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Abstract: The use of silica fume can significantly enhance mechanical properties of concrete given
its beneficial filling and pozzolanic effects. In this study, a simple and effective double-side pullout
testing method was adopted to characterize the interfacial bond properties, which include pullout
load-slip relationship, bond strength, and pullout energy, of steel fiber-matrix in ultra-high strength
cement-based material (UHSC) with 0-25% silica fume by the mass of binder. The effects of silica
fume content on flowability, heat of hydration, compressive and flexural strengths, hydration
products, and pore structure of matrix at different curing time were evaluated as well. Backscatter
scanning electron microscopy (BSEM) and micro-hardness measurement were used to examine the
quality of interfacial transition zone (ITZ) around the fiber. In terms of the results, the optimal silica
fume content could be in the range of 15%-25%. UHSC mixtures with these dosages of silica fume
showed significant improvement in pullout behavior. Its bond strength and pullout energy at 28 d
could increase by 170% and 250% compared to the reference samples without any silica fume. The
microstructural observation verified the findings on the macro-properties development. Formation of
more and higher strength of hydration products and refinement of ITZ around the fiber ensured

higher micro-hardness, and thus increased the bond to fiber.
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1. Introduction

Ultra-high strength cement-based material (UHSC) is an advanced material characterized by use
of high content of cementitious materials, sand, superplasticizer and/or fibers, and absence of coarse
aggregate [1]. The very low water-to-binder ratio (w/b) and dense microstructure allow its high
strength generally over 120 MPa and superior durability. However, the higher the compressive
strength is, the more brittle the matrix becomes. Fiber has been proven as an essential part for UHSC
[2,3]. With the incorporation of proper fibers, the initiation, propagation or coalescence of cracks can
be efficiently controlled. Many types of fiber, such as carbon, steel, and polypropylene fibers have
been used in UHSC. Steel fiber is the most commonly used one because of its superior tensile
strength over 2000 MPa. The incorporation of such steel fiber ensures satisfactory mechanical
properties, such as tensile, bending, and shear strengths of UHSC [4,5]. However, bond failure
associated with fiber-matrix interface is the primary reason leading to the failure of the whole
structure [6]. It was reported that there exists two different interfacial failure modes when steel fibers
are pulled out from matrix [7]. One is adhesive failure often occurring at actual fiber-matrix interface,
while the other one is adherent failure taking place in matrix. Both failure modes would directly lead
to underutilization of fiber or matrix without fully exerting their own mechanical capacity, and
eventually result in cracking of composites. Therefore, improvement in the bond properties between
fiber and matrix is of great significance.

The performance of fiber reinforced composites is governed by the quality of matrix, geometry
and type of fiber, and quality of interfacial transition zone (ITZ) between the fiber or aggregate and
matrix [7-9]. Several strategies can be used to improve the bond properties at fiber-matrix interface,

including: (1) densification of the cementitious matrix and ITZ [8,9]; (2) use of deformed fibers



[4,10]; (3) surface treatment of fibers, such as plasma treatment for polyethylene fibers [7]. Because
ITZ has a thickness varying between 10 and 100 um, and contains large preferentially calcium
hydroxide (CH) crystals and high porosity [11,12], it is usually recognized as the weakest zone in
concrete [13]. The basic strategy to improve the bond properties is densification of UHSC mixture
and the ITZ as well. Many densification methods have been proposed, which include reduction in
water-to-binder ratio, prolongation of moist curing, heat curing, and incorporation of mineral
admixtures [11,14]. Incorporation of silica fume is one of the most effective and economic methods
because of its fine particle size and high pozzolanic activity [15]. These two characteristics of silica
fume can lead to remarkable reduction in porosity and permeability, as well as enhancement in
strength and durability [15].

The interfacial bond properties of fiber-matrix interface in UHSC have been extensively
investigated using pullout testing [16-18]. The studied factors include matrix composition, fiber
shape, fiber inclination angle, fiber embedment length, curing condition, and use of micro fibers
[4,5,19]. Generally, the pullout testing can be classified into single-sided and double-sided testing in
terms of the methods of applying tensile force and/or fiber embedment [20]. The single-sided testing
is relatively simple to be carried out. However, difficulty in gripping the free end of the fiber is
inevitably encountered due to its very fine diameter [21]. To secure the reliability of the results, a
large number of samples are required. Furthermore, the whole fiber is fully embedded in real
composites, which is significantly different from that in the ideal test. The double-sided pullout
testing was described by Chan et al [22]. Dog-bone samples with two separated halves from the
sample center perpendicular to loading direction were used. In order to completely eliminate the

adhesion of the two halves, one half sample was cast first, then the other half 24 h later. However,



this makes the casting process complicated and time consuming. Therefore, to ensure proper
interfacial stress transfer from fiber to matrix, so as to better evaluate the interfacial properties of
fiber-matrix in UHSC, a simple and suitable method is needed.

