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ABSTRACT:

This study focused on comparison of polysacchaaddition methods, either in powder
form, or as a solute in the mixing water. The iafiuge of the methods was assessed by
measuring water retention and rheological propenvéh one cellulose ether and two guar
ethers.

Polysaccharides were more efficient to enhance rwatention and rheological properties
when they are pre-dissolved in the mixing waterisTih related to differences in polymer
concentration in the pore solution of mortar. Theéerences are not stemming from a
difference in dissolution kinetics, but from a difénce in adsorption on growing hydrates.
Being immediately available when it is pre-dissdlvehe admixture slows down the
nucleation and growth of hydrates limiting in tuime surface area for further adsorption.
Consequently, more molecules are left in the ittexs solution and a lower dosage is
required to achieve the overlapping of polymer goiesponsible for the effectiveness of
polysaccharides.
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1 Introduction

Polysaccharides, natural or derivatives, are contynased as admixtures in modern factory-
made mortars. They are able to improve the watentien capacity of cement-based mortars
at fresh state [1-6]. Limiting the absorption ofxmg water by the substrate allows
enhancing mechanical and adhesive properties ofribw¢ar [7,8]. Due to their thickening
properties, polysaccharides improve also the nmntaeological properties since their use
results in a highly shear thinning material [9]idparticular rheological behavior induced by
polysaccharides ensures a high apparent viscdsibyvashear rate in order to ensure sagging
and sedimentation resistance, while maintainingga Ruidity because of low viscosity at
high shear rate [10-16]. The major drawback ofuke of polysaccharide in cement-based
materials is the induced delay of cement hydrgtldr-22].

Most studies are devoted to the influence of cedlel derivatives since they represent the
most widely industrially used polysaccharidic admies. Nevertheless, the use of
hydroxypropylguars (HPGS) is of interest since G manufacturing is less pollutant than
cellulose ethers [23]. HPG is now well-establishedthe construction industry as water
retention agent for mortars [23]. In previous sasdithe influence of HPG on water retention
capacity [24] and rheological properties [25] ofmamt-based mortars was investigated. In
agreement with other authors [1,4,5], the imporan€ polymer coil overlapping for the
efficiency of HPG as admixture was highlighted.

The influence of HPG on the early age hydratiosevhent has been also investigated [26]. It
was assumed that the mechanism responsible fohytietion delay is a decrease in the
hydrates growth rate because of HPG adsorptionydnated phases via polar interactions.
The influence of the HPG pre-dissolution in thauidjphase has been studied too. A higher
hydration delay was noticed after pre-dissolutiespecially for HPG with low substitution
degree.

Method of chemical admixtures addition, and in igatar the delayed addition, has been
often investigated by researchers in order to iwmprthe knowledge about the working
mechanism of these molecules in the cement-baséeriaia. Delayed addition of retarders
such as sucrose, EDTA, calcium ligno-sulphonateglioxacid or organic acid has been
studied [27-29]. It was found for example that glethaddition of sucrose leads to a greater
percentage of sugar remaining in solution becaass tetarder is consumed in the initial
reaction [29]. Therefore, sucrose retards furtharéition when its addition is delayed. It is

also well know that the fluidity and the fluiditpds of fresh cement-based materials are



affected by the time of superplasticizers addif@®-33]. Flatt and Houst [34] have proposed
a simplified view on the effects of superplasticizein concrete. It appears that
superplasticizers interact with the ongoing cheimieactions and hence these molecules can
be consumed in an organo-mineral phase formed dragment particles. The delayed
superplasticizer addition allowed confirming thigpbthesis since the admixture is more
effective to contribute to the dispersion becabhgepplymer consumption is reduced.

The polysaccharide pre-dissolution in mixing watesis useful to better understand the
interaction between HPG and cement and its impaatemnent hydration kinetics [26]. The
aim of the current paper is to reuse this simpl¢hoe of investigation in order to examine
the key properties of freshly-mixed mortars indud®d polysaccharides: water retention
capacity and rheological behavior.

These two properties will thus be characterizedmmrtars prepared with two methods of
addition: (i) “dry addition”, the common way whettee polymer is added as dry powder and
homogenized with all the solid phases before bpuignto contact with water and (ii) “pre-
dissolved”, where the polymer is first dissolvedhie mixing water before being mixed with
the dry mixture composed of sand and cement. Theackerizations of dissolution kinetics
and adsorption ability of polysaccharides will beeful to interpret the experimental data.
Finally, a schematic representation of the intésadbetween polysaccharide and cement will

be presented and its impact on mortar macroscaopjeepties will be discussed.

2 Materials

2.1 Cement

This study was conducted using a CEM | 52.5 R CR ®F type cement according to the
EN 197-1 and NF P 15-318 standards. Chemical aadgpbompositions of the cement used
are presented in Table 1. Oxide composition wasroehed by X-ray fluorescence
spectroscopy using a Bruker-AXS SRS3400 instrunehise composition was obtained by
XRD using a Siemens D5000 instrument. Siroquand\sédftware was employed to quantify
the amounts of individual phases present in theeogrby followingRietveld's method of

refinement.



Table 1: Chemical and phase compositions of the investige¢enent.

