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Abstract.

Self-desiccation is one common phenomenon of heggfepmance cementitious materials, which are
characterized by low water/binder (w/b) ratio andhhmineral admixture incorporation. As a
consequence, large magnitude of self-desiccatiomkstlge, a key factor which influences the
cracking behavior of concrete, develops rapidiythe cement matrix due to the internal relative
humidity (RH) decrease and capillary pressure ieduny self-desiccation.

The objective of this study is to evaluate the baraof self-desiccation and self-desiccation
shrinkage in silica fume (SF) blended cement pagtslow w/b ratio of 0.25. The self-desiccation
process was revealed by the measurement of inté&iblof the sealed cement pastes with
conventional method of hygrometer. The shrinkagihefsealed cement pastes was measured by the
corrugated tube method, permitting measuremergtatbat early age.

Experimental results revealed that SF blendingdetada higher internal RH, indicating slower
self-desiccation process, compared with pure cemeaste. Consequently, less self-desiccation
shrinkage was observed in SF blended cement phasteshat in pure cement paste.

Introduction

(Ultra-) High performance concrete (HPC/UHPC) hatdme popular due to its excellent
mechanical and durability properties. In orderatssy the required performance of HPC/UHPC, low
w/b (water/binder) ratio with high quantity of bexds essential. Moreover, different kinds of cemen
replacement materials, such as silica fume (SE)yamally added to them because a low porosity and
permeability are desirable. In particular, a lowgp ratio and high binder content with the presence
of certain supplementary cementitious materialsM(SCcan cause a significant drop in the internal
relative humidity (RH) in the cement paste duringaled hydration [1]. It is the so-called
self-desiccation, and will result in large magnéuaf self-desiccation shrinkage which, if restrdine
could increase the risk of early age cracking ofcrete, resulting in a decrease in durability and
long-term performance [2].

With the further application of HPC/UHPC, self-cesition and self-desiccation shrinkage have
drawn growing interest of research. Based on dedfims from physical chemistry, Jensen and Hansen
[3] proposed the following terminology.

Autogenous relative humidity change:
The change of internal relative humidity inlased, isothermal, cementitious material systetm no
subjected to external forces.

Self-desiccation:
Autogenous relative humidity change of a sshentitious material system caused by chemical
shrinkage.



Self-desiccation shrinkage:
Autogenous deformation of a set cementitious malteyistem caused by chemical shrinkage.

One of the key problems involved in the researdhesdetermination of time-zero, i.e., the time
for the start of self-desiccation shrinkage measerd. Accurate determination of the time-zero is
critical for self-desiccation shrinkage measurembmnterms of cracking, shrinkage occurring before
the time-zero is of little practical significance i may have little practical consequence in nesid
tensile stress development. Conversely, measuremokrghrinkage after the time-zero may
substantially underestimate the actual shrinkafhd e lack of uniform standard about the time-zero
causes great difficulty in comparing the resultsilable in the existing literature [4]. Many timep
criteria have been suggested in the literatureg®lpng which final setting time is generally aceept
as the time-zero.

In order to determine the time-zero accuratelig itecessary to have a clear understanding of the
mechanisms behind the phenomena mentioned abowedBan the schematic illustration of
self-desiccation and self-desiccation shrinkage@sed by Jensen and Hansen [3], Lura et al. [6]
present an evaluation of basic mechanisms behmgktphenomena and found that there is a very
close relation between the internal RH change affddesiccation shrinkage. Once the hydrates
percolate and the first solid paths are formed ha hardening paste, indicating the start of
development of a solid skeleton, the paste gaiaduglly increased rigidity and starts to resisther
volume decrease caused by chemical shrinkagesuttsein air voids developing within capillary
pores and menisci formation at the pore solutigmeua interfaces, leading to the internal RH drops
(Kelvin's law), i.e., self-desiccation. The radiofsthe menisci progressively decreases as thedarge
pores empty and the porosity fills up with hydratroducts. At the same time, the capillary pores
are progressively emptied by chemical shrinkagechvis accompanied by a continuous decrease of
the internal RH. The increasing curvature of thenis@ leads to the development of hydrostatic
tensile stresses in the pore solution and commessiesses exerted on the solid skeleton (Lagace’
law), which lead to the bulk deformation of the @hpaste, i.e., self-desiccation shrinkage [3,6].