Extensive researches have been conducted on UHSC, but few of them are related to the
microstructure development, the bond of fiber-matrix interface, and the relationship between them.
In this paper, the effect of silica fume content on flowability, heat of hydration, compressive and
flexural strengths, and bond to steel fiber in UHSC were investigated. A simple and effective
double-side pullout testing was used to evaluate the interfacial bond properties of steel fiber-matrix.
Thermo-gravimetry (TG) analysis and mercury intrusion porosimetry (MIP) were used to
characterize hydration products and pore structure of the matrix. Backscatter scanning electron
microscopy (BSEM) and micro-hardness measurement were used to examine the quality of ITZ
around the fiber, respectively. It should provide important implications to improve the tensile and

toughness properties of UHSC.

2. Experimental program

2.1. Materials

Portland cement (P.I 42.5) complying with the Chinese Standards GB175-2007 was used [23].
Table 1 summarizes its main chemical composition and physical properties. Silica fume with a
particle size in the range of 0.02-0.28 um was used. Its BET specific surface area was 18500 m2/kg.

The properties of the silica fume are also summarized in Table 1.



Table 1 Chemical composition and physical properties of binder

Materials Cement Silica fume
Si0; (%) 21.18 93.9
AL O3 (%) 4.73 -
Fe,03(%) 341 0.59
SOs (%) 2.83 -
CaO (%) 62.49 1.85
MgO (%) 2.53 0.27
Na,O (%) - 0.17
K,0 (%) - 0.86
Loss on ignition (%) 1.20 0.30
Blain surface area (m*/kg) 350 -
BET surface area (mzlkg) - 18500
Specific gravity (kg/m?) 3140 2200
Setting time (min) Initial 172 -
Final 222 -
Compressive strength (MPa) 3d 28.30 -
Flexural strength (MPa) 3d 5.60 -

Natural river sand with a fineness modulus of 3.0 was used. Particles with size greater than 2.36
mm were removed by sieving.

A smooth straight brass-coated steel fiber with a diameter of 0.2 mm and length of 13 mm was
used. Its tensile strength was approximately 2800 MPa.

A polycarboxylate-based superplasticizer (SP) with solid content of 20% and water-reducing

efficiency greater than 30% was used.

2.2. Mixture proportions and sample preparation

UHSC specimens with five silica fume contents of 0, 10%, 15%, 20%, and 25% by the total
mass of binder were prepared. The mixture proportions are reported in Table 2. The mixtures were
designated as UO, U10, U15, U20, and U25, respectively. Based on the previous study [24], w/b of
0.18 was used and the dosage of SP was fixed at 2% by the total mass of binder.

For preparation of mixtures, the powder ingredients were dry-mixed at a low speed for 3 min,



then water and SP were slowly added. The material was then mixed for 6 min at low speed and 1 min

at high speed.
Table 2 Mixture proportion of UHSC
- 3
No. wib Mass of Ingredient (kg/m”) *
W Sand C SF SP
uo 0.18 177 1079 1079 0 21.6
uU10 0.18 177 1079 971 108 21.6
Ul15 0.18 177 1079 917 162 21.6
U20 0.18 177 1079 863 216 21.6
U25 0.18 177 1079 809 270 21.6

SP": total mass of liquid-based SP

2.3. Experimental methods
2.3.1. Flowability

The fresh mortar was filled into a mini cone placed on an automatic jump table as described in
Chinese standard of GB2419-2005 [25]. The mini cone has an upper diameter of 70 mm, a lower
diameter of 100 mm, and a height of 60 mm. After mini cone was vertically lifted, the mortar was
vibrated automatically for 25 times. Two diameters perpendicular to each other were then determined

and mean value was reported.

2.3.2. Heat of hydration

A TAM air isothermal calorimeter was used to measure the heat of hydration of the binder
mixtures at a constant temperature of 20°C. This instrument has eight sample chambers fitted inside
one thermostat to make eight measurements simultaneously.