Chemical composition (% wt)

Phase composition (% wt

Oxides XRF
CaO 66.1+1.2
SiIO, 20.2+0.4

Al,O3 48+0.1
SO;; 3.5+0.2
FeOs 29+0.1
MgO 1.11+0.02

Oxides XRF
Ti®@ 0.24+0.01
POs 0.05+0.01
MnO  0.04 +0.0(
kO 0.01+£0.01
LOI 22+0.2

Phases

6S

€S

B
GAF

XRD
(Rietveld)
73.0 £0.53
12.7 £0.50
4.2+0.18
6.1+0.22

Phases

Gypsum
Anhydrite

XRD
(Rietveld)

1.7+0.1

23+0.2

Hemi-hydrate 0.8 £ 0.30

Free CaO

0.5+0.]

2.2 Organic admixtures

The description and comparison of the cellulose guar chemistry were detailed in [35].

Guar gum

is a polysaccharide extracted from thed seadosperm of Cyamopsis

tetragonolobus, a native plant from India. Thisaigalactomannan consisting of a (1-4)-

linked B-D-mannopyranose backbone, with random branchpoingmlactose via an-(1-6)

linkage. The ratio of mannose to galactose is alddit HPG are obtained from the native

guar gum via an irreversible nucleophilic subsitot using propylene oxide in the presence

of an alkaline catalyst. Cellulose is a polysacieacomposed of individual anhydroglucose

units linked throughB-(1-4) glycosidic bonds. Because of strong intesuoolar hydrogen

bridging bonds, cellulose is not soluble in watBnereby, cellulose ethers are obtained by

pretreating cellulose with base (alkali celluloge)order to break hydrogen bonds and to

make accessible the active groups for etherifyigengs. In the present work, two HPG and

one HMPC were studied. Table 2 presents the gtiaéitaubstitution degrees (provided by

the manufacturer), the weight-average molecular smédetermined by size-exclusion

chromatography, analyses were carried out on a Mapparatus) and the parameters

characterizing the concentration dependence ofgeear viscosity of admixtures dissolved

in 20 mM lime solutionl§; andb,) as explained in section 3.2.

The molar substitution ratio (M) is defined as the number of hydroxypropyl gropes

anhydroglucose units and is less than 3 for oureoubés. The degree of substitution, noted

DSwu, represents the amount of substituent methoxyliggoon the anhydroglucose units of

cellulose and is about 1.8 for HPMC 2 accordingh® manufacturer. The weight-average

molecular mass is noted as Mw and the critical lapeconcentration of polymer coils is

noted aC*.



Table 2: Description of the admixtures used.

MSpp DSu Mw (10° g.mol")  C* by b,
HPG 1 Low - 1700 + 80 3.7 14 4.1
HPG 3 High - 1800 + 50 3.2 1.2 4.0
HPMC 2| Very Low Very High 950 £ 50 2.3 1.5 3.9

These three polysaccharidic admixtures were chesece they exhibit strong (HPG 1),
medium (HPG 3) and slight (HPMC 2) pre-dissolutieifect regarding cement hydration
kinetics [26].

3 Methods

All tests were carried out at controlled tempemtbecause fresh mortar properties and
dissolution kinetics are temperature-dependent. tA# rheological measurements were
carried out with Anton-Paar Rheometer MCR 302.

3.1 Freshly-mixed mortars properties

For a given formulation (i.e. kind and dosage ahadure), freshly-mixed mortars properties
(i.e. water retention and rheological properties)l @ore solution viscosity were determined
on the same mortar which have been divided inteetlparts. Each test was repeated in order
to ensure the reproducibility of the results. Mat& the same procedure was performed with

a mortar without admixture as a control test.

3.1.1 Preparation of mortars

In the case of pre-dissolved addition, admixturegewpreviously dissolved in deionized
water. Complete dissolution of all polymers wasagigd after strong stirring for 24h by
means of a magnetic stirrer. Polymer dosages inarsovarying from 0.1 to 0.66% by weight
of cement (bwoc) by preparing polymer solutionscohcentrations ranging from 1 to 6.66
g.L™

Mortars were then prepared according to the folh@wmixture proportions: 30 wt.% of
cement, 65 wt.% of siliceous sand (DU 0.1/0.35¢ei) and 5 wt.% of limestone filler (BL
200, Omya). Particle size distribution of the sghldases given in Fig. 1, was determined

employing a laser-based patrticle size analyzer dithpowder disperser (Mastersizer 2000



equipped with Scirocco dispersing unit, MalvernheTmedian particle diameters by volume
(Dso%) are about 310, 12 and 6 um for the sand, ceamghfiller respectively.

—Cement e Filler — -Sand

Volume (%)
= = N
o (6] o
1 J

[¢)]
I

o

0.1

Particles size (um)

Fig. 1: Particle size distribution of the mineral phases.

Dry mixture (.e. cement, sand, filler, and polymer in the case of dddition) was
homogenized in a shaker (Turbula, Wab) for 15 ieionized water or admixture solution,
according to the method of polymer introductionsvitaen added to the dry mixture in order
to obtain a water to cement raC = 1. Mortars were mixed (MIx40, CAD Instrumenits)
accordance with EN 196-1 [36].

