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ARTICLE INFO ABSTRACT
Keywords: This study aims to enhance structural build-up of ultra-high-performance concrete (UHPC) without influencing
Competitive adsorption the initial flowability, which is critical in repair applications (e.g., use of UHPC in thin bonded overlays for bridge

Latex polymer

Structural build-up
Ultra-high-performance concrete
Viscosity modifying admixture

deck rehabilitation). Specialty admixtures, such as a viscosity-modifying admixture (VMA), have been used to
enhance the structural build-up at rest. However, the use of specialty admixtures can increase superplasticizer
(SP) demand to maintain proper flowability; the synergistic effect of these admixtures on structural build-up is
not well understood as the coupled admixture content can reverse the net effect on yield stress, viscosity, and
thixotropy. In this study, VMAs including welan gum (WG), diutan gum (DG), and cellulose ether (CE) were used.
Styrene-butadiene rubber (SBR) and acrylic ester (AE) latex polymers (LPs) that can enhance structural build-up
and bond strength were also incorporated. The competitive adsorption between these specialty admixtures and
SP and its effect on structural build-up, early-age hydration, compressive and pull-off strengths, porosity and
entrapped air content of UHPC mortar (i.e., without fiber) were systematically investigated. Test results indicated
that the incorporation of anionic WG and DG that exhibited high competitive adsorption with SP led to a 275%—
450% enhancement in structural build-up despite the 55%-135% increase of SP demand. Such increase was
limited to 130% when using CE, SBR, or AE that cannot effectively adsorb onto cement particles in the presence
of SP. This was because the high competitive adsorption between specialty admixtures and SP strengthened the
particle flocculation and promoted the cement hydration in the first hour; the latter resulted in 20%-40%
enhancement in non-reversible component of structural build-up. Furthermore, the use of LP at low and mod-
erate dosages secured high bond strength to normal strength mortar despite 8%-33% decrease in compressive
strength given the increased capillary porosity. The use of VMAs increased the entrapped air and resulting 5%—
15% lower compressive strength, while the bond strength was not influenced.

exhibits low yield stress and plastic viscosity in the order of 10-30 Pa
and 20-50 Pa s, respectively [4], which can facilitate casting [5,6].
While suitable for many structural applications, self-consolidating UHPC
can present special challenges when used for the rehabilitation of bridge
decks where a highly flowable material can sag during placement on
sloped substrates and fibers or coarse aggregate may segregate [7,8].
Self-consolidating concrete can also exert high lateral pressure on ver-
tical formwork when retrofitting the relatively tall structures, such as
columns and bridge piers [9,10]. Earlier studies showed that such lim-
itations can be rectified by tailoring the rheological properties to either
secure a moderate yield stress values [8] or to develop a high structural
build-up at rest [9,11,12]. Latter reflects the increase of yield stress and

1. Introduction

Ultra-high-performance concrete (UHPC) is an advanced fiber rein-
forced composite material with high mechanical properties and dura-
bility [1-3]. The conventional UHPC has high apparent viscosity due to
the low water-to-binder ratio (w/b) and the incorporation of high vol-
ume of fine powders (e.g., silica fume) [3,4], which can lead to difficulty
in mixing, casting and placing. The use of supplementary cementitious
materials (e.g., fly ash and slag) and improved sand gradation to in-
crease packing density and polycarboxylate ether superplasticizer (SP)
to reduce the water demand can design the self-consolidating UHPC that
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Nomenclature Q volume of mini-slump cone (m®)
N rotational velocity (m/s)

T4 dynamic yield stress (Pa) H slope of the flow curve (N-m/s)

Ay increasing rate of static yield stress from 5 to 30 min (Pa/ R; radius of coaxial cylinder (m)
min) p density of UHPC mortar (kg/ms)

Ay increasing rate of dynamic yield stress after end of mixing R¢ radius of mini-slump spread (m)
(Pa/min) o

h height of the coaxial cylinder submerged in the materials Abbreviation
(m) VMA viscosity-modifying admixture

U plastic viscosity (Pa e s) CE cc?llulose ether

75 static yield stress (Pa) DG dluta'n gum

T torque (N-m) AE acrylic ester

Tinax maximum torque (N-m) Lp latex polymer

G intercept of the flow curve (N-m) WG welan gum .

R, radius of rheometer container (m) SBR styrene—bu'ta.dlene rubber

D, gap size of rheometer (m) SP superplasticizer

viscosity with rest time [9-11].

The structural build-up is influenced by the physical structuration
and chemical rigidification. Particle colloidal flocculation after
removing shear stress is the origin of physical structuration of cemen-
titious materials [13]. It is affected by the number of particle contacts
that depend on the particle volume fraction and maximum packing
density [14,15], and the colloidal surface attraction between adjacent
fine particles that influenced by type of chemical admixtures and surface
coverage by those admixtures [16,17]. On the other hand, the cement
hydration can lead to chemical rigidification (e.g., stable C-S-H) that
can increase the structural build-up [18-20]. In general, the variation of
the water-to-cementitious materials ratio (w/cm) [21,22], cementitious
materials content and type [23,24], as well as the use of nanomaterials
[25,26] and chemical admixtures [27-31] can change the particle
colloidal flocculation, resulting in different levels of structural build-up.

UHPC with high fluidity can exhibit a relatively low structural build-
up due to the high SP content [10,30]. Previous studies show that the
structural build-up can be greatly improved by incorporating
viscosity-modifying admixtures (VMAs) without altering mixture pro-
portion (i.e., w/b and cementitious materials), which can secure limited
variation of hardened properties of UHPC [30,31]. For instance, the
increase of welan gum content from 0 to 0.09%, by mass of biner, was
found to enhance static yield stress of UHPC mortar from 12 to 41
Pa/min [30]. The impact of VMA on enhancing structural build-up is
dependent on the VMA type. Cui et al. [32] proposed that the use of
hydroxypropyl methyl cellulose can be more effective to increasing
structural build-up of UHPC compared to polyacrylic acid or welan gum.
The incorporation of VMA can increase SP demand, thus reducing the
overall effectiveness of the VMA on thixotropy due to the greater steric
repulsive forces [27,28]. Khayat and Assaad [12] used the breakdown
area to evaluate the influence of cellulosed-based VMAs on the struc-
tural build-up of self-consolidating concrete prepared with various SP
dosages. The results showed that the breakdown area can decrease from
21% to 9% when the VMA is further increased from 260 to 730 mL/100
kg of cementitious materials, given the need for more SP to maintain a
slump flow of 650 mm [12].

The incorporation of latex polymer (LP) can also increase the
structural build-up given the formation of polymer network [33-35].
The common latex polymers used in cement-based materials include
styrene-butadiene rubber (SBR) and acrylic ester (AE). Assaad [33] re-
ported that the increase of AE content from 0% to 20% was shown to
increase the structural breakdown area by 400%. It is also worth to
mention that the use of LP can enhance the bond strength to existing
concrete, which is important for UHPC with relatively high structural
build-up that can be particularly vulnerable to bond losses to existing
concrete substrates [36]. Graybeal and Haber [36] reported that the

bond strength between thixotropic UHPC and conventional concrete
was 0.8 MPa when the diamond grinding was used to prepare the sur-
face. Yet, the bond increased to 1.8 MPa when the latex-modified con-
crete was used as the overlay material, reflecting the relevance of LP to
secure a monolithic behavior of the overlay-substrate composite struc-
ture [37,38]. The pull-off bond strength between polymer-modified high
strength grout and conventional concrete was investigated in Ref. [33].
Results show that the use of 20% styrene-butadiene rubber (SBR) or
acrylic ester (AE), by volume of water, changed the mode of failure (i.e.,
from interface to cohesive within the substrate), reflecting enhanced
bond strengths.