Based on the mixture proportion and sample preparation procedure as described above, five
cement pastes were prepared. Approximately 4 g paste of each mixture was weighed and placed into

a sealed glass ampoule. Then they were placed into the isothermal calorimeter for measuring heat of
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hydration for 60 h.

2.3.3. Testing of flexural and compressive strengths

Specimens of 40x40x160 mm were cast for determination of compressive and flexural strengths.
Three samples of each batch were tested. They were demolded 24 h after casting then cured in
lime-saturated water until the age of 1, 3, 7, 28, and 91 d. The bending and compressive strength
tests of cement mortar were conducted according to GB/T 17671-1999 (similar to ISO 697:1989)
[26]. Three-point bending testing was first performed to obtain flexural strength. Then the six broken
specimens were used to test compressive strength. The mean values of three flexural strengths and

six compressive strengths were reported.

2.3.4. Fiber pullout testing

Dog-bone shape specimens were used to measure the pullout behavior of four embedded steel
fibers within mortars, as shown in Fig. 1. The specimen was divided into two halves, namely a
pullout half and a fixed half using a plastic clip at the center with four fibers perpendicularly
installed to it. For the fiber holding and casting process, plastic clips with specified dimensions
corresponding to the molds were manually cut first. The plastic clips were punched to get four holes
with an evenly distributed space of 15 mm, as shown in Fig. 1. Four fibers were come through the
four holes, respectively. By using a self-made bamboo substrate with designed four vertical holes
with depth of 5 mm, the fibers length (5 mm in the pullout half) and orientation were ensured. After
that, the fibers were fixed in the plastic clips by using super glue. Then the plastic clips were first put

into two parallel slots located at the center of steel mold. In order to completely prevent adhesion of



the two halves of the matrix, a plastic film was used to cover the whole casting zone in the mold
through crossing the plastic clip. The matrix was then cast into the mold. The specimens were
demolded 24 h after casting and cured in lime-saturated water for 1, 3, 7, 28, and 91 d.

An MTS testing machine with 20 KN load cell was used to carry out the pullout testing
following CECS13-2009 [27], as shown in Fig. 2. The loading rate was 1 mm/min. Only the pullout
strength and pullout energy of those samples with all four fibers pulled out from the short
embedment length section were used. For each matrix, five specimens were tested. The bond

strength was calculated as follows:

T — Pmux ]
max nwl ( )

where 7,,x (MPa) is the bond strength of embedded fiber based on the maximum pullout load; Pp,x
(N) 1s the maximum pullout load; d (mm) is the diameter of a single fiber; / (mm) is the embedment
length of the fiber in pullout half (5 mm); n is the number of fibers embedded in a dog-bone

specimen (4).
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Fig. 1 Illustration of dog-bone shape specimen Fig. 2 Illustration of pullout test apparatus




2.3.5. Thermal-gravimetric analysis
Thermo-gravimetry (TG) and derivative thermo-gravimetry (DTG) analyses were used to
quantitatively estimate the amount of hydration products in the UHSCs. Samples taken from UHSC
matrix were put into a vacuum drying chamber to reach constant mass. After that, these dried
samples were ground to powder and sieved on a 45 um sieve. A sample of 10-15 mg was heated from
20 to 1000°C in a nitrogen gas flow at a heating rate of 10°C/min. The decomposition of hydration
products were observed and quantified [28]. The decomposition of CH is shown as follows:
Ca(OH), —2% 5CaO+H,0 T 2)
According to this equation, the proportion of CH to the residual mass at 1000°C was determined

as follows:

m= M 100 3)

18 x mremain
where m (%) is the proportion of CH content to residual mass; m,s (%) is the mass loss of samples

at about 450°C; Myemain (%) 1s the residual mass after heating; 74 and 18 are the molar masses of

Ca(OH), and H,O, respectively.