It is worth mentioning that the mortar formulatievith high W/IC was adapted from the
CEReM (European consortium for study and reseancmortars) mixture design [2,3]. This
work is indeed a part of a larger study that fosuse the influence of HPG on overall mortar
properties at the fresh state. Moreover, regardiatgr retention, highV/C ratio corresponds
to extreme conditions which are useful to highlighe effectiveness of HPG as water

retention agent.

3.1.2 Water retention measurements

Different tests, based on a measurement of the vethwater after suction or depression,
allow measuring the water retention capacity ostitg-mixed mortar [3]. The test specified
in the ASTM C1506-09 standard [37] was performeadriih after mixing in order to measure
the water loss of mortar under depression. Thedatalized apparatus was submitted to a
vacuum of 50 mm of mercury for 15 min. Then, watetention capacity, noted WR, was

calculated using the following equation:

WR (%) = WOV\;Wl x100 1)

0



W, represents the initial mass of mixing water; i/the loss of water mass after aspiration.

3.1.3 Mortarsrheological properties

The method used to investigate the fresh mortaslolgecal properties was well detailed in a
previous study [25]. Briefly, a vane-cylinder gestny was employed with the gap thickness,
distance between the periphery of the vane tool thedouter cylinder, of 8.5 mm. The
calibration was performed with glycerol, followitige Couette analogy [38,39].

The mortar was introduced into the measurementesysit the end of the mixing. The
suspension was then held at rest for 6 min. Temutemafter the contact between cement and
water, the mortar was pre-sheared for 30 s at 100 srder to re-homogenize the sample and
to clear its flow history. After a period of redt45 min, the rheological measurements were
started, i.e. at the age of 15 min.

Imposed shear rate was decreased by step from B@006 &. At each shear rate, the
measuring time was adjusted in order to obtaineadst state whatever the formulation
[40,41]. Nevertheless, because of sedimentatidndug to highW/C ratio, the samples were
systematically sheared at 100 for 20 s before each imposed shear rate in oodput back

in suspension particles of the mortar. This resasipa procedure was validated in [3] and
[25]. Finally, the measurement procedure took ali@utin for 16 steps.

The results can be expressed as shear strassording to shear rafe Experimental data

were fitted well with the Herschel-Bulkley (HB) meld42], which is often used to describe

mortars rheological behavior (see Fig. 2a):
T=r1,+Kpy" (2)
where 7, is the yield stress, K the consistency coefficiantd n the fluidity index which

characterizes how shear-thinning the mortar isthin following, the three HB parameters

were thus chosen to compare admixtures to each. othe
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Fig. 2: (a) Mortar shear stress and (b) pore solutionogitg versus shear rate according to
the dosage — example of pre-dissolved HPG 1 — markeresent experimental data and lines
represent calculated values according to (a) Hetdgtilkley model (Eq 2) and (b) Cross
model (Eq 3).

3.1.4 Poresolution viscosity

At 15 min (i.e. similar to water retention and naogtrheological measurements), a large
volume of mortar, in order to have a representagaenple, was centrifuged (Thermo
Scientific, Sorvall Legend XF) for 10 min at 4,568m. Then, the supernatant was collected
and centrifuged again (Eppendrof, MiniSpin Plushigther speed (14,500 rpm) for 5 min
which allows removing residual particles.

The steady shear flow of final supernatant, repr@sg pore solution, has been
investigated using decreasing logarithmic rampth@ 10 - 1 s' range with cone and plate

geometry (2° cone angle, 50 mm diameter). Flow esivg= f (y) exhibited typical shear

thinning behavior with a Newtonian region in thevlehear rate range [43,44]. Experimental

data were well correlated with the Cross model [48E Fig. 2b):

A — o — 1
1) =0+ ©

wherer is the zero-shear rate viscosity, the infinite rate viscosityq a relaxation time and
n a non-dimensional exponent. Among Cross parasjetbe zero-shear rate viscosity

represents the constant viscosity in the Newtopiateau region at low shear rate and was
chosen to characterize pore solution viscosity.



3.2 Dissolution kinetics

The dissolution process was monitored by viscosigasurements. The procedure was the
following, adapted from Wang et al. [46]: HPG wasaduced (final concentration: 6.66 g.L
Y through a sieve in 1L of 20 mM lime solution. Tdiispersion through a sieve allows having
a good dispersion of the sample into the vortexatet by the mechanic stirrer and thus
minimizing the aggregation of particles and prodgca homogeneous polymer solution. The
experiment was done in a sealed reactor, therneaksitt 20°C, under continuous flow of
nitrogen in order to avoid carbonation of lime.

At different times, an aliquot of approximately 3 was taken from the batch solution and
centrifuged by means of a micro-centrifuge (EppehibniSpin Plus, 14500 rpm) for 5 min
in order to remove undissolved particles. The sugtant was collected and homogenized by
vortex-stirring. The viscosity measurements wermntperformed exactly in the same way
than for the pore solution. Finally, the concembratat a given time was calculated from
calibration curves.

