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Abstract. Cement paste forms an elastic gel immediately afigmg cement and water. The gel's strength
rapidly increases during the dormant period. Thiees@mn of the gel originates from attractive foraesong
the hydrating surfaces and a network of nanopasidif calcium-silicate-hydrate (C-S-H). These ativa
forces do not vary throughout the dormant periodi eement paste stiffening can be interpreted esasult

of an aging process occurring when cement pasterisst. This aging process goes along with aesfant of
the paste microstructure, with the large poresesesing in volume. Shear interrupts the aging aimybrback
the system to its initial state, until the massRertlandite precipitation occurring at the begimniof the
acceleratory period initiates setting.

The microstructure of cement paste, which is atctire of both concrete strength and durabilitgasermined
by the mechanisms of gel formation and by the sualece of the cement and hydrates’ particles iois f
which span the entire space. This comes to saythbaborosity, strength and toughness of the hadigaste
result from the intensity of inter-particle forcasd from the kinetics of particle aggregation.dtwidely
accepted, even if not completely understood, thamical admixtures modify these forces. It is thossible

to control the properties of cement paste, bothsiriresh and hardened state, by using chemicaixaglras
which interact with the hydrating surfaces and rytheir interaction potential. Most of such applions are
already in use and have been developed with adridl error approach, however the understandindnef t
forces at the origin of cement cohesion, and thewkedge of how to modify them may lead to the
development of new, more sustainable binders.

1 Introduction hardened cement paste microstructure is not onéytdu
hydrate precipitation [6].
When Portland cement is mixed with water, The yield strairgyieiq Of fresh cement paste is very

anhydrous oxides begin to hydrate and the contactsmall, of the order of 0,05% 0,1%: cement paste has a
solution is enriched with C§ OH, SQ” and silicate  pyittle behavior as a result of the short rangette
ions [1]. As the pH rises above 10, and the’’Ca interaction forces compared to the particle dimemsi
concentration exceeds 1 mM, the solution becomes[5 11]. The storage modulus increases over tintaimi
supersaturated with respect to the precipitation ofthe dormant period if the paste is not sheared2]5f
calcium-silicate-hydrate (C-S-H). After a rapidtial  the paste is sheared or subjected to large amelitud
burst of dissolution and nucleation the rate ofraj@  oscillations well beyond the yield straigeq the storage
precipitation decreases abruptly and the cementepas modulus decreases to almost the initial level, ekact
enters the state defined as “dormant”. The decréase yglue depending on the time elapsed and on ther shea
hydrate precipitation rate is attributed, amongeagh to stress imposed. When the shear is stopped thegstora
the decreasing anhydrous phases dissolution rategbt modulus starts increasing again and the rate ofase is
about by the high Gaand OH concentration in solution identical to what observed initially [5,12]. The
[2] and/or to the poisoning of the C-S-H nucleifage by continuous growth of G’ in the dormant period hae
anions (e.g. aluminates) present in solution [8hnkthe attributed to the formation of C-S-H [5,13] and ttwe

initial contact with water the paste develops ét#gt[4- strengthening of the inter-particle necks [14].

6], thus pointing to the presence of attractiveerint If the microstructure of cement paste is descriied
particle forces typical of attractive colloidal 8®1s [7].  fractal agglomerates of hydrating cement particies
Here and in the following the word “colloidal” issed, newly formed hydration products [15,16], the evinint

maybe improperly, to refer to any situation in whic  occurring during the dormant period may be intetgate
surface ~ forces are predominant, following the a5 a refinement of the pore structure associatédl avi
terminology in [8,9]. The attractive forces areundd by decrease of the fractal dimension, with large pores
the precipitating C-S-H gel through its high sudfac gecreasing in volume [15]. The presence of admastur
charge density [10]. However the build-up of the goes not change qualitatively the evolution, howewe
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modifying the interaction between the hydroxylated
surfaces it influences the viscous and elastic gntigs of 1.E+06
cement paste. Properties like cohesion and resisttm
bleeding, pumpability, stickiness and to a ceritent
also the yield straim,;q can be controlled by the use of 1.E+05 -
admixtures.
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The storage modulus of cement paste increasediower time (hrs)

during the dormant period, of more than two ordefrs

magnitude, as it is shown in Fig. 1 for the casa phste Fig. 2. Evolution of the storage modulus of cement pasée &
issued from a CEM | 52,5 R cement at two different hour at rest and with an interruption by shear&@eminutes.
water-to-cement (w/c) ratios. The precipitation of

