water loss primarily occurs from the largest capillary pores.
As the humidity isdecreased further, the water in the smaller capillary and larger gel
pores begins to leave the system. This sharp divisionin slopes may be correlated to
either the breakdown of water in capillary and large gel poresor theinitiation of Van
der Walls forces overcoming the disjoining pressure (typicaly assumed to occur
around 50% RH) drawing the particlescloser together [36].
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The wilc = 0.3 mixture exhibited the lowest differencein measured bulk resistancein
the high relative humidity region. However, it is important to note that a change in
relative humidity of approximately 25-30% could be expected in a sealed paste with
this composition[37]. The bulk resistance of the sealed specimenswas higher than
the response of either the 90% RH samplesand comparabl eto the specimensstored at
75% RH. It should be noted that the relatively low difference in the measured
electrical propertiesof low w/c mixtures at high relative humidity might be masked
by the additional water supplied to the system that causes continued hydration.
Further researchis required before any conclusions can be drawn.

Considering the aged specimens (97 days of drying), the resistance of the specimens
stored at a high relative humidity increased as the w/c of the paste decreased. It
should be noted that this trend reverses as the relative humidity is decreased (i.e., the
specimen dries) and the higher wic mixtures become more resistive. This is
consistent with the argument presented in Figure 4. As the w/c is increased for a
sealed specimen, the bulk resistance decreases due to the increase in the volume of
conducting capillary pore fluid and decrease in volume of the resistive cement grains.
Asthese specimensdry, the removal of the water has a more substantial effect on the
higher wilc mixtures since a higher volume of water is lost and a greater volume of
non-conductivemedium, air, isintroduced.

In addition to substantial changes in the bulk resistance, it should be noted that the
fi-equency measured at the ‘cusp’ between the electrode arc and bulk arc shifts
substantially throughout the test. Thisimpliesthat while a measurement monitored at
one frequency may illustrate measurable differences, it is likely that different features
of the system are being monitored. It should be noted that the frequency listed for the
w/c = 0.5 mixturewas only the highest fi-equency measured, sincethe bulk arc did not
approachthereal axis.
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Figure7: Influenceof Dryingon (a) the Frequency at Which the Bulk ResistanceOccurs
and (b) theM easured Bulk Resistance

If a semi-circular arc is fitted to the bulk response using three points (a point with a
slightly higher frequency than the bulk resistance, a point at the pesak of the arc, and a
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point approximately midway between), some general trends in the depression angle
can be observed. Figure 8 illustrates the normalized response (impedancedivided by
the bulk resistance) for two material compositions. It can be seen that as the age of a
seal ed specimen increases, the of fset resi stance appears to decrease and the depression
angle increases sightly, consistent with frequently observed trends. However if the
specimen is dried, a similar or reduced offset resistance is obtained with a larger
depression angle. In addition, the high frequency 'tail’ is clearly not represented by
the semi-circle. If the sameanalysisis applied to thelow w/c paste it can be observed
that a negative bulk resistance would be required which physically does not make
sense. This appears to provide further evidence that the bulk arc may be a
combinationof several overlapping conduction paths.
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8. Moisture Profiles

Thefina section of thiswork will describe the behavior of the thicker specimens
exposed to one-sided drying. Figure 9 illustrates a comparison of the normalized
measured bulk resistance (Ry/Rpi-pay) fOr the three mixtures studied in this
investigation at different ages. It can be seen that the general behavior of the three
mixturesisrelatively similar. The changes in normalized bulk resistance are greatest
for the highest w/c and lowest for the low w/c mixture. It should be noted that this
does not imply that the lowest w/c mixture has the smallest change in RH however,
since the high w/c measurements appear to be more sensitive to changes in moisture
content. The readings change most drastically near the surface, due to more rapid
drying. This is confirmed in measurements of evaporable water which demonstrate
the most dramatic change in the top section of the cylindrical specimen, and a lesser
change in evaporable water in the section split section when compared with the sealed
case. Sectionstaken from below the top 25 mm of the cylinder were nearly identical
to the measurements in the sealed specimens. The changes near the core of the
specimen occur for two reasons, increasing Ry, due to hydration and self-desiccationin
some mixtures. Further work is required to appropriately separate these effects. This
isconsistent with the previousobservations [11,131.
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Figure 10 illustrates that a correlation can be made between the measured bulk
resistance and arel ativehumidity profile using acorrelation function of the form
R — 1O(CO+C1ARH +Cy A%y +C3A3RH) M
where C, through C; are coefficients that can be computed with a regression analysis
from the data presented in Figure8aand Ary is the changein relative humidity. Table
1 provides a summary of the coefficients. It should be noted that as previoudy
mentioned the bulk resistance measurements for the lowest w/c mixture becomes
relatively consistent at higher relative humidities.

Table 1. Measured Coefficientsfor Equation 1

Mixture éo | C, | C, | C, I
wic=0.3 2.533E+00 6.939E-02 -3.218E-03 4.700E-05
wic=04 2. 415E+00 5.284E-02 -1.818E-03 . 3.017E-05
wle=0.5 2.425E+00 4.618E-02 -1.748E-03 ' 4.265E-05 !

Themixturewith the highest wic has the largest profile sincethe core of the specimen
appears to remain relatively saturated. The w/c = 04 mixture illustrates a dlightly
drier profile and reduced humidity (95%) at the core which may be attributed to some
self-desiccation. The w/c = 0.3 mixture is relatively smilar, abeit drier, until the
point of at which salf-desiccation appears to dominate the behavior at the core
specimen.  The dashed line corresponds with the relative humidity predicted for the
sealed specimen (—79%). Again it should be noted that the low w/c mixture exhibited
less pronounced differences in bulk resistance at the higher relative humidities,
therefore further work will be amed at investigating these mixtures.
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9.

FutureDirectionsand Concluding Remarks

Electrical impedance spectroscopy is a powerful non-destructive technique that has
been previously shown to be senditive to hydration, wetting and drying, and mix
composition. The work presented in this study has illustrated differences in the
electrical impedance response as the specimen is dried to different levels of severity.
This paper hasillustrated the following.

Changes in measured bulk resistance caused by drying are less sengitive in lower
w/c mixtures. This may be attributed to a higher relative volume of unreacted
cement and a lower relativevolume of amore conducted pore fluid solution.

Experimental evidence is presented for a sedled system to show that the
evaporable/non-evaporable water and bulk resistance are proportional in high wic
pastes. These changesare most rapid during thefirst days of hydration and appear
to follow a logarithmic development curve. As the w/c is decreased the
rel ationship between the evaporablewater and bulk resistanceis non-linear which
presumably occursas a result of self-desiccation.

It can be seen that drying and hydration reduce the frequency at which the bulk
resistance is measured. This shift can be quite drastic (> 6 orders of magnitude)
illustrating the need for a technique which sweeps through the frequencies to
ensurethe bulk resistanceis accurately measured.

Experimental evidenceillustratesthat the 'bulk’ arc may actually a combination of
various conduction paths. As the matrix dries, the conducting properties of these
paths are atered giving rise to increased resistanceand changes in the features of
the bulk arc.
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e It is possible to approximate a relative humidity profile by combining the
electrical bulk resistance of the calibration specimens with the bulk resistance
profileof asimilar specimen.

Although further work is required to combine aging, drying, and self-desiccation
effects, the preliminary research presented in this paper illustrates that by combining
electrical impedance profiles measurements with a calibrated electrical response a
relative humidity profile can be determined.
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A NORDTEST METHOD FOR VERIFICATION OF SELF-DESICCATIONIN
CONCRETE

B. PERSSON
Lund Institute of Technology, Divisionof BuildingMaterials, Lund University, P.O.
Box 118,221 00 Lund, Sweden

Abstract

This article outlines a preliminary NORDTEST method for verification of self-
desiccation in concrete. The method signifies measurements of the internal relative
humidity, RH, on pieces of concrete a one month's age. The measured RH then is
compared with the requirements according to the owner. The new NORDTEST
method for self-desiccation permits requirements to be made on the self-desiccation of
HPC in accordance with present demands on strength. During the development of the
test method experimental studies were carried out on nine concretes with w/c varying
between 0.32 and 0.50. Half of the concretes contained five per cent silicafume. The
experiments showed a significant effect of cement type, silica fume and w/c on the
self-desiccationin concrete. The test method was also verified in the field, both when
manufacturing the concrete and on site. The method was devel oped after a corporation
between the Technical University of Denmark and Lund University. The experimental
studies were performed a Division of Building Materials, Lund Institute of
Technology, Lund 1995-1999.

Keywords: Concrete, High Performance Concrete, Hydration, Relative Humidity, Self-
desiccation, Silicafume, Strength.

1 I ntroduction and objective

Ever since the self-desiccating effect of High Performance Concrete, HPC, can into
practical use in Sweden nine year ago, no damages on the building sites as regarding
moisture and fungus have been reported [1,2]. Still there has been a demand from the
owner or the contractor to control the quality of the concretein a standard procedure as
related to self-desiccation. Owner and contractors wants to have a confirmation on the
self-desiccating ability of the concrete. They also wishesto know if the concretefully
meat with the demands in practica use. A request of self-desiccation often is
connected to atime limit, i.e. the production of the building. Until now requirement on
concrete most often are dealing with strength (for example at 1 month' age) or with
durability (for example minimum 5% air-entrainment). When composing self-
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desiccating concrete the manufacture often compares the self-desiccating ability with a
strength level of the concrete. This coupling of the mix design to strength often hinders
the development of new compositions, i.e. use of aternative materials and methods
when producing self-desiccating concrete like lightweight aggregate and air-
entrainment. The "strength method also leads to unnecessary high strength level for
example in dwelling houses, often more than three times as high strength as required.
The w/c is namely the leading parameter for achieving self-desiccation, not the
strength. It was the objective of this work to develop and in practise use a method for
testing the self-desiccationof concreteat 1 month' age.

2 Method

21 Reguirement
Thefollowing requirement were existed when the method was devel oped:

I. A rapidand safe method of collectingthe concretefor the specimens
2. An affectivemoistureinsulation of the concrete during the curing period
3. Moisture measurement during realistic conditions

22  Procedure

It was practical to use the type of specimens that were used for strength tests in the
manufacture of concrete. It was not feasible to use a cube since its upper face was
difficult to insul ate as regards moisturelosses. Instead Standard cylinders were used in
the methods cast in steel cylinders (100 x 200 mm). In this way all the moisture of the
specimen was kept in the specimen directly from casting. After demoulding the
cylinder specimens was stored three by threein thick plastic pipesat 20 + 2 °C for one
month. The plastic pipe with its content of concrete cylinders was weighed before and
the one-month storage in order to control possible moisture losses. The cylinders were
tested for strength after one month. Parallel to the strength tests fragments of concrete
were collected from the inner face of the cylinders and put in glass pipes, Figure 1.

!
)

1

Fig. 1. Fragments of concrete were collected parallel to the strength testsfrom the inner
face of the cylindersand put in glass pipes. Rubber plugs tightened the pipes.
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Rubber plugs rapidly tightened the pipes. The glass pipesin turn were stored for one
day at 20 + 2 "C. During the measurement of moisture the device was entered into the
pipe and tightened towards the inner face of the pipe by an expanding rubber ring,
Figure 2. The measurement of RH was carried out for one day at 20 £ 0.5"C. To
achieve the temperature demand the measurement was performed in a climate
chamber. The concrete mix number, possible losses of weight during curing, strength
and RH was noted in a protocol as shownin Tablel.

Fig. 2. During the measurement of moisture the device was entered into the pipe and
tightened towardstheinner face of the pipe by an expanding rubber ring,

Table 1. A formfor the NORDTEST method for self-desiccationof concrete.

Mix number

Date of casting

Weight at demoulding (g)
Testing date

Weight at testing ()
Moisturelosses(Q):

Compressive strength Displayedvalue Calibrated value
(MPa)

Specimen 1
Specimen 2
Specimen 3
Average strength

Relative humidity, RH (%): Devicenumber Displayedvalue Calibrated value

Specimen 1
Specimen 2
Specimen 3
AverageRH (%)
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3.1  Effect of w/c, ageand silicafume
First of all it was important to check how the method functioned in a laboratory
primarily as concerned sources of errors and accuracy [3]. Composition and main
characteristics of the concretes tested in the laboratory are given in table 2. The
concrete had a high content of air in order to increase the workability and diminish the
density. A high content of air did not affect the self-desiccationof the concrete [4]. At
an early stage of the development of the testing method it became clear that the
temperature during curing and especially during the measurement of RH was of great
importance. The temperatures at testing in the laboratory therefore were kept at 18,
20.5och 23" C. Figure 3 showsRH a one month's age when testing in the laboratory.

Table 2. Composition and characteristicsof concretesin laboratory tests (kglm®) [3].

Material/Concrete 32L 32N 32N 38L 38N 38N 50L 50N 50N
S S S
Quartzitesandstone12-16 669 686 725 532 535 549 407 417 434
Quartzite sandstone 8-12 137 141 149 258 259 266 320 329 343
Natura sand 0-8 mm 704 722 763 747 750 771 830 852 887
Natural sand 0 mm (filler) 107 110 93 43 43 44 32 33 34
Cement (Appendix 1) 395 405 428 343 345 354 274 281 293
Granulatedsilicafume, s - - 21 - - 18 - - 15
Air-entrainment(firoil,g) 43 44 50 34 35 35 26 26 27
Superplasticiser 34 2?2 36 17 17 18 09 09 1.0
(melamine)
Water-reducingagent 17 18 19 09 09 09 10 11 11
Total water incl. moisture 127 131 137 131 131 135 136 138 144
Water-cement ratio, w/c 0.32 0.32 032 038 0.38 0.38 050 050 050
Air content (% by volume) 125 105 6.0 130 13.0 105 155 135 110
Aggregate content 0.75 0.75 0.75 0.76 0.76 0.76 0.80 0.80 0.80
Slump (mm) 90 100 80 140 170 150 200 180 180
Densigy-fresh state 2145 2200 2330 2090 2100 2175 2000 2050 2150
(kg/m)
28-day CyIinderdenSityl): 2280 2330 2370 2280 2260 2290 2060 2150 2200
curinga 18 "C (kg/m )f) 2290 2330 2350 2300 2260 2280 2040 2150 2210
curingat 20.5"C (kg/gn)z) 2290 2320 2390 2290 2270 2310 2100 2180 2190
curingat 23"C (kg/m)z) 2270 2340 2380 2260 2250 2290 2040 2130 2210
Air-contentloss, AA (%) 65 60 2 90 75 55 30 50 25
Air-content-cured (%)? 75 60 55 55 70 65 140 100 100
28-day cylinderstrength™): 47 51 71 51 38 51 20 27 3B
curing at 18 "C (MPa) ? 470 530 720 565 410 545 205 265 325
curingat20.5 °C (MPa)? 495 510 74.0 520 395 520 219 300 330
curing a 23 °C (MPa)? 450 480 67.0 440 345 460 185 240 330
Strength decline(MPa/°C) 05 1 11 25 13 17 05 06 O

D average of 9 cylinders, ? average of 3 cylinders, ¥ 100-[(pasa/Psesn)-11 %, » Asfrech-
AA+1.5%, L = low-alkali cement, N = normal-alkali cement, NS = normal-akali

cement and 5% silicafume, 32 = w/c (%).



53

095 +

09 +
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curing
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Fig. 3. RH a one month's age of the concretes that were tested in the laboratory. L=
low-akali cement, N = normal-alkali cement, S= 5% silicafume.

22 Conclusonsof thelaboratory tests
Thefollowing conclusions were drawn from the laboratory tests [3]:

® Curing may be performed at 20 + 2 °C with no significant effect on self-desiccation

e The measurement of moisture must be performed at 20 + 05 °C the achieve the
required accuracy of RH + 2%

® Concrete with normal-alkali Portland cement (Slite Standard) obtained about 5%
lower RH after one month than concrete with low-alkali Portland cement
(Degerhamn anlaggning) did

e Silica fume concrete (with low-alkali Portland cement and 5% silica fume)
obtained about 5% lower RH after one month than concrete without silicafume did

® Silica fume concrete (with normal-alkali Portland cement and 5% silica fume)
obtained the same RH after one month as concretewithout silicafume did.

4 Fidd tests

41 Genead

The new NORDTEST method was used at a building site in Malmé and at a concrete
manufacturein Trelleborg, Sweden. Standard cylinders were fabricated on the building
site, Figure4 [6]. The same procedure was performed at the factory in Trelleborg, i.e.
sample of concrete was taken directly from the transport of concrete, Figure 5. The
selection of testing sample coincided well with a normal concrete production, partly on
the factory for concrete, partly from the building site directly. Table 3 shows the mix
compositionaf the tested concretein thefield [6].
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. 4. Standard cylinderswere fabricated on the building site [6].

Procedure

Thefollowing procedure applied after the sampling:

After curing one day in a steel mould the cylinders were placed in thick plastic
pipes. Theends of the pipe was tightened by plugs with rubber rings, Figure 6.

The cylinders were stored at 20 + 2 °C for one months until testing of moisture.
The plastic pipes with content were weighed before after the curing period

At 28 days age the cylinders were tested for strength. Fragment were taken from
each compressivetest and placed in glass tubes, Figure 1. The tubes were tightened
by rubber plugs and storedin 20+ 2 "'C for one day

One days the strength testing the a dew point meter was entered into the tube and
tightened with an expanding rubber ring towards the glass, Figure 2

The dew point meter was measured for another day and the value on the display
calibrated accordingto ASTM E 104-85, [7].
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Fig. 5. Standard cylinders were fabricated a the concrete factory, i.e. sample of
concretewas taken directly from the transport of concrete[6].

43 Realts

Results of the NORDTEST method is given in Table 3 and Figure 7. Figure 7 shows
RH and strength at 1 month's age versus w/c. The results reflect both the accuracy (+
2% R) and the variationsin the production of concrete. The temperature during the
measurement was held 20 = 0.5 "C. The value on the display of the dew point meter
was read after 1 day. Calibration was performed accordingto ASTM E 104-85(7].

44  Discusson
Figure 8 shows RH estimated according to equation (1) versus RH measured at the
field tests [6]. The equation was obtained at the laboratory testsillustrated above [3].

@ = [A-In(t) +B]-(w/c)+C-In(t)+D (1)
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Table 3. Mix composition and characteristics of concretetested in thefield (kg/m®) [6].

Material BK 388 40G 4L 68R 70GV
Coarse aggregate 16-25 mm 804 927
Coarseaggregate 11-18 mm 928 716 920 753

Gravel 0-8 mm 881 836 718 999 1153 1028
Glassfiller 60 99 62 35 17
Cement Slite standard 456 518 552 419 289 269
Superplasticiser (polycarboxylicether)’) 2.72 218

Air-entrainment (fir oil)® 0.91 0.6

Water including all moisture 174 199 219 184 197 188
Coarse aggregate content 050 042 054 045 039 047
Density 2500 2420 2471 2405 2429 2429
Air content (%) 26 12 11 56 14 26
Water-cement ratio, w/c 038 038 040 044 068 0.70
Mixing time(s) 246 300 121 192 158 113
Slump (cm) 14 >28 105 12 - 145
Slump flow (cm) 56x63

Flow time until 50 cm diameter 45s

Workability Good Good Good Good Good Good
Strength 28 days (factory, 20"C, MPa) 54 58 43 38 31
Strength 28 days (site, 20" C, MPa) 45 61 46 37 0
RH, 28 days (factory, 20"C, % RH) 86 865 87 92 97
RH, 28d (site, 20 "C, % RH) 855 &6 87 90 97

Notations: 1) dry content 42%; 2) dry content 10%

= 100 + ,

E [Relative hurridity, RH (%) *

£ ©

e o0 1 HMM

@ ,

=]

s 80 o RH onsite %)

£ 704 o RF onthefactory (%)

x

= 40l A A Strenghonsite(VPa)

g ° Strengh (VPA)|

T . ° o Strength on the factory

-3 A FIUK,

g T g \Q::?:-‘:::.:t\--

% 30 : : z : : T Siame.. g
0.3 0.35 04 0.45 0.5 0.55 0.6 0.65 0.7

W ater-cement ration, w/c

Fig. 7. RH and strength at 1 month's age versus w/c [3].
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Fig. 6. The cylindersin thick plastic pipes tightened by plugs with rubber rings [6].

In(t) denotes the natural logarithmof the concrete age (month)
A 3 B,C,D denotesconstantsgivenin table4
R denotes an accuracy parameter in equation (2)
Yi denotes the measured value
Ym denotes the measured average value
2
R =12 i Yw) @
(2, Y)
(Z Yiz) - ___Z__:_
n
Table4. Constantsin equation (1) [3].
Cement type, silica fume/constants A B C D R®
Low-alkali cement 0.0378 0.185 -0.042 083 063
Normal-akali cement 0.0588 0219 -0059 0.79 0.75

Normal-akali cement + 6 silicafume 0.0351 0.223 -0.051 0.78 0.49

Figure 8 shows that the concrete producers (in spite of small variation of the results
within an accuracy of = 26 RH) was able to verify that the concrete after one months
obtain the same RH during self-desiccationin the field like in the factory. The quality
o the concrete was proved to be high since the variation in RH of the same type of
concrete was small. This type of documentation was of great importance both for
economical reasons and for the constructiontime of the project.
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Fig. 8. RH estimated according to equation (1) versusRH measured in field tests [6].