Limited studies investigated the synergistic influence of specialty
admixtures (i.e., VMAs and LPs) and SP on structural build-up of UHPC
made with a constant fluidity (i.e., SP dosage varied with the addition of
specialty admixtures). The mechanism behind the variation of structural
build-up in such systems is not well understood, especially knowing the
presence of competitive adsorption between specialty admixtures and
SP; high SP dosage can reduce or reverse the benefit of the specialty
admixtures on structural build-up. Furthermore, the combined specialty
admixtures and SP can impact bond strength between thixotropic UHPC
and conventional concrete substrate, which is a key property in thin
bonded UHPC rehabilitation projects. This study investigates the
competitive adsorption between SP and specialty admixtures, including
welan gum, diutan gum, and cellulose ether VMAs as well as styrene-
butadiene rubber and acrylic ester LPs. The effect of the competitive
adsorption between specialty admixtures and SP on dynamic yield
stress, plastic viscosity, structural build-up, and early-age hydration of
the non-fibrous UHPC mortar was then studied. Each specialty admix-
ture was used at three or four contents combined with various SP dos-
ages to maintain the mini-slump flow at 200 + 10 mm. This studies also
determines the coupled influence of these admixtures and SP on the
compressive strength, pull-off strength, and pore structure of the UHPC
matrix.

2. Mixture proportions and sample preparation
2.1. Chemical admixtures

A polycarboxylate-based SP complying with ASTM C494 Type F was
employed in this work; its specific gravity at 20 °C and solid content
were 1.05 and 26%, respectively. A polyether-based air detraining
admixture was used in all mixtures at fixed rate of 0.04%, by binder
mass, to reduce air entrainment and influence on porosimetry mea-
surements. Its specific gravity and solid content were 1.01 and 5%,
respectively.

Three types of VMAs were used to enhance structural build-up of
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investigated UHPC including a cellulose ether (CE) polymer in liquid
form along with a welan gum (WG) and diutan gum (DG) in powder
form. The CE is chloride-free and complies to ASTM C494 Type S; its
solid content is 30%. According to the manufacturer’s Technical Data
Sheet, a slight decrease in slump and increase in air content may be
encountered when using the CE admixture. The WG and DG are mi-
crobial high-molecular weight polysaccharides used as rheology-
modifiers or structural build-up modifiers in numerous industrial ap-
plications. As shown in Fig. 1, the WG molecule is made of repeating
tetrasaccharide chains with single i-mannose or r-rhamnose branches,
while the DG backbone consists of similar branches along with p-glucose
side chain monomers [39]. The WG and DG are compatible with the
cement hydration since they are stable in high potential of hydrogen
(PH) systems [40]; their average molecular weights are between 4.1 and
5.2 million Da, and their bulk densities are approximately 410 kg/m°>.

This study also employed the SBR latex and AE latex that are both
dispersions of latex particles in water with slight negative stabilization.
The molecular structures of SBR latex and AE latex are presented in
Fig. 1(b). The SBR and AE solid contents are 48% and 24%, respectively,
and they have the same specific density of 1.01. No incompatibility
(such as abnormal loss in workability and excessive delay in setting) was
noticed between the polycarboxylate-based SP and various VMAs and
LPs used in this study.

2.2. UHPC mixture proportions

A non-proprietary UHPC with w/b of 0.2 designed in compliance
with the rheology-based method was used in this study [41]. The binder
system contained 55% Type III cement, 5% unidentified silica fume, and
40% Class C fly ash. Such binder system was found to reduce consid-
erably the SP demand, improve the packing density of the binder, and
mitigate the autogenous shrinkage [41]. The sand consisted of 30% fine
masonry sand, 53% concrete river sand, and 17% saturated lightweight
sand determined using the modified Andreasen and Andersen model for
particle packing. The binder-to-sand ratio was set at 1.0 that proved to
increase compressive strength [41]. The physical properties and particle
size distribution of the raw materials are presented in Table 1 and Fig. 2,
respectively.

Different structural build-up levels were secured by adding the VMAs
and LPs at low, moderate, and high concentrations based on the Mate-
rials’ specifications recommended by the admixture producers. For
example, the powdered DG is typically recommended up to 0.02% of the
binder mass, while the contents could reach 0.5% for the WG. The active
materials in the liquid CE admixture are recommended to vary between

OH

OH
HOOC,
o 0,
HO, 0o A\ 10
o
OH
R

CI;
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oH | OH OH OH

WG and DG (main structure)
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0.2% and 1.5% of the binder mass. The preliminary results realized in
this testing program have shown that the SP demand will excessively
increase to maintain the needed flow, which would increase air
entrainment in the fresh UHPC and significantly delay the setting times.

In the case of the LPs (i.e., SBR and AE), the low, moderate, and high
concentrations recommended by the admixture manufacturers were
used. The maximum dosages were mainly determined based on the drop
in compressive strength, given the detrimental effects of such latexes on
the compression properties of cementitious materials [37]. Special care
was placed to maintain the w/b constant at 0.2 by accounting the
amount of water existing in such LPs, and a threshold drop of 25% in
compressive strength was tolerated in this testing program. In total, 18
mixtures were investigated, as presented in Table 2.

2.3. Mixing, casting, and curing procedures

Raw materials were mixed at room temperature. A magnetic stirrer
was employed to disperse the WG and DG powder with 90% of the SP for
10 min at 15 rps to secure uniform dispersion before batching. The WG
and DG solutions were then added into 90% of the mixing water. The CE,
SBR, and AE were added along with 90% of the mixing water and SP
before batching. A 19-L Hobart mixer was used to prepare the UHPC
mortar. The mixing procedure was as follows: (1) the dry materials were
mixed for 2 min at 1 rps; (2) the pre-prepared solution of chemical ad-
mixtures was added and mixed for 3 min at 2 rps; and (3) the remaining
10% of the mixing water and SP was added and mixed for 7 min at 2 rps.
The temperature of mixing water was adjusted to secure that the tem-
perature of UHPC was at 20 £ 2 °C at the end of mixing.

The samples to determine the hardened properties of investigated
UHPC mortars were cast in one lift followed by slight mechanical
consolidation. The specimens were covered using wet burlap and plastic
sheet. After one day, these specimens were demolded and cured using
lime-saturated water at 20 + 2 °C during the first 3 days. They were then
sealed in the polyethylene bags and stored in curing room where the
temperature was 20 + 2 °C and relatively humidity was greater than
90% until the time of testing. This curing protocol can avoid the
destabilization of the polymer LP films due to the complete soaking of
specimens in water [37]. Nevertheless, the proposed curing protocol is
different from the continuous moist curing reported by ASTM 1856. It is
worth noting that the reference UHPC was subjected to two different
curing methods including the proposed one as well as by exposing it to
continuous moist curing as reported in ASTM C1856.