The concentration dependence of zero-shear vigassitell known and can be described by
two power-law type correlationg{ = aC’) where the exponent b differs depending on the
regime considered [43]. At low concentrations, 2Beo-shear viscosity increases slightly with
the concentration (the expondmtranges from 1 to 1.5). Above a threshold concéntraso-
called critical coil-overlap concentratid@*, the polymer coils begin to bring into contact
with one another. Therefore a dramatic changedw fbehavior occurs which results in a
sudden increase in the concentration-dependenzerofshear rate viscosity (the exponent b
varies from 3.5 to 5) [43,47,48]. The critical eoiterlap concentration can be established
from a double logarithmic plot ofp, versusthe concentration. It corresponds to the
intersection of the two straight lines. For eacimedure, the zero-shear viscosities of 20
solutions, with known concentrations from 0.5 tod20™" obtained after complete dissolution
of polymers, were determined. It was thus possiblebtain the power-law correlations
(characterized b*, by andb,) which were used as calibration curves. The dagagaven in
Table 2.

3.3 Adsorption measurements

A High TOC Il apparatus (Elementar, Hanau, Germagyipped with a CQletector was
used to quantify the amount of polymer adsorbedcement. As to determine the pore

solution viscosity, a large volume of mortar wasitdéuged at 15 min. The alkaline pore

10



WR (%)

100 ! . . . . . 100 . . . . ! ! 100

solution containing the non-adsorbed polymer wageti with 0.1 M HCI at a ratio of 1:10
(vol/val) in order to obtain a final pH of abouD1[4] and then tested with the TOC analyzer.
The TOC analyzer was first calibrated with poreusoh of a control mortar without
admixture and with solutions of admixture of knowaoncentration. Thus the adsorbed
amount was calculated from the difference in cotre¢ions of polymer present in pore
solution and in solution without contact with cemetaking into account the amount of

organic carbon in cement.

4 Results

4.1 Fresh state properties of mortar

411  Water retention capacity

The effect of method of polysaccharide introducttonWR of admixed mortars according to
the dosage is presented Fig. 3.

The control test performed with a mortar withoutmaxture exhibits a low WR value of 58.5

+ 0.8 %. Then, as expected, WR is dosage depen@ikatWR is improved as a result of
increased amount of admixture until reaching vaghiWR values. Nevertheless, whatever
the polymer, the increase in WR is not linear. Betothreshold dosage, the increase in WR is

slight. The increase in WR is much more importdothve this critical dosage.

—]
HPG 1 e ] HPG 3

90 b 90

90

80 80 |

80 |

WR (%)

WR (%)

70 b 70 b 70 b

sog/ﬂ/El ] 60, L ] 60

50£ . . . . . . 50 . . . . . . 50 . . . . . .
0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 0.7 0 01 02 03 04 05 06 0.7

Dosage (%bwoc) Dosage (%bwoc) Dosage (%bwoc)

~O-Dry addition
—{Predissolved

Fig. 3 Impact of pre-dissolution on water retention (Wi#apacities of fresh mortars

according to the dosage and kind of admixture.

Regarding the impact of the method of introductithrg, effectiveness of HPMC 2 as water
retention agent seems not to be affected by theligs®lution.
On the contrary, the effectiveness of HPG, and@alhg HPG 1, as water retention agents is

significantly influenced by the method of introdioct Indeed, the water retention capacity is

11



Consistency coefficient (Pa.s")

slightly better when the polymer is added dry at ldosage. As the dosage increases, the
effectiveness of HPG as water retention becomesrbghen HPG is pre-dissolved in mixing
water. It is strongly significant for HPG 1. At ashge of 0.5% bwoc, the water retention
capacity of mortar admixed with pre-dissolved HPG 24% higher than the mortar admixed
with dry HPG 1. For HPG 3, a maximum differencel6f6 is noticed for a dosage of 0.4%
bwoc.

Nevertheless, the curves of water retention asetifon of the dosage exhibit similar shape.
The critical dosage above which the WR increasemgly with the dosage is just shifted

towards higher dosage, when the admixture is addeording to the dry way.

4.1.2 Rheological properties

The rheological properties of admixed mortars aslir state were characterized with the
parameters of the Herschel-Bulkley model usedttihé experimental data.

The evolution of mortar consistency according t® dosage and the method of introduction
of the admixture is shown in Fig. 4. An increas@alymer dosage leads to an increase in the
consistency coefficient.

Once again, no impact of HPMC 2 pre-dissolutiopvilenced, while HPG 3 and especially
HPG 1 is much more efficient to increase the cdesty when they are previously dissolved
in the mixing water, mostly at high dosage. Fornegke, for a polymer dosage of 0.66%
bwoc, the HPG 1 pre-dissolution leads to an in@a@ashe consistency coefficient, from 1.8
to 5.8 Pa.5

5L HPG1 5[ HPG3 30F HPMC2

—O~Dry addition
20 [ |-O—Predissolved

.| g

Consistency coefficient (Pa.s")
Consistency coefficient (Pa.s")

| A

~ ~ 48\/()
0 S ' T I 0 ﬁ:‘T—‘b‘?‘ L L L 0 I I L L
0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
Dosage (%bwoc) Dosage (%bwoc) Dosage (%bwoc)

Fig. 4 Impact of pre-dissolution on consistency coeéiiti(K) of fresh mortars according to

the dosage and kind of admixture.