The concrete producer furthermore was able to verify in what way changesin the mix
composition affected the self-desiccation in the concrete [6]. The new NORDTEST
method also permits the owner to define requirement as related to the self-desiccating
quality of the concrete owing to astandard procedure.

Estimation of self-desiccation in HPC may be performed according to a newly
developed computer program [8]. Required data are w/c, age and type and amount of
silica fume. silikastoft. The program also estimates strength (split tensile and
compressive), the elastic modulus, Poissons's ratio, creep and shrinkage and the creep
coefficientof High-PerformanceConcrete.

5 Summary and Condlusons

In this article a new NORDTEST method for self-desiccation in concrete is described.
The methods signifiesthe relative humidity, RH, in concrete at one month's age after a
specified sealed curing. RH is measured on control cylinders parallel to the production
of the concrete. RH measured during self-desiccation is compared with RH as required
by the owner or the contractor. The new Nordic method allows for demands as related
to RH in the concrete besides the normal strength specification and air-entrainment.
Thefollowing conclusionswere drawn:

1) The method showed significant differencesin RH of concretes with varying w/c.
2) The method was successfully applied on a building sitein Malmo and in aconcrete
factory in Trelleborg



3)
4)
5)

6)
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Variations in the results reflected both the accuracy in measurement (+ 2% RH)
and possible variationsin the concrete production

With the new method concrete producers and contractorsmay verify the quality of
the concrete as rel ated to self-desiccation

Concrete producers may verify in what way changes in the mix composition affect
RH during self-desiccation.

The owner may use the method in the specification of a project how to define self-
desiccation in astandard procedure.
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EARLY AGE AUTOGENEOUSRESTRAINED SHRINKAGE:
STRESSBUILD UP AND RELAXATION
Stress build up and relaxation
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BARCELO?

'CRIB- Université Laval, Ste-Foy, Québec, Canada
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Abstract

Restrained autogenous shrinkage can cause cracking of concrete at early age. A special
experimental device was built up at Laval University to study the behavior of restrained
concretefrom casting up to seven days. In the same time an unrestrained specimen was
used to measure free shrinkage of concrete. At the end of the test information about
shrinkage, creep, stress, and elastic modulus are obtained. The influence of w/c ratio
was investigated.

Keywords. autogenousshrinkage, early age, restrained shrinkage apparatus, w/c ratio

1. Introduction

According to many recent reports [1], [2], [3], early age cracking is nowadays one of
the most significant problems facing the concrete community. If thistype of cracking is
(apparently) more and more common, it is generally considered to be due (or at least
related) to the use of high performance concretes, since self-desiccationincreases as the
water-binder ratio decreases. Many authors [4], [S], [6] consider that salf desiccation
under restrained conditions is one of the main causes of early age cracking, although
other effects such as thermal shrinkage and lack of proper curing are also probably
involved in most cases. To understand how early age autogenous (i.e. salf desiccation
induced) restrained shrinkage can cause craclung, it is necessary not only to develop a
better knowledge of the parameters which govern the intensity of the shrinkage due to
this phenomenon, but also to analyze how concretes react under such conditions, and
particularly how relaxation can influence the stress build-up. Various devices [7], [8],
[9] have been developed in recent years to study the influence of relaxation at early
ages. This paper describes how such a device was used to study the influence of the
water-cement ratio on the cracking tendency of normal Portland cement concrete at
early ages.
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2.1 Materials, mixturecharacteristics,and specimens cast

Three normal Portland cement mixtures were prepared for this series of experiments:
one with a water-cement ratio of 0,25, one with 0,35, and one with 0,45. Such values
were considered to cover fairly wel the range of water-cement ratios for which sdlf
desiccationis known to have significant effects. The characteristics of the cement and
aggregates used for these mixturesare presented in Tables 1 and 2. The coarse and fine
aggregates were saturated when they were incorporated into the mixtures. The
maximum size of the coarse aggregate was fixed at 10 mm, i.e. onefifth of the smallest

dimension of the mould in the restrained shrinkagetest equipment.

Table 1. Chemical and mineral ogical compositions

Chemical analysis (%) Bogue Physical
composition(%) properties

Silicon dioxide (Si0;) 20,47 CsS 57 Blaine
Aluminiumoxide (ALO;) 396 C,S 16  2600cm?g
Ferric oxide (Fe,03) 2,97 CA b5
Calcium oxide (CaO) 62,08 CsAF 9 Spec. density
Magnesiumoxide MgO) 2,84 3,15 g/cm®
Sulfur trioxide (SO3) 3,39
Potassium oxide (K;0) 0,84
Sodium oxide (NaO) 0,87
Titanium dioxide (TiO) 0,17
Manganeseoxide (MnO) 0,06
Phosphorousoxide (P,03) 0,20
Lossonignition 2,49

Table 2. Grading of the aggregates

Coarse aggregates Fine aggregates

Sieve size (mm) Percentage Sievesize (mm) Percentage

passed passed

12,70 100 4,76 97

9,51 99,1 2,38 93

8,00 96,1 1,19 83

4,76 11,6 0,59 50

2,38 24 0,30 17

1,19 1,7 0,15 4

0,07 1
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Table 3. Composition and properties of fresh concrete

Composition Propertiesdf concrete
w/c cement fineagg. coarse SP sump density  Air
(kg/m3) (kg/m3) agg. (%ES) (mm)  (kg/m3) content
(kg/m3) (%)
0,45 390 823 1050 043 90 2440 2,5
0,35 450 848 995 0,68 150 2453 3,2
0,25 520 830 1010 244 195 2502 3.6

Table 3 presents the composition and fresh concrete properties of the mixtures. These

mixtures were designed to have approximately the same paste content (30%). The
amount of cement in each case corresponds relatively well to that found in typica
concretes with such water-cement ratios. The only admixture that was used was a
sulphonate-based superplasticizer. The dosage was selected in order to obtain an
adequate slump for asufficient period of time after the first contact between cement and
water.
For each mixture, in addition to the two specimensrequired for the measurements under
free and restrained autogenous shrinkage, 36 cylinders of 100 x 200 mm were cast to
determine the strength in tension and in compression as a function of time. These
cylinderswere kept sealed until testing.

2.2 Redtrained shrinkageequipment

The special equipment that was used for the tests has been described in detail in a
previous publication [10]. It consists of a set up to measure the free autogenous
shrinkage from time t=0, together with a more sophisticated one with a movable head to
determine the increase in load due to autogenous shrinkage also from time t=O (Figure
1). In both cases, the specimens are cast directly into the mould (which has a 50 x 50
mm section and an active length of approximately 1000 mm) after mixing, and are then
sealed using a specia film. In the equipment with a movable head, the specimen is
allowed to shrink (or swell) freely until it reaches a predetermined strain, at which time
a sufficient force is applied to pull (or push) it back to its original position. It is then
left again to shrink (or swell) while the force that was applied is maintained constant
until the predetermined strain is once more reached, at which point the force is
increased in order to pull (or push) it back to its original position. Such a procedure
allows the determination of the stress build up in the specimen as afunction of time. It
also alowsthe determination of the creep deformation (and thus of the stress rel axation)
in the restrained shrinkage specimen by subtracting (at any given point in time) the
cumulative sum of the strains in the restrained shrinkage specimen from the free
shrinkage in the companion specimen (seeFigure 2).
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Figure 2. Cumulativecurve df strainsversusfree shrinkage

To better understand how the creep component is obtained, one ssimply hasto consider
what would happen for a purely elastic material with no creep or relaxation capacity. In
such a case, the stresses in the restrained specimen would be purely elastic and the
cumulative sum of the strains would be equal to free shrinkage (considering that
shrinkage deformations and el astic deformations do not influence one another, i.e. that
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the principle of superposition of stressesand strains applies). If the cumulative sum of
the strainsis not equal to free shrinkage, it is because, as it shrinks, the specimen that is
restrained creeps under the load applied to restrainit. Therefore, as just mentioned, the
creep deformation in the restrained shrinkage specimen is equal to the difference
between the cumulative sum of the strains measured in the restrained shrinkage
specimen and the free shrinkagein the companion specimen.

2.3 Test reaults

The results obtained for the three mixtures tested are presented in Figure 3 (free
autogenous shrinkage versus time), Figure 4 (stress versus time), and Figure 5 (creep
versus time). Figure 6 shows the plot of the deformations versus time in the restrained
shrinkage apparatus for one of the mixturestested (0,35). Figure 7 shows for all three
mixturesthe stress relaxation as afunction of time. Such curves are ssmply obtained by
subtracting from the theoretical elastic stress (cal culated using the free shrinkage results
and the elastic modulus values) that measured in the restrained shrinkage apparatus.
The value df the elastic modulus (see Figure 8) can be obtained each time an additional
force is applied to bring back the specimen to its original position. The values of the
tensile and compressive strengths determined on sealed cylinders are given in Figures 9
and 10 respectively. These values were measured at 12 hours, 1 day, 2 days, 7 days,
and 28 days.
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Figure 3. Free autogenousshrinkage
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3. Discusson

As expected, the free autogenous shrinkage (Figure 3) increases as the water-cement
ratio decreases. In mixtures with a low water-cement ratio, the process of hydration
reduces more quickly the percentage of free water in the capillary pores and self-
desiccation thus has a more pronounced influence. The results show however that it is
mostly during the first 24-h period that the difference between the three mixturesis
apparent. At 24 h, the free shrinkage is approximately O for the 0,45 mixture, 100
pum/m for 0,35 and close to 300 um/m for 0,25. After the first 24-h period, the curves
arequite paralel.

From the data in Figure 3, one would expect that the stress induced by the autogenous
restrained shrinkage would be much higher for the 0,25 mixture. However, the results
in Figure 4 indicate that this is not the case. Although, a 24 h, the 0,45 mixture has
almost no stress, at 7 d, its tensilestressis close to 1 MPa, while that of the 0,25 mixture
is about 1,6 MPa. This can only be explained, of course, by creep (or more properly,
relaxation), which fact can be verified from Figure5.

The stress relaxation can be calculated, as previously mentioned, on the basis of the
stress that would be generated if there was no creep. As can be seen in Figure 7, the
relaxation phenomenon is not very high for the 0,45 mixture (although it does represent
1,4 MPa at 7 d), but more significantfor the 0,35 (2,5 MPa at 7 d) and, particularly, for
the 0,25 mixture (3,3 MPa a 7 d). It should be pointed out, however, that the
calculation of the intensity of the stress relaxation rests on a number of hypotheses.
First, it has to be assumed that the restrained shrinkage has not damaged the material
and that the elastic modulus is that which would be determined on a non restrained
specimen. Second, the principledf superpositiondf strains and stresses must always be
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accepted. Notwithstanding the hypotheses on which the calculationsrest, it is clear that
relaxation is an extremely important phenomenon, and that analysing the risk of early
age cracking solely on the results of autogenous shrinkage measurements is not a
satisfactory procedure. The results further indicate that the tensile stress that can be
generated by self desiccationin normal concretes, such as that with a water-cementratio
of 0,45, arequite significant, and not very different from that generated in lower water-
cement ratio mixtures. In this series of experiments, the tensile stress generated under
restrained shrinkage at 7 d represents 23% of the failure load (as determined from the
results of Brazilian tests on accompanying cylinders) at a water-cement ratio of 0,45,
29% at 0,35, and 36% at 0,25. The corresponding free autogenous shrinkage values are
respectively 120 pm/m, 240 pm/m, and 440 pm/m.

There is very little data in the technical literature on the direct measurement of tensile
stress a early ages due to autogenous shrinkage from time t=0. In an experiment
similar to those described in this paper, van Breugel and de Vries[11] found atensile
stress of more than 2 MPa at 7 d for a 0,4 water-binder ratio mixture containing slag.
Thismixturefailed after 12 days at astressof 3,3 MPa. A second mixture with awater-
binder ratio of 0,37 was observedto fail after lessthan 48 hours at a stress of 3,5 MPa.
There thus exists a wide range of possible performances in this regard, and it is
important to analyse in depth the influence of all composition parametersin order to
determine the composition of the mixtures which will be less likely to fail, taking into
account both the level of stress generated and the failure stress. The level of stress
generated, as the results described show, is closely linked to the relaxation capacity of
the mixture. This property should thus be investigated in depth and analysed, in order
to design mixtures where, as much as possible, the stress will be generated at a time
when the relaxation capacity is the highest, including during the first 24 h period when
creep is combined with, asis clear from the data presented, plastic deformation.

4, Concluson

The level of tensile stress generated by self-desiccationin restrained normal Portland
cement concrete specimens increases as the water-cement ratio decreases. This level
was observed to be 36% of ultimatefor aratio of 0,25, 29% for 0,35, and till quite
significant at 23% for 0,45. It was also observed that stress relaxation has a very
significant influence on this phenomenon. Calculations indicate for instance that the
stress measured in the 0,25 water-cement ratio concrete was 32% of that which would
be observedin a purely elastic material, i.e. with no relaxation capacity (1,6 MPa versus
atheoretical elastic stress of 4,9 MPa). From a comparison with data published recently
by other investigators, it appears that the relaxation capacity of concrete varies quite
significantly with the composition of the mixture. This indicates that optimisation of
mixturesto reduce the risk of early age cracking due to self-desiccation is possible, but
much more testing will be required before this can be done. It should be remembered,
in addition, that early age cracking could be due to a number of causes, including
thermal effects. It is probable that, in many cases if not in most cases, early age
cracking is not solely due to self-desi ccationinduced shrinkage.



71

5. Acknowledgements

This project was funded partly by the Natural Sciences and Engineering Research
Council of Canada (NSERC), through its grant to the Network of Centers of Excellence
on High Performance Concrete (Concrete Canada), and by the Fonds pour |a Formation
de Chercheurs et I’Aide a la Recherche (FCAR) of the Québec government. The
authors wish to thank Anik Delagrave from Laval University who reviewed the
manuscript.

6. References

1

10.

11.

Justness H., Van Gemert A., Verboven F. and Sellevold E. J. (1996) Total and
external chemical shrinkage of low w/c ratio cement pastes. Advances in Cement
Research, 8, No.31, pp. 121-126

TazawaE., MiyazawaS. (1996) Influence of autogenous shrinkage on cracking in
high-strength concrete. 4™ International Symposium on the Utilisation of High
Srengthand High Performance Concrete, Paris, France, pp. 321-330

Le Roy R. and De Larrard F.  (1993) Creep and shrinkage of high-performance
concrete: the LCPC experience. 5” International Rilem Symposiumon Creep and
Shrinkage of Concrete, E&FN SPON, London pp. 499-504

Paillére M., Buil M. and Serrano J.J. (1989) Effect of fiber addition on the
autogenous shrinkage of silicafume concrete. ACI Materials Journal V86, No.2,
pp. 139-144

Tazawa E., Miyazawa S. (1998) Effect of constituents and curing condition on
autogenous shrinkage of concrete. Proceedings of the International Workshop on
Autogenous Shrinkage of Concrete, Hiroshima, Japan, pp. 257-268

Kovler K and Bentur A. (1998) Shrinkage and creep of steel fiber reinforced
concrete under restraint. paper presented a the Soring Convention, ACI, Houston
Texas, U.SA.

Bloom R. Bentur A. (1995) Free and restrained shrinkage of normal and high-
strength concretes. ACl Materials Journal V92, No. 2, pp. 211-217

Kovler K. (1994) Testing system for determining the mechanical behaviour of
early age concrete under restrained and free uniaxial shrinkage. Materials and
SructuresV27, no.170, pp. 324-330

Springenschmid R., Breitenbiichner R. and Mangold M. (1994) Development of
the cracking frame and the temperature-stress testing machine. Thermal cracking
in Concreteat Early Age, Proceedingsof the International Symposiumof the Rilem,
E&FN SPON, Miinic, pp. 137-144

Pigeon M., Marchand J.,, Bissonnette B., Prince J.C. and Toma G. (1999)
Equipment for the analysisof the behaviour of concrete under restrained shrinkage
at early ages. paper submitted to publication

Van Breugel K. and De Vries J. (1998) Mixture optimisation of low water/cement
ratio high strength concretes in view of reduction of autogenous shrinkage.
International Symposium on High-Performance and Reactive Powder Concretes,
Sherbrooke, Canada, vol.l, pp. 365-375



72



73

CHEMICAL SHRINKAGE OF CEMENTITIOUS PASTES WITH MINERAL
ADDITIVES

Harad Justnes, Dr. Ing., Chief Scientist, SINTEF Civil and Environmental Engineering,
Cement and Concrete, N-7465 Trondheim, NORWAY

Erik J. Sellevold, Ph.D., Professor, Department of Structural Engineering,
The Norwegian University of Science and Technology, N-7034 Trondheim, NORWAY

Bert Reyniers, M. Sc., Dirk Van Loo, M. Sc., Arne Van Gemert, M. Sc.
Frank Verboven, M. Sc. and DionysVan Gemert, Ph.D., Prof.,
Katholieke Universiteitte Leuven, Faculteit ToegepasteWetenschappen,
Departement Burgerlijke Bouwkunde, B-3001 Heverlee, BELGIUM

Abstract

In order to overcome the increased cracking tendency of high performance concrete
appliedin practice (e.g. bridge decks), a better understanding of the fundamental process
in the equivalent binder must be obtained.

The influence of minerd additives on total and external chemica shrinkage has been
studied, excluding platicisingadmixturesin the present paper. Pozzolanic silicafume has
been compared with inert calcium carbonate of equivalent surface area, both reativeto
reference without additive. The additives were tested in combination with a number of
different Portland cements.

The fineness of the cements dominated the initial rate of chemical shrinkage (i.e.
hydration rate) and the "flattening out level™ (i.e. fraction of external chemical
shrinkage corresponding to the time the time where a self-supporting skeleton is
formed) seems to be quite independent of fineness. The induction period prior to
setting is shown not to be "dormant”, but rather quite active in terms of volume
changesthefirst hour.

Theinfluence of minera additiveson chemical shrinkage was dependent of cement type;
sometimes accelerating and sometimes equal to the reference. The external chemical
shrinkage levels aso varied with cement type, as the effect of minerd additives varied
fromincreasing theleve to being the samerelativeto the reference.

Key words Chemical shrinkage, mineral additives, silicafume, calcium carbonate
1 INTRODUCTION

Practical experience has shown that high performance concreteis sensitiveto cracking
a early ages (from placing to a few hours after finishing), even when grest care is
taken to avoid evaporation from the surface that initiates plastic shrinkagel1, 2/. The
main reason for this early shrinkage is considered to be early volume change
producing stresses under restraint conditions, couple with low stress/strain capacity of
the concrete a this stage. The present study is part of alarger work, and focuses on
early volume changein cement paste containing silicafume. Silicafume is compared
with calcium carbonate to differentiate between chemical and physical effects, and the
comparison isdonefor anumber of Portland cements.
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The tota chemica shrinkage during the hydration of cement is caused by the smaller
volume of products (eg. CSH gd and CH) compared with the reactants (eg. aite and
water). Asarule of thumb, thetota chemicd shrinkageat 100 % hydrationis about 6.25
ml/100 g cement (i.e. 25 % of the chemical bound water correspondingto a w, of 0.25)
/3/. The total chemical shrinkage equals the external chemical shrinkage until the net-
work of hydration products bridging the unreacted cement grains is strong enough to
resst the contracting forces. At this point (59 h depending on cement composition,
fineness, w/c etc.), the externa chemical shrinkage rate dows down drastically and the
shrinkage vs. time curve flattens out. Theresfter, the second manifestation of total
chemica dhrinkage;, the formation of internal contraction pores, is dominating. The
relationship between the two is considered important in the cracking problem. Both
guantitiesare measuredin parale in the present work.

The terminology in the present paper is total chemica shrinkage, which is the sum of
external chemica shrinkage and the volume of empty contraction Pores & all stages. In
literature, there is a terminology confusion: Total chemica shrinkage may be named
chemical shrinkage, water absorption, volume contraction, or Le Chatelier shrinkage
after the first scientist who examined the shrinkage of cement paste. External chemica
shrinkage is aso named externa volume change, bulk shrinkage and autogenous
shrinkage.

The methods for measuringtotal chemical shrinkageall havein common that the sample
has to be kept water saturated and that the water needed to replace the volume decrease
IS measured, while the common methods for measurement of externa chemica
shrinkage are characterised by sealed curing of the cement paste. There are mainly three
techniques for measuring chemical shrinkage; 1) dilatometry, 2) gravimetry and 3)
pycnometry.

Dilatometry is based on direct measurementsof length or volume change.

