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ARTICLE INFO ABSTRACT

Keywords:
Initial defects
Ultra-high performance fiber reinforced

Micro-defects in UHPFRC, inevitably generated from the manufacturing to engineering service stage, impact its
durability under extreme service environments. However, relevant understanding is still insufficient. This work
assesses the corrosion risk and corrosion-induced deterioration in UHPFRC containing initial micro-defects,

;‘:;Z:tte simulated by a combination of mechanical pre-loading and thermal treatment. Analytical analyses include
Corrosi}:m risk electrochemical tests (OCP, Tafel, EIS), SEM, MIP, compressive strength measurements, etc. Results show that
Deterioration initial defect degree and steel fiber contents have significant effects on the corrosion resistance and mechanical

performance of UHPFRC. Micro-cracks and pores are the major channels to deepen fiber corrosion risk,
degrading mechanical performance up to 52%-56% in the most severely damaged UHPFRC. The porosity is
increased by the corrosion/increased defects and fiber contents up to a growth rate of 35%, 56% and 78%,
respectively, as corrosion triggers the occurrence of new defects (e.g., fiber splitting, newborn micro-cracks,
pores). The present results provide a reference for predicting the corrosion potential of the defective UHPFRC.

1. Introduction

Ultra-high-performance concrete reinforced with steel fibers
(namely UHPFRC) is nowadays the most promising material in both civil
and military fields thanks to its superior mechanical properties and
excellent durability [1-3]. Previous studies have reported that the un-
cracked dense matrix with high alkalinity can protect the steel fibers
from erosive environmental exposure [4,5], showing a high corrosion
resistance in UHPFRC [6,7]. However, cracks generated by damage of
thermal and/or mechanical loading exist in almost all reinforced con-
crete during the service life [8-12], as well as in UHPFRC [13-18]. Such
micro-cracks of UHPFRC are inevitable to produce as a consequence of
for instance the cases under the pressure of thermal stress caused by
cement hydration, especially in large volumes, and loading during ser-
vice life that impacts the durability over time.

Defects like micro-cracks would initiate fiber corrosion and pose a
potential threat to the service performance of UHPFRC. The corrosion
development of UHPFRC is obviously different from that of conventional
steel-reinforced concrete structures in which limited rebars pass through
the matrix that cannot generate an effective circuit due to uneven dis-
tribution. The corrosion of UHPFRC would first occur in the fiber

exposed to the surface cover [19], and then the corrosive solution will
continue to erode the remaining fibers along the microcracks [20].
Corrosion of steel fiber will inevitably lead to the reduction of its
effective interface, and introduce new pores and cracks into the matrix,
degrading the mechanical properties of UHPFRC. Therefore, research on
the corrosion risk and corrosion-induced deterioration in UHPFRC is of
great significance in the long run, considering the factors of the iron
nature of steel fiber and the existence of micro-cracks [21].

Some researchers have found that higher steel fiber contents would
result in a high corrosion current density [22], inducing greater corro-
sion risk due to that effective connecting network [23]. Based on an
artificial simulation of a single steel fiber, some studies have predicted
the corrosion risk via the electrochemical methods [7,24] and charac-
terized the pore changes at the fiber-matrix interface of UHPFRC using
images analysis [25]. However, the artificial simulation of a single steel
fiber is not sufficient to characterize the corrosion risk and deterioration
in UHPFRC, which has more weak interfaces for corrosion resistance due
to the multiple steel fibers ranging from 0.5 vol% to 3 vol% [2,26,27].
Most studies focus on the excellent mechanical properties, while only a
few studies investigate the corrosion-induced deterioration in UHPFRC
[28-30]. Some studies directly apply corroded steel fibers into UHPFRC
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to study its mechanical performance [8,27], and results show that
corrosion facilitates the increase of interfacial friction, even leading to
the improvement of mechanical properties. Considering the implication
of steel fiber corrosion on its own structure and the surrounding matrix,
such results are controversial. Once cracked, fiber corrosion would
certainly occur and trigger the surrounding matrix deterioration
through the existing open pore, causing deterioration in porosity and
strength. Pre-cracked UHPFRC has often been performed to investigate
the self-healing process [9,19], other than focusing on the corrosion risk
and the deterioration of the damaged UHPFRC. A well-known fact is that
cracks and reinforcement-matrix interface are the significant factors
affecting reinforcement corrosion in concrete. Defects such that pores
generated by air upon high temperature and fibers addition during
casting [25] provide erosive channels to contact the steel fiber, inducing
fiber corrosion and matrix deterioration inevitably. These limited
studies indicate that steel fiber contents and structure defects have sig-
nificant effects on the corrosion risk and corrosion-induced performance
deterioration in UHPFRC. However, quantitative characterization of
such effects is still missing and related understanding is highly desired,
especially considering the fact that proper international standards are
yet not available for UHPFRC.