OH

OH |
| CH,CHCH,

CH,CHCH, |
| o

OCH,
o

OH
OCH,

CE

OCH, OCH;,

H
=C

AE latex

H,C H — COOC,H;

Fig. 1. Molecular structure of: (a) VMA; and (b) LP.
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Table 1
Physical properties of the cementitious materials and sands used in UHPC.
Type III Cement Silica fume Class C fly ash River sand Lightweight sand Masonry sand
Specific gravity 3.15 2.20 2.70 2.65 1.81 2.64
B.E.T. (m?/kg) - 18,200 - - - -
Blaine surface area (m?/kg) 560 - 465 - - -
Diax (mm) - - - 4.75 4.75 2
Dso (mm) 0.01 0.0035 0.012 0.65 2.3 0.35
- - 1.4 17.6 1.6

Water absorption (%)

Note: Dpgy (mm) is the maximum particle diameter; and Dsp (mm) is the mean particle diameter.

100 p— .
90 bl | ] Il
7 g 1 / !
3 80 - £ ' I
< I £ A
g 7 + F I / H — — Cement
EN / £ i f ';' ceecesFlyash C
; 50 /' .‘ i — - - = Silica fume
> 1
E 40 : f l / i River sand
= I
:E: 30 / l'! [ l Ill — - — Masonry sand
S 20 [ L | I A - Lightweight sand
! 4 I
I ’
10 ! & !
T :
0 Ll AN ‘ 3
0.00001 0.0001 0.001 0.01 0.1 1 10

Particle size (mm)

Fig. 2. Particle size distribution of the binder and sand.

3. Test methods
3.1. Rheology

3.1.1. Bingham properties

A Contec 5 coaxial cylinder rheometer was used to determine the
rheology of UHPC mortars, as shown in Fig. 3. Each mixture was repli-
cated three times to assess the repeatability of results, and the mean
values were considered for analysis. The Bingham properties were
measured right after the end of mixing (i.e., time interval for transferring
the material from the mixer to the rheometer was within 1 min). The
UHPC mortar mixtures were pre-sheared using 0.5 rps for 30 s, then the
impeller rotational velocity gradually decreased from 0.5 to 0.025 rps in

Table 2
Mixture proportion of investigated UHPC mortars.

10 steps. During each step, 25 data points were collected. The dynamic
yield stress (r4) and plastic viscosity (4) were calculated using the
Bingham model, as shown in Egs. (1)-(3). Data points at rotational ve-
locities of 0.5 and 0.45 rps were removed given the lack of equilibrium
[42].

The same test procedure was also used to determine the Bingham
properties at 5, 15, and 30 min for the reference UHPC mortar and the
mixtures containing VMA and LP at contents that displayed the highest
structural build-up. The increase of dynamic yield stress with time is
mainly due to the chemical rigidification, which is important to un-
derstand the mechanism of using VMA and LP to increase the structural
build-up of UHPC. The mortar samples were placed in the Hobart mixer
and covered using wet towel and plastic sheet in the rest period. Then,
they were re-agitated at 3 rps using Hobart mixer for 120 s before each

R;=62.5 mm

Dg=20.0 mm

R,=82.5 mm

Fig. 3. Schematic diagram of the Contec 5 rheometer (unit: mm).

Mixture Type III Cement Silica fume Fly ash C River sand

Lightweight sand

Masonry sand CE WG DG SBR" AE*

(kg/m>)

(%-by mass of cementitious materials)

Ref 649 41 405 516
CE-0.25
CE-0.5
CE-1
CE-1.5
WG-0.09
WG-0.18
WG-0.27
DG-0.0015
DG-0.003
DG-0.0075
DG-0.015
SBR-0.45
SBR-0.9
SBR-1.8
AE-0.23
AE-0.45
AE-0.9

118

0.25
0.5
1
1.5

302

0.09

0.45

Note.
 Refers to active portion.
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test to secure the structural breakdown. It should be mentioned that the
materials were not re-agitated using rheometer to avoid the effect of
plug flow. Typical results of the reference UHPC are shown in Fig. 4(a).
Fig. 4(b) shows the 74 linearly increased with rest time for the reference
mixture. Similar trends were found for other mortars containing VMAs
and LPs. The slope of the curve (A,) refers to the increase rate of dy-
namic yield stress, which was used to compare with the increase rate of
static yield stress to underline the action mode of VMA and LP in UHPC
mixture.

T=G+H-N (€]

T, :MG (2)
4h In (’;—)

-

where T (N-m) is the torque, G (N-m) is the intercept of the flow curves,
H (N-m/s) is the slope of the flow curves, N (m/s) is the rotational ve-
locity, h (m) is the height of the inner cylinder submerged in the ma-
terials tested in the rheometer, R; (m) is the radius of coaxial cylinder (R;
= 0.0625 m), and R, (m) is the radius of the container (R, = 0.0825 m).

3.1.2. Static yield stress and assessment of structural build-up

The structural build-up at rest was determined using the develop-
ment of the static yield stress (z) after 5-, 15-, and 30-min rest periods.
The mortar was subjected to a low rotational velocity of 0.05 rps for 120
s during each test, which then the sample is stirred to reduce the for-
mation of preferential planes due to particle orientation and kept un-
disturbed during the rest period [12]. As typically shown in Fig. 5(a), the
resulting torque of the reference UHPC mortar was progressively
increased with time to a peak value before flow occurrence. The 7 is
calculated using Eq. (4) [43], Fig. 5(b) presents the variation of z; value
of the reference mixture with time where a rapid increase occurred at
first 5 min followed by a linear increase with time. Similar trends were
found for other UHPC mortars containing VMAs and LPs., This study
used the increasing rate of z; from 5 to 30 min (Ag) to assess the
structural build-up in compliance with [31,44].

T.= 7‘1?10.7(
' 2mhR?

G

where Ty (N-m) corresponds to the peak of torque in the testing
process.
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3.2. Compressive strength and modified pull-off test

The 28-d compressive strength of UHPC mortar was tested using 50-
mm cubes based on ASTM C109; the loading rate was 5 kN/min. The
bond strength between UHPC and normal strength mortar (NSM) was
determined using dogbone composite samples, as shown in Fig. 6. The
mixture proportion of NSM is based on conventional concrete reported
in Ref. [45] after the removal of aggregates larger than 4.75 mm by
sieving the concrete mixture. A plastic clip was used to divide the dog-
bone sample into two parts. NSM was cast in the half of the molds. The
sand-blasted surface of NSM was prepared to enhance the bond strength;
this was achieved by spraying retarder on the surface of plastic clip to
enable the removal of surface paste of NSM after demolding. The NSM
was then cured in lime-saturated water at 20 + 2 °C for 28 days. Then,
the NSM was placed into the molds followed by casting UHPC into the
other half part. The composite dogbone specimens were subjected to a
pull-off tensile loading at a rate of 0.1 mm/min. Three specimens were
measured for compressive strength and modified pull-off tests for each
mixture.

3.3. Heat of hydration

Hydration kinetics were evaluated using an isothermal conduction
calorimetry. Approximately 60 g of fresh UHPC mortar was placed and
sealed into the calorimetry immediately after end of mixing. The test
temperature and duration were set at 20 °C and 48 h, respectively.