The most common dilatometry techniquefor total chemical shrinkage measurementisto
put the pastein arecipient (e.g. glasstube), filling therest of the recipient with water and
plugging the recipient with a stopper with a water filled pipette stuck through. Reading
the fal of the water level in the pipette versus time gives the total volume change.
Knudsen and Geiker /4/ have pioneered a variety of applicationsfor this method since
the 1980's Thismethod is used in the present paper.

A dilatometry technique for externd shrinkage measurement has been utilised by
measuring the uniaxial length change of aflexible, sealed tube by inductivesensors/s/.

Gravimetry is based on indirect measurement of volume change by recording reduced
buoyancy under water by weighing (i.e. thelaw of Archimedes). If the weight change of
a container filled with paste and excess water having at least one flexible wall is
recorded, the total chemical shrinkage is measured /6/. If the weight change of a sedled
elastic bag filled with paste only is registered, the external chemica shrinkage is
measured. Thelatter method isused in the present paper.

Pycnometry is only applicablefor total chemical shrinkage measurements, and is carried
out by filling a pycnometer with paste and topping it with water. Water is added to refill



75

the pycnometer a different ages, and the weight increase relates to the total volume
change.

2. EXPERIMENTAL
2.1 Chemicals

The cements were all Portland cements produced by Norcem A/S, Norway, over a
period of time. The cement characteristicsare given in Table 1. The water was didtilled
before use.

Silicafumedurry (delivered by Elkem Materials, Fiskaaplant, Kristiansand, Norway)
was composed of 93.0 % SiO,, 2.1 % Fe,03, 1.2 % MgO, 1.0 % Ca0, 1.0 % C, 0.56
% K>0, 0.42 % SOs, 0.30 % Na,0O, 0.29 % Al,05; and 0.11 % H,0. The BET specific
surface areawas 22 m?/kg.

Preci pitated cal cium carbonate, CaCQs, |aboratory grade (>96 % pure) was delivered by
KEBO Lab A/S, Trondheim, Norway. The specific surface was measured to 18 m%/g by
nitrogen adsorption (BET).

2.2 Methods
221 Mixing procedure

Cement and water was mixed in a Hobart mixer of 5 litre capacity. Mixing timeswere 2
min at gear 1 and 1 min at gear 2. The bowl with paste was put on a vibrating table to
remove mog of the entrained air. The starting time of the experiments was the first
contact between cement and water (time= 0), and thefirst measurementsstarted a 1 h.

2.2.2 Total chemical shrinkage

Cement paste was put into three Erlenrneyer flasksfor parallel experiments. The weights
of the empty and filled recipients were measured in order to determine the amount of
paste. The recipientswere then carefully filled with distilled water & room temperature
in a manner to avoid turbulence. A dlicon rubber stopper was used to plug each
recipient, taking care not to enclose any air bubbles. A pipette wasfilled with water and
stuck through a hole in the stopper. A graded pipette of 0.2, 0.5 or 1 ml was chosen
depending on the expected volume change. The recipients were put in a water bath at
20+1°C. Every hour until 48 h, the position of the meniscusin the pipetteswas reed. The
decreaseof the water columnin ml isdirectly the total chemical shrinkage (as adrop of
liquid paraffin on top prevented evaporation), which were expressed as ml/100 g cement
after acdculationof the mean value from the three parallel measurements. The method
relieson the assumption that al contraction poresarefilled with water.
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2.2.3 External chemical shrinkage

Three eastic rubber bags (i.e. condoms) were filled with cement durry while the
condoms were inserted in a 100 mm plastic tube of 50 mm inner diameter. Each
condom was closed by twisting the upper part and tying it with a thin copper wire, and
sedled by spraying silicon glueinto the open end. The excess end part was cut off and
the total mass determined.

Thefilled and sealed condomsin their tubes were kept in a water bath of 20+1°C after
the tubes had been turned perpendicularly to their axes in order to let al air bubbles
escape. The tubes were kept on an ordinary rotating table modified to function under
water (i.e. a chain transfer between the motor and the rollers placed under water).
During the first 10 h, the condom was weighed every hour under water. According to
Archimedes principle, an external shrinkagewill leed to a reduction in buoyancy, which
will be registered as a weight increase. Each condom was weighed in a basket under
water hanging on a scale in a separate water bath with no stirring to avoid turbulence.
The transfer between the bath for rotation and the bath for weighing took place under
water & dl times by placing the tubein a water filled glass under water in one bath and
taking it out of the glass under water in the second bath. This was done to avoid
trapping of any air bubblesin thetransfer process.

After the last weighing under water a 48 h, the condomswere wiped dry and weighed
in ar. Finally, the condom, including copper wire and silicon glue, were stripped off
and weighed in order to calculatethe net weight of the cement durry after subtracting
the weight of the tube. The external shrinkageis presented as the mean value of three
parallel measurements and given in ml/100 g cement or vol%. In the present study,
many of the samples with minera additives were not rotated since no bleeding
occurred. In such a case the tube in the preceding procedure was excluded and the
condoms carefully weighed as such.

3. RESULTSAND DISCUSS ON

The total chemical shrinkage as a function of time of P30 cement without and with
10% replacement of silica fume and calcium carbonate at water to solid ratio (w/s)
0.50isshownin Fig 1 until 48 h. In the same figure the resultsfor G cement without
and with 10 % silicafume replacement are plotted as well. The chemical shrinkage of
the P30 mix with cal cium carbonate seems to be accelerated just after assumed setting
(around 5 h) relative to the reference. P30 with silica fume seems to follow the
reference but ends up at a dlightly lower chemical shrinkage level compared with the
reference. The curves for G cement without and with 10% silica fume are virtually
identical, but lower than the curve for P30, reflecting the lower surface areaof the G
cement. The acceleration of P30 by calcium carbonateis a well-known filler effect /7/
for some cements. The mechanism may be that calcium carbonate serve as nucleation
points for calcium hydroxide growth supplied by cement hydration. Alternatively
there is an active interaction between calcium carbonate and C;A forming
carboal uminates/8/.
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Tablel Cement characteristics
Cement P30 P30c P30k |HS65 |G
Oxides:
CaO (C) 63.16 [ 63.44 |63.61 | 64.32 | 64.82
SiO; (9 20.28 {2092 |[20.84 |22.13 ]220
AlLO; (A) 4.89 4.60 5.04 4.05 3.53
Fe,O; (F) 3.61 3.54 3.30 3.39 478
MgO (M) 2.21 1.80 - 1.03 1.42
SO, (S) 298 |[3.06 |270 |3.07 |[L175
Alkalis 113 |094 |1.06 [051 |[0.60
Blaine (mzlkg) 309 358 361 418 303
Minerals
(Bogue)
CsS 57 55 54 53 61
C.S 16 19 19 24 17
GC5A 6.9 6.2 7.8 5.0 1.3
C4AF 11.0 10.8 10.0 10.3 14.6
cs 5.1 52 |46 52 3.0
Total chemical shrinkage (wls =0.50)
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Figl Tota chemica shrinkage versus time curves for P30 and G cement without and
with 10 % replacement of calcium carbonate and silicafume and wis=0.50.

The totd and externa chemica shrinkage versus time for G cement without and with
10% replacement of cal cium carbonateand silicafumeareshownin Figs 2 and 3for w/s
= 040. Thetotal chemica shrinkage curves are virtually identical for calcium carbonate
and silicafume replacements until 288 h (reference only measured to 46 h while silica
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fume mix was measured until 672). The neat G cement showed about 0.5 ml less total
chemical shrinkage per 100 g cement than the mixes with minera replacements at 46 h,
which must reflect alower degreeof hydration for the neat G cement paste. The externa
chemical shrinkageversus timecurvesin Fig 3 are virtualy identical in the plastic stage
until a strong enough network is formed to resist the contraction forces. Apparently the
mix with silica fume replacement requires a somewhat higher degree of hydration than
the mix with cal cium carbonate replacement to form sufficiently strength.

Total chemical shrinkage (w/s =0.40)

~{

—o—G
—a—G/10%CC
e G 10%SF

Shrinkage (mi/hg cement)
O =N WA OO

1 10 100 1000
Time (h)

Fig 2 Totd chemical shrinkage versustime curvesfor G cement without (until 46 h) and
with 10% replacement of calcium carbonate (until 288 h) and silica fume (until
672 h) for w/s = 0.40.

External chemical shrinkage (w/s = 0.40)

1.4
12 |
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—o—G/10%CC
i G 10% SF

Shrinkage (ml/hg cement)

Fig 3 Externd chemical shrinkage versus time curves for G cement with 10%
replacement of calcium carbonate (until 288 h) and silicafume (until 672 h) for
w/s =0.40. Sampleswere not rotated.
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Note that the samplesin Fig. 3 werenot rotated. The next data-set document that rotation
is not necessary when 10 % cement i s replaced with such fine minerdsa w/s = 0.40. Fig
4 and 5 shows the total and externa chemical shrinkage curves, respectively, of P30k
cement without and with 10% replacement of calcium carbonate and silicafume. The
total chemica shrinkageof the silicafume mix seemsto be alittleaccelerated upto 10 h
compared to the calcium carbonate mix, but there after they are close to identica. The
mixeswith mineral replacements have a higher chemical shrinkage than the nest cement
paste (about 0.6 ml/100 g cement at 48 h).

Total chemical shrinkage (wlc =0.40)
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Fig 4 Total chemical shrinkage versus time curves for P30k cement without (until 48 h)
and with 10% replacement of calcium carbonate (until 288 h) and silica fume
(until 672 h) for w/s = 0.40.

External chemical shrinkage (wlc =0.40)
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Fig 5 Externa chemical shrinkage versustime curves for P30k cement without (until 48
h) with 10% replacement of calcium carbonate (until 288 h) and silicafume (until
672 h) for w/s = 0.40. Thelegend R- meansthat the samplewas rotated.
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The neat P30k cement paste and the mix with 10% cal cium carbonate replacement were
meesured both static and rotated, as shown in Fig. 5. The much higher external shrinkage
for the static neat cement paste compared with the rotated one after setting is a result of
"bleeding water” (i.e. separation of mix) formed in theliquid state and a delayed suction
of it into the hardened sample when the contraction pores are formed as previousy
described /9, 10/. Note that the two curves are identical when the samples are in their
plastic state prior to setting. The close to identica curves for the static and rotated
sample of the P30k cement with 10% calcium carbonate replacement indicates that
separationis not a problem for such alow w/s and fine powder replacement.

Fig. 5 dso shows that the external chemical shrinkage of mixes with 10% replacement
by calcium carbonate and silicafume are about equd until 120 h, and there after the
"cregp” (i.e. the continuing increasein external chemical shrinkage after the knee-point)
are higher (about 0.2 ml/100 g cement) for the calcium carbonate until 288 h (last data
point). The mixes with minera replacements have a higher "'flattening out™ level for the
external chemical shrinkagethan the nesat cement paste, indicating that a higher amount
of hydrationis necessary to obtain the required strength to resist the contractionforces.

The total and externa chemica shrinkage versus time, respectively, for P30c cement
without and with 10% replacement of calcium carbonate and silica fume are shown in
Fig 6 and 7 for w/s = 0.40. The tota chemica shrinkage for the mixes with minera
replacement was about equal and higher than the corresponding neet paste until 7 h, but
the silicafume mix had a higher total chemical shrinkage than the carbonate mix, which
again had a higher shrinkage than the reference, from this point. The externa chemical
shrinkage curves for the 3 mixes in Fig 7 are about equal (neat paste rotated to avoid
bleeding). The shrinkage curve for static and rotated nest P30c paste deviates more than
usud in the plastic stage when using continuous rotation, which could be attributed to
this sample being rotated by hand (i.e. turned manually every 15 minutes).

Total chemical shrinkage (w/c = 0.40)
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Fig 6 Total chemical shrinkage versus time curves for P30c cement without (until 50 h)
and with 10% replacement of calcium carbonate (until 288 h) and slica fume
(until 672 h) for wis=0.40.
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Externalchemical shrinkage (wlc = 0.40)
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Fig 7 Externa chemical shrinkage versus time curves for P30c cement without (until
48 h) with 10% replacement of calcium carbonate (until 288 h) and silicafume
(until 672 h) for w/s = 0.40. The legend HR- means that the sample was rotated
by hand.

The last data set is a high strength type Portland cement (HS65). The total and
external chemical shrinkage curves are shown in Fig 8 and 9, respectively, for HS65
cement without and with 10% replacement of calcium carbonate and silicafume for
w/s = 0.40. The total chemical shrinkage versus time curvesin Fig 8 show that the
two pastes with mineral replacements behave close to identical and are accelerated
compared to the reference. The same features can be seen from the external chemical
shrinkagecurvesin Fig. 9 as well for the plastic state prior to setting. After the knee
point, the two mineral substituted mixes only deviate marginaly with dightly higher
valuesfor the calcium carbonate mix. The flattening out levels for the mineral mixes
are, however, substantially higher (about 0.35 ml/100 g cement) than the neat cement
paste. This indicates that much more hydration has to take place before the minera
substituted pastes achieve sufficient strength to resist the contraction forces created by
the continuing chemical shrinkage.

General speaking, the substitution of cement with a non-pozzolanic (e.g. cacium
carbonate), or pozzolanic mineral (e.g. silicafume) with minor reaction the first 15 h,
should lead to a higher degree of hydration to form a hydration net-work strong
enough to resist the forces created by the contraction pores after setting. This situation
should apply if the mineral particles are dispersed around the cement grains and
prevent them from direct interaction with each other. If the fine minerals used here
(average particlediameters0.15-0.2 pm) are rather filled in the cavitiesformed by the
packing of the irregular cement grains (average diameter in the order of 10 pm), this
should lead to displacement of water and also for this reason move the cement grains
further apart. Among the cements tested (not measured for G), the flattening out levels
are higher for the minera substituted pastes for HS65 and P30k compared with the
neat pastes, while the levels are equal for the three mixes for the P30c cement. The
higher level for the silica fume substituted G-cement compared with the calcium
carbonate mix in Fig. 3 is difficult to explain since the opposite should be expected if
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a certain reactivity was acknowledged for the silicafume. A non-reactivity for both
additives could dtill lead to equal levels of externa shrinkage higher than the
reference, since the pore refinement by the smaller particles will create menisci
leading to stronger forceswhen theinitial contraction poresareformed.

Total chemical shrinkage (wlc =0.40)
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Fig 8 Total chemical shrinkageversustime curvesfor HS65 cement without (until 48 h)
and with 10% replacement of calcium carbonate (until 288 h) and silica fume
(until 672 h) for w/s =0.40.

External chemical shrinkage (wlc =0.40)
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Fig 9 External chemical shrinkage versustime curves for HS65 cement without (until
48 h) with 10% replacement of calcium carbonate (until 288 h) and silicafume
(until 672 h) for w/s = 0.40. Thelegend R- means that the samplewas rotated.
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Justnes et al /11/ crudely estimated the total chemical shrinkage of the pozzolanic
reaction between silicafume and lime to be 8.8 ml/100 g reacted silica as compared
with 6.3 ml/100 g portland cement. Justneset al /11/ found also that the total chemical
shrinkage of portland cement replaced with the pozzolans showed that the early
shrinkage rate increased probably due to the filler effect supplying nucleation points
for hydration products. The chemical shrinkage of the pozzolanic reaction itself was
confirmed in the cement blend since a substantial higher total chemical shrinkage
persisted over time.

Sellevold et al /12/ showed for pastes of w/s= 0.6 with addition of 12 % silicafume
and calcium carbonate of similar surface, that the chemical bound water (W, in g/g
ign. cem.) was equal for the two additions, but higher than the reference until 28 days.

Justnes et al /13/ aso tested the influence of different cements on chemica shrinkage
and found that the early reactivity depends largely on fineness, and the contents of the
mogt reactive phases; C3A, C3S, akalis and sulphates, confirming some of the results
obtained in the present paper.

5. CONCLUSIONS

Total and externa chemical shrinkageinitiates upon the contact between cement and
water. Thus, the period prior to setting is not ""dormant™ in terms of volume changes.
The two quantitiesare identical until asolid skeleton is formed (6-10 hours). Further
hydration results in empty pores (self-desiccation) and greetly reduced externa
chemical shrinkage.

The early total chemical shrinkage of different cements depends largely on fineness,
and the contents of the most reactive phases;, Cs;A, CsS, akalis and sulphates. The
influence of minera additives on chemicd shrinkage was dependent of cement type;
sometimes accel eratingand sometimes equal to thereference.

The externa chemica shrinkage levels also varied with cement type, as the effect of
mineral additives varying from increasing the level to being the same reative to the
reference. A higher level for pasteswith fine minera additivescan be explained by pore
refinement and menisci formed by initial contraction pores leading to stronger forces.
Thus, morehydration is required to create stronger network to resist them.
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INFLUENCE OF M| X DESIGN ON SELF-DESICCATIONIN CONCRETE

B. PERSSON
Div. Building Materias, Lund University, Box 118, 221 00 Lund, Sweden

Abstract

This article outlines an experimental and numerical study on the influence of the mix
composition on self-desiccationof concrete. For this purpose 81 sealed cylinders made
of 9 concreteswith w/c varying between 0.32 and 0.50, based on two types of Portland
Cement, were manufactured. Five per cent silica fume was used in one third of the
concretes as calculated on the basis of the cement content. The measurement was done
a 1 and 6 months age. Theresultsindicated high influence of w/c, age and cement type
on self-desiccation. Silica fume in the concrete influenced the self-desiccation only
when combined with low-alkali cement. The study was performed at Lund Institute of
Technology 1997-1998.

Keywords: Alkali-effect, Compressive strength, High Performance Concrete, Internal
relative humidity, Self-desiccation, Silicafume.

1 Background, aim and general scheme of thestudy

1.1 Background

The chemical shrinkage that takes place during hydration of water to cement is the
fundamental cause of self-desiccation[l]. The specific volume of the hydrated water in
the gel of concreteis reduced by about 26% compared with the specific volume of water
in the capillary pores [2]. Especially at low w/c < 0.38 the influence of self-desiccation
becomes more pronounced due to the decreased size of the capillary pores [3]. Self-
desiccation influences the properties of the young concrete as well as the long-term
behaviour of the concrete, i.e. deformations, stability and durability. Due to self-
desiccation concrete with low w/c deforms even with sealed curing, free of imposed
stresses (autogenous shrinkage) [4,5]. Furthermore low-w/c concrete with silica fume
exhibits a very low long-term increase of the compressive strength due to self-
desiccation, which may influence the long-term stability and durability [6]. Favourable
parameters related to self-desiccation are low internal relative humidity close to the
reinforcement bars, which may decrease the rate of corrosion [7]. Frost resistance and
scaling of materials and structures is clearly improved due to self-desiccation since an
air-filled volumeis created due to the chemical shrinkage, as mentioned above [8-10]. A
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low amount of built-in moisture during construction time is another favourabl e property
of low-w/c concretescaused by self-desiccation [ 11-13].

1.2  Aimof thestudy

The main aim of the study was to ascertain the influence of cement type, w/c, silica
fume and age on the measurement of internal relative humidity, RH, due to self-
desiccationin concretes with w/c varying between 0.32 and 0.50. The influence of age
on the RH at self-desiccation properties was secured by studying concrete at 1 and 6
months age. The influence of cement type was ascertained by studies on low- and
normal-alkali cement. Haf of the number of specimens was made with normal-alkali
cement blended with 5% silicafume as calculated on the basis of the cement content.
Another aim was to observe the influence of cement type, silica fume and temperature
on the compressivestrength of concretewith sealed curing.

1.3  General schemeof thework

Nine different types of concrete were examined. After sealed curing the concrete
strength was tested at 1 month's age. RH was measured on fragments of crushed
concrete at 18, 20.5 and 23 "C temperature at 1 and 6 months' age. The density of the
concrete was studied in the fresh state and after sealed curing for 28 days.

2 Material, specimens, experimental method and inaccur acy

21 Materialsand studied concretes

Low-alkali and normal-alkali cement was used. Table 1 gives the chemical composition
of the cements[14]. Propertiesdf the aggregateare givenin Table 2 [15]. Nine types of
concrete were studied, 9 cylinders of each qudlity, in all 81 cylinders. The w/c varied
between 0.32 and 0.50. The mixed design of the concrete was based on theoretica
optimisation of the grading curvein the fresh concrete [16]. First of all the dry material
was mixed for ¥2 minute. Then the water with air-entrainment was added and mixed for
another Y2 minute. Finally the plasticisers were added and mixed for 3 minutes. The
concretes had good rheological properties. Workability, density and air-content of the
concretes were studied in the fresh state. The slump of the concretes varied between 80
and 180 mm. In the fresh state it was possible to mix, transport and cast HPC with
existing methods. The 28-day 100-mm cylinder compressive strength exceeded 20 MPa
(comparablewith 25 MPa 150-mm cube strength). Table 3 shows the mix design of the
concretes and the main propertiesin thefresh and the cured state.