Regarding the yield stress, as expected fgbas found to decrease with dosage in the case
of HPMC 2, while it remains stable in case of HFE®)( 5). Nevertheless, a strong difference

12



Yield Stress (Pa)

Fluidity index (-)

according to the method of introduction is obsertadeed, when the HPG is pre-dissolved,
the yield stress value is about 5 Pa, and muchehigjffan 10 Pa when the HPG is added dry.

25 ! . . T . 25 . . . . . . 25 ! . . . . :
A \ HPG1 HPG 3 HPMC 2
201 ,,//1\\\ ] 201 e ] 20} ]
‘“ e, /N :
15[ ] ‘&1’ 15[ o /\ ] \:; 15[ —{~Predissolved
C b—o o o~ o o
10 f ] D10k ] 9 10f
S o
2 °
> >
5 0 5¢ E\j\g 1 5[
~NG— Y —
0 . . . . . . 0 . . . . . . 0 . . . I
0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07 0 01 02 03 04 O 6 0.7
Dosage (%bwoc) Dosage (%bwoc) Dosage (%bwoc)

Fig. 5. Impact of pre-dissolution on yield stresg) (©Of fresh mortars according to the dosage

and kind of admixture.

Fig. 6 gives the impact of pre-dissolution on fitydndex of fresh mortars. As described in
previous study [25], the fluidity index remains alsh stable around 1.0 until a threshold
dosage. Above this dosage, the fluidity index deses. This overall evolution of the fluidity
index as a function of the polymer dosage is thmeeswhatever the method of introduction.
Nevertheless, as in the case of water retentiog. &), the regime change occurs at higher
dosage when the polymer is added dry. Moreoves worth noting that for the dry method of
addition, the fluidity index is below than 1.0 atM dosage. The impact of pre-dissolution is
not significant in the case of HPMC 2.

11 ; 11 . 11 . . . . . .
HPG 1 HPG 3 HPMC 2

1t O———1—0—Q 1t mj\ 1r e
\:‘ = 09F = 09F —O~Dry addition
0.8 C [+ Predissolved
e N B
4 e B 2 07¢F ]
1 0.6L ) ]
05} 3 1

04 . . . . . . 0.4 . . . . . . 0.4

0 01 02 03 04 05 06 07 #0701 02 03 04 05 06 07 001 02 03 04 05 06 07
Dosage (%bwoc) Dosage (%bwoc) Dosage (%bwoc)

© o o
\looco
o
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Fluidity index (-)
o
~

o
ov
o
o

Fluidity index (-)

o
0
o
o

Fig. 6: Impact of pre-dissolution on fluidity index (nf) fmesh mortars according to the dosage

and kind of admixture.

To sum up, a strong impact of pre-dissolution ornoscopic properties was found for HPG-
admixed mortars. Indeed, when the polymer is pssalved in mixing water, the water
retention capacity and the consistency of the mastaignificantly higher, while the yield

stress is lower. The differences are stronger éenddise of HPG 1 than for HPG 3. On the

13



n_pore solution (Pa.s)

0

contrary, the method of admixture addition does afif¢ct the macroscopic properties of
HPMC-admixed mortars.

4.2 Pore solution viscosity

The effect of pre-dissolution on pore solution wvsity was investigated. By means of
centrifugation, the pore solution was extractedemhts viscosity was determined and
characterized by the zero-shear viscosity. Figaagivs the pore solution viscosity of mortars
admixed with dry and pre-dissolved admixture ag¢hpolymer dosages (0.3, 0.5 and 0.66%
bwoc). For a dosage equivalent to 0.66% bwoc §i&6 g.L™"), polymers were also dissolved
in real pore solution extracted from the controlrtan The viscosity is represented as a
diamond in the Fig. 7.

10 : : T T 10 : : T ; 10

HPMC 2
1L
0.1t

HPG 1 HPG 3

n_pore solution (Pa.s)
o
=
.

n _ pore solution (Pa.s)

0.1} * b
7 i
001} /‘2/) - 0,01} / . 0.01 = Dry addiion
—Predissolved t

e E ® Dissoived in pore solition

0.001 L L L L 0.001 L L L L 0.001 L L L L

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1

Dosage (%bwoc) Dosage (%bwoc) Dosage (%bwoc)

Fig. 7. Impact of pre-dissolution on pore solution vidgpas a function of polymer dosage.

As expected, the pore solution viscosity increasis the dosage. It appears that the pore
solution viscosities of HPMC 2-admixed mortars aret affected by the method of
introduction. The pore solution viscosity is slightower when HPG 3 is added dry than
when it is pre-dissolved in the mixing water. FOP® 1, the pore solution viscosity is
strongly different according to the method of inmotion. For a dosage of 0.66% bwoc for
example, 7, is about 8.18 Pa.s for the dry addition, and about 36 1a.s for the pre-
dissolved addition. With the same polymer, dissblve the same media, a difference of
viscosity reflects a difference of polymer concatian. This result means therefore that there
are clearly more polymers remaining into the pootut®on when HPG 1 is added pre-

dissolved.
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4.3 Dissolution kinetics of polysaccharides

In order to explain the results exhibited aboves #dmixture dissolution kinetics was
investigated. On the one hand, the dissolutiontikisevas characterized in nearly saturated
lime solution, which may represent a very simptifigore solution model. On the other hand,
the polymer dissolution after mixing was determibydneans of viscosity measurements. To
overcome the potential effect of cement-polysaddeainteraction, this experiment was
carried out only in 100% sand system.