3.4. Zeta potential test

The zeta potential test was conducted using the Malvern Zetasizer
Nano to evaluate the adsorption of VMA, LP, and SP onto the cement
particles. Generally, the total organic carbon test is used to investigate
the adsorption of chemical admixtures onto the cement particles [46].
However, the authors found that it was difficult to centrifuge the water
due to the low w/b when conducting total organic carbon test. Previous
studies reported that the zeta potential results of cement paste made
with SP and various macromolecular admixtures were consistent with
the results measured using total organic carbon test [47,48]. Further-
more, the relative adsorption isotherms of the different specialty ad-
mixtures in diluted slurries should be similar to that in the actual
concentrated slurries [49,50]. Sha et al. [49] investigated the adsorption
of four different polycarboxylate superplasticizers onto cement particles
using total organic carbon and zeta potential tests. The cement paste
made with w/cm of 0.29 was used to conduct the total organic carbon
test, whereas the cement slurry prepared with w/cm of 50 was employed
for the zeta potential test. Results show that the polycarboxylate

1.4 140
O0min < 5 min T=0.39 + 2.03N
1.2 A o Resige o 220
A 15 min X30 min X ’ S T4 =43.41 +2.15t o)
=2 1 X A7=029+ 153N 5 100 4 R®>0.99
- 2 5o
= X R2>099 &
Z 0.8 - " Lo 8 80 - {34
o s ST=019+122N = A,
0.6 - St o Re>099 R ]
5 X A..--A e 2 fo R
e g P T=0.10+0.70N &
’ o ) g 409
Ix L o R2>0.99 >
03 o° JRI-EE a)
‘oo 20 1
0 T T T 0 : : ; ; :
0 0.1 0.2 0.3 0.4 0 5 10 15 20 25 30

Rotational rate (rps)

(a)

Time (min)

(b)

Fig. 4. (a) Flow curves of the reference mixture determined at different resting time; and (b) increase of dynamic yield stress with time of the reference mixture.
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superplasticizer that exhibited higher adsorption capacity onto the
cement particles led to a lower zeta potential of slurry. Ma et al. [50]
stated that the use of VMA that led to a lower zeta potential value of
slurry made with w/cm of 40 was more effective to increase the yield
stress and plastic viscosity of cement paste made with w/cm of 0.29 due
to the higher adsorption capacity. This indicated that the zeta potential
in diluted slurry can reflect the adsorption of macromolecules, such as
VMA and LP, onto cement particles in actual cement-based based ma-
terials. A highly diluted slurry with 1% cement concentration was pre-
pared in compliance with [51]. The composition of cementitious
materials is the same to the investigated UHPC mixture. The slurry was
prepared as follows: (1) mixing deionized water and chemical admix-
tures, including SP, VMA, and LP at 700 rpm for 10 min followed by a
10-min high-intensity sonification treatment; and (2) mixing cementi-
tious materials and prepared solutions at 700 rpm for 10 min; The test
was conducted at 0, 15, 30, 45, and 60 min after the preparation of
diluted slurry, and each slurry mixture was repeated three times to
secure the reproducibility of the results. The diluted slurry was
constantly mixed at 350 rpm during the test to avoid the segregation of
cement particles. The PH value of each diluted slurry was also measured.

3.5. Image analysis for air content

Two slices measuring 100 mm in diameter and 5 mm in thickness
were saw-cut from the center of cylinder specimen measuring 100 x
200 mm to determine the air content of UHPC mortar. In total, six slices

Static yield stress (Pa)
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taken from three specimens were obtained for each mixture. The slices
were polished using silicon carbide papers with grit sizes of 80, 180,
360, and 600. In order to contrast the air content from other parts of
UHPC, the surface was blackened using the marker followed by pressing
white Barium Sulfate powder into the air voids. A high-resolution image
of the cross section was photographed and binarized to evaluate the air
content in hardened UHPC mortar.

3.6. Mercury intrusion porosimetry

The mercury intrusion porosimetry was employed to determine the
porosity of UHPC mortars. Samples measuring 1-1.5 mm were taken
from the center of the cylinder specimens at 28 d. These samples were
soaked in ethyl alcohol for 24 h to stop further cement hydration fol-
lowed by drying at 60 °C in a vacuum oven for 48 h. The test pressure
ranged between 0.25 and 415 MPa.

4. Experimental results
4.1. Competitive adsorption between specialty admixtures and SP

The mechanism of VMAs and LPs influencing the rheological prop-
erty of UHPC mortar can correlate to their affinity with the particle
surface of cementitious materials. The zeta potential can determine the
surface charge at the stern layer of colloidal particle that might be
affected by the adsorption of SP, VMAs, and LPs [52]. Fig. 7 presents the
variation of zeta potential with time for diluted slurry of UHPC binder
made without any admixtures, with 0.1% admixtures only, and with
0.1% admixtures and 0.5% SP. The positive and negative values repre-
sent the cation and anion dominated at the surface of stern layer,
respectively. The zeta potential of slurry made without any SP was
positive and slightly increased with time. This was due to the cationic
property of early-age hydration products, such as ettringite [53]. On the
other hand, the use of 0.5% SP reduced the zeta potential of the diluted
slurry made without any VMA and LP to a negative value due to the
adsorption of anionic SP onto the cement particles. Furthermore, the
zeta potential value slightly decreased with time and became relatively
stable at 30 min.

As shown in Fig. 7(a), the zeta potential values varied from 1.5 to 4
mV for reference diluted slurry. The use of 0.1% WG and DG signifi-
cantly reduced the zeta potential where the values ranged between —19
and —23.5 mV given the anionic carboxylate group of WG and DG
polymers. Such variation of zeta potential value might be due to the
anionic WG and DG polymers that remain in the water or the adsorption
of WG and DG onto the cement particles that can change the surface
charge at the stern layer of the cement particles [32,40,54]. The use of
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Fig. 7. Variation of zeta potential with time for slurry mixtures made with 0.1% various specialty admixtures and: (a) without any SP; (b) with 0.5% SP.

SP decreased the influence of WG and DG on reduction in zeta potential,
as shown in Fig. 7(b). For example, the zeta potential value at 30 min
was —13 mV for UHPC made with a combination of 0.1% DG and 0.1%
SP, which is higher than —22mV for UHPC prepared with 0.1% DG. If
the zeta potential value reflects the anionic WG and DG remaining in the
water, the incorporation of SP cannot increase the zeta potential given
the adsorption of the SP onto cement particles [46,53]. Furthermore, the
carboxylic acid group of SP can decrease the zeta potential even though
the SP cannot adsorb onto the cement particles [51]. Therefore, the
adsorption of WG and DG onto the cement particles is the origin of the
variation of the zeta potential. The competitive adsorption between SP
and WG or SP and DG can decrease adsorption of WG and DG onto the
cement particles, resulting in a less reduction in zeta potential values.
On the other hand, the diluted slurry made with 0.1% CE, SBR, and AE
exhibited a similar zeta potential compared to the reference slurry,
especially after the incorporation of SP. This limited variation in zeta
potential can be attributed to: (1) limited adsorption of polymers onto
the cement particles [55]; and (2) the adsorption of non-ionic polymers
cannot change the zeta potential [40].