22. Specimensand curingconditions

Density, compressive strength and self-desiccation after sealed curing of the concretes
were studied for cylinders 200 mm long and 100 mm in diameter. The mixing of the
material took place at 22 "C. Directly after mixing, one third of the moulds with
concrete were stored at constant temperaturesin aclimate chamber, one third a 18.5"C,
one third at 20.5 "C and one third a 23 "C. After demoulding at one day's age the
specimens were immediately sealed from moisture by insulation with 3 mm plastic
tubes and replaced in the climate chamber where the initial curing took place. The
weight of the cylinderswas established before and after the 28-day studies.
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Table 1. Composition of the cements[14]

Component/Cement type Low-akali cement (%) Normal-akali cement (%)

CaO 65 62
Si0, 216 20
35 4.4
4.4 2.3
MgO 0.78 35
K0 0.58 14
Na,0 0.05 0.2
S0, 2.07 37
€O, 0.14 19
Ignition losses 0.47 24
C,S 21 14
€s5 57 57
C.A 17 8
CAF 13 7
Blainefineness 305 m’/kg, 364 m?/kg,
Density 3210kg/m 3120 kg/m

Table 2. Propertiesof aggregate and silicafume[15]

Type of aggregate/property Elastic Compressive Split tensile Ignition

modulus  strength strength losses
Quartzite sandstone 60 GPa 332 MPa 15 MPa 0.3%
Natural sand 0.8%
Silicafume (fineness: 17.5 2.3%
m*/g)

23  Experimental methods

The cylinder with the plastic pipe was weighed. Then all concrete cylinders were
weighed and measured separately. The plastic pipe was weighed separately in order to
detect any increasein weight due to moisture uptake. The cylinder was placed centric in
ahydraulic pressdevice and the loading applied a 1 MPa/s. Fragments (minimum5 mm
in size) from the concrete used in the compressivetesting werefilled in glass tubes 200
mm long and 22 mm in diameter. The temperature of the fragments was adjusted to the
measurement for 1 day. The internal relative humidity, RH, was measured by a dew-
point meter for 22 h. The probe of the dew-point meter was entered into the glass tube
and tightened against the glass with an expanding rubber ring.

24  Sourcesof inaccuracy
Thefollowing sources of error were observed during the study:

1. Variationsin w/c of the concrete due to the moisture content in the sand and the
gravel.

2. Moisturelosses during the handling and curing of the cylinders.

3. Cdlibrationfaults regarding the hydraulic press device and the dew-point meters.



Table3. Mix design (kg/m* dry material) and propertiesdf the studied concretes[16]

Material/Concrete 32L 32N 32NS 38L 38N 38NS 50L 50N

SONS

Quartzitesandstonel2-16 669 686 725 532 535 549 407 417
Quartzitesandstone8-12 137 141 149 258 259 266 320 329

Natura sand 0-8 mm 704 722 763 747 750 771 830 852
Natural sand 0 mm (filler) 107 110 93 43 43 44 32 33
Cement (Appendix 1) 395 405 428 343 345 354 274 281
Granulated silicafume, s - - 21 - 18 -

Air-entrainment (firoil,g) 43 4 50 34 3 3 26 26
Superplagticiser(melamine) 34 35 36 17 17 18 09 09
Water-reducing agent 17 18 19 09 09 09 10 11
Total water incl. moisture 127 131 137 131 131 135 136 138
Water-cement ratio, w/c 032 032 032 038 038 038 050 050
Air content (% by volume) 125 105 6.0 130 130 105 155 135

Aggregate content 075 075 0.7/5 0.76 0.76 0.76 0.80 0.80
Aggregateto cement ratio 42 42 42 46 46 46 58 58
Slump (mm) 90 100 80 140 170 150 200 180
Density- freshstate(kg/rn) 2145 2200 2330 2090 2100 2175 2000 2050
28-day cylinder den51t3y) 2280 2330 2370 2280 2260 2290 2060 2150

curing at 18 °C (kg/m ) 2290 2330 2350 2300 2260 2280 2040 2150
curing at 205 C (kg/m Y 2290 2320 2390 2290 2270 2310 2100 2180
curingat23 °C (kg/m )? 2270 2340 2380 2260 2250 2290 2040 2130
Air-contentloss, AA (%) 65 6.0 2 90 75 55 30 50
Air-content - cured (%)* 75 60 55 55 70 65 140 100

434
343
887
34
293
15
27
1.0
11
144
0.50
110
0.80
5.8
180
2150
2200
2210
2190
2210
2.5
10.0

28-day cylinder strength®): 47 51 71 51 38 51 20 27

curing at 18 °C (MPa) ? 470 530 720 565 410 545 205 265
curing at 20.5 °C (MPa)? 495 510 740 520 395 520 219 300
curing a 23"C (MPa) ? 450 480 670 440 345 460 185 240

Strengthdecline(MP2/°C) 05 1 11 25 13 17 05 06

33
32.5
33.0
33.0
0

D average o 9 cylinders, ? average of 3 cylinders, ¥ 100-[(pPasa/Ptiesi)-11 %, ¥ Asesn-
AA+1.5%, L = low-akali cement, N = normal-alkali cement, NS = normal-akali cement
and 5% silicafume, 32 = w/c (%)

3 One-month sdlf-desiccation and strength

3.1 Dengty and compressivestrength

Table 3 provides the density and compressive strength after curing for 28 days. The fall
in air-content was estimated from the difference in density between the fresh and the
cured state of the concrete. The losses o air content in the concrete were quite large,
Table 3. However, the high amount of air-entrainment was required in order to maintain
good workability a the low w/c (low mixing water content) shown in Table 3.
Otherwise much larger cement content would have been required. The air-entrainment
replaced agood part of the water during the casting. The compressivestrength decreased
dightly with a moderate increase o the curing temperature, especially a w/c= 0.38, i.e.
between 0.5 and 2.5 MPa/°C. Figure 1 showsthe air content in the concretesin thefresh
state and after curing and the estimated losses o air content.
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Air-content in concrete (% by valume)

In the fresh state Losses of air After curing

F32L N32N 732NS =238L m38N E38NS @50 L ES0N ES0 NS

Fig. 1. Air content in the concretesin the fresh state and after curing. Estimated | osses of
air content. L=low-alkali, N = normal-alkali,S = 5% silicafume, 32= w/c (%).

Figure 2 gives the strength versus w/c and type of the concretes. Besides an increase
with lower w/c, a substantial increase of strength was observed for silica fume
concretes. At early ages the efficiency factor of silica fume is quite large, perhaps as
highas 7 at 28 days age, but then decreasing. After 7 years no influence of silicafume
on the strength was observed [17].

80

Compressive cylinder
strength {(MPa)

32L 32N 32NS 38L 38N  38NS 50L 50N  50NS

Water-cementratio (%), cement type

mig-<Cg20°Cm23°C

Figure 2. Strength versus w/c and type of the concretes. L= low-alkali cement, N =
normal-akali cement, NS = N+ 5% silicafume, 32= w/c (%).
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32 Internal Reative Humidity, RH, in concrete dependent on the curing

temperature
Figures 3-5 show the differencein RH between curing at 20.5 "C and 23 "C compared
with 18.5 "C (ASTM-calibration [18]). Figure 6 shows that small average influence of
curing a 20.5"C was observed. At 23 "C RH was on average 0.5% lower than RH with
curing a 18.5"C, i.e. the influence of a moderate temperature change on RH was small
(hardly detectable). Table 4 gives the standard deviation and the average differencein
RH of the measurements. The maximum standard deviation was 1.6% (curing at 18.5
"C) and the maximum average standard deviation 0.7% (independent of curing
temperature and measured at 20.5"C).

Table 4. RH-difference dependent on curing temperature (%, ASTM-calibration [18])

Curing at

18.5 °C

20.5 °C

23 °C

18-23 °C

Measurement at | 20.5 °C

23 °C

20.5 °C

23 °C

20.5 °C

23 °C

20.5 °C

23 °C

Average
Standard
deviation

1.1
1.6

-0.6
1.6

-0.6
1.2

-1
1.4

0.1
1.1

0.1
1.2

0.2
0.7

-0.5
0.6

Alteration of RH with curing at 20 or 23
*C compared with curing at 18.5 "C (24,
measurement performed at 18.5 *C)

32N

32NS$S

38N

38NS

Water-cement ratio (%)

020°C@23°C

Fig. 3. Alteration of RH with curing at 20.5 "'C and 23 "C compared with curing & 18.5
"C (measurement performedat 18.5"C). L= low-akali, N = normal-alkali,S = 5% silica
fume, 32= wic (%).
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50L 50N  50NS

measurement performed at 20.5 *C)

Alteration of RH with curing at 20 or 23
*C compared with curing at 18.5 *C (%,

Water-cement ratio (%)

020°C@23°C

Fig. 4. Alteration of RH with curing a 20.5 "C and 23 "C compared with curing a 18.5
"C (measurement performed at 20.5"C). L=low-alkali, N = normal-akali,S=5% silica
fume, 32= w/c (%).
3
25
2
15
1
05
0

32NS

{*%. measurement performed at 23 *C)

Alteration of RH with curing at 20 or
23 "C compared with curing at 185 "C

Water-cementratio (%)
020°Cm@23°C

Fig. 5. Alteration of RH with curing a 20.5 "C and 23 "C compared with curing a 18.5
"C (measurement performed at 23 "C). L= low-alkali, N = normal-alkali, S = 5% silica
fume, 32= w/c (%).
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compared with curing at 18.5 *C {%.

Alteration of RH with curing at 20 or 23 °C
independent of measurement temperature)

Water-cament ratio (%)
0020°C @23 °C

Fig. 6. Alteration of RH with curing at 20.5 "C and 23 "C compared with curing at 185
"C (independent of temperature of measurement).

3.3 Influenceof temperatureon saf-desiccation

Figures 7-9 show the difference in RH between measurement at 20.5 "C and 23 "C
compared with 185 "C. Figure 10 shows that the observed average influence of
measurement at 20.5 "C was-0.1% RH. At 23 "C RH was on average -0.6% lower than
when it was performed at 185 "C. The influence of moderate temperature change at
measurement on RH was thus hardly detectable. Table 2 gives the standard deviation
and the averagedifference in RH. The maximum standard deviation was 2.2% (curing at
23 "C) and the maximum average standard deviation 1.5% (independent of
measurement temperature of the concrete cured at 23 "C).

Table 5. Differencein RH dependent on measurement temperature (%, ASTM [181)

Measurement at 185 "C 205 "C 23"C 18-23 "C

Curing at 205"C |23"C |205"C |23°C |[205"C [23"C |205"C 23"C
Average 0.6 -1.3 -0.9 -0.3 .04 -0.2 -0.1 -0.6
Standard deviation | 1.6 1.8 2 2.2 12 11 1 15

34  Influenceof cement typeand silicafume on self-desiccation
Figure 11 shows theinfluence of cement type and silicafume on RH compared with RH

in concrete based on low-alkali cement when w/c was held constant, i.e. Figure 11

shows the decline of RH. Part of the declinein RH due to the cement type (which varied
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between 4 and 8% at 28 days age) was dependent on the so-called alkali-effect [19].
However, when silica fume was added to the concrete the pozzolanic reaction dightly
reduced the alkali-effect. Perhaps variationsin RH versus w/c were due to the available
amount of pore solution for the probe to react properly.

20 or 23 *C compared with

measurement at 18.5 C (%.
the concrete cured at 18.5 *C)

Alteration of RH measured at

Water-cement ratio (%)
O20°C@23°C
Fig. 7. Alteration of RH with measurement at 20.5 "C and 23 "C compared with

measurement at 18.5 "C (curing a 18.5"C). L= low-alkali, N = normal-alkali, S = 5%
silicafume, 32= w/c (%).

- N W I O

20 or 23 *C compared with
measurement at 18.5 "C (%. the
concrete cured at 20 *C)

Alteration of RH measured at

Water-cement ratio (%)

020"C@E2WC

Fig. 8. Alteration of RH with measurement a 20.5 "C and 23 "C compared with
measurement at 18.5 "C (curing at 20.5 "C). L= low-alkali, N = normal-alkali, S = 5%
silicafume, 32= w/c (%).
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g
Noo

or 23C compared with
measurement at 18.5'C P6, the

concrete cured at 23'C)

Alteration of RH measured at 20

W ater-cement ratio (%

Fig. 9. Alteration of RH with measurement at 20.5 °C and 23 °C compared with
measurement at 18.5 °C (curing performed at 23 °C). L= low-alkali, N = normal-alkali,
S = 5% silica fume, 32= w/c (%).

3

38N 38NS m__.

Alteration of RH measured at 20 or 23'C
compared with measurement at 18.5 *C
P6, independent of curing temperture)

W ater-cement ratio (%)

020°C@23°C

Fig. 10. Alteration of RH with measurement at 20.5 °C and 23 °C compared with
measurement at 18.5 °C (independent of temperature of curing). L= low-alkali, N =
normal-alkali, S = 5% silica fume, 32= w/c (%).
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Fig. 11. Influence of cement type and silicafume on RH versus w/c compared with RH
in concrete based on low-alkali cement.

35 I nfluence of cement typeand silicafumeon RH when it washeld constant
Figure 12 shows the influencedf cement type and silicafume on RH compared with RH
in concrete based on low-alkali cement when RH was held constant, i.e. Figure 12
shows the decline of RH. The influence of cement type and silicafume on RH varied
between -2 and -9%.
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Fig. 12. Influence of cement type and silicafume on RH versus RH compared with RH
in concretebased on low-alkali cement.
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4 Correctness

41  Thew/c-variations in concretedueto themoisture content in thesand

The sand was planned to have a moisture content varying between 3% and 4%. This
variation in the moisture content would have produced concrete with £ 0.01 in variation
of w/c. However, recalculationsof w/c on the basis of the measured moisture content in
the sand of each batch of concrete showed larger variation of the moisture content. The
moisture varied between 3% and 4.8%, which produced a concrete with -0.01, +0.025
in variation of w/c.

4.2  Effect of handlingand curingof thecylinder son moisturelossesat curing
The specimens were cast in steel moulds and then, after demoulding, quickly placed in
the 3-mm thick plastic pipe. Moisture-proof plugs tightened the ends of the pipe. Figure
13 shows the moisturelosses through different kinds of moistureinsulation:

1. Butyl rubber clothing
2. Aluminiumfail
3. 3-mm plastic pipe

3.5
3
25
2
1.5

'I ‘x/ I 5 /D_E
0.5 4{ 12

0 "] AN A
1 10 100 1000 10000
Age (days)

12

Losses of moisture {q)

—3— Concrete (1.8 kg) - 2 mmbutyl rubber dothing
+Concrete (L.8 kg) - 2 mmbutyl rubber dothing
+Concrete (86 kg) - 2layers of aluminiumfoil
—x—Water (1 kg) - 3 mm plasic pipe

—o— Water (1 kg) - 3 MMmplacs tic pipe

Fig. 13. Moisture losses through different kinds of moisture insulation: butyl rubber
clothing, aluminiumfoil or 3-mm plastic pipe.

Aluminium foil showed no loss of moisture at all but required a certain time for
application. The moisture losses during the time of application were much larger than
the losses observed with rubber clothing or plastic pipes. Table 6 shows the measured
net moisturelosses from the specimens during the 28-day curing time. Moisture uptake
(+) was observed in some cases, probably due to measurement faults or/and adsorption
of moisturein the plastic pipe.
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Table 6. Measured moisturelossesfrom specimensduring the 28-day curing time (%).

Concrete 32 32N 32NS 38L 38N 38NS 50L 50N 50NS

18"C -005 -0.03 -0.05 -0.03 -0.08 -0.04 -0.09 +0.06 +0.07
205°C -0.08 +0.03 -0.06 -0.03 +0.01 -0.04 -0.10 -0.04 -0.04
23"C -0.03 -0.05 -003 -010 -0.01 -006 -0.12 -0.05 +0.05

Notations. L= low-akali, N = norma-akali, S= 5% silicafume, 32= w/c (%).

As observed in Table 6, the moisture losses were small, hardly detectable, and may not
have affected RH in the specimens. (Compared with the cement content in the concrete,
¢, the observed moisture losses, w., were less than w./c < 0.006 kg/kg.)

4.3  Calibration of thehydraulicpressdeviceand thedew-point meters
The hydraulic press device was calibrated 1 year before the measurement of strength
was performed. The calibrationshowed index +13 kN, i.e. the strength given in Figure 2
is generally to be increased by 2 MPa. It was essential to set the time of measurement of
the dew-point meters sufficiently long. It was found that 14 h was required to obtain
stability of moisture between the poresin the concrete and the probe of the dew-point
meter [3]. The time of measurement thus was set at 22 h. It was also essential to limit
the number of measurementsto two on the same sample. Otherwise systematic faults
may occur [20].

The results in Figure 10 show that a negative temperature dependence existed
(about 0.6% lower RH at 5 "C higher temperature), which was in contrast to other
results [21-22]. Before the measurement of RH in the concretes took place a standard
calibration with a humidity generator was performed at 20 "C. Calibration of the dew-
point meters was performed afterwards according to the saturated salt method ASTM E
104-85 [18]. RH produced by the saturated salt was adjusted to the current temperature
of measurement accordingto Table7.

Table7. RH in saturated salts.

Typeof salt 185"C 20.5"C 23"C

NaCl 75.53 7546 7537
KCl 85.35 85.03 84.65
KNO; 94.89 94.53 94.03
K5>S04 97.69 97.57 97.42

During calibration of the salts the solution was placed in a glass tube insulated from
variationsin the ambient temperature with heat insulation. The solution of the salt was
separated from the RH-probe by a partial permeable membrane. The temperature of the
salt was stabilised at the specific temperature for 3 days before the calibration took
place. The calibration was performed for 22 h.

Figure 14 shows that the two calibration methods coincided reasonably well at
18,5 "C. However, at 20.5 °C and 23 "C a difference of about 2% RH existed.
Calibration with [18] showed about 2% higher RH than calibration with the humidity
generator, Figures 15 and 16. It was concluded that relevant RH-analyses can be
performed after salt-calibrationonly [18].
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Figure 16. RH calibrated according to ASTM E 104-85 (23 "'C), [18], and according to
humidity generator (20" C).

5 Sdf-desiccationat 6 months age

51 Influence of cement type and silica fume on sdlf-desiccation when w/c was
held constant

Figure 17 shows theinfluencedf cement type and silicafume on RH compared with RH
in concrete based on low-akali cement when w/c was held constant, i.e. Figure 17
showsthedeclineof RH. Part of the declinein RH due to the cement type (which varied
between 4 and 8% at 28 days age) was dependent on the so-called alkali-effect [19].
However, when silica fume was added to the concrete the pozzolanic reaction dightly
reduced the alkali-effect. Perhaps variationsin RH versus w/c were due to the available
amount of pore solution for the probeto react properly.

5.2  Influence of cement type and dlica fume on sdf-desiccation when RH was
held constant

Figure 18 showsthe influence of cement type and silicafume on RH compared with RH
in concrete based on low-akali cement when RH was held constant, i.e. Figure 18
shows the decline of RH. The influence of cement type and silica fume on RH varied
between -2 and -9%.

6 Analyseson sdf-desiccation

6.1 Influenceof age, w/c, cement type and/or sllicafumeon RH (Q))
Figures 19-22 give data on RH (@) versus w/c and (w/c)ess = w/(c+2-s) for the studied

concretes (1 and 6 months age). From Figures 19 and 20 the following equation was
calculated:

@ = [A-In(t) +B]-(w/c)+C:In(t)+D (1)
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Fig. 17. Influenceof cement type and silicafume on RH versus w/c compared with RH
in concrete based on low-alkali cement.
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Fig. 18. Influence of cement type and silicafume on RH versus RH compared with RH
in concrete based on low-akali cement. Six months' age.

In(t)
A,B,C,D

Y
Y

denotes the natural logarithm of the concrete age, t, in months

denotes constantsgiven in Table 8

denotes an accuracy parameter given below

denotes the measured value
denotes the average measured value
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Table 8. Congtantsin equation (1)

Cement type, silicafume A B C D R’
Low-akali (L) 0.0378 0.185 -0.042 0.83 0.63
Normal-akali (N) 0.0588 0.219 -0.059 0.79 0.75

Normal-akali + 5% silicafume (NS) 0.0351 0.223 -0.051 0.78 0.49
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Fig. 21. RH versus (w/c)es, 1 month' age. L= low-akali, N = normal-akali, S = 5%
silicafume, 32=w/c (%).
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Figures 19 and 20 confirm the results that concrete based on normal-alkali cement with
or without 5% silica fume exhibits about 5% RH-decline compared with low-alkali
cement based concrete. At low w/c the influence of silica fume was less than the
influence of normal-alkali cement, Figures 19-20. Normal -alkali cement exhibited about
5% lower RH after self-desiccation than low-alkai cement. The so-called akali-effect
[19] and probably also the chemical composition of the cement affected the degree of
self-desiccation, RH. The component of Alite, CsS, was the same in both the cements,
Table 1. However, the remaining clinker components, Belite, C,S, Aluminate, C3A, and
Ferrite, C4AF, varied quite a lot between the cements studied. The content of alkalis,
K,0 and Na,O, most probably also affected RH in the concrete.