431 Inlimesolution

The dissolution kinetics of the admixtures studiemb determined in 20 mM lime solution.

Concentration was calculated from viscosity measerds thanks to parametets, b; and

b, (see Table 2) obtained from calibration curves.

The final concentration expected is 6.66.This concentration is reached quickly for the
two HPG, while HPMC 2 is still partially dissolveafter 24h (Fig. 8a). Nevertheless, by
focusing on the first two hours of dissolution (F8lp), it appears that the dissolution kinetics
of HPG 3 is faster than HPG 1. After 10 min, 90%6fG 3 is dissolved while 73% of HPG

1 is actually in solution. At the same time, ondp 8 HPMC 2 is dissolved.

7. (a) 7 : ; ‘ ‘
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Fig. 8 Dissolution kinetics of admixture in lime solutigfCa(OH}»=20mM).

4.3.2  After mortar mixing without cement

For this experiment, all the solid phases of thatamowere substituted by sand. The dry
admixture was first added to the sand and the dryune was homogenised. The amount of
polymer was the same than for dosage of 0.66% hmvowrtars. Then, deionized water was

added, keeping a liquid to solid ratio of 0.3 (gemilar to the mortars L/S ratio). This mixture
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of sand, polymer and water were mixed for 4 miragtordance with EN 196-1 [36], as
mortars.

At 5 min (i.,e. 1 min after the end of the mixindhe mixture was centrifuged and the
viscosity of the supernatant was determined, a<ribesl in section 3.1.4. The same
procedure was repeated 15 and 30 min after theheg of the mixing.

Whatever the admixture, no evolution of the infaedt solution viscosity over time is

observed, suggesting that after mixing with watbe total dissolution of each polymer

occurs within the first 5 min (Fig. 9).

10 E ! El
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O 7

1 30 min

0 i 1

e ]

g o1, 7 7 ]

= i ]

0.01 . l
0.001 |

HPG 1 HPG 3 HPMC 2

Fig. 9: Pore solution viscosity 5, 15 and 30 min afteximg, reflecting the dissolution

kinetics of admixtures added dry in granular media.

4.4 Adsorption of polysaccharide on cement

The adsorption ability of the admixtures studied agment was also investigated since it
reflects in some way the admixture-cement inteoactifhe amount of polymer adsorbed on
cement in the mortar (polymer dosage of 0.66% bway determined from TOC analyses.
Measurements were carried out 15 min after theaobribtetween cement and water. The

results are shown in Fig. 10.
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Fig. 10 Impact of pre-dissolution on the amount of adimigtadsorbed on cement.

Whatever the method of introduction, HPMC 2 is &denixture that adsorbs less on cement.
The adsorption ability of HPG 1 is higher than HBGIn the case of the dry method of
addition for example, 58% of HPG 1, 30% of HPG &8 48% of HPMC 2 is adsorbed on the
cement. The same ranking is obtained for the psetired method of addition.

Moreover, the amount of polymer adsorbed is highe¢he case of dry addition than in case
of pre-dissolved addition whatever the polymers Mvorth noting that in the case of HPMC 2,

high standard deviations were obtained. Thereftie difference in adsorption ability

according to the method of addition is not sigifit

5 Discussion

The polymer concentration is a parameter of primargortance in controlling rheological

properties of polysaccharide solutions [43]. At Ipalymer concentration, i.e. dilute solution
state, individual polymer molecules are presenisatated coils. As the concentration of
polymer is increased, the coils begin to bring intmtact with one another leading to the
formation of polymer aggregates. In this semi-@iligolution state, the polysaccharide
solutions exhibit shear-thinning behaviors andrtzero-shear viscosity increase highly with
the dosage.

Previous studies highlighted the importance of t@ysaccharide solution state on
macroscopic mortar properties. Aggregates of HP@ gnhd cellulose derivatives [4,5],

present in the pore solution because of polymds @aserlapping in the semi-dilute solution
state, were found to be responsible of the increa3®R by plugging the porous network.

Moreover, for a polysaccharide dosage correspontbnthe dilute solution state, mortar
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exhibits a Binghamian rheological behavior (i.eidlty index equal to 1.0) and the increase
in consistency is slight [25]. Above the criticadsdhge, the pore solution and so the mortar
becomes shear-thinning and the consistency ingeismgly with the dosage.

The impact of method of polysaccharide additiorpore solution viscosity was investigated
in the current paper (Fig. 7). It appears cleanlgtt for a given dosage, the pore solution
viscosity is lower when the polymer is added dmgnthvhen it is pre-dissolved. This suggests
that the amount of polymer in the pore solutiofoiger in the case of dry addition. A higher
dosage is therefore necessary in order to reachbriii@al concentration and thus to improve
macroscopic mortar properties.