As defined in the terminology [3], the term “setfers to as solid skeleton formation. Although the
solidification as well as the concurrent stiffenitgvelops very slowly, making the precise onset of
these processes practically impossible, the prectsenal RH measurements of the cement pastes,
starting from the pastes being still in fluid phasmuld supply reasonable experimental data taudssc
the self-desiccation process and time-zero of deticcation shrinkage caused by self-desiccation
[7]. Based on the precise measurements of RH ary &ge shrinkage on the sealed samples, the
effect of silica fume (SF) blending on the selfideation and self-desiccation shrinkage in the
cement pastes with low water to binder (w/b) rates studied in this study.

Experimental study

Materials. Ordinary Portland Cement (OPC) CEM | 52.5 N andansified 920U silica fume (SF)
from Elkem was used in this study. The chemical position of each material was analyzed by
means of X-ray fluorescence (XRF) technique, ardrésults are shown in Table 1. Cement paste
blended with or without 20% SF by weight with w/latio of 0.25 was prepared. A
polycarboxylate-based superplasticizer (Glenium Ganc. 35% BASF) was used to modify the
fluidity of cement pastes. The dosage of the supstipizer was kept constant as 1.4 wt.% of binder,
to limit its influence on the setting and hydratmicement.

Table 1 Chemical composition of Cement and SF (-amailable)

Chemical composition (% by weight)

Material cao Sio A0 FeOs SO NaO KO MgO LOI

Cement 63.12 18.73 4.94 3.99 3.07 0.41 0.77 1.@22
SF 0.19 94.97 0.35 1.88 - 0.41 1.45 0.62-




Testing program. The hydration heat flow of cement pastes blendeth aitd without SF was
measured by an isothermal calorimeter at 20 °Cr{hbmetric). About 15 g of freshly mixed pastes
were poured into glass vials immediately afterrtheing. The calorimetry results are normalized by
gram of binder in the mixture.

Early age shrinkage of sealed curing cement paate measured by modified corrugated tube
method based on ASTM C1698 [8]. The fresh mixedergnpaste was casted into the corrugated
tubes of 420 mm 29 mm and vibrated. For each mixture, three spegciwere prepared and placed
in a dilatometer rig (immersed in a temperaturetadied glycol bath), which was equipped with
linear variable differential transformers (LVDTs)itv a measuring accuracy of 2in/m. The
autogenous shrinkage was automatically recordedyeM@ min, starting from about 30 min after
mixing until 7 d.

Final setting of cement paste was determined ubm¥icat needle test according to ASTM C 191
[9].

The internal equilibrium relative humidity (RH) bf/drating cement paste was measured on two
independent sealed paste specimens by the Rotnggroscope station, which is equipped with a
Pt-100 temperature sensor and a DMS-100 H relatimeidity sensor. During the measurement, the
stations were immersed in water bath to maintaentémperature of the sample and the sensor at
20+0.1 °C. The sensors were calibrated before nmeamant with standard salt solutions with known
RH in the range 65-95% at 20 °C, giving a measurg¢m@ecuracy of £0.5 % in the absolute RH. More
detailed information about the internal RH measuweincan be found in the study [7]. The data were
logged every 3 min automatically, and the measunénvas continued until the age of 7 d.

Results and Discussion
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Fig. 1. Evolution of hydration heat of cement pg2@ °C)

Evolution of hydration and free shrinkage. It is known that silica fume shows an acceleration
effect on the cement hydration, as the amorphotisseand very fine particle of silica fume make it
highly reactive. Silica fume experiences rapid aligon in the pore solution with the presence of
Ca&* and OH and a supersaturation of silica with respect tmstable silica-rich phase, which will
form a layer on the surface of the silica fume ipbs. The layer is then partly dissolved and the
remainder acts as a substitute on which converitiGAa-H is formed [10]. This leads to rapid
dissolution of cement particles and accelerateddtyah, which can be observed in the hydration heat
evolution curves of the cement pastes as showmgii.FThe SF sample showed a shorter dormant
period and it reached its main maximum heat releaste earlier than that of control paste. The



reduced maximum heat release rate of SF samplgeisadthe dilution effect as 20% of cement by
weight was replaced by SF.