2.3.6. Pore structure measurement

Mercury intrusion porosimetry (MIP) was used to measure the pore structure of hardened
UHSC specimens. The mercury porosimeter is capable of generating up to 469 MPa pressure and
enabling the measurement of pores with apparent diameter of 3 to 380000 nm [41]. Samples for MIP
testing were broken into 3.5-5.0 mm pieces and soaked in acetone to stop further hydration. They
were then dried at 60°C in oven until constant mass. The measurements were carried out from the

pressure of 0.2758 to 414 MPa. Glass tubes with the specimen and mercury were subsequently
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placed in low and high pressure analysis ports. Full-scan auto mode was selected with contact angle
and surface tension of 140° and 480 mN/m, respectively. The intrusion mercury volume was
recorded at each pressure point. The pore diameter is related to the applied pressure P using the

Washburn equation as follows [29]:

_4ycosd
P

d:

“4)
where d is the pore size; y is the surface tension of mercury (0.485 N/m); 0 is the contact angle
between mercury and pore wall; P is the applied pressure. A volume-weighed mercury volume at a

given pressure with the pore size could be evaluated from the equation.

2.3.7. BSEM observation

For the BSEM observation, samples of 15x15x15 mm with an embedded fiber were taken by
cutting the dog-bone shaped specimens. The small samples were soaked in acetone to stop further
hydration and then dried at 60°C in a vacuum oven until constant mass. They were grinded to obtain
a relatively smooth surface, then mounted in epoxy resin and subjected to further grinding and
polishing to ensure high smooth surface quality. The polished samples were then coated with gold
and examined using a Hetachi S4700-SEM with the back-scattered detector in high vacuum mode.

All images with the embedded fiber were taken at 250 magnification, and the resolution was set to

2560 x 1920.

2.3.8. Micro-hardness measurement
Micro-indention is based on applying a static load for a known period of time and measuring the
response in terms of size of indentation. In this study, a 498 mN load was applied on the samples for

10



10 s. Points within 0 to 200 um distance from the fiber edge was measured. During the indention
process, areas with sand were avoided. The micro-hardness or Vickers hardness (HV) was captured

during the measurement. The average value of four indentations was reported.

3. Results and discussion

3.1. Effect of silica fume content on flowability of fresh UHSC

The variation of mini slump flow of UHSCs mixture with different silica fume contents is given
in Fig. 3. It was observed that, for UQ mixture without any silica fume, the slump flow of mixture
was only 113 mm. With the incorporation of 10% and 15% silica fume, the slump flow increased to
150 and 175 mm, respectively. However, further increase in silica fume content decreased the
flowability. The mini slump flow of UHSC with 25% silica fume (U25) decreased to 165 mm.
Moreover, during the experiment, it was found that the time for U25 to obtain flowability was
prolonged compared to other mixtures. When 30% silica fume was incorporated, no flowability was
observed. The improvement in slump flow for the mixtures with silica fume content up to 20% can
be attributed to the lubrication effect of fine silica fume, which released some of the entrapped water
between small particles, and hence increased flowability. However, high silica fume content

decreased the flowability due to its high surface area [24].
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Fig. 3 Mini slump flow of UHSCs with different silica fume contents

3.2. Effect of silica fume content on heat of hydration of UHSC

Figure 4 shows the rate of heat evolution of UHSCs with and without silica fume. As can be
seen from Fig. 4(a), compared to UO, the duration of dormant period of UHSCs containing silica
fume decreased from 12 to 9 h or less. As hydration proceeded, U25 samples first showed the
accelerated hydration peak, followed by U20, U15, and U10. However, the accelerated hydration
peak of U0 was delayed to 28 h. As illustrated in Fig. 4(b), the heat of hydration of UHSCs mixture
incorporated with silica fume evolved quickly, and the heat generation was faster than that of the
reference sample UQ. This is because, on the first contact of cement with water, Ca** and OH ions
are rapidly released from the surface of cement particles. When silica fume is incorporated, the
dissolution of SiO44' ion can absorb Ca’>* and OH ions to form calcium silicate hydrate (C-S-H),

which increases the rate of heat and amount of heat evolution [30].
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Fig. 4 Heat evolution rate of UHSCs with different silica fume contents

3.3. Effect of silica fume content on compressive and flexural strengths of UHSC

The influences of silica fume content on compressive and flexural strengths of UHSCs are
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compared in Fig. 5. The silica fume content had a significant effect on compressive and flexural
strengths at early ages up to 7 d. After 7 d, the increase in compressive strength was only about 11%.
For the flexural strength, it increased significantly from 1 to 3 d. However, it remained almost the
same afterward. It should be note that for U0, U20, and U25, the flexural strengths at 91 d slightly
decreased when compared to that at 28 d. This may be due to the variation of testing.