This work attempts to comprehensively explore the corrosion risk
and corrosion-induced deterioration of UHPFRC with initial defects. To
achieve this, three steel fiber contents ranging from 1 vol% to 3 vol%,
and three types of defects simulated by the combination of mechanical
pre-loading and/or heat-treatment, are employed to evaluate the per-
formance of UHPFRC. Scanning electron microscope (SEM) is applied to
characterize the microstructure among steel fiber, fiber-matrix interface
and matrix of UHPFRC before and after corrosion. TG-DTG and XRD
analysis are employed to determine the phase composition. The corro-
sion risk is revealed by porosity analysis, rapid chloride ion test and
electrochemical measurements containing methods of open circuit po-
tential (OCP), Tafel and electrochemical impedance spectroscopy (EIS),
revealing the relationship between the initial defects and corrosion risk
in UHPFRC. The corrosion of all specimens is achieved by accelerated
corrosion in a 10 wt% NacCl solution for 7 days to evaluate the perfor-
mance deterioration of the corroded UHPFRC. The deterioration caused
by accelerated corrosion is characterized by optical observation and
strength tests. The mercury intrusion porosimetry (MIP) is used to
analyze the pore structure changes before and after corrosion induced by
the UHPFRC with random defects.

2. Experimental program
2.1. Materials and mixture

The raw materials used in this study include P-II 52.5 cement, micro-
silica, fly ash, superplasticizer (SP) with a solid content of 30%, water
and steel fibers. The Brunauer Emmett Teller (BET) surface area of
cement, silica fume and fly ash are 981.2, 1816.3, 847.6 kg/mz,
respectively. The chemical composition and specific densities of the
powder are detected by the X-Ray Fluorescence (XRF) and gas pyc-
nometer (AccuPyc 1340 II Pycnometer), respectively, as shown in
Table 1. The particle size distribution of the used powder materials is
tested by using a laser particle size analyzer Bettersize 2000E, shown in
Fig. 1 (a). Fourier transform infrared spectroscopy (FTIR) tests are
performed to characterize the chemical structures of the used powders
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2 cm’l, presented in Fig. 1 (b).

To investigate the influence of fiber content on the corrosion risk and
corrosion-induced deterioration in UHPFRC, a single type of hook fiber
ranging from 1 vol% to 3 vol%, are utilized in this study. The geomet-
rical and physical properties of the used fibers are presented in Table 2.
The mixture proportion used in this study is shown in Table 3.

2.2. Specimens preparation

The designed mixture of prepared specimens is presented in Table 3.
The fresh UHPFRC pastes are cast into the mold of 50 x 50 x 50 mm®
and ¢100 mm x 50 mm. Four treatment methods are used: (A) standard
group, curing in water without stress and heat damage; (B) heat curing
without stress; (C) a static stress of 12 MPa applied after demolding, then
following with heat damage; (D) a static stress of 60 MPa applied after
demolding, then following with heat damage. The gradient heat-curing
cycle of groups B, C, D is employed as follows: preheating at 40 °C for 2 h
before increasing to 240 °C at a rate of 0.8 °C/min, cured at 240 °C for
14 h, then decreasing to 40 °C at 0.8 °C/min. It is noted that the thermal
treatment and/or pre-loading aim to accelerate the generation and
development of random cracks in UHPFRC. Both factors are critical for
the corrosion risk and corrosion-induced degradation of UHPFRC by
generating random damages during the service life. After the above
treatment, all specimens are cured in water at room temperature in the
laboratory until testing. At least three specimens are prepared for each
group.

2.3. Corrosion risk determination

2.3.1. Calculate the hydration products and characterize microstructure of
UHPCs

Thermal Gravimetric analysis (TG), X-ray diffraction (XRD) and SEM
experiments are employed to analyze the influence of initial micro-
structure damage on UHPFRC.