Portlandite, associated to the end of the dormarnbg, paste and the one of a paste g8 Cas reported in Fig. 3.

occurs for the paste investigated in the presentk wo . ; ;
between 60 and 80 minutes, as measured by eIéctricaThe shear is less capable of disrupting the strecaitithe

conductivity and isothermal calorimetric experimsent paste in '_[he case 0f:§, mtroo_lucmg an e_Iement .Of nhon-
[15]. The increase of the elastic modulus during th reversibility in the mechanical evolution. This Ron
dormant period is associated with an increase reEst rebver5|bl(lj|ty ('js aisoma:r?d “V\I"th t?e ’Iyoss do_];Iﬂtmyj'
bearing contacts among the fractal clusters [1/a}ed to observed under shear, the 'siump 10ss’, and Ielate

the surface hydroxylation of the Ca-silicates andte to :[[hﬁ. I?Ck . Ofth an itnducf;tié)ng ps&iﬁ)d (;Qr C-S-H
precipitation of C-S-H. crystallization in the paste ofs8 [3]. en discussing

the behavior of cement paste under shear this agum

2.1 At rest 1.E+03

A difference is observed between the behavior oferd

1.E+08 will be further discussed and quantified, suggestimat
p— the non-reversibility or slump loss is associateth wthe
' growth of C-S-H crystals which resist breakage thyes.
=1.E+08 1 1.E+08
5 « C35 - cement
O 1.E+05 - —w/c 0,35 _
—wl/c 0,50 __1.E+07 -
1.E+04 o
1.E+03 ‘ ‘ ‘ = © 1E+06 f
0 1 2 3 4 5 *
time (hrs) [
1.E+05 ‘ ‘
Fig. 1. Storage modulus of cement paste during the dormant 0 50 100
period and in the early acceleratory period. Theelsld area
marks the approximate end of the dormant period. time (min)

The increase of the storage modulus is interrufigd Fig. 3. Evolution of the storage modulus of cement paste a
shear, as shown in Fig. 2. The value of the storage C3S paste over 2 hours with two shear interruptions.
modulus is brought back nearly to the initial vahyethe

applied shear, and when the shear is stopped dhagst The fractal dimension of the agglomerates is qhigh,
modulus starts increasing again almost with theesam &round 2,8, as observed experimentally [18,19] asd

kinetics as before. This behavior indicates thae th ¢an be derived from the observed dependency of the

cohesion of cement paste is originated by the sameStorage modulus versus the solids volume fracti‘d’mg
attractive forces during the dormant period, arat the ~ Paste, related to wic [15]. The agglomerates amsigu
microstructural modifications responsible for therease ~ compact, although not homogeneous. The distribugion

of the storage modulus are reversible under shigss. ~ Neterogeneities varies during the dormant period, a
last observation is expected since the precipiatié process which microscopically can _be a53|m|Iated_ﬂ&)
hydrates, and of C-S-H in particular, is negligibliering refinement of the pore structure, with the largeogiy

the dormant period. decreasing in volume.
When superplasticizers are introduced into theeptst

