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The effect of the addition of ultrafine slag powder (USL) on the rheology, strength, and porosity of Ultra-High Performance
Concrete (UHPC) was investigated, whose microstructure was analysed by XRD, NMR, XPS, and SEM. The results show
that whether the USL was incorporated or not, the paste keeps its original shear thickening behaviour. However, the yield
stress first increased and then decreased with the addition of the USL content. The change in the compressive strength of the
UHPC kept close to that of the yield stress. Incorporating 20 % USL, the UHPC reached a maximum compressive strength of
147.8 MPa, which was increased by 12.2 % compared to the reference sample, and its porosity was 6.72 %, which was
decreased by 14% compared to the reference sample. In addition to the formation of more C—S—H gels, the pozzolanic
reaction of USL increased the chain length of C-S-H and the binding energy of Ca2p, Si2p, Ols, and Al2p. Furthermore, it

reduced the Al/Si ratio and Ca2P-Si2P value, making the paste microstructure more compact.

INTRODUCTION

Ultra-High Performance Concrete (UHPC) has
been widely studied for its high strength, durability,
and toughness [1]. However, the absence of coarse-size
aggregates and a low water-cement ratio increase the
cement content compared to ordinary concrete. Using
cement on a large scale leads to severe environmental
problems in terms of energy and material consumption,
greenhouse gas emissions, and an increase in the cost
of UHPC [2]. To achieve a low carbon footprint and
cost reduction, supplementary cementitious materials
(SCMs), such as fly ash, mineral powders, and limestone
powders, have gradually started to replace cement
and become an integral part of concrete [2-4]. SCMs
effectively improve the workability and bulk stability of
concrete and enhance the durability of concrete, such as
the impermeability and frost resistance.

Slag powder is one of the most suitable SCMs for
High-Performance Concretes to replace cement and
enhance its mechanical properties [5]. The reactivity
of SCMs in cement systems depends not only on the
chemical composition, but also on their fineness [6,
7]. The finer the slag particles, the more rounded they
are, which significantly improves the workability of
fresh concrete and the uniformity of the microstructure
at a later stage. [8]. The drying and grinding of slag

during processing increases the bonding breakpoints
of silicon oxide and alumina and improves the activity
of the ultrafine-slag powder (USL) [9]. Therefore, it is
interesting to investigate the effect of USL on the hyd-
ration of cement. G. Dhinakaran [10] reported that the
replacement of cement with USL resulted in a concrete
with a higher early strength, lower permeability, and
better resistance to chloride ion penetration.

Zengqi Zhang et al. [11] compared the effect of the
20 % substitution of USL and silica fume on cement
paste with a low water ratio. The results showed that USL
plays a similar effect as that of silica fume, accelerating
the hydration, improving the interface transition zone
and reducing the porosity of concrete. However, they
focused more on USL in maintaining the performance
of the concrete based on better cost reduction, while the
mechanism of its role was not analysed deep enough.
Wang Qianget et al. [6] studied the initial setting time
and workability of a cement paste containing USL, and
the results showed that the induction period and the
initial setting time gradually decreased with an increase
in the amount of USL. With the same USL content,
the induction period and the initial setting time of the
paste shortened with an increase in the particle fineness.
To date, the strengths, interfacial transition zone, per-
meability, and total pore structure of concrete have been
shown to be improved by USL [12-15].
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Table 1. Chemical composition of the cement and USL (wt. %).

Na,0 MgO ALO, SiO, P,0; SO, CI KO CaO0 TiO, MnO Fe,0; LOI

USL 0.66 9.37 16.82 27.39 0 2.60 007 032 3631 0.91 0.37 0.33 1.20

Cement 0.50 4.94 8.06 22.89 0.10 355  0.11 0.73 52.84  0.38 0.13 239 327
However, there are few reports on the effect of USL Methods

on the rheology and the mechanism of UHPC hydration.
Herein, this paper investigates the rheology, strength, and
microstructure of UHPC containing USL as well as its
interaction mechanism with cement, to lay a foundation
for the application of USL in UHPC.