The impact of VMA and LP content on the zeta potential of slurry at
30 min is plotted in Fig. 8. The increase of WG content from 0 to 0.3%
and DG content from 0 to 0.1% greatly reduced the zeta potential from
approximately 2.5 to —22.5 mV. Further increase in WG and DG con-
tents had a limited influence on the zeta potential. Therefore, the 0.3%
of WG and 0.1% of DG content can be considered as saturation content
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Fig. 8. Effect of specialty admixture contents on zeta potential of slurry made
without any SP at 30 min.

for the investigated UHPC binders. The zeta potential reduced from
approximately 2.5 to —5 mV with the increase of SBR content from 0 to
1%. The use of 1% AE decreased the zeta potential from 2.5 to —11.9
mV. This indicates that the 0.1% is a relatively low dosage compared to
the saturation dosage of LPs, which led to a low adsorption and limited
variation of zeta potential (Fig. 7). In the case of CE, the zeta potential
slightly increased from 2.5 to 3.5 mV with the increase of CE content
from O to 1%. This reflects that the non-ionic characteristic of the CE
cannot change zeta potential even though the CE polymers can adsorb
onto the cement particles [40,55,56].

Fig. 9(a) shows that the adsorption of specialty admixtures gradually
decreased and the adsorption of SP increased with the addition of SP.
This can be reflected by the fact that the zeta potential value of slurry
containing specialty admixtures tended to the value of the slurry pre-
pared with only SP when the SP content increased. The zeta potential
values of slurry made with 1% SP and 1% CE, SBR or AE exhibited a
similar zeta potential value compared to the slurry prepared with 1% SP
and without any specialty admixture, indicating that the use of 1% SP
can fully desorb the CE, SBR and AE from cement particles [57]. In the
case of slurry made with DG and WG, the increase of SP content
enhanced the zeta potential value from approximately —21 to —12 mV,
which demonstrated that the relative adsorption of WG and DG
decreased by 55% when 1% SP was incorporated. The zeta potential of
—12 mV of the slurry made with 0.1% WG and DG and 1% SP demon-
strated that WG and DG can effectively adsorb onto cement particles
even when the SP content was 10 times higher than their contents.

The impact of the specialty admixtures on the SP adsorption for
slurry made with 1% SP is presented in Fig. 9(b). The increase of CE, SBR
and AE contents had a limited influence on the zeta potential, which
demonstrated that the adsorption of SP cannot be greatly affected by
incorporating these specialty admixtures. The addition of WG and DG
was shown to desorb part of SP given the great reduction of the zeta
potential. For instance, the increase of WG content from 0 to 0.1%
decreased the zeta potential from —2 to —14 mV. To sum up, the WG and
DG had a high competitive adsorption with SP, while the adsorption of
CE, SBR and AE was limited in the presence of SP.

4.2. SP demand, dynamic yield stress and plastic viscosity

The effect of VMA and LP on SP demand of UHPC made with mini-
slump flow of 200 mm is shown in Fig. 10. The SP demand increased
with the use of VMA; for example, the increase of DG content from 0 to
0.015% resulted in 265% higher SP demand. The competitive adsorp-
tion onto cement particles between VMA and SP is the main reason to



L. Teng et al.

10
5.
Ot.' ® 000,
= ] ....“.......l....l
< :M__ ________
E s oe--X-oX ————3
s ] ?/4,—-4-—
ERLES i —A
2 s ] UL e
8 /. .’.’
S T
25 O -9
30 ' ' ' '
0 0.2 0.4 0.6 0.8 1

SP content (%-by mass of binder)

—6— Ref o oame o 1% CE
- o= 0.1% WG — - 0.1% DG
= % = 1% SBR —t— 1% AE

(a)

Cement and Concrete Composites 141 (2023) 105130

10
5 E
N 04 L ] o
et ep200000000000g
E s51% e ———— +
£ 0 iy
Z -10 A
g 5 g — e A — . — .. —A
a - ==
s === e o -
g -20 A
25
-30 T T T T
0 0.2 0.4 0.6 0.8 1
VMA or LP contents (%-by mass of binder)
eoeme o CE - o= WG
— - DG — % = SBR
—+— AE
(b)

Fig. 9. Variations of zeta potential at 30 min with: (a) SP content for slurry prepared with various specialty admixtures; and (b) VMA or LP contents for slurry made

with 1% SP.

| VMASs | LPs
1.1 1 T T
! i | ! |
14 | i i { | i
~ 1 | N 1
g§ 091 | }i ! | i
= I i ! :
5 o0s{ | i i [ :
8.. i | i i
z 071 | ! }: | i
¢ 06 | | i bl {
NS : i [ : i
S o0sq{ | ! L | :
g 4 | : : : !
£ ] | | ! |
S 034 | ! : | i
! . . |
& o2 ] ! ; | i
s H . I
011! | | | |
RO S 5 N D N D T I O R B
5 0 O D5 O A L DO PO XD H O
S FEILFLFSFEF T ¥

Fig. 10. Influence of using different types and contents of VMA and LP on SP demand for UHPC mortar with a constant mini-slump flow of 200 + 10 mm.

necessitate additional SP to maintain the required workability, as
elaborated in Section 4.1. The other reason is that the long polymer
chains of VMA can fix part of the free water, thus resulting in a higher SP
demand to disperse the cement particles [58]. The addition of SBR and
AE was shown to have a limited influence on SP demand, which was
consistent with the results that the addition of SP had a limited effect on
SP adsorption.

Fig. 11 presents the variation of dynamic yield stress (z4) and plastic
viscosity (1) of UHPC made with combinations of specialty admixtures
and SP. The 74 values varied from 32 to 48 Pa at the end of mixing given
the constant flowability (200 + 10 mm). Such variations in 74 were
consistent with the results determined by Eq. (5) proposed by Roussel
[59]; the calculated 74 ranged between 30 and 45 Pa when the
mini-slump flow varied from 190 to 210 mm.

 225pg42’

T 1257°R? ®

Ta

where p (kg/m?) is the density of UHPC mortar; g (N/kg) is the gravity,
Q0 (m3) is the volume of slump cone, R (m) is the radius of mini-slump

flow.

The u was shown to significantly increase with the use of VMA. The
use of WG had the greatest effect on increasing the u value, followed by
CE and DG. For example, the increase of WG content from 0 to 0.27%
enhanced the p value from 7 to 59 Pa s. The u value increased up to 45
Pa s by using 1.5% CE and 31 Pa s by adding 0.0075% DG. The
competitive adsorption between VMA and SP can influence p in two
different ways. On one hand, a higher adsorption of SP compared to
VMA can enhance the y value of interstitial pore solution due to the long
polymer chain of VMA that can fix part of mixing water and entangle
with other adjacent VMAs to form a network in transitional solution
[58]. This can increase the y of interstitial pore solution, which can
promote a higher x4 value of mortar without affecting the yield stress. On
the other hand, the excessive non-adsorbed VMA and SP polymer can
form the hydrodynamic lubrication layer to prevent the direct contact
between solid particles, which can hinder the effect of VMA on
enhancing y [60]. DG can adsorb onto multiple cement particles due to
the high molecular mass and effective competitive adsorption with SP;
limited increase of DG content led to a high additional SP demand,
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which led to the lowest effect DG on enhancing p. In the case of CE, the
hydrodynamic lubrication effect became nonnegligible due to its low
adsorption in the presence of SP, resulting in a lower increase in u value
compared to the WG.