gelation threshold is increased and a behaviorlaino
what observed for the neat paste is observed athati
lower wic, as indicated in Fig. 4. The elastic nmladu
scales with both the solids volume fraction of paste
and the inter-particle potential [7], and the olbedr
behavior is an indication of the decrease of therin
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particle attractive forces brought about by the flow curves [16], and it is shown in Fig. 7 for thaste at
superplasticizers. No qualitative difference in the w/c 0,40. The critical strain can be related to sime of
evolution of the storage modulus is observed batvike the C-S-H patrticles resulting in dimensions rangiogn
neat paste and the paste in the presence ofabout 150 nm to about 600 nm as time progressdsnwit
superplasticizers, indicating that the same forees the dormant period as shown in Fig. 7 for the spawte.
acting among the particles, even if of a differatensity.
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Fig. 4. Evolution of the storage modulus of cement paste@a 1E-03 1.E-02 1.E-01 1.E+00 1.E+01
0,35 in the presence of superplasticizers. NSFistéor shear rate (s )

naphthalene sulfonate and PCE for poly-carboxytter.
Fig. 6. Flow curves for the cement paste at w/c 0,4 &ediht

2 2 Under shear times after mixing cement and water.
Cement paste is shear thinning at low to mediunarshe 2 REEHE = e LEFDR 3
rates — up td110 s' — and becomes shear thickening al & . £
higher shear rates, especially at low w/c [6]. ig. B the g E ] 5
flow curves for the paste of the same cement asisied 8 o 26E+05 - §
above are reported at various w/c. e®E g E
g £ z
1.E+06 - 'E gﬂ =
%, = ¥ 26E+04 o 1E+02 o
1.E+05 1“:'-::;:,‘% - w/c 0,35 § 0 10 20 30 40 50 60 70 8
"‘:f:u‘ ."'-I:%., = w/fc 0,40 © time (min)
T OLEH04 e e - -
a '-,::AAAA T e « w/c 0,44
> 1E+03 - "-.::A.A‘ "'-._:“o.n < w/c 0,48 Fig. 7. Critical strain to fracture the agglomerates in eatn
'g A“‘AA "-__':‘u“% paste at w/c 0,4, and the C-S-H particle size ddrfvom it.
5 LEH02 - """"-.,. The flow curves of cement paste show the occurrefice
| "--f.:y;“ "'-._: shear banding at the lowest shear rates, suggettang
1.E+01 - g presence of a critical shear rate under which fawnot
i be sustained homogeneously [20,21], as shown in&ig
1.E+00 = ' ' ' for the paste at w/c 0,4.
1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 LE+03 -
shear rate (s)
Fig. 5. Flow curves for cement paste at various w/c. The
measurements are performed immediately after mixing T
In the framework of the description of cement paste @
microstructure as a network of fractal agglomerass @
discussed above, the shear thinning behavior may be 2
explained through the fragmentation of the agglatesr e
by the hydrodynamic field, making available the evat .. i
initially trapped in the flocs. As time progressadl the piling
C-S-H particles grow in size the agglomerates resisr 1.E+02 : w . |
increasing stresses, and the flow curves shift vgsyas 1E-03 1E02 1E01 1E+00 1E+01
shown in Fig. 6 for the paste at w/c 0,4. This shear rate (s)

phenomenon is usually referred to as fluidity lass
slump loss. The critical strain to fracture the
agglomerates can be deduced from the analysis eof th

Fig. 8. Flow curve for the cement paste at w/c 0,4 expess
shear stress vs. shear rate, showing the occuroéstear
banding for shear rates lower thah5 sl

76



Chemistry and Materials Research, Vol.5 2013
Special Issue for International Congress on Mate&aStructural Stability, Rabat, Morocco, 27-30\Wmber 2013

The presence of superplasticizers has the effect ofa higher shear thinning behavior at low shear ritethe
decreasing the inter-particle attractive forcegJiasussed  blends of PCE + LNS. In particular the high vistpsit
above, and thus of decreasing the critical stefstture shear rates] 10 s' observed for the PCE alone
the agglomerates, as shown in Fig. 9 in the capastes  characterizes the stickiness of this mortar.