In the case of HPG 1 previously dissolved in thging water, above a threshold dosage of
0.3% bwoc, the WR (Fig. 3) and the consistency .(Bigof the admixed mortar increase
suddenly, while the fluidity index starts to desedFig. 6) meaning that the mortar becomes
shear-thinning. The same behavior is observed W@ 1 is added dry, but for a higher
dosage of 0.5% bwoc (+ 0.2% bwoc). In the same weeycritical polymer dosages of HPG 3
are 0.3% and 0.4% bwoc, for dry and pre-dissolveditimn respectively (+ 0.1% bwoc).
There is no difference for HPMC 2 which exhibitgréical polymer dosage of 0.1% bwoc
whatever the method of addition. These observatmasonsistent with the impact of method
of polysaccharide addition on pore solution vistggsihich is strong for HPG 1, medium for
HPG 3 and non-existent for HPMC 2 (Fig. 7).

Therefore the method of addition influences the amb@f polymer present in pore solution
which shifts the boundary between dilute and sefatal solution states and so the
improvement of mortar properties. Two hypotheses ba considered to explain this
phenomenon: polymer dissolution kinetics or adsonpdbility.

A lower amount of polymer dissolved in the poreusioh without pre-dissolution than with
pre-dissolution may be due to slow dissolution to®e In the aim to test this hypothesis, the
dissolution kinetics of the three admixtures wasestigated in nearly saturated lime solution
(which represents a very simple model for pore tsmuwith high alkalinity and strong
concentrations of calcium ions) for a final concation of 6.66 g.[* (which represents the
highest amount of polymer, i.e. a dosage of 0.66%d). Effectively, HPG 1 exhibits slower
dissolution kinetics than HPG 3 (Fig. 8). AccordiogCheng et al. [49], the increase in MS
leads to a decrease in the intermolecular intemastof HPG. Therefore the dissolution of
HPG 3 (high M§p) is easier than the dissolution of HPG 1 (lowdSNevertheless, HPMC

2 exhibits by far the slowest dissolution rate whihere is no difference in pore solution

viscosity with or without pre-dissolution (Fig. 7)his measurement thus characterizes well

18



the dissolution kinetics but not what is really pap in the mixer. Indeed, the results from
Fig. 7 suggest that, although a very slow dissotutate, HPMC 2 is completely dissolved at
the end of the mixing.

In order to focus on dissolution kinetics duringe tmixing and to overcome the likely
adsorption of polymer on cement, all the solid gisasere substituted by sand. It appears that
whatever the admixture, the polymer is completebgalved at the end of the mixing since
the pore solution viscosities are exactly the sam®, 15 and 30 min after the mixing with
water (Fig. 9). The strong shear forces inducéhénrixer and the friction with the granular
media allow therefore the complete dissolution aflypaccharide, even of cellulose
derivatives known for their slow dissolution rat€hus dissolution kinetics cannot be
responsible for the impact of pre-dissolution.

A second hypothesis would be a difference in thewrhof adsorbed polymer according to
the method of addition. To test this assumptioa,atsorption ability of the three admixtures
was investigated by means of TOC analyses. Effelgtivit appears that the amount of
polymer adsorbed is higher in the case of dry amdithan in case of pre-dissolved addition
(Fig. 10). Moreover, the adsorption ability of HRGs the greatest. These results are in good
agreement with the measurements of pore solutiscosity where a large loss of viscosity
was obtained for HPG 1 between the two methodslditian (Fig. 7). For a given polymer
dosage, a loss of viscosity was also observed leetwee “reference” (polymer dissolved in
the pore solution of un-admixed mortar) and thd p@e solution (extracted from the
admixed mortar). The same trend can be observetiR& 3 but with slighter differences.
The viscosity loss can be attributed also to a losgolymer in solution because of
adsorption.

It is worth mentioning that according to Bdulichen al. [4], adsorption of anionic
polysaccharides on cement should be excluded. ™€ measurements would reflect the
amount of polymer retained as agglomerates pluggete porous network rather than the
adsorbed amount.

We are certainly in agreement that at such polytosage (0.66% bwoc), agglomerates are
present in the pore solution. Nevertheless, if TME€asurements reflect only a physical
retention of polymer agglomerates, and based upemwgter retention mechanism which is
linked to presence of agglomerates, higher is tie¢ained amount”, higher should be the
water retention capacity. Our experimental resaifts contradictory since values of retained
polymer (obtained from TOC) are higher for the d@mdition than for the polymer pre-
dissolved in mixing water (Fig. 10) but the watetention capacity is lower (Fig. 3).
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Moreover, pore solution extracted by centrifugateibit a shear-thinning behavior which
Is characteristic of polymer coils overlapping. Wherefore believe that the high speed
centrifugation would be able to extract some ag@gi@tes but not to trap all of them in the
pellet.