The p value was shown to increase with the incorporation of LP
followed by a decrease when the LP dosage was beyond a certain value.
For example, the increase of SBR dosage from 0 to 0.9% increased the p
value by 65%, but the further increasing SBR dosage to 1.8% led to 15%
drop in the p value. The use of LP had two opposite effects on u: (1) the
coalescence of LP polymer in transitional solution that can enhance u
[35]; and (2) the ball-bearing and air-entraining effect that can lower u
[61]. The latter played a dominate role to reduce the y when the high LP
dosage was added. Furthermore, the effect of LP on y was lower than the
VMA.

4.3. Structural build-up

Table 3 shows the variation of static yield stress (z;) with rest time for
UHPC made with combinations of specialty admixtures and SP. The 7
value was 175-360 Pa at 5 min, 275-920 Pa at 15 min, and 480-1865 Pa

Table 3
Effect of competitive adsorption between specialty admixtures and SP on static
yield stress of UHPC mortar with a constant mini-slump flow of 200 + 10 mm.

Mixture 5 min 15 (min) 30 (min)
Ref 178 276 482
CE-0.25 177 404 615
CE-0.5 235 471 768
CE-1 314 598 1010
CE-1.5 296 506 937
WG-0.09 239 522 736
WG-0.18 321 847 1447
WG-0.27 316 752 1238
DG-0.0015 194 428 729
DG-0.003 359 821 1640
DG-0.0075 343 916 1863
DG-0.015 305 743 1201
SBR-0.45 185 380 719
SBR-0.9 184 429 768
SBR-1.8 198 434 900
AE-0.23 185 506 828
AE-0.45 203 495 1006
AE-0.9 205 504 992

at 30 min. The coefficient of variation (COV) values were lower than
10%, indicating the proper reproductivity of the results. The 7; value
was shown to increase with the incorporation of VMAs and LPs, espe-
cially at the rest time of 15 and 30 min. For example, UHPC made with
0.0075% DG exhibited 285% higher 7, value at 30 min compared to the
reference mixture.

Fig. 12 presents the influence of the competitive adsorption between
specialty admixtures and SP on Ay, of UHPC mortar. In the case of VMA,
the synergetic effect of DG and SP or WG and SP on enhancing structural
build-up was higher compared to the addition of CE and SP. The
incorporation of 0.0075% DG resulted in 410% increase in Ay compared
to the reference mortar. However, such enhancements were 135% for
the mixture made with 1% CE. The structural build-up of UHPC mortar
was shown to enhance by incorporating LP where the increasing
amplitude was similar to the use of CE, and lower than that by the
addition of WG and DG. The values of Ay, increased by 135% in mixture
made with 1.8% SBR compared to the reference mixture. Such variations
were 140% for the addition of 0.45% AE.

The relationship between zeta potential and Ay, was established in
Fig. 13 to investigate the correlation between adsorption of specialty
admixture and SP and the structural build-up of UHPC. In the case of
WG, DG, SBR and AE, the lower value of zeta potential of slurry made
with a certain specialty admixture referred to higher adsorption of such
specialty admixture and lower adsorption of SP. For slurry made with
CE, the reduction of the zeta potential reflected the increase of SP
adsorption and decrease of CE adsorption. In general, the increased
adsorption of all specialty admixtures enhanced the Ay value. For
example, the decrease of zeta potential from —20.5 to —22.5 mV
referring to that the enhancement in WG adsorption led to 135%
enhancement in Ag. This can be attributed to the fact that the increased
adsorption of the macromolecular polymers can strengthen the polymer
network by combining the cement particles in the system [58,62]. On
the other hand, the increase of SP adsorption led to a lower level of
structural build-up. For instance, the Ag, value of slurry made with 0.1%
DG reduced by 65% when the zeta potential increased from —10.5 to
—9.0 mV. This result is consistent with the findings in previous studies
[14,28] since the increase of SP adsorption can reduce the colloidal
surface interaction and bridging effect of early age-hydration products.

A higher increase in structural build-up was observed by using DG
compared to that of WG, although the relative adsorption content of DG
was lower than that of WG given the lower zeta potential value. This
demonstrates that the strength of the network is not solely dependent on
adsorption of polymer onto the cement particles. The longer chain
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length of DG compared to WG can simultaneously adsorb onto several
cement particles to enhance the bridging flocculation, which can result
in a stronger physical polymer network and structural build-up of UHPC
mortar [62]. In the case of CE, its low adsorption in the presence of SP
led to most of CE remained in the interstitial pore solution, which
resulted in limited effect on enhancing structural build-up.

The mechanism of LP affecting the structural build-up included two
aspects. On one hand, the entanglement of long polymer chain can form
a physical network in the interstitial pore solution [35]. Similar to CE,
such effect cannot greatly increase the structural build-up. Furthermore,
the ball-bearing effect induced by spherical LP and plasticizing effect
due to presence of surfactants can reduce the particle flocculation [37,
61], which can decrease the effect of entanglement of LP on increasing
structural build-up.

It should be mentioned that the zeta potential test is a semi-
quantitative method that can characterize the changing tendency of
the competitive adsorption between specialty admixtures and SP. Such
method cannot determine the adsorbed quantity of specialty admixtures
and superplasticizer on the particles of cementitious materials.

4.4. Comparison of the dynamic and static yield stresses

The comparison of 7; and 74 values at various time can reflect the
influence of the competitive adsorption between specialty admixtures
and SP on the reversible component of structural build-up [63]. Table 4
shows the 7,/ 74 values of the UHPC mixtures made with VMA and LP at
contents corresponding to the highest structural build-up. The 7,/ 74
value was shown to increase with time, which was 3.0-5.5, 3.5-10.0,

10

Table 4

Comparison between dynamic and static yield stress.
Mixture A4 (Pa/min) Ag (Pa/min) 75/ 14

5 min 15 min 30 min

Ref 2.1 12.3 3.2 3.5 4.5
CE-1 1.5 27.8 5.2 7.3 10.2
WG-0.18 2.6 44.6 5.3 10.3 11.6
DG-0.0075 2.9 61.0 5.5 9.7 13.7
SBR-1.8 1.9 28.3 3.6 5.9 8.8
AE-0.45 1.8 31.5 4.1 7.5 10.8

and 4.5-15.0 at rest periods of 5, 15, and 30 min, respectively. This
confirmed that the effect of competitive adsorption between SP and
VMAs/LPs on enhancing structural build-up was mainly due to the in-
crease in the reversible component of physical structuration instead of
the chemical rigidification. UHPC made with WG and DG had the
highest 7,/ 74 values at a given time, followed by UHPC prepared with CE
and LP and the reference mixture. This was attributed to the effective
adsorption of WG and DG in the presence of SP can greatly enhance the
physical structuration since the polymer bridging flocculation and
entanglement of polymers can combine the cement particles in the
UHPC system together.