Significant increase in strength was observed with the increase of silica fume replacement from
0 to 20%. However, when silica fume exceeded 20%, the strengths tended to decrease. The
compressive and flexural strengths of UO at 28 d were 89.8 and 19.1 MPa, respectively. When 10%,
15%, 20%, and 25% silica fume replacement were used, the compressive strength increased by
approximately 18%, 16%, 28%, and 25%, respectively, as shown in Fig. 5(a). The flexural strength
increased by approximately 11%, 15%, 29%, and 18%, respectively. The addition of 15% to 20%
silica fume decreased the porosity and improved the strength due to its filling effect in addition to the
pozzolanic reaction [31]. However, a high content of 25% silica fume increased plastic viscosity and
yield stress, which could result in air entrapment [31]. Furthermore, high silica fume content could
significantly increase the risk of micro-cracking due to autogenous shrinkage, which could affect

mechanical properties [32,33].
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Fig. 5 Effect of silica fume content on compressive and flexural strengths of UHSCs mixture

3.4. TG/DTG analyses

The TG and DTG results of UHSCs with different silica fume contents at 28 d are shown in Fig.
6. It is obvious that all the samples showed mass losses in the temperature ranges of 30-200°C,
370-470°C, and 600-730°C. Mass loss between 30 and 200°C can be attributed to the loss of
combined water initially from C-S-H (80-90°C) and then from ettringite (~130°C) [34]. Mass loss in
the range of 370-470°C is due to the decomposition of CH [35]. From Fig. 6(a), it can be found that
UHSC samples containing 15%-25% silica fume showed a larger mass loss in the range of 30-200°C,
but a smaller mass loss from 370 to 470°C, compared to UO. Additionally, the peak intensity of
C-S-H was sharper than that of UO, as seen from Fig. 6(b). These results indicated that pozzolanic
reaction increased with the increase of silica fume content. As the temperature increased from 600 to
730°C, the mass loss decreased further. This can be associated with the decomposition of calcium
carbonate resulting from the carbonation of hydration products with CO, from air during sample

preparation [36].
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Fig. 6 TG and DTG curves of UHSCs mixture with different silica fume contents at 28 d
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Figure 7 shows the effects of curing time on TG and DTG curves of UHSCs with 15% and 20%
silica fume. With the increase of curing time, the mass loss between 30 and 200°C increased, as can
be seen from Fig. 7 (b) and (d). Moreover, an obvious C-S-H peak at 80-90°C with high intensity
first appeared at 7 d. This suggested that hydration products of C-S-H and/or ettringite phase in the
U15 and U20 increased with curing time. Besides, the mass loss in the range of 370-470°C decreased
with curing age, which indicated reduced CH content. A relatively weak endothermic peak of CH for
the samples at 91 d was observed. Therefore, it is reasonable that CH was gradually consumed by

pozzolanic reaction with silica fume to from C-S-H, which dominated the performance of UHSC

[37].
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The CH content of UHSCs at different ages is plotted in Fig. 8. It can be seen that the CH
content decreased with both the incorporation of silica fume and prolongation of age. The reference
batch U0 had a constant CH content of around 6% regardless of the age. However, it reduced
gradually with the increase of silica fume content. U15, U20, and U25 had an obvious lower CH
contents compared with UQ. It can be also seen from Fig. 8 that no significant difference was
observed for the samples at 1 and 3 d. However, the CH content of U15, U20, and U25 at 28 d was
about 3% only, which was about 50% lower than that at 1 d. At 91 d, the CH content of U135, U20,
and U25 were reduced further to 2.3%. This indicated that silica fume could efficiently react with

CH to form C-S-H due to pozzolanic reaction, and thus improved the strengths of UHSC.
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Fig. 8 Content of CH in UHSCs from TG analyses

3.5. Pore structure characteristics

Figure 9 shows the effect of silica fume content on pore structure of UHSCs at 1 and 28 d,
which covers the pore size range from around 5 nm to 200 pm. It can be seen from Fig. 9 (a) and (b)
that UHSCs incorporating silica fume at 1 d had slightly lower porosity and peak value at dv/dlog (d)
curves compared to UQ. It is suggested that the most probable pore diameters, corresponding to the

peak value in dv/dlog(d) curves, are strongly correlate with the permeability and ion diffusivity in

16



cement-based materials [38]. When the curing age was prolonged to 28 d, it became apparent that a
very low porosity of 6%-8% was observed for UHSCs with 15%-25% silica fume. This corresponds
to a reduction of 67% in comparison to that of U0 and U10.