of C;S without admixtures at different w/c, and with two
different superplasticizers, a naphthalene sul®(&SF)
and a poly-carboxylate ether (PCE). It appears that
PCE, a more efficient superplasticizer than NSF,

decreases the critical stress with a lower amotiattive E
matter, and it brings the inter-particle attractificeces P
almost to zero. §
i 1.E+06 3 : ¢ neat C3S paste
S 1E+05 * m PCE
g I a NSF
2 £ 1E+04
8 5 . oy ' "
= L 1.E+03 - C - shearltale s57h
o B £
8 € LEx02 -
- 2 1E+01 - Fig. 10. Flow curves of the mortar issued from a SCC with
= P different admixture blends.
(=] L]
E= 1.E+00 - - a4
= The PCE alone and the blend 0,24% PCE plus 0,27%
1.E-01 - LNS have been measured also on cement paste, thging
0 5 10 same cement employed for the SCC and for the mortar

measurements. The results show that the criticahrsh
rate, below which shear banding appears, is a ateep
function of the paste concentration in the casthefPCE

+ LNS blend, as shown in Fig. 11.

admixture dosage (dry matterin water g/l)

Fig. 9. Effect of the presence of superplasticizers orcthieal
stress to fracture the agglomerates.

g
(=]

3 Technological properties > = PEE
¥ 15 e PCE +LNS
o
3.1. Cohesion, segregation and pumpability g 10 -
= .
The main action of superplasticizers is to dispetse = 05 - RN S
cement particles in the paste, thus achieving & hig = o i
fluidity with low water-to-cement ratios. However is s 00 . w j |
common experience that secondary effects are often 050 052 054 056 058 060

associated with their use, which occasionally lithie
possibility to reach the desired performances. He t
following the properties associated with paste sahe
will be addressed. In Fig. 10 are shown flow cureés
mortars issued from self-compacting-concrete (SCC)
realized with a PCE blended with varying amounts of
lignosulfonate (LNS). Admixture composition and a
subjective evaluation of the mortars is shown ibl&d..

solids volume fraction

Fig. 11. Critical shear rate as a function of the solidsuo
fraction for the cement paste issued from the SCC.

Also the critical shear stress to rupture the cemen
agglomerates is significantly lower for the PCEnalo
than for the blend PCE + LNS, as shown in Fig. 12.

1.E+04
Table 1. Fluidity and cohesiveness of a SCC mortar. g T

g
PCE | LNS | .o | flow | oo | overal R ———— ——
(%) | (%) (mm) evaluation I g 1E+0D |
024 | - 0,475| 430 very poor very bad w £ ==—-——°-—- -
0,24 | 0,09| 0,500 445 poor bad g % 1E+01 - o 4
0,24 | 0,18| 0,500 425 sufficient sufficient o W o PCE
0,24 | 0,27 0,500 390 good good S e 1 E+00 e PCE +LNS
0,24 | 0,36| 0,530 405 excellent excellent =857 !

2 0.50 0.55 0.60

On increasing the amount of LNS in the mortar — at
constant PCE dosage — the flow decreases while th
cohesiveness and the resistance to segregatiomvmpr
In the flow curves these modifications are evideniog a
reduced shear thickening behavior at high sheas ratd

solids volume fraction

Fig. 12. Critical stress to rupture the cement paste aggiates,
with PCE only and with PCE + LNS.
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It appears that the PCE is very efficient in desirggthe
inter-particle attractive forces, but by bringindget
interactions nearly to zero causes the loss of sioheof
the mix, at the concrete, mortar and paste levdih e
PCE alone the concentration of the mortar and ef th
paste can be increased, and the w/c decreasétastiig

a high flow and a low yield stress but the ovefediling

is of a sticky mass with a high viscosity at thghr
shear rates. The low interaction forces among ¢meent
particles cause the critical shear rate to renain [R0],

1.E+05

1.E+04 -

1E+03 L

1.E+02 -

Storage and loss moduli (Pa)

causing an easier static segregation. The addifidiNS —reference  —polymer

contributes to maintain the cohesion of the mix &md 1.E+01 i

promote a low viscosity at the highest shear rates. 0.001 0.1 10
strain (%)