EXPERIMNETAL

Materials

P-O 52.5 ordinary Portland cement was used in
this study. The USL was purchased from the market
and ground to a fine powder. The chemical composition
and particle size distribution of the cement and USL are
shown both in Table 1 and Figure 1. A polycarboxylate
superplasticiser (Sp) and straight steel fibres were used
in this study. The quartz sand was considered as the
aggregate. The formulation of the mixtures is shown in
Table 2.

Table 2. Mixture proportions of the UHPC (kg-m™).

P-O Steel
55 USL  Water SP Sand fibres
Ref 1150 0 207 17.25 1150 152
USL5 1092.5 57.5 207 17.25 1150 152
USL10 1035 115 207 17.25 1150 152
USL15 977.5 1725 207 17.25 1150 152
USL20 920 230 207 17.25 1150 152
USL25 862.5 287.5 207 17.25 1150 152
USL30 805 345 207 17.25 1150 152
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Figure 1. Particle size distribution of the cement and USL.

A Malvern rheometer and the shear-rate-control pro-
tocol are shown in Figure 2. To eliminate the thixotropy,
the slurry was pre-sheared for 30 s and then experienced
the stepped falling stages, which lasted for 150 s. The
results of the compressive strength of the mortar were
obtained from six specimens with a loading rate of
2.4 kN-s"'. The fragment of the paste was ground into
a powder for the X-Ray Diffraction (XRD), X-ray
Photoelectron Spectroscopy (XPS), and *’Si NMR (nu-
clear magnetic resonance) spectroscopy on the designa-
ted test day. After passing through a 200-mesh sieve,
the powder was heated and dried to a constant weight at
60 °C in a vacuum drying oven.

The powder was pressed into thin sheets for the
XRD test and performed at 0.2 s per step from 5° to 60°
with CuKa radiation at 40 kV and 40 mA. Scanning
electron microscopy (SEM) and backscattered electron
(BSE) imaging were used to observe the microstructure
of the paste containing USL or LS. Mercury intrusion
porosimetry (MIP) was used to evaluate the pore struc-
ture of the paste. The solid-state *’Si NMR spectra were
obtained from an AVANCE III HD 600 MHz NMR
spectrometer with 9.4 T and 79.4 MHz in the magnetic
field intensity and magnetic field frequency, respectively.

RESULTS AND DISCUSSION

Rheological behaviour

The rheological curves of the paste with the different
USL content are shown in Figure 2. For the reference
paste (Ref), the shear stress decreased rapidly with an in-
creasing shear rate, thus belonging to swelling flow

100 4+—
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404
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Time (s)
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Figure 2. Malvern rheometer (a) and Rheological test proto-
col (b).
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type fluids [11]. Incorporating the USL, the fluid type
was unchanged, and the non-linear Herschel-Bulkley
(Equation 1) model can be used to fit the non-linear flow
relationship between the shear stress and the shear rate.
The equation is:

=1t ky" )

where 1, denotes the yield stress, £ denotes the consis-
tency index, and n denotes the index of the rheological
behaviour of the slurry.

When n > 1, the paste is a swelling fluid of the shear-
thickened type [16]. After fitting the rheological curves
of the paste, it can be found that the n values of all the
groups were greater than 1, which are consistent with the
rheological properties of shear thickening. The n-value
increased with the amount of USL and then gradually
decreased. Similarly, the yield stress of the paste also
showed a similar pattern. Because the average particle
size of the ultrafine mineral powder was smaller than that
of the cement particles, the addition of USL improved
the distribution of the cement particles. The fine USL
particles filled the particle space and incremented
the free water content, which changed the disordered
arrangement of the particles and influenced the degree
of shear thickening. Furthermore, the large surface area
of the USL affected the adsorption of the water reducing
agent and its agglomeration effect on the yield stress and
rheological index n of the slurry.
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Figure 3. Rheology curves of the cement slurry with the diffe-
rent USL dosages.