6.2 Comparison with other research

The present results were compared with studies on 8 concretes made of the same type of
cement [23]. The w/c varied between 0.22 and 0.58. The concretes were made in large
elements, 250 kg each. Half of the concretescontained 10% silicafume as calculated on
the basis of the cement content. More than 230 RH-measurementswere done in plastic
pipes in the concrete elements a ages varying between 1 and 15 months. Some
measurements were performed a 90 months age [23]. RH in the concrete, @, cured at
20 °C was correlated to age and w/c:

D(t,wic) = 1.13-[1-0.065-In(t)]- (w/c)*24 11011
{1<t<15 m; 0.2<w/c<0.6 } 3)

B(t,w/c) = 1.09-(w/c) 1T A+00T0 4 15 months; 0.2<w/c<0.6} @)
In(t) denotesthe natural logarithm of age, t, in months (m)

w/c  denotesthe water-cement ratio

S denotes 10% silicafume

Thefollowing equations were obtained for 1 month's age and/or 5% silicafume:
Bss(1,wlc) = 0.55-[(wic)™® + (w/c)®* )
B(1,wlc) = 1.09-(w/c)" ©)

S5 denotes5% silicafume

Table 9 provides a comparison between RH measured in the concretes of this project
and RH estimated according to equations (5) and (6).
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Table 9. Measured RH & 1 month's age and RH estimated according to equations (5)

and (6).

w/c  Low- Estimation Difference Normal-akali Estimation Influence of
alkali equation in RH cementwith5% byeq. (5) typed
cement  (6) silicafume cement, A

0.32 0.903 0.890 0.013 0.855 0.875 -0.02

0.38 0.923 0.917 0.006 0.874 0.906 -0.032

050 0.94 0.964 -0.01 0.906 0.960 -0.054

The estimation of RH according to equation (6) coincided reasonably wel with the
measured RH. Concrete based on normal-alkali cement and 5% silica fume exhibited
sgnificantly larger differences between measured and estimated RH due to the influence
o componentsdf the cement. Autogenousshrinkage occurs when RH in sealed concrete
decreases due to chemica shrinkage df the water [5,24]. A relationship between RH and
shrinkage was linear, Figure 4 [25]. Recently it was shown that a significant relationship
exists between, on one hand, the amount of the chemical components C;A and C4F in
cement paste and, on the other hand, autogenous shrinkage [26]. The influence of these
components was ten times as large as that of the components C,S and C;S. Based on
estimationsd A 0 givenin Table6 and provided the degree of hydration shown in Table
10, [27-30], it was feasible to conceive the following equation:

AD = 6'A(C3A)'Oﬁc3A + 86A(C4AF)(Xc4AF - kA(Kzo) )
A denotes difference in a property between low-akali cement and normal-akali
cement (by weight)

a denotesdegree of hydration

Table 10. Adopted 28-day degree d hydration in the estimation o equation (6) [27-29].

w/c  Oma Ocuar K

032 067 045 -5
038 0.74 053 -47
050 083 062 -6.6
065 093 074 -9

7 Concludingremarks

The article presents an experimenta and numerica study on self-desiccation and
strength of 9 concretesat 28 days age. Furthermore the self-desiccation was studied a 6
months age. In al 81 concrete cylinders were studied. The following conclusions were
drawn:

* Sdf-desiccationof concrete was mainly dependent on w/c and age of the concrete.
e RH a self-desiccation was fairly independent of moderate variations in curing
temperature.
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Small variations of temperatureat the time of measurement (+ 0.5 "C) did not affect
the measured RH, provided that the dew-point meter was calibrated a the same
temperature.

The maximum standard deviation of the measurementswas 1.5% RH given a small
shift of temperature during the time of measurement (= 0.5 "C).

The average standard deviation was 0.7% RH under the same assumption, i.e. small
shift in temperature during the time of measurement (+ 0.5"C).

The calibration of dew-point meters was preferably performed at the temperature of
measurement (+ 0.5"C).

Two "C differences in temperature during the measurements of RH caused a
systematic fault of = + 1.5 %RH, which normally means that the measurement is
regarded as inaccurate.

The recommendation is to maintain + 2 " C during the curing time of the concrete but
£ 0.5 "C during the time of measurement of RH (22h) and aso during the time of
calibration of dew-point meters (22h). The same requirements probably apply for
other typesof probes.

The strength was reduced when the curing temperature was increased from 18 "C to
23"C.

Concrete with normal-akali cement obtained 5% lower RH than with low-alkali
cement.

RH in concrete with normal-alkali cement was not significantly affect by 5% dlica
fume.

The chemical composition of the cement had a substantial influence on the measured
self-desiccation mainly due to the so-called alkali-effect.
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Linear vs volumetric autogenousshrinkage measurement :
Material behaviour or experimental artefact ?

BARCELOL., BOIVINS., RIGAUD S., ACKER P., CLAVAUD B.
Lafarge, Laboratoire Central de Recherche, Lyon, France

BOULAY C.
Laboratoire Central des Pontset Chaussées, Paris, France

Abdract :

The general trend characterising the evolution of concrete technology is an increase of
compactnessof the material. Consequently, theimportant quantities of binders, the use
of powerful water reducing admixtures, the increase of the range of particle size
distribution through the use of silicafume lead to a decrease of water to binder ratio.
For this type of concrete (mostly high performance concrete), it is nowadays well
known and acknowledged that, among all types of shrinkage, autogenous shrinkage
caused by hydration of the paste becomes predominant regarding cracking sensitivity.
Thus, the characterisation of autogenous shrinkage of cement paste by a proper
measurement technique is an important issue. Two types of tests are possible, i.e.
volumetric and linear tests. This article focuses on the differences between those two
types of measurement and on the problem of interpretation of results drawn by such
differences. It finally raises the question of the validity of isotropy of deformations
generally acceptedin the hardened state.

Keywords:

Autogenous shrinkage, test method, volumetric measurement, linear measurement,
isotropy.

1 Introduction and purposeof thestudy

Autogenous shrinkage of concrete is caused by self-desiccation which occurs due to
hydration. Water is combined with anhydrous cement to create hydratesin such a way
that the total absolute volume decreases. This phenomenon, called chemical shrinkage,
wasfirst described by Le Chatelier [1].This volume reduction can be measured by two
methods which are discussed in ref. [2]. In the plastic state, the absolute volume
changes correspond to the external volume changes because concrete has a very poor
rigidity. Furthermore, deformationsare not isotropic; they favour the vertical direction.
For this reason, it is important to differentiate the measurements done horizontally or
verticaly [3]. In the hardened state, the absolute volume reduction caused by the
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hydration reactions still exists but the material is then quite stiff. The volume reduction
is taken in the core of the material and a liquid-vapour interface appears : it is the self-
desiccation. Hua [4] demonstrated that capillary pressure created by water menisci
could quantitatively explain autogenous shrinkage in the hardened state. This
mechanism accountsfor thefact that autogenous shrinkage of concrete mainly depends
on the total amount of chemical shrinkage as well as on the distribution of porous
network.

Several improvements of concrete performances lead to an increasingly
compact matrix with high amounts of binder. To comply with this, mix designers
increased the range of particle size distribution by adding silica fume, and used
powerful water reducing admixture... This trend of concrete technology increases the
importance of autogenous shrinkage towards cracking sensitivity, and raises the
problem of its measurement. Aitcin [5] emphasised the point that drying shrinkage
measurements on ordinary concrete are done under reliable conditions, which are well
established in standards and test methods. Nevertheless, he concluded that those
methods were not appropriate for autogenous shrinkage measurement on high
performanceconcrete.

Two types of autogenous shrinkage measurements on cement paste can be
found in theliterature, i.e. linear and volumetric. Each method presents advantagesand
drawbacks: linear tests are generally easier to manage and used in alot of laboratories,
but, contrary to volumetric tests, they do not allow to monitor the plastic state of the
material. For this reason, it is necessary to understand and compare the results of the
two types of measurementsto be able to coordinate the two sets of results and obtain
complementary data. It is the objectivedf thisarticle.

After a brief review of the principle of each type of test, linear measurements
and volumetric measurements are compared in this study, from the time of casting up
to 48 hoursof hydration. Differencesin the results are then emphasised and discussed.

2 Autogenousshrinkagemeasur ement

2.1 Volumetrictest methods
One of the first volumetric measurement was performed by Del Campo in 1959 [6].
The cement paste (about 200g) is cast inside a latex membrane. The membraneis put
in a vessal filled with mercury. The vessdl is closed and topped by a capillary tube.
The deformations are directly read with the motion of the mercury surface in the tube.
Since Del Campo, other authors used similar experiments (Edmeades 1966, Haas
1975) [7].

Three main artefacts can be identified for this kind of measurement technique
[6, 8, 91:

1. A non accurate temperaturecontrol can turn the device into a thermometer (!),

2. The pressure exerted on the sample by the membrane and the surrounding
liquid may break the growing crystals,

3. The presence of bleeding water may lead to an overestimation of autogenous
shrinkage (the measureis then closer to a measure of chemical shrinkage than
of autogenousshrinkage).

Setter et al. [7] assessed the influenceof bleeding water on the measurement but were
not ableto control this parameter.
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A new method was proposed by Sellevold et al. [10] through Verboven and
Van Gemert experiments [11]. After pouring the cement paste into a latex membrane,
the sample is then rotated to avoid bleeding. The measurement of autogenous
shrinkage is done discontinuously by hydrostatic weighing. The rotation seems to
avoid bleeding quite well, even for cement pastes having a W/C of 0.5 [12]. With those
experiments, it was then possible to assess that in the plastic state, autogenous
shrinkage and chemical shrinkage did coincide [14].

2.2 Linear test methods

Most of the linear test methods for shrinkage measurement are based on the same
principle: the samples are cast in prismatic molds and length changes are monitored by
LVDT or other displacement transducers.

When the measure is performed vertically, samples are usually demolded,
sealed with aluminium sheets to prevent moisture evaporation [14] and stored at
constant temperature. The length of the sample is measured discontinuously and the
measurements generally starts 24 hours after casting. Standard ASTM C490 [15] gives
agood overview of thistypedf tests.

When the measure is performed horizontaly, the measurement of length
changes is directly done in the molds. The measurements generally start earlier than
previously. An example of thistype of measurement isgiven by Tazawaet a. [16].

One of the magjor drawbacks of linear measurementsis that the measurement
does not start at the beginning of hydration but later, when :

- the material is set, demolded and protected against evaporation if the test isrun
verticaly,

- the materia is rigid enough to overcome the friction between the shrinking
paste and the mold if thetestisrun horizontally.

Jensen et al. [17] proposed an apparatus called dilatometer to measure linear
autogenousshrinkage from the time of casting. To obtain this, corrugated plastic molds
are used.

3 Test methodsused in the present study
3.1 Linear autogenousshrinkage measur ement
3.1.1 Linear type 1: measurement in the hardened state

3.1.1.1 Measurement on cylinders
This method is derived from KHEIRBEK [18] and LE ROY [19].

The molds that are used have a cylindrical shape (diameter : 2cm, length : 16
cm). They are made with PTFE (“TEFLON”), which is a good barrier against water
vapour. The two ends of the molds are metallic cylindrical heads |cm thick. Cramping
with the paste i s done through a screw (cf. Fig. 1). On the centre of the top face of the
head (the hidden facein Fig. I), atrack allowsthe precise positioning of atransducer.
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TEFLON cylindrical
mold

Cramping screw
metaliic head

Fig. 1. Testing equipmentfor linear vertical measurement.

Samples are cast verticaly under vibration (amplitude 0.25 mm). From the time of
casting up to the time of setting, they are rotated upside down with a constant speed.
When the cement paste is rigid enough, samples are demolded from the TEFLON
envelope and sealed with auto-adhesive aluminium sheets. The change in length is
then continuously recorded with a LVDT, whose precision is 1 ym (the measure is
done vertically)

To be sure that autogenousconditions are met during the test, the weight of the
samples is monitored after casting, before demolding, after sealing and at the end of
the measurement. No weight loss was measured during the experiments. Measurement
of densities of different sections of the samples were performed to ensure that no
bleeding occurred during rotation.

3.1.1.2 Measurement on prisms

An aternative method has been used in this article. Samples are 4x4x16 cm prisms,
cast horizontally under vibration (amplitude 0.25 mm) in molds equipped with screws
(similar to the molds recommended in ASTM C490 [15]). A glass plateis set on the
top of the mold and glued with silicon to prevent from moisture exchanges. When the
pasteis rigid enough, samples are demolded and sealed with auto-adhesive auminium
sheets. Measurementisdoneasin § 3.1.1.1.

3.1.2 Linear type 2: measurement from the time of setting

This method is quite similar to the one described by Tazawa et al. In ref. [16].
Contrary to this author, the mold is metallic to allow a good temperature regulation.
4x4x16 cm samples are used. After mixing, the pasteis cast under vibration (amplitude
0.25 mm) in the mold equipped with cramping screws. Just after casting, a glass plate
is set on the top of the mold and glued with silicon to prevent from moisture
exchanges. The measurement starts just after those operations.

3.2 Volumetricautogenousshrinkage measur ement

The volumetric test method used in this study is a new method developed in
LAFARGE laboratories. It alows continuous measurement of autogenous
deformationsof cement paste, from the time of casting of the material. This apparatus
is briefly described in ref. [20]. For a great part, it wasinspired of [11], and combines
therotation of the samples with a continuous measure.

The measurement of shrinkage begins after 30 minutesof hydration (beginning
of hydration is set at contact of cement and water during mixing). The accuracy of the
measurement i s approximately 0.3 mm? for atotal deformation above 1 cm”.
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Thefollowing table summarisesthe different methods used in this study:

Tablel. Test methods usedin the study

Geometry of sample | Preparationof sample Measure
ILinear cylinders 0 2 — H16|e cast vertically under
type 1 cm vibration,

e rotated up to setting,
demolded after setting, .
« sedled with auto-adhesive | Performed vertically

aluminium shests. after 16 hours of
prisms4xdx16om | cast horizontally under | TYAraion:
vibration,
* O rotation,

demolded after setting,

¢ sealed with auto-adhesive
aluminium sheets.

Linear prisms4x4x16 cm | cast horizontally under performed
type 2 vibration. horizontally, in the
mold, from thetime
of casting.
Volumetric| about 60 cm’ e pouredinto alatex performed from the
membrane, time of casting, with
e rotated during the rotation of the
measure. sample.

4 Materialsand mixing procedure

The cement used for this study is a CEM | 525 CP2. The chemical composition,
Bogue composition and finenessare given in the following tables.

Table 2. Chemica composition (%)

Alcalis
Ca0(C) Si0,(9 Fe,0,(F) ALO;(A) SO(S MOM) -~ > LOL
2 2

64,85 20,31 291 4,93 2,98 0,9 0,64 0,17 L5

Table 3. Bogue Composition (%)

" 2
¢S ¢s cA CAF Eineness 3330cm /g.

55,7 14,5 8,1 8.9 Water demand: 28,3 %

The cement paste used in this study hasa W/C of 0.26 and is prepared with a Kenwood
mixer, with a 3.5 minuteslong mixing procedure. The beginning of mixing is taken as
the zero point on the time scale.
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5 Reaults

To allow comparison of results between linear and volumetric data, hypothesis of
isotropic behaviour is made. Conversion of volumetric shrinkage into equivalent linear
shrinkageis then done by equation:

AV Al
- =320 1
er ; (D

Fig. 2 presents the results obtained on 5 samplesfor the volumetric test and 2 samples
for the linear one. It appearsfrom that figure that the two sets of data correspondingto
linear and volumetric measurements are quite different. To analyse those differences,
the results will be compared on different time scales : 0 to 6 hours, 5 to 24 hours and
24 to0 48 hours. At the beginning of each time scale, the values of deformations are set
to 0.
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Fig. 2. Comparison of volumetric and linear results.

5.1 Comparison between 0 and 6 hours

Fig. 3 presents the comparison of results between 0 and 6 hours. The main observation
is that no shrinkageis seen before 3.5 hours with the type 2 linear measurement (i.e. in
the horizontal direction), while a significant amount of shnnkage is recorded with the
volumetric measurement up to that point.
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Fig. 3. Comparison of volumetric and linear results between 0 and 6 hours.

Fig. 4 illustrates the fact that the volumetric measurement of autogenous shrinkage
perfectly corresponds to chemica shrinkage from 0 to 2.5 hours. After that time, the
autogenous shrinkage curve diverges from the chemical shrinkage curve till a quite
pronounced knee point (3.5 hours) we call stifening threshold. In ref. [2], this point
was related to an elastic modulus of the paste of about 2 GPa.

Concerning the linear measurement, no noticeable deformation is seen before
3.5 hours. This corresponds quite well to the stifening threshold defined on the
volumetric shrinkage curve.

Based on those results, it is possible to conclude that before the stiffening
threshold, al the deformations recorded in the volumetric experiment correspond to
vertical deformations, which are not accessible with the linear measure performed in
the horizontal direction. This is consistent with observations made by Radocea [21]
(cf. Fig. 5).

It appears from the comparison of Fig. 3 and Fig. 5 that the value of 2200 =
2300 ym/m measured in this study at 5 hours for volumetric autogenous shrinkage
corresponds quite well to the value of 2.5 mm/m of vertical deformation measured by
Radoceaat 5 hours.

Volumetric method allows to define very precisely the stiffening threshold that
correspondsto the transition of mechanical behaviour from a dense suspension of solid
particlesto a poroussolid.

' Chemical shrinkage is measured according to the weighing method described in [2].
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Fig. 5. Vertical and horizontal deformations for a W/C=0,3 cement paste [21].

5.2 Comparison between 5and 24 hours

Fig. 6 presents the comparison between volumetric shrinkage and linear shrinkage
(type 2 measurement) from 5 to 24 hours of hydration. Results from the two families
of experimentsare very different. In particular, linear shrinkage remainsvery low.

As seen in the literature, the origin of this problem may be the friction at the
interface between the paste and the mold in the linear type 2 measurement. To check
this assumption, linear type 1 measurements were carried out on 1) cylindrical samples
and 2) samples having the same geometry (4x4x16 cm) and history (no rotation) than
those used for the linear type 2 measurement (cf. § 3.1.1). The measurement only starts
at 16 hours, time at which the samples have been demolded and sealed with aluminium
sheets (the results presented are the average results based on 3 samples).
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The results (Cf. Fig. 7) show that linear shrinkage obtained with the type 1
measurement (i.e. vertically, on demolded samples) is not of the same order of
magnitude than linear shrinkage obtained with the type 2 measurement (i.e.
horizontally, in the mold). Even after setting, friction seems to be high enough to
restrain deformations in the type 2 configuration.

1000
©
LLI -
% Volumetric measurement
2 800
X
=
£
/4]
§ 600
<
@D
[@)]
9
3
& 400
[u
D
£
£
S 200
2 Linear type 2 measurement
g‘ i

0 , Y e
0 6 12 18 24

Time (hours)
Fig. 6. Comparison of volumetric and linear results between 5 and 24 hours.

Despite the quite high dispersion of the volumetric measurement, the rate of shrinkage
seems to be of the same order of magnitude (a little higher) than results obtained for
linear type 1 measurement.

5.3 Comparison between 24 and 48 hour s

Asseenin Fig. 8, from 24 hours up to 48 hours, the two types of linear measurements
arein very good agreement. The rigidity of the cement paste is then high enough to
overcome friction in the type 2 configuration. However, results obtained with
volumetric measurementsfully divergefrom others (the lower curve did not diverge up
to 24 hours). Vaues obtained with volumetric measurement are 3 times as large as
those obtained with linear measurement at 36 hours.
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6 Discusson

The problem of non equival ence between volumetric and linear test methods has to be
considered over different time scales:

From the time of casting up to the time of setting, deformations are not isotropic.
The results obtained in this study confirm that, before setting, volumetric
shrinkage corresponds very well to chemical shrinkage, and that no linear
shrinkage is observed in the horizontal direction. Chemical shrinkage is then
entirely transformedinto vertical deformations.

The difference between the two types of linear measurements tends to prove that
the problem of friction at the interface paste / mold at early age can be a source of
error. In particular, type 2 method cannot be used to determine the initial rate of
autogenousshrinkage.

In the hardened state, the problem of non equivalence between linear and
volumetric measurementsis more surprising. Since linear measures with different
set-ups and sample geometries give identical results, it is possible to consider this
type of measurement as a reliable one. Regarding the volumetric test method, it is
necessary to further evaluate the possible artefacts of the measure. This will be the
objectiveaf this discussion.