With the hydration going on, the cement paste uyuks volume reduction, i.e. the chemical
shrinkage, due to the fact that the volume occupiethe hydration products is smaller than that of
the reactants [1, 6]. During early age, cementdasaterials undergo three different phase stages
[11] including liquid stage, skeleton formationgtaand hardening stage. As long as the cement paste
is fluid (liquid stage), the chemical shrinkageéatally converted into an external volume change.

The corrugated tube method used in this study peshrinkage measurement to start at very early
age. Fig. 2 shows the free shrinkage of cemenepattte start time of measurement was 36 min and
40 min from mixing for control and SF sample, redpely. As shown in Fig. 2, both samples
underwent quickly shrinkage at early age; SF samptaved higher shrinkage than that of control
sample during the first 15 h after mixing. Thiglige to the acceleration effect of silica fume am th
cement hydration.
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Fig. 2. Free shrinkage of cement paste

Self-desiccation and self-desiccation shrinkage. With the hydration reaction between cement and
water going on, a skeleton will form as a resultha hydration products (skeleton formation stage).
As discussed previously in Section Introductionirmty this skeleton formation stage, the hydrates
will percolate and the solid paths are formed atrdening paste. As a result, the stiffness asae
and gas bubbles start to nucleate and grow inifjgebpores, giving rise to the formation of wadér-
menisci accompanied by a continuous decrease aftiér®al RH (self-desiccation). The presence of
menisci causes tensile stresses in the pore fuadldce’s law) and compressive stresses exerted on
the solid skeleton, leading to the bulk deformatidrihe cement paste, called the self-desiccation
shrinkage [6]. In some literature, it is calledaygnous shrinkage [1, 3].

As the skeleton of the cementitious system becom&mconnected, the development of
autogenous shrinkage and chemical shrinkage wglino® diverge. The divergence phenomenon of
autogenous shrinkage from chemical shrinkage hexs dleserved by several researchers [12-14] who
performed simultaneous volumetric tests of chensbahkage and autogenous shrinkage on cement
pastes. The divergence time, the point Barceld. §12] refer to as “suspension-solid transitiois’,
the time-zero at which the self-supporting skeletiamts to develop and the stresses begin to develo
However, the process “suspension-solid transitias’'well as solidification develops very slowly,
making the precise onset of these processes mkhgiimpossible.

As final setting time is the most common criter@ fletermining the threshold within the
suspension to solid transition, it is more widebcepted as the time-zero, the start time for the
autogenous shrinkage measurement [8]. Note thdirthlesetting determined by Vicat needle test is
highly scattered, which will result in a large udhce on the absolute value of shrinkage as ta@fat
shrinkage is generally high around final settingdi(can be seen in Fig. 3). Moreover, shrinkage



occurring around setting time is of lower importana terms of the cracking risk. The high
compliance of the material at this stage can leadronounced deformation even under very low
forces, but at the same this deformation is noteetqul to lead to the buildup of considerable
self-induced stress [15].

Actually, as mentioned before, the self-desiccasibnnkage (or autogenous shrinkage according
to some literature) is linked to the internal RH:@@ase. Although it is practically impossible to
determine the precise onset of the slowly develdpadpension-solid transition” and solidification
process, the precise internal RH measurementsegpdites, starting from the pastes being still in
fluid phase, supply reasonable experimental datalissuss the time-zero of self-desiccation
shrinkage caused by self-desiccation. A systermasiearch about determining the time-zero in low
w/b ratio cement pastes was carried out by Huadgran7], and they came to the conclusion that the
time-zero could be linked to the time when intefREl begins to drop.

Fig. 3 displays the relation between the free glage and the internal RH of the cement pastes as
function of time from mixing. As shown in Fig. Biginternal RH of control paste stabilized at acbun
98% till 20.8 h after mixing, and then it showedhanotonic decrease to 78.1% at 7 d after mixing.
The time for the occurrence of self-desiccatio® fime when internal RH starts to decrease) in SF
blended paste is 15.8 h, earlier than that of cbismmple, indicating an earlier formation of solid
skeleton in SF blended cement paste. This canrialpyeattributed to the acceleration effect dica
fume on the cement hydration. Furthermore, thegmes of SF could lead to pore-size refinement in
cement mixtures, as it basically acts as filler tats fineness. SF particles themselves are also
involved in forming more fine porous microstructsirfgl6]. Although the self-desiccation in SF
blended paste occurred earlier than that in comtastte, higher internal RH (82.6%) at 7 d was
observed in SF blended paste.