Compressive strength

The effect of the USL content on the compressive
strength of the UHPC is shown in Figure 4. The
compressive strength of the UHPC showed a tendency
to increase and then decrease with an increase in the
admixture of USL at all the curing ages. The 28-d
compressive strength of the UHPC containing 20 % USL

reached 147.8 MPa, an increase of 12.2 % compared to
the reference sample. This is due to the average particle
size of the USL was smaller than that of the cement
particles, which filled the pores of the cement particles,
leading to a reduction in the porosity and an increase in
the compressive strength of the UHPC due to its filling
effect [6, 17]. In addition, the USL particles occupied
the space that the water initially was encapsulated by
the cement particles. The released water prompted the
hydration of the cement and improved the compactness
of the slurry. Another reason for USL20 obtaining the
highest compressive strength at 28 d was that the low
water-cement ratio provided a high alkaline environment
to stimulate the alkali-activation reactions of the ultra-
fine slag powder and to produce additional C—S—H gels,
increasing the compactness of the cement slurry [18].
The reason for the gradual decrease in the compressive
strength of the UHPC when its admixture exceeds 20 %
was that the decreasing amount of cement reduced the
amount of calcium hydroxide produced by the hydration,
while the dilution effect of ultrafine mineral powder on
the cement increased, weakening the excitation of USL
and reducing the compressive strength of the UHPC. The
28-day compressive strength was 122.5 MPa when the
dosage of USL was 50 %, while it was 115.3 MP with
60 % USL, indicating that the UHPC strength did not
achieve the requirement of being greater than 120 MPa
when the USL content was higher than 50 %.

160 { [

7 7d B 28d
140
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1004

Compressive strength(MPa)

Ref. USI5 USI10 USII5 USI20 USI25 USI30 USI40 USI50 USI60
Mix

Figure 4. Effect of the USL content on the compressive
strength of the UHPC.

XRD analysis

Figure 5 shows the XRD spectra of the cement
paste at 1 day and 28 days with the different USL con-
tent. The hydration products of Ca(OH),, ettringite,
and monocarboaluminate, together with the unreacted
C;S and C,S minerals were observed [19]. When
incorporating USL in the cement, the hydration product
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Figure 5. XRD patterns of the cement paste with the different USL content at 1 day and 28 days.

species in the paste was unchanged and no new phases
were observed, but the intensity of the diffraction peaks
of Ca(OH), was affected. Comparing the Ca(OH), cha-
racteristic peaks around 26 = 18° and 34°, it can be seen
that the intensity of the Ca(OH), characteristic peaks
of the same age in the paste containing USL was lower
than that of in the Ref. This indicated a significant effect
of the USL on the reduction of the Ca(OH), content in
the cement pastes. There are two reasons for this phe-
nomenon: firstly, the replacement of cement by USL
in the mass reduced the amount of water hydration,
which decreased the Ca(OH), production; secondly,
USL has favourable conditions to exploit its pozzolanic
reaction in a high alkali environment, which consumed
a large amount of Ca(OH),. The combined effect of both

decreased the Ca(OH), content of the paste.

Ref. Q°
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Figure 6. ’Si NMR spectrums of UHPC.
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The main hydration products in the paste were
C-S—H gels in addition to Ca(OH),. However, due to
the poor crystallinity of the C—S—H gel, it was not easily
revealed on the XRD pattern. The C—S—H gel polyme-
risation was further analysed using ’Si NMR and the
results are shown in Figure 6 and Table 3. The clinker
(C;S+C,S) signals at —70.8 ppm and —71.0 ppm corres-
ponded to Q° in the Ref and USL20, respectively [19].
Due to the hydration and pozzolanic reaction of the
USL, the relative intensity of Q° in USL20 was lower
than that of the Ref at 28 d, hence, the signal position
of Q° in USL20 shifted to the left. Furthermore, the
phase left of Q*(1Al), representing the C—S—H chain end
(Q", the bridging Q*(1Al), and the paired site Q*(0Al)
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Table 3. Deconvolution results for the *’Si NMR spectra (%).

NO. Q° Q! Q¥(1Al) QX(0AI) AUSi MCL
Ref Peak (ppm) ~70.8 ~78.1 ~81.0 —84.1 0.107 3.25
¢ Area (%) 67.18 21.53 6.79 3.31 0.107 3.25
USL20 Peak (ppm) ~71.0 —78.4 -81.1 -84.5 0.235 4.46
Area (%) 60.46 19.68 8.67 11.18 0.235 4.46

moved with different levels [20]. This demonstrated that
the USL influenced the hydration of the cement paste
and was involved in the hydration process. The mean
chain length (MCL) and Al/Si of the C—S—H gels were
calculated to better discriminate the effect of the USL on
the hydration of the paste with Equations 2 and 3:

/ 2
Al/Si = 120" (1AD (@)
O'+ 0? (0 Al) + 0*(1 Al)

1 2 2

MCl— 2[0'+ QO (OAZI-% 3/2 0% (1Al)] 3)
where the Q" represents the relative area after deconvo-
lution. MCL and Al/Si are important parameters to cha-
racterise the degree of C—S—H polymerisation, the longer
chain length indicated the higher degree of hydration
[21]. Herein, MCL can be used as an indicator of the
degree of hydration. The Q*(1Al) site indicated that Al
was inserted into the C—S—H chain space and replaced
the Si. The greater the relative area of Q*(1Al), the
greater the substitution of Si in the C—S—H gel [22, 23].
The greater the relative area of Q*(1Al), the greater the

Table 4. Pore distribution of the UHPC.

substitution of A in the C—S—H gel [22, 23]. The relative
area of Q*(1Al) in USL20 was 8.67 %, higher than the
6.79 % in the Ref. Similarly, the Al/Si increased from
0.107 to 0.235. The insertion of the element Al partially
converted the C—S—H into C—(A)-S—H, which exhibited
high polymerisation. Many studies have reported that
the long MCL of C—S—H commonly facilitated the im-
provement of the compressive strength of cement-based
materials [24, 25]. The same pattern was shown in this
paper, which illustrated that the USL increased the
polymerisation of C—S—H and enhanced the compressive
strength.

MIP analysis

Figure 7 and Table 4 show the MIP results and pore
structure characteristic parameters for Ref and USL20.
After curing for 28 d, the porosity of USL20 contai-
ning 20 % USL was 6.72 %, which was a 14 % reduction
compared to the Ref. From the pore size distribution
diagram, it can also be found that most of the available
pores will move to the left, indicating that the USL
refined the pore structure [8]. The comparison of the

Samples Average pore Median pore diameter (nm) Porosity (%) Pore distribution (%)
P diameter (nm) by area method by volume method by volume <10nm 10-100 nm < 100 nm
USL20 18.58 18.73 16.76 6.72 7.76 67.64 24.6
Ref 20.16 19.63 17.76 7.83 5.52 63.68 29.8
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Figure 7. MIP results of Ref and USL20 at 28 days.
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characteristic parameters of the pore structure in Table 4
revealed that the proportion of > 100 nm pores decreased
after incorporating 20 % USL. Compared to the reference
sample, the corresponding proportion of the pore sizes of
< 10 nm and 10-100 nm in USL20 increased by 6.2 %
and 40.5 %, respectively. The proportion of gel pores
with a diameter of less than 10 nm increased significantly.
Because the USL reacted with Ca(OH), and produced
the new C-S—-H gel, which filled the large pores, it
reduced the porosity and increased the density of the
microstructure. This also explained why the addition of
20 % USL increased the compressive strength.

SEM analysis

The SEM images of Ref and USL20 at 1 d, 3 d,
and 28 d are shown in Figure 8. Ref has a few pores,
and the microstructure was relatively dense at 1 d. When
incorporating 20 % USL, the pores in the paste increased,
and the structure became loose, illustrating that the bond
between the mineral powder particles and the slurry was
unstable. However, compared to 1 d, USL20 obtained a
denser microstructure at 7 d. The formation of flocculent
C-S—-H and other hydration products gradually filled
in the middle of the USL and cement particles, making
them more tightly bonded. After 28 d of hydration, the
microstructure of Ref and USL20 was very dense with
few visible pores, and plenty of hydration products were
observed. Comparing the two figures, it can be found
that the USL particles were covered by a large number
of hydration products, which resulted in the connection
between the mineral powder particles and the slurry
becoming denser. There were two reasons for this [26,
27], one is that the size of USL particles was smaller than

d)USL20-14d
Figure 8. SEM images of Ref and USL20 at 1, 3, and 28 days.

) USL20 -7 d

that of cement particles, which filled the pores between
the cement particles, leading to a decrease in the porosity
of the paste; secondly, large amounts of amorphous silica
oxides and aluminium oxides dissolved from the USL
reacted with Ca(OH),, the hydration product of cement
and formed C—S-H and C-A-H gels in the UHPC high
alkali environment, whose pozzolanic alkali-activated
reaction enhanced the compactness of the paste which
are also consistent with the NMR and MIP results. When
incorporating 20% USL in the paste, the USL exhibited
an excellent pozzolanic effect and filling effect. The
synergistic effect of both significantly improved the
degree of compactness of the paste and improved the
mechanical properties of the UHPC.