Three types of potential artefacts are frequently presented in the literature for
volumetric test methods. Those artefacts (cf. 92.1) are 1) a non accurate control of
temperature, 2) theinfluence of the membrane pressure and 3) the presence of bleeding
water on the surface of the sample. With regards to the test method used in this study,
the following remarks can be done:

Fig. 9isan example of evolution of temperature of the water which is very closeto
the sample in the volumetric test. Control of temperature appears to be quite
efficient, and is probably not the source of an overestimation of the volumetric
deformations. Fig. 9. Example of evolution of temperature in the surrounding
water of the samplein the volumetric test.

Bleedingis probably not the origin of the differences, because:

1. during the volumetric experiment, the sampleis rotated,

2. W/C of cement pasteis very low, lower than water demand,

3. considering therate of chemical shrinkage, all the bleeding water would
have been re-absorbed at 24 hoursin case of bleeding.

Finally, the pressure of the membrane can be a possible artefact, not in the liquid
state, because the liquid suspension is incompressible, but just after, at the
beginning of building up of the porous network. The pressure of the membrane
may be high enough to break the first mineral network. Nevertheless, if pressureis
the artefact, one can wonder what is the behaviour of cement pastein quite massive
structures, when proper weight is important. Moreover, it is possible to assume
that, even if the pressure of the membrane is responsible for some differences at
early age, this effect would drastically decrease as the rigidity of the materia
increases. As was seen previoudy, thisis not the case.
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Fig. 10. Exampleaf evolution of temperaturein the surrounding water of the sample
in the volumetrictest.

An other type of artefact, whichis not mentionedin the literature, hasto be considered.
In a rea structure, as self-desiccation appears, menisci of water create capillary
pressure dependant on the radius of those menisci. This capillary pressure is the
difference between pressurein the gas constituting one part of the porous network, and
the pressure in the water constituting the other part of the porous network. In a
structure, capillary porosity is connected to the surface of concrete and as soon as gas
has percolatedin the porous network, atmospheric pressureis imposed in the gas. At a
given moment, the capillary pressure is then the difference between atmospheric
pressure and the pressure in water. In the case of the volumetric test, the sample is
sealed in a membrane. When gas percolates in the porous network, the atmospheric
pressure is not imposed in this gas. This pressure is lower than the atmospheric
pressure and decreases as the volume of gasincreasesin the sample. In absolute value,
capillary pressure is then more important. This difference can create an increase in
autogenous shrinkage.

To quantify the importance of this difference (which is purely caused by the
testing method), the pressurein water caused by capillary pressure has been calculated
as a function of relative humidity in two ways. The pressure in gas in the porous
network has been taken equal (1) to the atmospheric pressure and (2) to the partial
pressure of vapour at the equilibrium with the meniscus for the given Relative
Humidity. Fig. 11 presentsthe relative error between those two values as afunction of
Relative Humidity.

When Relative Humidity is lower than 0.95, the relative error done becomes
inferior to 1%. It is caused by the fact that in absolute value, below this Relative
Humidity, the capillary pressureis very important facing atmospheric pressure. But,
just at the beginning of creation of menisci (Relative Humidity close to 100%), the

error is very high (about 1400%) and can create differences in the autogenous
shrinkage.
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Fig. 11. Relativeerror doneon the value of pressurein water assuming atmospheric
pressureor partia pressurecf vapour in the gas of the porous network.

Fig. 12 plots the evolution of Relative Humidity with time for the cement paste used.
The period corresponding to 95-100% of relative humidity is between 35 and 55 hours.
This period is consistent with the time scale where differences between volumetric and
linear methods were observable (24 — 48 hours). According to this analysis, one can
assume that the differences between the two measurementswould decrease after about
60 hours of hydration (i.e. for HR<0.95). Fig. 13 presentsthe comparison of linear and
volumetric results after 48 hours. Even on this time scale, the differences between the
two sets of experiments still remains. This means that, even if the difference in gas
pressure can be a source of error in the volumetric measurement, it does not entirely
explain the observed differencesin autogenousshrinkage.

One last explanation concerning the observed differences between linear and

volumetric experiments could be a non-isotropy of deformations. New experiments
have to be carried out to further check this point. A first surprising result is described
in ref. [22] and [23], where axial and lateral strains were measured on concrete
specimens (samples are cylinders having a diameter of 16 cm and alength of 100 cm;
the concrete has a W/C of 0,5). Fig. 14 presents the preliminary results, where the
measured lateral strain appears to be 1.6 times the axial strain. This apparent
anisotropy has been attributed at that point to a non-homogeneous aggregate
distribution caused by the use of non-coredcylinder specimens.
Regarding thislast hypothesis, measure of deformationsin lateral and axial directions
should be performed on cement pastes and on cored concrete specimens to assess if
deformations are isotropic or not in the linear test configuration, and if this could
explain the observed differencesbetween linear and volumetric experiments.
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(preliminary resultsfrom [22]).

7 Conclusons

Based on the experiments performed in this study, the following conclusionscan be

drawn:

Before setting, autogenous shrinkage correspondsquite well to chemical shrinkage
but no linear shrinkage is observed in the horizontal direction. Chemical shrinkage
is thenentirely transformedinto vertical deformations.

The continuous volumetric method alows to define precisely the stiffening
threshold, which marks the transition from a dense suspension of solid particlesto
aporous solid.

Several hours after setting, friction at the interface between the paste and the mold
restrains deformations in the type 2 linear measurement. This test method is not
ableto givetheinitial rate of autogenous shrinkage.

Later after setting, type 1 and type 2 linear measurements coincide. Results given
by volumetric method diverge and give results about 3 times as large. No
explanation for this phenomenon has been found at this point. Assumptions
regarding the effect of the differenceof gas pressurein the volumetric experiments
or the possibility of a non isotropic behaviour have been made. Further researchis
needed to confirm these hypothesis.
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EFFECTS OF CEMENT PSD ON POROSITY PERCOLATION AND
SELF-DESICCATION
Cement PSD and self-desiccation

D.P. BENTZ
National Institute of Standards and Technology, Gaithersburg, MD USA

Abstract

The degree d self-desiccationin field concrete depends on the availability o external water
to replacethat consumed due to the chemical shrinkagethat occursduring cement hydration.
As the cement hydrates, the capillary porosity depercolates, drastically dowing down this
rate o external water ingress. In this paper, computer simulations are used to investigate
the effects o cement particle size distribution (PSD) on capillary porosity percolation and
the empty porosity created by chemical shrinkage. In addition, simulations are conducted
with a single aggregate in the model microstructure to investigate the effects d cement
PSD on interfacial transition zone (ITZ) microstructure at this aggregate interface. Because
the largest pores empty first during self-desiccation, the ITZ region in systems containing
aggregates is characterized by the presence d a large volume fraction of empty porosity
relative to that found in the bulk paste. The cement PSD influences both the volume and
size distribution of empty pores, which will in turn control the internal relative humidity
reduction and autogeneous shrinkagefor these materials. Thus, cement PSD is one material
parameter availablefor engineering the self-desiccation and autogeneous shrinkage behavior
d low water-to-cement ratio concretes.

Keywords: Chemical shrinkage, hydration, interfacial transition zone, microstructure, par-
ticlesize distribution, percolation, self-desiccation, simulation.

1 Introduction

In 1935, Powers [1]reported that during cement hydration, external water is absorbed by
the hydrating cement paste to replace that consumed by chemical shrinkage (the hydration
products occupying a smaller volume than the reactants). When external water is not
present or not readily available to the hydrating system, self-desiccation occurs and empty
pores are created within the microstructure. Based on the Kelvin-Laplaceequation, these
empty pores will causea reduction in theinternal relative humidity (RH) [2], inturninducing
capillary stresseswithin the remaining capillary water. Thesestresseswill causea measurable
deformation, referred to as the autogeneous shrinkage o the mortar or concrete specimen.
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-The magnitude d autogeneous shrinkage in conventional concrete mixtures is very small,
but increases dramatically as the water-to-cement (w/c) ratio decreases to the values used
in high-performance concretes.

The reduction in internal RH is mainly dependent on two factors: the volumed empty
pore space created and the pore sizedistribution of the cement paste [3]. Similar to a mer-
cury intrusion experiment where the largest connected pores first fill with mercury, during
self-desiccation, the largest pores will empty first. Thus, the moisture content vs. relative
humidity tends to follow the measured desorption isotherm o the material [4]. When at-
tempting to engineer the autogeneous shrinkage and internal RH d a concrete for field use,

one can attempt to regulate either the amount of empty pore space, its size distribution, or
both.

One material parameter that influences both d these properties is the particle size dis-
tribution (PSD) d the cement. Naturally, the sizedistribution o the cement particles has a
large influenceon theinitial and hydrated pore sizedistribution d the cement paste. While
the volume o chemical shrinkage is proportional to hydration [I]and would be expected
to be independent of cement PSD at equal degrees o hydration, the availability d external
water does depend on the cement PSD in the following manner. In measuring the chemical
shrinkage of a variety of cement pastes, Geiker [5] has shown that for a given w/c ratio,
there exists a critical degree d hydration beyond which the rate o water ingressis unable
to keep up with that needed to maintain saturation. This point corresponds to the deperco-
lation o the capillary pore space [6, 7]. Once the capillary porosity becomes disconnected,
water must penetrate via the much smaller poresin the C-S-H gel, so that the penetration
rate dows by one order  magnitude or more. Recently, smulation studies have indicated
that this depercolation o the capillary porosity is dependent on the cement PSD [8], with
coarser cementsrequiring a larger degreed hydration to achievedepercolation. Thus, under
proper curing conditions, a coarser cement may result in a reduction in both the empty
porosity created by chemical shrinkage and the autogeneous shrinkage d the specimen. In
this paper, computer simulations are applied to studying the influence & cement PSD on

capillary porosity percolation, empty porosity created by chemical shrinkage, and interfacial
transition zone (ITZ) microstructure.

2 Computer Modelling Techniques

All simulations presented in the results section were conducted using the NIST 3-D cement
hydration and microstructural development model, which has been described previously
[9]. The PSDs used were measured on actual cements [8] and bracket the PSDs currently
produced by cement manufacturers. The fine cement had a median particle diameter o
about 5 pm and a Blaine surface area d 640 m?/kg, while the coarse cement had a median
particle diameter o about 30 pm and a Blaine surface areadf 210 m?/kg. The composition
of the cement determined by quantitative microscopy was59 % C3.5, 259 % C:2S, 0.6 % CsA,
and 14.2 % C4AF, with hemihydrate added at a mass percentage o 4.6 % [8]. Recently,
a number of properties o these two model cements have been studied in detail [10]. Both
cement paste and concrete (w/c=0.3) microstructuresweresimulated. In thelatter case, the
presenced an aggregate issimulated by placing a 2-pixel widesheet of aggregate through the
middle d the 3-D microstructure. For the 30 pm cement, simulations were also conducted
with a10 % silicafume replacement o cement (mass basis). The silicafume, modelled as
0.5 pm particles, reacts with the calcium hydroxide produced during hydration and also
results in a reduction in the overall Ca/Si ratio of the C-=S-H gd [11, 12]. The cements
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‘were modelled as either 100 x 100 x 100 (1 pm/pixel) or 200 x 200 x 200 (0.5 pm/pixel) 3-D
microstructures.

The hydration simulations were executed under two different curing conditions. In one
case, the hydration was executed under totally sealed conditions, so that no additional wa-
ter was available to replace that consumed due to chemical shrinkage. In this case, empty
porosity is created within the microstructure to account for the water “volume” lost due
to chemical shrinkage [9]. In the second case, referred to as saturated/sealed curing, the
hydration was executed under saturated conditions until the capillary porosity became de-
percolated, at which point all subsequent hydration was performed under sealed conditions.
Under saturated conditions, no empty porosity is created within the microstructure during
hydration, asit is assumed that all needed water is readily available from the external en-
vironment to replace that "lost™ via chemical shrinkage. Previously, Powers has suggested
the moist curing o field concreteonly to the point wherethe capillary porosity depercolates
[13], as subsequent curing beyond this may be d little value.

3 Reaults

3.1 Percolation and chemical shrinkage in cement pastes

At equivalent w/c ratios, theinitial averageinterparticle spacing will be greater for a coarser
cement system as can beseenin Fig. 2, subsequently presented insection 3.2. Thiswill result
in a greater degree d hydration being required to disconnect the capillary pore network. A
guantitative comparison of depercolation of capillary porosity for the systems examined in
thisstudy is providedin Fig. 1. Whilethe5 pm system depercolates at a capillary porosity of
about 0.21, the 30 pm system capillary pore network remains percolated down to a porosity
d about 0.15. The addition o 10 % (replacement for cement on a mass basis) silicafume
particles, much finer than the 30 pm cement, slightly shifts the percolation threshold to a
higher porosity d about 0.16. Since water is easily imbibed into the cement paste before
depercolation o the capillary porosity, the coarser cements would be expected to providean
enhanced “curability”, as they will continue to imbibe water after the finer cements' pore
networks have depercolated [8].

This shift in porosity percolation threshold will aso influence the empty porosity created
by chemical shrinkage and the resultant autogeneous shrinkage occurring in water-cured
cement pastes. Table 1 summarizes the empty and water-filled porosity present after ex-
ecuting 5000 cycles (about 25,000 hours or 1040 days) o the hydration model for both
saturated/sealed and sealed curing conditions. The empty porosity due to chemical shrink-
age for the finer cement is greater than that for the coarser cement for two reasons. First,
theincreased hydration o thefiner cement results in an increasein chemical shrinkage, par-
ticularly evident in the systems hydrated under sealed conditions. Second, becausethe finer
cement switches from saturated to sealed curing (when the capillary porosity depercolates)
at a higher capillary porosity, it produces a greater amount o empty porosity during the
“sealed” hydration stage. At a degree  hydration of 0.59, equivalent to that ultimately
achieved by the 30 pm cement, the empty porosity volumefraction of the 5 pm cement is
0.024, 60 % higher than that observed for the coarser cement.

In Table 1, the presence d 10 % silicafumeis seen to result in a dlight increasein the
volumed empty porosity for both curing conditions, in agreement with previoussimulation
results [14]. While not directly addressed by the simulations, the cement PSD and inclusion
d silicafume will also affect the pore size distribution of the hydrated cement paste. In two
systems with equivalent total porosities and equivalent amounts o chemical shrinkage, the
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Fig. 1: Fraction connected porosity vs. total porosity for w/c=0.3 cement pastes o varying
cement PSD and silicafume content. System sizeis 200 x 200 x 200 (0.5 um/pixel).

system with finer poreswill exhibit agreater reduction in internal RH and a greater amount
d autogeneous shrinkage [15]. In general, a reduction in empty porosity (due to chemical
shrinkage) and resultant autogeneous deformation should be observed when using a more
coarsely ground cement {10].

3.2 Interfacial transition zone (ITZ) microstructure

In addition to affecting the overall percolation of the capillary porosity and the amount of
empty porosity, the cement PSD also has a significant effect on the local microstructure o
the ITZ. It has been previously illustrated using computer modelling that the thickness of
the ITZ region will be on the order o the median diameter o the cement PSD [16]. Thus,
the use o a coarser cement will increase the thickness o the ITZ region and also result
in the presenced larger "pores" in this region. Sincethe largest pores empty first during
self-desiccation, a large fraction of empty porosity may be created within the ITZ region

Table 1. Porosity of cement pastes after 5000 cyclesdf hydration (w/c=0.3)
PSD Silicafume Empty porosity Water-filled Degree o

(%) fraction porosity fraction hydration
5 0 0.031 0.012 0.71
5% 0 0.077 0.009 0.64
30 0 0.015 0.083 0.59
30¢ 0 0.070 0.043 0.57
30 10 0.021 0.066 0.57
30° 10 0.074 0.048 0.52

%totally sealed hydration
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Fig. 2 Origina and final 100 x 100 2-D microstructure images for upper left: origina
w/c=0.3 PSD=5 pm, upper right: origina w/c=0.3 PSD=30 pm, lower left: final w/c=0.3
PSD=5 pm, and lower right: final w/c=0.5 PSD=30 pm. Final images are for hydration
under totally sealed conditions. In the origina images, phases from brightest to darkest
are. C35, C,5, C3A, C4AF, hemihydrate, and porosity. In the final images, phases from
brightest to darkest are: C—S—H gdl, other hydration products, unhydrated cement, and
empty porosity. Central bar extending across the microstructureis theflat plate aggregate.
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[10]. Thisisillustrated in Fig. 2 which shows 2-D plane sections from the initial and final
microstructures (from the 3-D model) for the two different cement PSDs. One can clearly
observethelarger pore sizes present with the coarser cement, particularly in the ITZ region.
The final images show that often these larger pores empty during hydration, creating an
ITZ microstructure that is significantly different from that of the bulk cement paste. While
these large pores are likely detrimental from a strength viewpoint, they may actually reduce
the autogeneous shrinkage in these systems, as for the same amount of chemical shrinkage,
the emptying o larger pores will result in less o a decreasein internal RH and thus, less
measurable autogeneous shrinkage [15].

A quantitative analysisd this phenomenais provided in Fig. 3, which providesplotsd the
water-filled and empty capillary porosity as afunction of distance from the aggregate surface
for the initial and final microstructures. The appearance o a local maxima at a distance
d about 5 pixelsin the final empty porosity curves, particularly prominent for the systems
cured under totally sealed conditions, corresponds to the large empty pores observed in the
final microstructural images provided in Fig. 2. The peak is seen to be much higher for the
coarser cement, due to the inefficient packing of the cement particles in the vicinity d the
aggregate surface and the larger average pore size. For the water-filled porosity, the profile
increases basically in a monotonic fashion as the aggregate is approached, due both to the
initial cement particle packing and the one-sided growth effect [17]. For the empty porosity,
however, the value actually decreasesvery near to the aggregate surface, as the pores afinite
distance from the aggregate are first emptied during self-desiccation and a "thin (severa
pixel) water film" remains on the aggregate surface to be filled in by subsequent hydration.

4 Conclusions

The effects o cement particle size distribution on self-desiccationin cement pastes have
been examined using computer simulations. Coarser cements influence self-desiccation in
these systems by:

1 increasing the hydration needed to depercolate the capillary pore network,
2. increasing the average pore size due to particle spacing considerations, and
3. modifying the interfacial transition zone microstructure by introducing more and

larger pores which may remain as empty pores following hydration.

All o these effects should result in a reduction in the measured autogeneous shrinkage

d cement pastes and concretes produced using a coarser cement, in agreement with the
experimental results of Jensen [18].
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EVALUATION OF UNDER-PRESSURE IN THE PORE WATER OF SEALED
HIGH PERFORMANCE CONCRETE, HPC

B. PERSSON
Division of Building Materials, Lund University, Box 118,221 00 Lund, Sweden

Abstract

This article outlines an experimental and numerical study on the estimation of under-
pressure in the pore water of HPC. For this purpose 96 sealed cylinders made of 8
HPCs with w/c varying between 0.25 and 0.38, based on low-alkali Portland Cement,
were manufactured. Five or ten per cent silica fume was used in the HPCs as
calculated on the basis of the cement content. Basic creep was studied on two thirds
of the cylinders and autogenous shrinkage on the rest. The measurement was done
from 0.01 s until 3 years age. Paralel studies of hydration, strength and internal
relative humidity were performed on 450 cubes manufactured from the same batches
that were used for the cylinders. The resultsindicated high influence of w/c, age and
silicafume on the under-pressurein the pore water of HPC. The work was performed
at Division of Building Materials, Lund Institute of Technology, Sweden 1992-1995.
Keywords: Autogenous shrinkage, Basic creep, Concrete, High Performance
Concrete, Hydration, Relative Humidity, Self-desiccation, Silicafume, Strength.

I I ntroduction, objectiveand general layout of thestudy

11 Introduction

Self-desiccation of HPC causes a phenomenon called autogenous shrinkage, an
unfavourable property of HPC. Autogenous shrinkage and consequently also self-
desiccation occurs even under wet conditions due to the low permeability of HPC.
The self-desiccation of HPC is more pronounced with decreased water content of the
HPC [1]. The smaller the water-cement ratio, the larger is also the autogenous
shrinkage due to self-desiccation. A method for calculating the autogenous shrinkage
based on theinternal relative humidity was proposed [2].

12 Objective

It was the objective of the work to estimate a rel ationship between the under-pressure
in pore water of HPC, RH, basic creep and shrinkage. The influence of the HPC mix
design on the pore under-pressure was to be studied, i.e. effect of silicafume and wic.
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1.3 Generd layout of the gudy
Table 1 showsthe time schedulefor the work [3].

Table 1. Time-schedulefor the work

Y ear 1992 1993 1994 95
Quarter d year 1 2 3 4 1 2 3 4 1 2 3 4 1
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A new method of rapid loading and simultaneous registration of measurements was
developed. The age of the HPC was 1, 2 or 28 days at the commencement of testing.
At 1 and 2 days age a stressistrengthratio of 0.6 applied; at 2 and 28 days 0.3. The
loading, as much as 100 kN, was applied very rapidly within 0.01 s. The quasi-
instantaneous loading gave the possibility of estimating the initia strain (true
modulus o elasticity) and very early creep [4]. This was of great interest for
prestressed structures when the loading from the strands is transferred to the HPC at
early ages. The rapid loading method al so separated the elastic strain of the HPC from
the viscous elastic and the plastic part. The early creep rate seems to be constant a a
certain age of the HPC. It wasthen fairly independent of the water content. Theinitial
strain at rapid load was dependent on w/c. It aso was fairly linear related to the
sguare-root strength which coincided well with the propertiesof normal HPC.