In this study, the internal RH measurements wexdest from approximately 4 h after mixing and
onwards. The measured RH drop is mainly attribttesklf-desiccation of the cement paste under
sealed curing condition. But the initial RH dropedo dissolved salts in the pore fluid should &lso
taken into account. Consequently, the total RH losarapproximated according to the following
formula [17]:

RH = RH, = RH, (1)

RHsis the initial RH drop due to dissolved saltsha pore fluid, which can be estimated according
to Raoult’s law [17].

RH; =X, (2

whereX; is molar fraction of water in the pore fluid.
RH is the RH drop due to the meniscus formation &edcbnsequent self-desiccation, which can
be can be calculated according to Kelvin's equation

2yM cos @
preer) 3)

RH;, = exp(—

wherey is surface tension of pore fluibl, is molar weight of pore fluid} is contact angle between
pore fluid and solidsp is density of pore fluids is radius of the meniscuR,is ideal gas constant
(8.314 J/(mol-K)) and is absolute temperature (in this paper, 293.15 K).

Then equation (1) could be:

2yM cos @
RH = RH; = RH; = X; = exp(— orAT ) (4)




As shown in Fig. 3, the RH was stabilized at aro@8%b for both mixtures during early age, when
the cement is fluid and the pore system is satdrdteis is the initial RH drop due to the dissolved
salts in pore solution.

Assuming that the initial RH drop measured in tingt hours due to the dissolved salts remains
constant during hydration, the RH drop due to deliccation for the cement paste is directly relate
to ther, the radius of the meniscus, i.e. the largestleapipore filled with water in the cement paste
system. So it has to be noted that, although thedsiid refine the pore structure in the blended
cement paste system, it does not certainly leddwer internal RH and a quicker self-desiccation
process. Anyway, further research is needed tooexplhy the SF blending shows a higher internal
RH.

Furthermore, as shown in Fig. 3, no internal RHpds®lf-desiccation) was observed at around the
final setting time for each mixture, but the int@rRH began to drop several hours after final isgtti
time, corresponding to a knee point in the shriekagrve, which is the so-called time-zero [7]. Afte
the time-zero, both samples underwent a monotdminlsage at a much slower rate than that before
the time-zero, corresponding to the decrease ahteenal RH (self-desiccation).
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Fig. 3. Relation between free shrinkage and RHeafent paste as function of time from mixing



According to the time-zero defined by the onsetalf-desiccation, the self-desiccation shrinkage
of each mixture is presented in Fig. 4. The condeohple showed a self-desiccation shrinkage of
1098um/m at 7 d after mixing. A reduced self-desiccasbninkage was observed in the SF blended
paste (70um/m) at 7 d, corresponding to the slower self-d=gion process (higher internal RH as
shown in Fig. 3).

Time from mixing (hour)

{ 4 48 72 96 120 144 168
0 . /?N . 1 . 1 . 1 . 1 . I . )

Control
-200 + SF

400 -

-600

-800 —

Self-desiccation Shrinkage (um/m)

-1000

-1200 -

Fig. 4. Self-desiccation shrinkage of cement paste

Summary

This paper studies the effect of SF blending orstiiedesiccation and self-desiccation shrinkage in
cement pasts with low w/b ratio of 0.25. No sel§ideation was observed at the final setting tinre fo
both mixtures; self-desiccation seems to occur reévieours later than the final setting time,
corresponding to a knee point in the shrinkageesrvhis point, the time when internal RH begins to
drop, was selected as the time-zero for self-dasme shrinkage.

The cement paste blended with SF shows a highenaitRH than that of control sample during
the 7 d after mixing, indicating a slower self-desition process. The reduced self-desiccation
shrinkage in SF blended paste seems to be retatbe slower self-desiccation.
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