It can also be noted that the U25 had a higher porosity than that of U20. This is consistent with
the reduced flowability and strength. Besides, the most probable pore diameters decreased gradually
with the increase of silica fume content, with the dv/dlog (d) curves shifted left to reflect pore
refinement. Therefore, the incorporation of 15%-25% silica fume significantly densified the

microstructure of UHPCs due to the combined filling and pozzolanic effects [39].
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Fig. 9 Pore structure of UHSCs with different silica fume contents at 1 and 28 d

Figure 10 shows the effects of the curing age on pore structure of the U20. As seen from Fig.
17



10(a), the porosity at 1 d was 17.5%. However, at curing ages of 3, 7, and 28 d, the porosity was
reduced to 11%, 9%, and 6%, respectively. At 91 d, the porosity was similar to that at 28 d. This is
consistent with that strengths of UHSC increased with curing time. The most probable pore
diameters decreased from 20 to 7 nm, as shown in Fig. 10(b), which corresponded to the pore

refinement with the increase of curing age.
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Fig. 10 Pore structure of U20 mixture at different ages

The measured pores can be divided into five size ranges, including gel micro-pores with
appeared diameter < 10 nm, meso-pores of 10-50 nm , middle capillary pores of 50-100 nm, large
capillary pores of 100 nm-5 pm and macro-pore >5 pum [40,41]. The change in pore size distribution
of UHSC with silica fume content and curing age are shown in Fig. 11. As can be seen from Fig.
11(a), the volume fraction of gel pores increased with the incorporation of silica fume although the
difference was limited. It changed significantly with silica fume content at 28 d, as shown in Fig.
10(b). Compared with the UO, the proportion of gel micro-pores of the samples with silica fume
increased from 0.02% to 25%, while the meso-pores reduced from 55% to 6%. It was reported that
the nano-pores with diameter finer than 10 nm corresponded typically to gel pores in C-S-H with
water held by hydrogen bond [42]. These pores mainly affect shrinkage and creep of the hardened
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cement-based materials. It can be also note from Fig. 11(b) that the total capillary pores (meso-pores,
middle and large capillary pores) of UHSC with silica fume decreased considerably. Capillary pores
larger than 50 nm can have great influence on mechanical properties and permeability of
cement-based materials [40]. This is in good agreement with the results concerning significantly
enhancement in the mechanical behavior of UHSC with silica fume.

The volume of macro-pores also increased. Such macro-pores include entrapped (1-3 mm) and
entrained air bubbles (50-200 pum), which are often exhibited as discrete, individual bubbles with
spherical shape in concrete [41]. The increased volume of macro-pores may be due to air entrapment
associated with reduced workability of UHSCs with increased silica fume content [40]. The
evolution of pore structure of the U20 mixture with increased curing age can be seen from Fig. 11(c).
It is interesting to note that the volume fraction of gel micro-pores of samples at 1 d was 4.7%.
However, such volume of gel micro-pores increased from 4.7% to 26%, while the total capillary
pores decreased from 72% to 30% when curing age was prolonged from 1 to 91 d. In addition, the

volume of meso-pores and middle capillary pores were reduced to very small portions.
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Fig. 11 Pore volume distribution of UHSCs

3.6. Effect of silica fume content on bond properties between fiber and matrix
3.6.1. Fiber pullout load-slip relationship

The effect of silica fume content on pullout load-slip curves of UHSCs at 1, 3, 7, 28, and 91 d is
shown in Fig. 12. Generally, the pullout behavior can be divided into four distinct regions, including
well bonded region, partially debonded region, fully debonded region, and removal of fiber [43,44].
At the well bonded region, within a pullout slip of about 1.2 mm, the pullout load-slip behavior was
observed to be linear elastic properties. When peak load was achieved, it remained almost stable
when the pullout slip increased from 1.2 to 3.2 mm. This suggested slip-hardening behavior because
of higher matrix packing density around the fiber due to high frictional coefficient and fiber surface
pressure [4]. In this range, the load-slip curve did not show obvious descending load, but a part of the
fiber had already debonded from the UHSC matrix. With continued loading, the fiber was gradually
pulled out from the matrix. Once fiber fully debonded from matrix, the pullout behavior is governed
by frictional bond shear stress with the interface and gradually pulled out from matrix. On the other
hand, it can be seen from Fig. 12 that UHSC mixtures with silica fume led to obvious increase in

both pullout peak load and stress-slip response in comparison to the UQ. Although 10% silica fume
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contributed little enhancement to pullout load of UHSC, when the dosage ranged from 15%-25%, the
peak load and slip-hardening behavior was significantly improved.