Furthermore, it was previously assumed that thehamr@sm responsible for the cement
hydration delay induced by HPG [26] is the adsorptdf these molecules on the hydrated
cement phases. Indeed, HPG are molecules whiclinoatlot of polar functional groups (-
OH). Therefore, interactions through Van der Wdaises and hydrogen-bonding can occur
between polysaccharides and the highly polar hgdrghases [50]. Moreover, the hydrated
cement phases exhibit a high surface charge def&3ly The ionization of the hydroxyl
groups of HPG in the alkaline pore solution [54]Julebenhance the adsorption through strong
electrostatic forces.

The adsorption ability of polysaccharide at thefae on the cement grains is therefore
matter of debate but in our mind and for the speciése of HPG, this is the only valid theory
to explain all the experimental results of theuefice of HPG on mortars properties. Since
adsorption is measured by depletion method, owlteesot allow confirming or invalidating
the incorporation of the admixture in an organo-4mah phase during the early age hydration
of the cement as suggested by Flat and Houst [84jprding the superplasticizers.
Nevertheless, if this occurs, this should acceetuilaé consumption of polymer when it is
added as dry powder.

Fig. 11 is a schematic representation of the pobfsaride-cement interaction. On the
abscissa, the time at early age is arbitrary remtesl. The two cases, dry and pre-dissolved
addition, are also shown. Once the cement is irtacbrwith water, the anhydrous cement
grains dissolve rapidly in the first seconds aftetting [53,54] and nucleation of the first
hydrates occurs at very early times, close totitme of mixing [55]. The dissolution of
cement leads to a strong increase of calcium hydeogoncentration in the pore solution
[56,57] and thus the ionization of hydroxyl grougispolysaccharide. In the case where
polymer is previously dissolved, the polysaccharigleable to adsorb rapidly on the first
hydrates and to constrain their growth. The slowd@ivhydrates growth rate in presence of
polysaccharides has been highlighted in the pa&k{126,58-60]. Nevertheless, when the
polymer is added as dry powder, it has to dissdinst before to be able to adsorb on
hydrates. Therefore the hydrates have more timgrdes and the surface area available for
adsorption is higher. Once dissolved, more polyncarsbe adsorbed or consumed leading to

less polymer in solution in comparison with the-gigsolution state. Ultimately, it has been
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shown in a previous paper that pre-dissolution BfZHeads to a greater hydration delay than
when admixture is introduced as a powder in thendiry [26].
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Fig. 11 Schematic representation of the polysaccharideeot interaction regarding the

method of addition.

The adsorption ability of polysaccharide is linkex the substitution degree. Lower the
substitution degree is, higher the content of hygdsois and thus stronger the adsorption
ability is. This can explain the difference betwd#idG 1 and HPG 3. The adsorption ability
of HPG 1 (low M$p) is so high that the difference induced by thehwoétof addition is
amplified.

The vyield stress values (Fig. 5) are consistent whis theory. Indeed, because of its very
long chains, the same HPG molecule can adsorbparate cement particles and bound them
together. This phenomenon is well known as polymer bridgingcdulation [61-63].
According to some authors [9,64,65], this bridgeftect between cement particles would be
one of the cause responsible for the cement-basatkrials yield stress induced by
polysaccharide. A linear correlation between theamh of adsorbed polymer and the yield
stress was even established [6Hjis allows understanding the lower yield stresisi®@s when
the polymer is pre-dissolved (Fig. 5) since thedgissolution reduces the amount of adsorbed
polymers (Fig. 11).

At low dosage, i.e. without entanglement and foramabf agglomerates, the mortars admixed
with dry HPG exhibit better WR (Fig. 3) and higheonsistency (Fig. 4) than mortars
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admixed with pre-dissolved admixture. Moreover.the case of dry addition, the mortars
present a strong shear-thinning behavior (Fig. éammg a high viscosity at low shear rate.
Thus, it can be assumed that the enhancementdgfibgi effect leads to improve yield stress,
but also slightly the water retention ability, tt@nsistency and the shear-thinning behavior of

the admixed mortars.

6 Conclusions

Based upon this study, it appears that the methfi@tidition of polysaccharidic admixtures
may influence their impact on the fresh state prigee of mortars. It is obvious for HPG 1
which has a low degree of substitution.

This pre-dissolution effect is due to a differené¢he amount of polymer in the pore solution
regarding the method of addition. Indeed, a greatawunt of polymer in solution was noticed
when the polymer is pre-dissolved in the mixingevaather than when the polymer is added
as dry powder to the other solid phases of theanag usual.

The pre-dissolution of the polymer may accelerageadsorption on hydrated cement phases.
Therefore the growth of hydrates is rapidly conetd leading to a reduction of the surface
area available to the adsorption. Contrariwise ciramon addition of polymer as dry powder
leads to a greater amount of polymer adsorbed.

By consuming polymer on the surface of cement graihis common addition requires a
greater dosage in order to achieve the overlappinmplymer coils. At equivalent dosage, in
comparison with the pre-dissolved addition, the ahigition leads thus to mortars with lower
water retention capacity and lower consistency togher yield stress value and weaker
cement hydration delay.

This study of method of addition allows highligiginthe importance of cement-
polysaccharide interaction on macroscopic propertie admixed mortars. Moreover, this
paper confirms the fundamental influence of coileapping on polysaccharides

effectiveness as admixtures for cement-based rakgeri
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