The A4 values of the investigated mixtures are presented in Table 4.
The COV values were lower than 10%, referring to the proper repro-
ductivity of the results. UHPC prepared with WG and DG exhibited
higher A,4 values compared to the reference mixture due to the
competitive adsorption between SP and WG/DG. The desorption of SP
can enhance the early-age cement hydration (e.g., C3A hydration), as
proven by the results shown in Fig. 14(a) where the competitive
adsorption between WG/DG and SP enhanced the cumulative heat at
first hour. The non-adsorbed SP and VMA can also lead to depletion
attractive forces to increase the 74 [64-66]. On the other hand, UHPC
made with LP exhibited a lower A,; values compared to the reference
mixture. The possible reasons included the reduction in the early-age
cement hydration by using LP (Fig. 14). Fig. 14(b) shows a linear rela-
tionship between A,; and cumulative heat at first hour where the in-
crease of cumulative heat from 7 to 11 J increased the A4 from 1.5 to
2.9 Pa/min. This confirmed that the early-age hydration dominated the
variation of irreversible component of the structural build-up. Further-
more, the A4 values were significantly lower than the Ay, values, indi-
cating the impact of chemical rigidification on the structural build-up
was limited due to the competitive adsorption between specialty ad-
mixtures and SP.
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4.5. Compressive and pull-off strengths

The variation of compressive strength for non-fibrous UHPC mortar
made with different combinations of specialty admixtures and SP is
presented in Fig. 15. The compressive strength was 115 MPa when the
reference mixture was subjected to 3-d moist curing followed by sealed
condition. Such value was only 5 MPa less than that under continuous
moist curing, reflecting the suitability of the proposed curing method.
The compressive strength was shown to decrease by 2%-15% due to the
use of combinations of VMAs and SP. For example, the increase of CE
content from 0 to 1.5% reduced compressive strength from 115 to 97
MPa (15% decrease) at 28 d. Such decrease in strength can be in part due
to the reduction of cement hydration due to the use of high SP content
caused by competitive adsorption. Furthermore, the increase of plastic
viscosity that can entrap additional air during mixing and placement
[58,67]1. On the other hand, the use of SBR and AE resulted in 8%-33%
reduction in compressive strength compared to reference mixture when
the same curing protocol was used. This can be attributed to the

hydrophobic groups of the LP that can increase the entrained air in
mortar mixtures as well as the reduction in cement hydration [35,37].
The combined effect of specialty admixtures and SP on entrapped air
content and the capillary pore structure was discussed in Section 4.6 and
4.7, respectively. It should be mentioned that most of UHPC included 2%
steel fibers; the increase of steel fiber contents from 0 to 2% can lead to
15%-40% increase in compressive strength of UHPC [68]. In addition to
the mixtures made with 1.8% SBR or 0.9% AE, the compressive strength
of the investigated mortar mixtures can be higher than 120 MPa after
adding 2% steel fibers.

Fig. 16 shows failure modes of modified pull-off test using UHPC-
NSM dogbone specimens based on the failure location. The first one
was the interface failure, which occurred at the UHPC-NSM interface, as
shown in Fig. 16(a). The area of UHPC at the interface was less than 10%
of entire interface area. The second type was the NSM failure that took
place within the NSM substrate, as presented in Fig. 16(b). This indicates
that the bond strength was higher than the measured results. The last
was the partial interface failure and partial UHPC failure, as shown in
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Fig. 15. Combined effect of specialty admixtures and SP on compressive strength of UHPC mortar at 28 d (* refers to continuous moist curing).

11



L. Teng et al.

Cement and Concrete Composites 141 (2023) 105130

Fig. 16. Representative failure modes of modified pull-off test with failure plane located: (a) at interface (UHPC with high VMA content); (b) within NSM (typical for
reference UHPC and UHPC with appropriate VMA or LP content); and (c) partial interface failure and partial NSM failure (typical for UHPC with high LP content).

Fig. 16(c). The ratio of UHPC failure area to entire failure area was
greater than 40%.

Table 5 summarizes the variation of modified pull-off strength of the
UHPC-NSM dogbone specimens. The COV values and failure modes were
also reported. The pull-off failure occurred within NSM for reference
mixture and mixtures made with low content of VMA and LP. The mean
pull-off strengths of those mixtures were between 3.58 and 3.90 MPa
where the COV values varied from 5.9% to 9.3%. Such strength values
reflected the tensile pull-off strength of NSM.

The use of VMA at low content had a limited effect on the bond
strength which, however, tended to decrease when incorporating VMA
at a relatively high content. For example, the incorporation of 1.5% CE
changed the failure location from NSM to interface, reflecting a reduc-
tion in bond strength. The use of LP at low dosage also secured the
highest bond strength since the failure location was within the NSM
material, despite the reduction in compressive strength. This can be
attributed to the coalescence of polymers within the matrix and film
formation phenomena at the interfaces that can enhance the bond
strength between UHPC and NSM [33,37]. However, the pull-off
strength reduced from 3.58-3.90 MPa to 2.60-2.75 MPa when 1.8%
SBR and 0.9% AE were added. The failure mode changed from plane
NSM failure to partial UHPC failure and partial interface failure. The
drop in bond strength for UHPC containing high LP content can be
attributed to the increased UHPC porosity that impaired the compressive
and bond strengths, as shown in Fig. 16(c).

Table 5
Variations of modified pull-off strength of UHPC-NSM dogbone specimens.
Mixture Pull-off strength (MPa) COV (%) Failure type
Ref" 3.74 5.9 NSM
Ref 3.81 8.3 NSM
CE-0.25 3.85 6.5 NSM
CE-0.5 3.66 6.2 NSM
CE-1 3.58 7.4 NSM
CE-1.5 3.42 5.9 Interface
WG-0.09 3.77 8.5 NSM
WG-0.18 3.72 7.9 NSM
WG-0.27 3.31 7.4 Interface
DG-0.0015 3.82 9.3 NSM
DG-0.003 3.87 6.8 NSM
DG-0.0075 3.73 8.8 NSM
DG-0.015 3.64 8.6 NSM
SBR-0.45 3.69 6.6 NSM
SBR-0.9 3.62 5.2 NSM
SBR-1.8 2.74 14.8 Interface & UHPC
AE-0.23 3.59 6.9 NSM
AE-0.45 3.73 7.3 NSM
AE-0.9 2.60 17.2 Interface & UHPC

2 Refers to that the samples were subjected to the continuous moist curing.

4.6. Air void content

Fig. 17(a) presents the synergetic influence of specialty admixtures
and SP on air voids with the diameter varying from 0.2 to 3.5 mm. The
total volume of air void was between 0.5% and 3.0%. The combined use
of VMAs and SP had a greater influence on the increase of entrapped air
void compared to the incorporation of LPs, especially for CE and WG
admixtures. The volume of air void was increased by 260% and 195%
for the use of 1% CE and 0.18% WG, respectively. Such increase was
limited to 40% with the use of 0.9% SBR, and 90% with the use of 0.45%
AE. As earlier discussed, this was because the competitive adsorption
between SP and WG/CE was more effective to increase plastic viscosity
compared to LP (Fig. 11), leading to higher volume of entrapped air
during mixing [58].