The curing age also contributed a lot to the pullout behavior of UHSCs. There was little
increase in peak load from 1 to 3 d. However, when the curing age was increased from 3 to 7 d, the
peak load for UHSCs containing 15% to 20% silica fume increased from 20 to 30 N. With the curing
age increased from 7 to 28 d, a considerable enhancement was observed with peak load increase
from 30 to 40 N. At 91 d, the pullout load increased a little but the curves of U20 and U25 showed
enhanced slip-hardening behavior. Therefore, approximately 28 d of curing resulted in comparatively
good interfacial bond properties. However, this is different from the results obtained by Chan and Li
[45], in which no significant gain in bond strength was observed after 7 d. This may be due to
different raw materials and mixture proportions used in the two studies. It was shown that both
maximum pull-out load and total pullout energy increased with increasing matrix strength of
very-high strength concrete composites [19]. The compressive strengths of UHSC matrix made with
different silica fume contents increased by about 10%-20% from 7 to 28 d, which resulted in

corresponding enhanced pullout bond behavior.
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Fig. 12 Effect of silica fume content on pullout load-slip curves of UHSCs

3.6.2. Bond strength

Figure 13 shows the change in bond strength of UHSCs with different silica fume contents at 1,
3,7, 28, and 91 d. It can be found that the bond strength increased with the incorporation of silica
fume. For UQ, the bond strength was only 1.12 MPa regardless of the curing age. This is consistent
with the TG results that the CH content did not vary considerable with curing age up to 91 d. With
the incorporation of silica fume, the bond strength significantly increased with curing age. For U10,
the 28 d bonding strength increased to 2.2 MPa. When silica fume content reached 15%-25%, the
bond strength remained at about 3 MPa, which increased by 168% compared to UO sample. The

optimum silica fume content for bond strength was between 15% and 25%. Chan [22] found that the
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optimum dosage of silica fume content for reactive powder concrete was between 20% and 30% by
the mass of cement. In this research, 15% to 25% silica fume by mass of binder equals to 17.6% to
33% by mass of cement. The difference is that the bond strength obtained by Chan was as high as
4.8-5.5 MPa [22]. This was mainly attributed to heat curing. The average C-S-H chain at 20°C curing

was shorter than that under heat curing, which leaded to lower bond strength [46,47].
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Fig. 13 Effect of silica fume on fiber bond strength of UHSCs at different ages

3.6.3. Pullout energy

Pullout energy is the mechanical energy consumed during fiber pullout testing, which can be
obtained by integrating the area under pullout load-slip curves. Fig. 14 shows the effects of silica
fume content on pullout energy of UHSC at 7 and 28 d. It is obvious that the pullout energy
increased with the increase of silica fume content. The pullout energy of the samples with 15%-25%
silica fume at 28 d was 120 N-mm, which had an increase of about 250% when compared to the UO.
Besides, UHSC samples with 15%-25% silica fume had a more significant improvement in pullout

energy as the rate of bond strength increase slowed down.
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3.6.4 Microstructural analysis for ITZ around fiber

Figure 15 shows the microstructure around fiber in U20 at 1 and 28 d. A relatively large porous
zone can be observed in the zone located within 50 pm from the fiber edge. This weak zone can
reduce the contact area of fiber to matrix. Besides, less unhydrated cement and smaller porous areas
in U20 at 28 d were observed both around the embedded fiber and in the bulk mortar compared with
that at 1 d. This agrees well with the porosity measured by MIP. Prolongation of curing age ensures

denser microstructure and higher degree of hydration around fiber, and hence better bond properties.
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Fig. 15 BSEM images of U20 samples with an embedded fiber

The micro-hardness of matrix with different distances to fiber edge is indicated in Table 3. The
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micro-hardness within 80 um was obviously lower than that with far distance. Besides, UHSC with
20% silica fume had higher micro-hardness than that of the reference batch. This suggested high
strength hydration products for UHSCs with silica fume.