BSE analysis

Figure 9 compares the BSE images of Ref and
USL20 at 28 days. The brighter parts of the image are the
unhydrated cement particles, the fragmented and smaller
particles with darker colours are the USL particles,
the black dots are pores within the paste and the other
areas are C—S—H gels and other hydration products.
A comparison of Figures 9a and 9b shows that the paste
contained a small number of pores and a large number of
unhydrated cement particles. Figure 9b further illustra-
ted the filling effect of the USL promoted the homo-
genisation of the paste and improved the uniform distri-
bution of the USL particles in the UHPC. Further mag-
nification of the BSE microscopy image of the pastes
revealed that the USL particles were covered by the
hydration products in Figure 9b, indicating that secondary
hydration of the USL particles occurred and organically
combined with the surrounding hydration products [28].

f) USL20-28d
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¢) USL20-28d

Figure 9. BSE image of the UHPC paste at 28 days.

This is further evidence that the addition of 20% USL
improved the homogeneity of the microstructure of
the hydration products and increased the denseness of
the cement paste, which is consistent with the results
presented by the MIP and SEM analyses.

XPS analysis

To deeply characterise the effect of the USL on
the microstructure of the UHPC, Ca2p, Si2p and Al2p
were chosen as the main atoms for the XPS analysis,
the results of which are shown in Figure 10 and Tab-
le 5. After continuous hydration for 28-d, the binding
energy of Ca2p, Si2p, and AI2p declined and shifted
at a high frequency incorporating the 20 % USL. The

WD = 8.1 mm EHT = 5.00 kV Signal A =

WD = 83mm EHT = 5.00kV

d) USL20-28d

Mag= 800K X

binding energies shifted by 0.17 eV, 0.52 eV, 0.53 eV
and 0.53 eV from the original peak binding energies of
346.62 ¢V, 100.93 eV, 530.83 eV and 73.59 eV for Ca2p,
Si2p, Ols and Al2p, respectively. The Ca2p-Si2p value
of USL20 was 245.34¢V which is less than the 245.69 eV
of the Ref, thus indicating that the USL increased the
polymerisation of C—(A)—S—H and improved the binding
energy at 28 days [29, 30]. In addition, the addition of
USL reduced the Ca/Si ratio and increased the Al/Si
ratio, which indicated that the pozzolanic reaction of
USL occurred in the high alkali environment of the
UHPC. Moreover, the Ca, Al, and Si elements were dis-
solved and more amorphous silicon oxides and alumina
participated in the secondary hydration process, increa-
sing the C—S—H polymerisation and the density of paste,
which is consistent with the NMR results.

Table 5. Atomic parameters and binding energy of Ref and USL20 at 28 days.

— —
Peak binding energy(eV) Ca2p-Si2p(eV) Atomic (%) .

Ols Ca2p Si2p Al2p Ols Ca2p Si2p Al2p

Ref 530.83 346.62 100.93 73.59 245.69 53.09 11.71 4.02 3.81

USL20 531.36 346.79 101.45 73.88 245.34 47.21 9.53 4.23 4.01
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Figure 10. XPS spectra of Ref and USL20 with the main atoms of Ca2p, Si2p, and Al2p.

CONCLUSIONS

e The addition of USL unchanged the fluid type of the
paste, which was still shear-thickened, but the yield
stress showed a tendency to increase and then decrease
with an increase in USL. The effect on the rheological
behaviour index n was not significant.

e Incorporating 20 % ultrafine mineral powder, USL20
reached the maximum compressive strength of 147.8
MPa, which was increased by 12.2 % compared to the
Ref, and its porosity was 6.72 %, which was decreased
by 14 % compared to the Ref.

e Due to the pozzolanic reaction of USL, the chain length
of C—S—H and the binding energy of Ca2p, Si2p, Ols,
and Al2p increased, and the Al/Si ratio and Ca2P-Si2P
value were reduced, leading to the microstructure of
the paste being more compact.
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