The combined influence of specialty admixtures and SP on the size
distribution of air voids is shown in Fig. 17(b). The use of combinations
of VMAs and SP increased the size of air void. For example, the
maximum diameter of air void was less than 2.5 mm for the reference
mixture; however, the WG-0.18 mixture had 0.25% air voids with
diameter greater than 2.5 mm. Similar result was reported by Chen et al.
[69] where the average void diameter was increased by 35% with the
increase of the VMA content from 0.24% to 0.48%. Limited variation of
air void with a diameter greater than 1 mm was found when SBR and AE
were used. The air void with a diameter less than 1 mm was increased by
165% using SBR and 260% using AE. This was consistent with the
findings in Ref. [35] where the use of LP increased the entrained air
instead of the entrapped air due to the hydrophobic group of LP.

4.7. Pore structure

Fig. 18(a) presents the combined effect of specialty admixtures and
SP on porosity of 28-d UHPC mortar where the pore diameter ranged
between 5 nm and 200 pm. The reference mortar made without any
specialty admixture exhibited the lowest porosity of 6.3%. The com-
bined use of VMA and SP slightly increased the porosity; for example,
the increase of WG content from 0 to 0.18% increased the total porosity
from 6.3% to 7.5%. On the other hand, the porosity increased to 11%
using 0.9% SBR and 10% using 0.45% AE. Such high porosity of UHPC
made with LP was in a good agreement with the 8%-33% reduction of
compressive strength compared to the reference mixture, as reported in
Section 4.6.

The variation of pore size distribution for UHPC made with different
combinations of specialty admixtures and SP is shown in Fig. 18(b). The
pores were divided into macro pores (>5000 nm), capillary pores
(10-5000 nm), and gel nano-pores (<10 nm) [70]. The capillary
porosity was increased by 35% by using a combination of DG and SP.
This was because the adsorption of VMA and SP onto the cement par-
ticles reduced the cement hydration [58,67]. The use of LPs significantly
increased capillary pores compared to the reference UHPC prepared



L. Teng et al.

3
wv
2
g =
M 2.5 S
= : E
3 2 {' £ g
~ 5 9.2
£ s £33
= =t a
8% 1s 2y
E 8 s 2
38 55
‘G-; 7] 1 A < >
< s
S 05 =
=
<
0 , : . . .
5 N % S o
€ & C)’Q.\ Q@'\ P {(’,&'
N
Q
(@)
Fig. 17.
12
Ref
10 - = .+« CE-1
- = WG-0.18
s 81 ¢eeeeeDG-0.0075
T —o— SBR-0.9
Z 6
I
o
[=W}
4 -
2 .
0
/ P 4 % % \( i
(7] 2] 000 000 000 000
(7 00 000

Pore size diameter (nm)

(a)

0.9

Cement and Concrete Composites 141 (2023) 105130

ORef
HCE-1
SWG-0.18
#@DG-0.0075
@ SBR-0.9
#AE-0.45

Air void size range (mm)

(b)

Combined effect of specialty admixtures and SP on: (a) total volume; and (b) size distribution of entrapped air-void.

9

8 ORef

. ] BCE-1
. SWG-0.18
X 6 A
el @DG-0.0075
=
o 5 A
=1 mSBR-0.9
8 4
o = AE-0.45
—
a B4

2 4

1 a4

0 T T

10-5000 nm >5000 nm

Pore size range

(b)
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with or without any VMAs. For example, the capillary pores were
increased by 250% using 0.9% SBR. This can be attributed to the fact
that the use of LPs can lead to a lower level of cement hydration given
the LP film that can cover the cement particles to reduce their contact
with water [35]. LP can also hinder the reaction of the ettringite with
calcium aluminate hydrate and portlandite to generate the monosulfate
[71]. Furthermore, the adsorption of LP onto the cement particles can
decrease the nucleation site for the hydration products [72,73]. The
other possible reason is that the hydrophobic groups of LP can introduce
and stabilize the fine pores [33,35].

5. Conclusion

This study investigates the competitive adsorption between specialty
admixtures and SP and its effect on the dynamic yield stress, plastic
viscosity, and structural build-up of UHPC mortar mixtures made with
mini-slump flow of 200 + 10 mm. The reversible part of structural build-
up was evaluated by comparing the dynamic and static yield stress that
were measured using re-agitated and undisturbed samples, respectively.
The influence of competitive adsorption between specialty admixtures
and SP on early-age cement hydration was determined to understand the
irreversible part of structural build-up (i.e., the increase of dynamic
yield stress with time). The entrapped air and porosity were evaluated to
elucidate the synergetic impact of specialty admixtures and SP on
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compressive and pull-off strengths. Based on the above experimental
investigations, the following conclusions can be drawn:

(1) The use of anionic WG and DG at moderate content exhibited
high competitive adsorption with SP, which greatly enhanced the
Ag by 275%-450%, respectively, despite the 55%-135% increase
in SP demand to maintain the initial fluidity. This was mainly
attributed to the fact that the adsorbed WG and DG combined the
cement particles in the system to strengthen the flocculation.
Furthermore, the effect of WG and DG on enhancing structural
build-up became lower with the incorporation of WG and DG at
high content since part of WG and DG was desorbed by SP after
the surface coverage of cement particle was saturated.

(2) The increased SP demand with the incorporation of non-ionic CE
led to desorption of CE and resulting limited enhancement in Ay,
compared to the reference mixture. In spite of the limited varia-
tion of SP content, the incorporation of LPs had an insignificant
impact on enhancing structural build-up compared to the use of
DG and WG given their low adsorption in the presence of the SP.
This demonstrated that the entanglement of polymers remaining
in the interstitial pore solution had an inferior contribution on
enhancing structural build-up.

(3) The high competitive adsorption between WG/DG and SP that
decreased the effect of SP on the cement hydration at first hour
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led to approximately 30% increase in A4, despite the delay of the
onset of acceleration period due to the higher SP demand. The use
of CE and LP was shown to slightly reduce the cement hydration
at first hour and resulting 10%-25% lower A,4. Furthermore, the
A,q values of 1.5-2.9 Pa/min were significantly lower than Ag
values of 12-61 Pa/min, indicating that competitive adsorption
between specialty admixtures and SP mainly influenced the
reversible part of structural build-up in the first hour.

The combined use of WG and SP was most effective to increase
plastic viscosity without influencing the dynamic yield stress,
followed by CE and DG. This can be associated with the moderate
molecular wight of WG and effective competitive adsorption
between WG and SP. The addition of DG with high molecular
weight led to a significant increase of SP demand to desorb DG
from multiple cement particles, which restrained the increase of
plastic viscosity. The high amount of CE remaining in the inter-
stitial pore solution given the low adsorption of CE in the pres-
ence of SP can result in the hydrodynamic lubrication, which can
lower the effect of CE on enhancing plastic viscosity. Moreover,
the impact of LP on plastic viscosity was limited due to the ball-
bearing and air-entraining effect that can reduce the influence of
LP coalescence on increasing plastic viscosity.

The combined use of VMA and SP had a limited effect on UHPC-
NSM bond strength, whereas the compressive strength was
reduced by 5%-15%. The latter was associated with the 80%-—
260% increase of entrapped air given the higher plastic viscosity.
Furthermore, the combined incorporation of VMAs and SP
slightly increased the total porosity from 6.3% to 7.5%. The use of
LP at appropriate dosage can secure high UHPC-NSM bond
strength. However, the addition of LP at high dosage increased
volume of capillary pore by 70%, which decreased compressive
strength up to 35%. Such substantial increase of capillary
porosity also led to a loose interface and lower UHPC-NSM bond
strength.
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