Table 3 Micro-hardness of matrix around fiber

Micro-hardness (HV)

No. U20-1d U20-28d U0-28d
40 pm 61.15 103.95 85.00
80 pm 85.01 110.33 97.28
120 pm 103.73 140.20 127.20
160 pm 115.85 140.30 131.03
200 pm 95.95 145.00 135.50
240 pm 112.85 133.80 133.80

The characteristic of crystal enrichment, orientation of CH, and presence of great concentration
of micro-cracks and pores are the main reasons for the poor quality of the interface between cement
paste and aggregate, reinforcing bars, or fiber inclusions [6]. In terms of TG and MIP results, UHSCs
incorporation of 15%-25% silica fume had a lower CH content and porosity, and a higher amount of
C-S-H than the UO mixture did. This suggests that silica fume effectively reacted with CH to form
C-S-H, which contributes to reduction in some of the weaken features in the ITZ, enhancement in
strength of the matrix, and improvement in interface bond [48]. Moreover, incorporation of silica
fume can resulted in high strength hydration products, as indicated by micro-hardness test. Thus,
15%-25% silica fume content seems to be sufficient to enhance the microstructure of the interface

between steel fibers and matrix, and hence the bond to fiber characteristics.

4. Discussion

The results above shows that the flowability, compressive and flexural strengths, microstructure,
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and bond to steel fiber in UHSCs with different silica fume contents are closely related to each other.
Because of highly fine particle size and high SiO; content of silica fume, the incorporation of silica
fume can reduce the porosity, refine the pores, and increase the C-S-H content. The lower the
porosity is, the higher the cement packing density in the bulk matrix and ITZ is [19,41]. Therefore, a
greater content of the high strength cement hydration products, such as C-S-H, are necessary to
ensure high compressive and flexural strengths. This can enhance stress transferring between fiber
and matrix.

Additionally, silica fume could significantly increase the autogenous shrinkage, especially in the
UHSC with low w/b and high cementitious materials content [49]. Generally, the higher the amount
of silica fume is, the larger the autogenous shrinkage is. The autogenous shrinkage is controlled
mainly by the size of the pores smaller than 10 nm [50]. It is obvious that the volume fraction of
those pores increased with the increase of silica fume content, as described in Section 3.5. Although
autogenous shrinkage can lead to cracking of the cement paste, in UHSC it can exert some
prestressing effect on fiber-matrix interface and eventually lead to increased bond to fiber. However,
when the silica fume content exceeds a certain value, workability was reduced and the greater
viscosity led to some entrapment of air bubbles [31]. This can reduce the quality of the matrix and

interface, and thus reduce compressive and flexural strengths and bond properties.

5. Conclusions

Based on the results from this study, the following conclusions can be drawn:
(1) Due to the accelerated hydration of cement by silica fume, the compressive and flexural

strengths of UHSCs matrix containing 15%-25% silica fume were enhanced by 10-25 MPa after 28 d
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when compared to that of the reference sample. The CH content and porosity of samples with
15%-25% silica fume were only 3% and 5%-8% after 28 d, respectively. However, when 25% silica
fume was replaced, strengths began to decrease due to reduced flowability and slightly increased
porosity.

(2) The interfacial bond properties can be successfully evaluated by the simple double-side
pullout testing method. The properties of matrix influenced the quality of ITZ and pullout behavior.
UHSC containing 15% to 25% silica fume showed significantly improvement in pullout behavior
with bond strength and pullout energy over 3 MPa and 120 N-mm at 28 d, respectively. Formation of
more and higher strength of hydration products and refinement of ITZ around the fiber ensured

higher micro-hardness, and thus increased the bond to fiber.
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Table Captions
Table 1 Chemical composition and physical properties of binder

Table 2 Mixture proportion of UHSC
Table 3 Micro-hardness of matrix around fiber
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6 TG and DTG curves of UHSCs mixture with different silica fume contents at 28 d
7 TG and DTG curves of U15 and U20 samples at different curing ages

8 Content of CH in UHSCs from TG analyses
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11 Pore volume distribution of UHSCs

12 Effect of silica fume content on pullout load-slip curves of UHSCs

13 Effect of silica fume on fiber bonding strength of UHSCs at different ages

14 Effect of silica fume content on pullout energy of UHSCs

15 BSEM images of U20 samples with an embedded fiber
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