After the quasi-instantaneousloading of the cylinders, the deformations were
continuously studied over a period of 66 hours. The results showed astonishing
paralelism to the compliance for different types of mature HPCs. The compliance
could be expressed by similar functions that were fairly independent of wilc. The
differencesin compliance due to the maturity of the HPC were remarkably large, The
creep of ayoung HPC was more than twice as much asthat of an old HPC at the same
stresslstrength ratio. At the same age, 2 days, there also was some influence of the
stressstrengthratio on the size of the creep.

The long-term compliance has been studied for at least 1200 days for 3 of the
HPCs (12 cylinders). Twenty HPC cylinders of 8 HPCs studied in the spring-loading
devices were unloaded after at least 1 year of creep deformation. The elastic recovery
strain after unloading was more or lessidentical to the same property after the short-
term tests, i.e. the modulus of elasticity was more or less linear related to the square-
root strength. It was possible to distinguish the plastic creep from the elastic and the
viscous elastic after the long-term creep period as the same HPC batch was used to
cast cylinders for the short-term and the long-term tests [3]. When the elastic strain
exceeded 0.5 per mil, the increased strain seemed to be only of the plastic, i.e.
remaining type. The creep rate was smaller at 10% silicafume in the HPC than a 5%
silicafume of the cement content. The rate of creep was larger, even after long time,
for HPCsthat wereloaded at early agesthan for mature HPCs.
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Aggregatesaf crushed quartzite and natural sand of gneissapply for six recipes. In the
studies only the low-alkali Portland cement was used. The air-entrainment varied
between 1 and 7 % calculated on the total volume of the HPC. Superplasticiser based
on melamine formaldehyde applies for all recipes. In two recipes silica fume durry
applies together with crushed granite and natural sand based on granite. Table 2
shows the main characteristics of the aggregate [5], Table 3 in turn shows the
compositionof the cement [6] and Table 4, finally shows the mix design of the HPCs

Compressive Split

[gnition
losses

in the study [3].
Table 2 Main characteristicsof the aggregates[5].
Material/ characteristics Young's
modulus
Granite, Norrkoping 61.2 GPa
Natural sand, Balsta 59.1 GPa

Natural sand, Astorp
Peagravel, Toresta

Quartzite sandstone, Hardeberga 60.2 GPa

1.67%
1.95%
0.79 %
1.62%
0.28 %

Table 3. Chemical composition of cement resolved by X-ray fluorescence analysis.

X-ray fluorescenceanalyss:

CaO 64.9 %
Si0y 22.2 %
AlpO3 336 %
FepO3 4.78 %
MgO 0.91 %
ICP-analysis:

K20 0.56 %
NarO 0.04 %
LECO aperture:

Ignition lossesat 950 °C 0.63%
SO3 2.00 %
Physical properties:

Specific surfaceaccording to Blaine 302 m4/kg
Density 3220 kg/m3
Setting time:

Vicat 135 min.
Water 26.0 %
Standard test (prisms40x40x160 mm):

1 day 11.0 MPa
2 days 20.2 MPa
7 days 35.8 MPa
28 days 52.6 MPa




138

Table 4. HPC mix composition, etc (kg/m3 dry material, etc.; R= silicafume durry)

Material/Mix S0 90 9L 90R 110 130 130R 150

Air-entrainingagent, 0.06 0.04

Cementa88L (vinsoleresin)

Cement, Degerhamn 440 445 450 450 500 525 480 540
Anldggning Standard

Granite, 1065
Norrkoping 12-16

Natural sand, 780 770
Balsta 0-8

Natural sand, 840 850 790 765 765 750
Astorp 0-8

Peagravel, 1075

Toresta8-16

Quartzite sandstone, 470

Hardeberga8-12

Quartzite sandstone, 470 965 930 1020 1005 1060
Hardebergal2-16

Silicafume, granulated 22 45 45 50 53 54
Silicafume slurry 23 48
Superplasticiser, Cementa 33 55 43 53 48 64 178 96
Flyt 92 (melamine

formaldehyde)

Water-cement ratio 038 037 037 033 031 030 0.30 0.25
Air-content (volume-% 70 09 45 09 09 09 09 10
Density (kg/m3) 2250 2475 2380 2480 2500 2510 2520 2540
Slump (mm) 140 160 170 145 200 230 45 45
28-day strength (MPa) 60 110 92 101 127 137 122 143
|-year strength (MPa) 69 124 108 115 139 144 135 162
2-year strength (MPa) 127 121 115 145 149 131 162
22  Specimen

The circular moulds had an inner diameter of 55.5 mm and a length of 300 mm. Six
cast-in items were placed 25 mm from the ends of the mould and 2 items on opposite
sides at the middle of the mould. Three-mm bolts through the steel fixed the items.
The cast-in items had a diameter of 8 mm and a depth of 16 mm. They were provided
with flanges and edged to avoid movement in the HPC. The cube moulds were also
made of steel. Thermo couples were cast in one cylinder and one cube out of each
batch. After measuring air-entrainment and density, the moulds were filled up under
vibration. The cylinders were levelled off at the upper end. A 10-mm steel plate was
fixed and vibrated to the end of the cylinder horizontal (lying down). The ends of the
cylinder were very smooth and no grinding was necessary. All specimens were placed
in a rubber container to avoid losses of moisture. After casting and placing in the
rubber container the specimens were stored in a 20-"C climate chamber. The
endothermic period of about 7 h appeared, followed by the exothermic one.
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23  Procedureof manufacturingthespecimens

After 16 hours the bolts were loosened from the cast-in items and the moulds
removed. The specimens (both cylinders and cubes) were then insulated by a 2-mm
vulcanised butyl rubber cloth. Butyl rubber cloths were placed at the ends of the
cylinder and removed in some cases right before testing. Clamp hoses were placed at
theend of the cylindersfor avoiding moisture losses. The specimens were stored in a
20-"C climate chamber. Some temperature movements took place in the HPC due to
the heat of hydration. The maximum temperaturewas 24" C about 20 h after casting.

24  Compressvestrength, RH and hydration
After demoulding the butyl-rubber cloth, the cube was measured and tested for
compressive strength. The ultimate stress was applied a a rate of 1 MPa/s in a
Seidner testing machine. Directly after the compressive strength tests were performed,
fragments of the HPC (minimum 5 mm in size) were collected in 100-ml glass test
tubes in order to measure RH. The tubes were filled up to 213 Then rubber plugs
tightened them. The tubes with the fragments were kept in a 20-"C room. A
Protimeter dew point meter was used to measure the internal relative humidity, RH.
The probe of the dew point meter was entered into the test tube and rubber-tightened
to the glass. Since HPC contains very little moisture the required period of
measurement to obtain a stable value (equilibrium between the moisturein the air in
the pores of the HPC and the air around the sensor of the dew point meter) of RH was
a least 22 hours. The minimum period was thus set at 24 hours. Calibration of the
dew point meterstook place [7].

The specimen for measurement of hydration consisted of an eighth of a 100-
mm cube. Right after testing the compressive strength, the bottom eighth of the cube
(0.3 kg) wasfurther crushed, divided into two parts and placed in small containers. A
fan in a105-"C oven then immediately dried the HPC fragments. The fragments were
lessthan 5 mmin size. After at least one week of intensive drying the fragmentswere
ignited a 1050 °C for 16 hours. Before any weighing the material was cooled in an
exsiccator. By compensating for losses during the ignition of the different materials
accordingto the degree of hydration, wy,/c, was established [8].

25  Quas-ingtantaneous,short-term and long-term basic creep and shrinkage
As mentioned above, it is of great interest to study the quasi-instantaneous
deformationsof HPC [4]. Applying the loading very rapidly would be very useful for
research on creep of HPC. However, for mature HPC no differences seem to exist
depending on whether the loading is rapidly applied or not [9]. At early age and at a
high stresslstrength ratio plastic deformations probably dominate the deformation.
Figure 1 shows the specimen used in the experiment with quasi-instantaneous
deformations. The measurement was carried out in an MTS machine on four points
outside the specimen by Schlumberger displacement and gauging transducers.

The quasi-instantaneous loading was immediately followed by studies of the
basic creep during 66 h. The research was carried out in an MTS machine. The same
conditions applied as in Figure 1. The testing room was air-conditioned to avoid
displacementsdue to temperature movements. Figure 2 shows the specimen that was
used in long-term creep studies performed in spring-loading devices. Measurements
weretaken on 3+ 3 points by Huggenberger or Proceq mechanical devices.
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Figure 1. Specimen used in the quasi-instantaneousand short-term creep studies[3].

Parallel to the commencement of the quasi-instantaneousloading in the MTS machine
an identical specimen was placed in the spring-loading device, Figure 2. The weight
of the specimen was taken before it was placed. The measuring points were stiffly
connected to the steel cast-in items in the specimen by pin bolts of 3-mm diameter.
The length between the longitudinal measuring points was 250 mm. The steel plates
of the device were adjusted horizontal and paralel before the location of the
specimen. The position of the cylinder was adjusted to avoid eccentricities in the
device. The moisture stability in the specimen was secured by sealing compounds
between the butyl-rubber clothing of the specimen and the steel plate of the device. A
total of 32 specimens cast of 8 different HPCs were used in paralld studies on
autogenous shrinkage. The identical same batches of HPC were used as in the
experiments on quasi -i nstantaneousl oading.
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Figure 1. Specimen used in the quasi-instantaneousand short-term creep studies [3].

Parallel to the commencement of the quasi-instantaneousloadingin the M TS machine
an identical specimen was placed in the spring-loading device, Figure 2. The weight
of the specimen was taken before it 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 longitudinal measuring points was 250 mm. The steel plates
of the device were adjusted horizontal and paralel before the location of the
specimen. The position of the cylinder was adjusted to avoid eccentricities in the
device. The moisture stability in the specimen was secured by sealing compounds
between the butyl-rubber clothing of the specimen and the steel plate of the device. A
total of 32 specimens cast of 8 different HPCs were used in parallel studies on
autogenous shrinkage. The identical same batches of HPC were used as in the
experimentson quasi-instantaneousl oading.
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Figure 2. Specimen and equipment used in the long-term experiments.

After demoulding and insulation by butyl rubber clothing, 6 stainless steel screws
werefixed into cast-initemsin the cylinder. Measurementswere taken on three sides
o the cylinder on alength of 250 mm within 1 h from demoulding [10]. Later, after
cooling, the specimen was placed in a 20-"C climate chamber. A Huggenberger
or/and a Proceq mechanical device was used. Gloves were used for avoiding
temperature effects on the devices. Figure 3 showsdetails of the measure point of the
specimen. In spite of al the careful precautions some faults existed, causing
unforeseen water losses. The specimens were continuously weighed to detect this
loss. Possible absorption of water in the butyl rubber insulation would affect the total
weight of the specimen. Temperature movements had a small effect on the
measurementsof the autogenous shrinkage. Effectsof hydration heat were avoided by
obtaining the measurementsat 20 °C. A thermo couple was cast in the specimen and
the temperature was followed as the first measurement was performed.
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Figure 3. Specimensfor studies of autogenous shrinkage. Cubesfor strength tests.
3 Results

3.1  Compressive strength
Figure 4 shows the development of strength in the HPCs.
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Figure4. Developmentsof strength in the HPCs. Notations are given in Table 4 [3].
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32 RH
Figure 5 shows the development of RH in the HPCs.
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Figure 5. Developmentsof RH in the HPCs. Notationsare givenin Table 4 [3].

Assuming an average RH decrease of 18% between 5 days and 2 years of age, the
following expression appliesfor the self-desiccation (at an age less than about Y2 year,
acorrection, A@for therecipes90R and 130R with silicafume slurry applied):

0 =0.38[w/(c+25)+24-0.1"Int] - Ap 1)
c denotesthe cement content (kg/m°)

s denotes the content of silicafume (kg/m°)

t denotesthe age of the HPC (days)

w  denotesthe water content (kg/m”)

A¢p  =-003for therecipe 90R at an agelessthan about /2 year

A9  =-0.04for therecipe 130R at an agelessthan about 2 year

Therate of self-desiccatingwas expressed by the following equation (dayl):

do/dt = 0.038/¢ )

3.3 Hydration
Figure 6 showsthe degreedf hydration versus age for the HPCsin study [3].
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Figure 6. Degreeof hydration versus agefor the HPCsin study [3], Table 4.
Thefollowing expression applied for the 28-day relativehydration, wy/w 28:
Wn/W 28 =Ky * 0.17-[2.25- w/(c+2-5)] 3)

Ky =0.75for the recipe 90R
K = 1.09for the recipe 130R

The resistingsymbolsin equation (3) are given above.

34  Quag-ingantaneousbadc creep
Figure 7 shows the quasi-instantaneouscreep versustime of loading for the HPCs[3].
Similar resultswere also obtainedfor all the HPCs at early ages[3].
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Figure 7. Quasi-instantaneouscreep versus time of loading for the HPCs, Table 4.

35 Short-termbasiccreep

Figure 8 shows the short-term creep versus time of loading for the HPCs [3]. Results

of short-term creep were also obtainedfor the HPCs at early ages[3].
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Figure 8. Short-term creep versustime of loading for the HPCs, Table 4.
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3.6 Longtermbasccreep
Figure 9 shows the long-term creep versus time of loading for the HPCs [3]. Results
of long-termcreep were also obtainedfor HPCs that were |oaded at early ages [3].
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Figure 9. Long-term creep versustime of loadingfor the HPCs, Table 4.
3.7  Autogenousghrinkage
Figure 10 shows the autogenous shrinkage versus RH for the HPCs [3].
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Figure 10. Autogenousshrinkage versus RH for the HPCs [3], Table 4.
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4 Analysis

41 Genera

The interaction between autogenous shrinkage and compliance, J, was estimated, i.e.
the effect of compliance on autogenous shrinkage. At basic creep with no externa
loading the forces are balanced within the HPC. The interaction between the
autogenousshrinkage and the compliancemay be written (millionths/MPa):

J = €u/0 4)

Jaw  denotes compliance (millionths/MPa)
e denotesthe autogenous shrinkagestrain (millionths)
0] denotesthe stressin the HPC caused by autogenousshrinkage (MPa)

Two of the parameters, compliance, J, and deformation due to autogenous shrinkage,
€., Were measured. The third parameter, the internal loading causing an internal
stressin the HPC pores due to the decrease of relative humidity, RH, had itsorigin in
the self-desiccation of the HPC, Chapter 3.2. The self-desiccation, ¢, in turn, was
dependent on w/c, the content of silica fume, initially also the type of silica fume
(granulated silica fume or silicafume slurry) and the time as shown in Chapter 3.2
above. The time of self-desiccation was replaced with the degree of hydration, a, as
known from Chapter 3.3 above. The self-desiccation, Q was caused by the air-filled
pore volume created as the product of the degree of hydration, a, and the cement
content of the HPC, c, Figure11, [I1]:

Swy = 0.063-ac )
c denotes the cement content of the HPC (Mg/m)

o denotesthe degree of hydration
dwy  denotesthe air-filled pore volume caused by the chemical shrinkage

@ 0017 +

E 0.016 + \ —0—No silica fume - 28 days

g 0015 + —f— —0 —o—Nosilicafume- 90 days
g 0014 + —a—Nossilica fume-450days
-:. 0.013 —m— 10% silicafume - 28 days
2 0012 + —e— 10% silicafurme - 90 days
T 0011 + —a—10% silica fume - 450 days
< 001 — |

02 025 03 035 04 045 05 055 06
W ater-cement ratio

Figure 11. Self-desiccation, Q, was caused by the air-filled pore volume created as the
product of the degree of hydration, &, and the cement content of the HET, c [11].
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4.2  Internal forcesfrom the porewater

Since the air-filled pore volume most probably initially was a sphere, it was
transferred into a specific area to obtain the effect of the decrease of the internd
relative humidity on the autogenous shrinkage [12]:

Aswn = 4700(0.063-06)/(4 > = (0:c)**/140 ©)

c denotesthe cement content of the HPC (Mg/m”)
Asy,  denotesthe specific area of the pore volume caused by the chemical shrinkage
a denotes the degreedf hydration

The internal force in the HPC caused by the decrease of the relative humidity in the
HPC was expressed with the following equation:

Fow, = - Asw, - P(0) (7)

p(¢) denotesthe under-pressurein the pores at self-desiccation, ¢
Asw, denotesthe specificareaof the air-filled pore volume accordingto eq. (6)
Fow,_ denotesthe internal force caused by the decreaseof the relative humidity

4.3 Internal forcesfrom theHPC

At each age the internal stress of the HPC was expressed by the compliance, J. The
compliance aso covered the deformation of the aggregate, the cement paste, while
also taking into account the continuous creep of the HPC caused by the autogenous
shrinkage. According to equation (4) the internal specific force in the HPC due to the
decreasedf theinternal relative humidity was obtained:

Fc = (1- Asyn)’ Equf] (8)

A, denotes the specific areaof the air-filled pore volume according to equation (5)

F, denotes the internal specific force in the HPC due to the decrease of the
relative humidity with self-desiccation, ¢
J denotesthe complianceof the HPC

€au denotesthe autogenous shrinkageof the HPC

44  Equilibrium of internal forces

For static reasons the internal forces the internal forces were balanced, i.e. the forces
from the under-pressurein the pore water, Fj, , were compensated for by compressive

forcesin the HPC, F:
Fg=F, &, ©)
Taking into account that A,, wasvery small,i.e.:

(1-45,) = 1 (10)
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the following expression for the under-pressurewas obtained from equations (4) - (9):

D (0)= (140-€,)/[T-(ovc)™] (11)

c denotesthe cement content of the HPC (NB.. Mg/m3)

p(¢) denotesafunction of theinternal relative humidity of the HPC (MPa)
J denotes the compliancedf the HPC (millionths/MPa)

a denotesthe degree of hydration

e denotesthe autogenous shrinkageof the HPC (millionths)

¢ denotesthe internal relativehumidity of the HPC with self-desiccation

4.5  Evaluation of internal forces

The following parameters of equation (11) were obtained simultaneoudly for all the
HPCs studied throughout whol e the experiment (the parameterswere studied from the
same batch of HPC or each occasion, Table 4):

Autogenous shrinkage, £g,;, Chapter 3.7 above
Compliance, J, Chapters 3.4 - 3.6 above

Hydration, a, Chapter 3.3 above

Internal relative humidity, ¢, Chapter 3.2 above

The cement content, ¢, of the HPC was known, Table 4.

agkrowdPE

Figure 12 gives the under-pressure in the pores of the HPCs as a function of the
internal relative humidity of the HPC. The typeof HPC isindicated, Table 4.
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Figure 12 The under-pressurein the pores of the HPCs as a function of the internal
relative humidity of the HPC. The typeof HPCisindicated, Table4.
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From Figure 12 the following equation was obtained for the under-pressurein the
pores of the HPCs (MPa) [2]:

p(9,w/c) = 10kg {2.55 - 1.9-W/C-[2 + In(1-9)] + In(1-0)} (12)
c denotes the cement content of the HPC (kg/ms)
kg =0.5 for HPCs with 5% granulated silica fume, kg =1 for HPCs with

10% silicafume, kg =1 for HPCs with 5% silicafume slurry and kg =2
for HPCs with 10% silicafume durry (as calculated on the basis of the

cement content)
p(o,w/c) denotes the under-pressurein the pores of the HPC3(MPa)
w denotes the mixing water of the HPC (kg/m")
) denotestheinternal relative humidity of the HPC

The evaluated under-pressure was dependent on the type of HPC, mainly the water-
cement ratio, the content of silica fume and, findly, the type of silica fume
(granulated or slurry) as indicated in Figure 12. The HPC which contained 5% silica
fume, type 50 and 90R, exhibited lower under-pressure than remaining HPCs with
10% silica fume based on the cement content of the HPC. Generally the evaluated
under-pressure was lower than the under-pressurecalculated by others, for example
[13], who estimated 45 MPa a the internal relative humidity, RH = 0.75. Those
differences may be due to the creep in the HPC during autogenous shrinkage
(relaxation). The creep in the HPC was compensated for by use of equation (1) but
not in the studies presented by [13]. The risk of cracking, for example, were
diminishedif the creep during autogenous shrinkagein the HPC was accounted for.