The same properties of cohesion and flow homoggneit
are important to produce concrete to be pumped over Fig. 14. Amplitude sweep for the cement paste neat andavith
long distances and high differences of level. Ishsa polymer. The continuous line is the storage modahssthe
case concrete shall be stable with regards tocstati dashed line the loss modulus. The yield point thet
segregation and to dynamic segregation as wells The intersection of the two, marked with an arrow.
cement paste must flow homogeneously without blugki

at the highest shear rates, transporting the agtgedn 5 Conclusions

the flow during acceleration or change of direction

The technological properties of concrete origintten
the forces acting among hydrating cement partidcieth
in the fresh state and after hardening. Cemenegdasins

It has been mentioned above that cement paste verya & cohesive elastic gel from the very first momeafter

low yield strain, of the order of 0,05% to 0,1%. idover ~ Mixing cement and water. The strength of the gel
the yield strain is almost constant with paste increases during the dormant period because of the

Concentration, as reported in F|g 13 for the pagtme microstructural modifications associated with scefa
CEM | 52,5 R cement discussed above. hydroxylation and hydrates precipitation, even if
quantitatively the degree of hydration remains euit
1.E+00 == _ small. After setting, marked by the onset of Podite
precipitation, a more pronounced microstructural
evolution occurs, associated with the massive
precipitation of newly formed hydrated phases.
= The presence of chemical admixtures modifies the
interaction forces acting among the hydrating camen
particles, and thus enable the control of the meichh
1.E-02 | | | properties and of their evolution over time.
038 04 042 044 046 Superplasticizers reduce the intensity of the ctitra
solids volume fraction ¢ forces among cement grains, and consequently dhew
increase of the solids volume fraction of cemerstgat
Fig. 13. Yield strain as a function of cement paste solislame equal fluidity. The more efficient a superplasteriz is
fraction. the lower the dosage required to decrease of angive
. o ] ) extent the attractive forces. However when theaetitve
This behavior is typical of attractive gels wheteet forces are reduced almost to zero, cement paste its
interaction forces are short ranged compared to thegopesiveness, and it becomes inadequate for ifmpes.
dw_nensmn o_f the particles. As a result cementept_isla Segregation of the aggregates occurs in concreie, a
brittle ma_terlal. To comp_ensate for the low dugtiland bleeding water separates from the mix. The cemastep
low tensile stren_gth relnforcemen_t_bars are culyent |oses its capability to enrobe the aggregates dutfire
used. _ However it has been ant_|C|pated, based on gow of concrete, and separation occurs during
modeling approach of the cohesive forces among thegcceleration of the flow or during changes of direc
hydrating cement particles surfaces, that the peEsén e jnertial and collision forces become predomiran
the mix of polymers would be able to modify theeint (g |atively high shear rates, aboiel0 s', and the mix
particle forces, significantly increasing their gan[22]. becomes sticky, with a too high viscosity duringwf]

This .theoretical p.rediction_ .has .been .confirmed even if the yield stress and slump values are lod a
experimentally, showing that it is possible to &&se by \yithin the specifications.

almost two orders of magnitude the yield strairthwanly  cement paste is a brittle material, because ofsthell

a minor modification of paste fluidity and rheologl 5nge of the attractive forces compared to theighert
properties, as shown in Fig. 14. This would openwly  gimensjons. It is possible to increase the rangehef
to the development of more ductile concretes, moregyractive forces by introducing polymers competfog

resistant to micro-cracking and necessitating €SS qgsorption on the hydroxylated silicate surfacesuch a
reinforcements to withstand tensile stresses. way the yield strain can be increased by two ordrs
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3.2 Yield strain and ductility

1.E-01 - =

yield strain (%)
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magnitude,
concrete.

Technologically this modification of the

properties of hardened concrete is extremely Siamt

since it opens the way to reducing micro-cracking to

a decrease of the use of reinforcing bars.
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