5 Summary and conclusons

An study of creep and shrinkagein HPC was performed leading to an expression for
the evaluation of under-pressurein the pore water of High Performance Concrete,
HPC. Thefollowing parameters were requiredfor the evaluation of under-pressure:

Autogenous shrinkage
Compliance

Hydration

Internal relative humidity
The cement content

nhownpE

Thefollowing conclusions were drawn:

1. The evaluated under-pressure was dependent on the type of HPC, mainly the
water-cement ratio, the content of silicafume and thetype of silicafume

2. The calculated under-pressure was lower than the under-pressure calculated by
others, perhaps due to the creep in the HPC during autogenousshrinkage

3. Therisk of cracking, for example, may be diminished when the creep due to
autogenous shrinkagein the HPC is accounted for.
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A MODEL OF SELF-DESICCATIONIN CONCRETE

ADRIAN RADOCEA

Department of Engineering Sciences, Physicsand Mathematics
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651 88 Karlstad, Sweden

Abstract

A model that describes self-desiccationas a function of the degree of hydration, cement
content and initial water content has been developed. The changein relative humidity
in three concrete compositions has been compared with the model and an acceptable
agreement has been found. The physical approach of the mode brings out severd
interesting aspects of self-desiccation, for example the influence of hydration products
on the geometry of capillary pores. Animportant conclusionisthat the model together
with experimenta investigationscould enlargeour understandingof the devel opment of
the pore structureof cement paste.

Notation
C cement content kg/m®
g gravitational constant m/s*
h capillary rise m
Kl coefficient
M molar mass of water 18 kg/kmole
DPs partial water pressure & saturation Pa
P porosity m*/m
Py water pressure Pa
P, air pressure Pa
r capillary radiusor
mean radius of curvature m
R universal gas congtant 8314 J/kmole K
s specific surface m*/kg
T absolutetemperature K
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W initial water content kg/m®

We evaporablewater kg/m’

Whn chemically bound water kg/m’

w/C water/cement ratio

o degree of hydration

) relative humidity

P density of water 1000 kg/m®
c surface tension of water N/m

0 angleof contact between water

and thewallsof the capillary

1. Modd formulation

Self-desiccation is the decrease of the relative humidity in concrete when water
movement from or to the cement paste is prevented. Self-desiccation is caused by
cement reactions, that both decrease the total porosity and the amount of evaporable
water. Furthermore, contractionof the system cement + water resultsin development of
poresfilled with air and water vapour.

The degree of saturation of cement paste We/P can be calculated by using egquation
(1) and (2).

We =W -0.25aC 1)
P=W-0.18750C )

w

We W-025aC ¢ 02 o
P W-0.18750C %——0.1875(1

The diagram in Fig. 1 shows that the decrease of the degree of saturation is larger at
lower W/C-ratios, which is aso an explanation of a higher self-desiccation in these
cases[3]. Another way to show the influence of the proportion between total porosity
and evaporablewater content on relative humidity is to use a part of a sorption isoterm,
see Fig. 2. The contraction of the system cement + water makes the volume of
evaporable water to be lower than the total volume of the pores, but only the largest
poresareempty.
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Fig. 1. The degree of saturation at different W/C-ratios.
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Fig. 2. Decreasein relative humidity caused by contraction.

According to equation (3), the degree of saturation dependsonly on W/C-ratio and the
degree of hydration. The question is if it possible to express relative humidity as
function of the same parameters.

By combining Kelvin and Laplacé equations, equation (4) and (5), a reationship
between relative humidity and the mean radius of curvature of a water meniscuscan be
obtained, see equation (6).
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RTp
Pw =ps— In® 4
w=ps—— 4)
Pa—Pw =22 ()
T
2c RTp
=p,-——In® 6
" Pa M ©)

The problemis now to express the mean radius of curvature as afunction of theinitial
water content, cement content and degree of hydration.
Carman[4] proposed equation (7) to expressthe capillary risein find sand beds.

h= os(1-P) )
pgP
For acylindrical porethe capillary riseis described by equation (8).
h= 20cos6 (8)
pgr

Equation (7) and (8), together with the assumption that the angle of contact between
water and thewalls of the capillary is zero, gives:

2p

T si-p) ©)

The surface of the gel pores should be proportional to the amount of chemicaly
bound water [2]:

Vm =0.26Wn (10)

whereVm is the amount of absorbed water corresponding to alayer of water molecules.
Considering that a water molecule has the dimension of 3.5A, the specific surface of
the gel pores can be cal culated by the following equation:

0.26Wn

=W (11)
3.5.1071%



157

Equation(2), (9) and (11) give:

o 2(W —0.18750.C) 12
0.26-0.250.C (1 W+ 0.18750cC)
3.5:1071% P

The mean radius of the equivalent pore, see equation (12), isplottedin Fig. 3.
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-g_ 2,00E-08
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0 0,2 0,4 0,6 0,8 1

Degree d hydration

Fig. 3. Mean radiusof the equivalent pore as function of degree of
hydrationand W/C-ratio.

When al constants in equation (6) are replaced by values, the relative humidity
becomes a function of the mean pore radius, which in its turn depends on the degree of
hydrationand W/C-ratio. Equation (13) isplottedin Fig. 4.

® = exp 101325 - 0.246r 13)
1.345-10
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Fig. 4. Self-desiccation at different W/C-ratio.

2. Discusson and conclusons

It is may be too optimistic to think that Carman equation applied on a cylindrical pore
could describe the complex structureof the pore system of cement paste, but let ustry it
and see what happens.

The diagram in Fig. 5 shows the difference between calculated and measured
development of self-desiccationin concrete with 0.4 W/C-ratio. The time dependence
of the degree of hydration corresponds to Swedish Std-Portland cement. The proposed
model gives higher self-desiccation, which can be explained by the fact that not all the
reaction products affect the capillary pores, i.e. the specific surfacein equation (12) is
too large. Our purpose is to find out the radius of an equivaent pore. This pore
corresponds to the mean radius of curvature of the empty pores a a given degree of
hydration.
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Fig. 5. Calculated and measured development of relative humidity.

In order to obtain a better agreement between the two curves, a coefficient ki, see
equation (14) and Fig. 5 can be used to increasethe mean radius of curvature.

o 2(W —0.1875a.C) 14
1. 0:26-025aC (1 W+ 0.18750cC)

3.5.107 19 p
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L 4
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0,8

Relative humidity
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0 20 40 60 80 100 120 140

Time (days)

Fig. 6. Calculated and measured development of relative humidity (k1=0.7).
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It can be noticed that the most important difference between the two curvesin Fig. 6
is the displacement of the measured curve caused by fact that the relative humidity
during the first three days was found to be 100%. This cannot really be true since
measurements of capillary pressureindicatethat the concrete becomes unsaturated after
approximately four hours after placing. 1t is sooner a problem caused by the difficulty
to measure relative humidity near 100 %. Thediagramin Fig. 7 shows self-desiccation
in two other concrete compositions.

2
5 0,95
£
= 09
£
g 0,85 - s —— .
id
% 0,8 : = —
(14
0,75

0 20 40 60 80 100 120 140
Time (days)

Fig. 7. Measured and cal cul ated development of relative humidity in concretewith 0.35
and 0.4 W/C-ratio. The coefficient k| is0.87 and 0.83.

Theinfluenceof the reaction products, and consequently their specific surface, on the
change of the pore radii of the capillarieshasto be higher at lower W/C-ratio. At high
W/C-ratio (see Fig. 8) only the outer surface of the reaction productsredly affect the
distance between the cement grains. This surface is larger than the surface of the
cement grain, but much lower than the surface of the reaction products. Thus the
coefficient k1 must describe these conditions. It is probable that the coefficient k1 is
not only dependent on W/C-ratio but aso on the specific surface of the cement and the
type of cement.
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Fig. 8. Cement grainsand reaction products at low and high W/C-ratio

The examples shown in Fig. 6 and Fig. 7 indicatethat the proposed model can be used
to estimate the development of self-desiccationin concrete. In order to improve the
accuracy of the model, the coefficient kl has to be determined by using one or two
measurementsof relative humidity in sealed samples.

Experimental investigationsare necessary to answer several important questions. does
the model describe the development of the capillary radii in cement paste, is the
coefficient k| aconstant or it also depends on the degree of hydration, is the coefficient
k1 proportiond to the W/C-ratio, i. e. the initid distance between cement grains, do
additivesand admixturesaffect kl?

Equation (13) and (14) enable us to express the relative humidity as a function of
well-known physical parameters. Thus the proposed model together with experimental
Investigationscould be used to investigate the change in the geometry of capillary pores
and consequently enlarge our understanding of the development of the pore structure of
cement paste. The model could be verified by studying the influence of W/C-ratio and

type of cement on the change of the sorption isoterm at different degree of hydration.
An exampleisshowninFig. 9 and Fig. 10.
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Fig. 9. Calculated decrease of relative humidity at degree of hydration between 0.1-0.6
(W/C=0.35).
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Abstract

The benefits of reducing autogenous shrinkage of concrete on restrained stress in
reinforced concrete members made with high-strength concrete were experimentally
investigated. In case of conventional high-strength concrete, extreme fiber tensile
stresses of about 2.5 to 3.5 N/mm? were observed. On the other hand, in case of high-
strength concrete made with low heat Portland cement used in combination with
shrinkage reducing agent and expansive additives to reduce autogenous shrinkage
greatly, extreme fiber tensile stress was ten times lower than that measured on
conventiona high-strength concrete. These tendencies can be evaluated by 2D-FEM
analysis based on the principle of superposition and taking into account the time
dependency of creep.

Keywords: high-strength concrete, autogenous shrinkage, stress, low heat Portland
cement, shrinkage reducing agent, expansive admixture, creep.

1 I ntroduction

When investigating cracking of high-strength concrete (HSC) made with low water-to-
binder (W/B) ratio, restrained stress due to autogenous shrinkage cannot be ignored [1].
For example, in rigid-frame RC structures with an important [ 2] external restraint, it is
pointed out that HSC devel ops cracking, and the reduction of autogenous shrinkage can
be of great importance. In order to reduce autogenous shrinkage of HSC, the use of low
heat Portland cement (Belite-rich cement), shrinkage reducing agent and expansive
admixture as well as their combination was investigated [3-6]. However, in amost
studies published in literature, materia properties are the main concern, thus the benefit
of reducing autogenous shrinkage of concrete on restrained stress in reinforced concrete
(RC) members made with HSC is not sufficiently investigated. The objectives of this
study are asfollows:
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1. To determine the effect of a ternary combination of low heat Portland cement,
shrinkage reducing agent and expansive admixture on autogenous shrinkage of
HSC.

2. To evaluate the restrained stress of beams cast with HSC made with 23% W/B, low
heat Portland cement used in combination with shrinkage reducing and expansive
admixtures.

3. To simulate the restrained stress by two-dimensional finite element method (2D-
FEM) based on the principle of superposition and taking into account the time
dependency of creep.

2 Experimental program

21 Materialsand mixtureproportions

Materials and mixture proportions of the concrete mixtures used are summarized in
Table 1. Both concrete mixtures were prepared with same WE3 of 23% and containing
10% silica fume replacement. Conventional HSC (AS) was made with ordinary
Portland cement while the second mixture refereed to as New-developed HSC (LAS)
was prepared using low heat Portland cement combined with shrinkage reducing agent
and expansive admixture.

Table 1. Mixture proportions of concrete (kg/m’)

Symbol |Type of |W/B|SF/B |s/a(% |W |C |SF |EX |S G |SR |SP
cement |(%) |[(%) |volume) : A

AS NC 23 |10 41 161 {630 {70 |0 629 [912 |0 14

LAS LC 23 110 |41 161 [600 |70 (30 (630 |914 |6 154

Symbolsin Table 1:

G: coarse aggregate, fineness modules (6.78), specific gravity under saturated surface-
dry

NC: ordinary Portland cement, specific surface area (3.500cm*g), and specific gravity
(3.15)

LC: low-heat Portland cement, specific surface area (3.500cm?g), specific gravity
(3.22)

SF: silicafume, specific surface area (200.000cm?g), and specific gravity (2.2)

S: fine aggregate, fineness modules (2.80), specific gravity under saturated surface-dry
(2.61) (2.63), maximum size of coarse aggregate (20mm)

EX: expansive admixture

SRA: shrinkagereducing agent

SP: high-range water reducing agent

22 Tet methods

221 Compressvestrength and eastic modulus

The compressive strength and elastic modulus of concrete were measured according to
JIS A 1108 and JSCE-G502 (Draft) specifications, respectively. Measurements of
compressive strength and elastic modulus were performed immediately after fina
setting. The variation of elastic modulus of concrete with age was determined according
to Eq. (2).
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E(t) = Ezg €XP(SE [1_ ((28a}3>/(t - aE))O'S] } (1)
E() Elastic modulusat an age oft days
Ex  Elastic modulus obtained after 28 daysof age and 20 water curing

Se,%e Coefficientsrelated to type of cement and setting time, respectively
t Effectiveage of concrete (days) adjusted accordingto Eq. (2)

t=Y At exp[13.65 - )

i=]

4000
273+ T(At,)/T,

At. denotesthe number of dayswhen atemperatureT prevails

1

2.2.2 Autogenousshrinkagestrain

For each concrete mixture shown in Table 1, three 153050 prismatic specimens without
restriction were prepared to measure the autogenousshrinkage strain. At the center of
each specimen, a strain gauge with an elastic modulus of 49 N/mm? and a thermocouple
were embedded. The gauge can allow measurement of 100-mm lengthin the
longitudinal direction. The autogenous shrinkage strain was obtained by using the
measured strain and temperaturesand taking into consideration compensation due to
temperaturechange. The concrete thermal expansion coefficient was assumed to be
equalsto 10-10°° [7].

223 Autogenousshrinkagestressin beam specimens

The dimensionsof beam specimens and configuration of steel bars are shown in Fig. 1.
The reinforcement ratios are summarized in Table 2. In order to measure autogenous
shrinkagestressin the beam specimens, both tension and compression reinforcementsin
the specimens were equipped with strain gauges. For each mixture, two beam
specimens were prepared and sealed with aluminum foil and polyester sheet after
demoulding to prevent evaporation or absorption of water. The temperature inside the
concrete specimens was measured using thermocouples. The extreme fiber tensile stress
due to autogenous shrinkage was determined by considering equilibrium force
according to Eq. (3).

O__szs+Ps'+M_ﬁ 3)
Ac le 2

Ps=As-Es-€-s “)

Ps'= As"-Es'-€ - s’ 5)

M =P e, +P;-e (6)

oy Extreme fiber stresson tension
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As, Es, es  Cross-sectional area, elastic modulus, and strain of tension reinforcement
As, Es’, e.s” Cross-sectional area, elastic modulus and strain of compressive

reinforcement
Ac Cross-sectional areaof concrete
s, s Distance from center of beam height to tension and compression
reinforcement
Ze Equivalent geometrical moment of inertia
h Height of beam

2.3  Numerical analyssmethod

In order to analyze the restrained stress due to autogenous shrinkage, newly devel oped
2D-FEM analysis based on the principle of superposition enables one to evaluate the
stress with reinforcement restraint [2]. The basic data required for analysis are
autogenous shrinkage strain, elastic modulus, and creep coefficient, and for autogenous
shrinkage strain and elastic modulus, measured and cal culated value according to Eq.|
were used. As for creep coefficient, the modified CEB-FIP MODEL CODE 1990
(MC90) [8] equation was adopted to evaluate creep behavior at very early age (lessthan
one day).

a85) 10408 4351 PD3I2D10

|
8 — Q
00 end plate
o §§ (9mm)
\O
O
56] 188] 156
200 4@100=400 _I 800 ,_
l | Anchorage Area 2500
47 56 47
2 -
g =
[ =
wy
30 3@100=300 850
150 Anchorage Area 2300

Fig. 1. Dimensionsand configurationof steel barsof beam specimen.
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Table 2. Reinforcementratio

Svmbol | Tension reinforcement Compression reinforcement

Configuration | Ratio(%) | Configuration | Ratio(%b)

D32D19 |2@D32 34 2@D19 0.3

D19D10 [2@D19 1.4 2@D10 04

( z+1/2 ) t ”

ﬂH (i+1/2— ])/ L @

g,  Notional creep coefficient: ¢, =¢, x [(a- 1)/(a-12)

0128, )= 8 %

t Effectiveage of concrete (day) adjusted accordingto Eq (2)
B, Coefficientfor the effect of environmental condition on rate of creep

L | day
By =cxt;—d

In this analysis, the constants a, b and d necessary to calculate o and y are asfollows:

Concerning the conventional high-strength concrete (AS) made with ordinary Portland
cement, the constants obtained from using compression creep test data determined on
high-early strength Portland cement were provisionally adopted. These values are:

¢, =1.68,a=2.03,b=-1.03,c=4.52,d =145

Concerning the high-strength concrete (ILAS) made with low heat Portland cement,
shrinkage reducing agent and expansive admixture, the constants obtained from
compression creep test data determined on only low heat Portland cement were
provisionally adopted. These values are:

¢, =529,a=137,b=-1.70,c=9.30,d =7.69

Furthermore, o and y are modified according to Eq. (7) to allow anaysis even for very
early age (lessthan 1 day) [9].

3 Reaultsand discussons

31 Compressvestrengthand eastic modulus

The measured compressive strength and elastic modulus as a function of effective age
areshown in Figs. 2 and 3, respectively. In Fig. 3, the regression equation according to
Eqg. (1) is drawn. Compared to AS concrete, the development of strength of LSA
mixtureis lower, which may be due to the type of cement, whichis alow heat Portland
cement. For the elastic modulus, amost similar tendency to that obtained with
compressive strength was observed. At the age of 28 days the observed compressive
strength of both concrete mixturesgains about 100 N/mm?®.
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Fig. 3. Development of elastic modulus.

32  Autogenousshrinkagedrain

The variation of autogenous shrinkage strains with age isshown in Fig. 4. In the case of
AS concrete, autogenous shrinkage strain of about 70-10°° was observed after a long
period corresponding to 80 days. For LAS mixture the autogenous shrinkage strain was
almost constant after one day of age, and was 25-10° after the long period of 80 days,
such a value which represents one third of that obtained with AS mixture, thus
confirming the benefit of using a ternary combination of low heat Portland cement,
shrinkage reducing agent and expansive admixture.
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Fig. 4. Time-dependent changeof autogenous shrinkage

3.3  Autogenousshrinkagestressin beam specimens

Figs. 5 and 6 show the variation of extreme fiber tensile stresses with the agefor 1.4 and
3.4% reinforcement ratios, respectively. In the case of AS concrete, a large stress was
observed a early age. After a long period corresponding to 58 days, extreme fiber
tensile stresses of about 3.5 and 2.5 N/mm? were observed for 3.4% (D32 D10) and
1.4% (D19 D10) tension reinforcement ratios, respectively. Compared with AS
mixtures, the stress of 0.2-0.3 N/mm” obtained in the case of LAS concrete was much
smaller regardiess of the reinforcement ratio, which was approximately ten times
smaller than that used with AS concrete beam.

Based on these results, it can be confirmed that LSA mixture may therefore provide
considerable contributionin reducing retrained stressin RC members. The extremefiber
tensile stress vaues obtained from 2D-FEM analysis are shown in Figs. 5 and 6 for
D32D10 and D19D10 configurations, respectively. It was observed that the analytical
and measured values are in approximate agreement with measured vaues. As
mentioned above, referred values are used for creep coefficient in this analysis. We
believe that the difference between anaytical and experimental values may be reduced
by consideringthe real values. Ascan be seen in Figs. 5 and 6, the extreme fiber tensile
stressmeasured on LAS beamsis approximately two times |lower than that measured on
AS beams. The same tendency is aso observed with predicted values. Therefore, the
2D-FEM analysis adopted in this study can provideevaluation of restrained stressin RC
members due to autogenous shrinkage.
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Fig. 5. Time-dependent change of extreme fiber tensile stress (D32D10)
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Fig. 6. Time-dependent change of extreme fiber tensile stress (D19D10)
4. Conclusons

Based on results presented in this paper, the following conclusions can be warranted.
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(1)  Autogenous shrinkage strain of HSC made with 23% W/B and low heat Portland
cement used in combination with shrinkage reducing agent and expansive
admixture (LAS) is about one-third (113) to that of conventional HSC made with
same W/B and an ordinary Portland cement (AS). On the other hand, both LSA
and AS concrete develop comparable compressive strength and elastic modulus
values after 28 days of age.

(2) Regardlessof the reinforcement ratio, extreme fiber tensile stress of beams cast
with LAS concreteis ten timeslower than that measured on AS concrete. Thus, it
can be confirmed that LSA concrete may contribute a great deal to reducing
retrained stressin RC members.

(3) Restrained stress may have an important effect on mechanical properties of RC
members, such as craclung development, shearing behavior, deflection, etc., so
more investigationsshould be carried out to clarify such influence.

(4) Itisconfirmed that the analytical value obtained from 2D-FEM analysis based on
the principle of superposition and taking into account the time dependency of
creep can alow accurate evaluation of the restrained stress due to autogenous
shrinkage in RC beams. The difference between analytical and experimental
values can be reduced by considering actual constants determined from
experimentinvolved in the analysis.
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