The samples for TG and XRD analysis are all taken from the inner
core of the cube specimens [31]. The anhydrous ethanol solvent ex-
change method is used to terminate the hydration [32]. The dried
samples required for TG and XRD analyses are crushed and ground into
80 pm [31], then placed in the vacuum oven at 40 °C for 24 h [33,34].
TG analyses are conducted by a TA Instruments SDT Q900 analyzer from
30 °C to 1000 °C at a constant heating rate of 10 °C/min in a high-purity
nitrogen [35]. A MiniFlex600 X-ray powder diffractometer using Cu Ko
radiation () = 4.5406 A) is used to record the XRD pattern of the sample,
with scattering angles (260) of 10°-60° and a scan speed of 5°/min. After
data collection, all XRD patterns can be post-processed through Jade 5.0
software.

TG-DTG curve can be used to further ascertain the hydration prod-
ucts and hydration degree of specimens [36].

C3S+53H— C,7SHy + 1.3H (€D)]
C,S+43H— C,7SH, + 03H 2)
1.1CH+S+2.8H—C, SH;9 3

Then, based on these reactions, Equations (4) and (5) can be derived
to calculate the contents of C-S-H and CH [36,37].

Mcsu

with wavenumbers ranging from 4000 to 400 cm™! with a resolution of C—-S—H(%) = 2.1M, X Amesy X 100% C))
Table 1
Chemical composition of powders.

Substance (%) CaO Si0, Al,03 Fe,03 SO3 MgO TiO, Mn304 LOI Specific density(g/cms)

P.II 52.5 cement 64.61 19.20 4.17 3.69 3.33 1.31 0.22 0.10 2.04 2.99

micro-silica 0.05 96.33 0.16 0.28 / / / / 0.88 2.23

fly ash 3.72 49.51 32.70 5.99 0.77 0.65 1.22 0.06 2.50 2.78
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Fig. 1. Diagram of the physical and chemical properties of the powder.

Table 2
Property of hook steel fiber.
Diameter Length Aspect Density Tensile Elastic
(mm) (mm) ratio (g/cm®) strength modulus
(MPa) (GPa)
0.3 25 83 7.9 2500 200
Table 3
UHPFRC paste mixture proportions.
Quantities PI152.5  Micro- Fly Super- Steel Water-
cement silica ash plasticizer fibers binder
ratio
Mass/ 0.80 0.10 0.10 0.0075" 1,2,3 0.18
binding vol%
powder

mass

@ Polycarboxylate-based superplasticizer includes 30% solid and 70% water.

M,
CH(%) :% X Amey % 100% (5)
H

where Mcsh, Mch and My represent the molar masses of C-S-H gel, CH
and H5O, respectively. Amcsy and Amcy are the mass loss based on the
TG curves during 150-400 °C and 400-550 °C, respectively.

2.3.2. Porosity and chloride ion diffusion coefficient test
The water-permeable porosity of the designed UHPFRC is calculated
through the equation as follows:

(p:u « 100% 6)

ms —m,,

where, mg, myy and mq are the mass of designed UHPFRC measured in the
air after saturated for 48 h by vacuum condition, in the water after
saturated, and in the air after being kept in oven until a constant weight,
respectively.

The determination of rapid chloride migration (RCM) is following
the standard NT Build 492 [38]. And the non-steady chloride ion
migration coefficient (Drcy) of UHPCs is calculated as follows:

10,0239 x (273 + T)L

(U-2)t )

RCM U—2

2 T)LX,
<Xd —0.0238 (734_)‘1)

where U is the absolute value of the voltage (V), T is the average value of
the initial and final temperature of the anode solution (°C), L is the
specimen thickness (m), Xj is the average depth of chloride ion pene-
tration (m), and t is the test duration (s).

2.3.3. Corrosion risk characterization of UHPFRC

The schematic diagram of concrete as a resistance substrate to
monitor the corrosion risk of complex multi-steel fibers inside is
exhibited in Fig. 2, and the conductive toner and epoxy are pasted to
connect the stainless steel sheet and graphite sheet on the concrete
surface. The open-circuit potential (OCP), electrochemical impedance
spectroscopy (EIS), and polarization curves (Tafel curves) are obtained
by connecting the CS Electrochemical Workstation with a computer.

The schematic diagram of OCP, Tafel curve and EIS are shown in
Fig. 3 (a ~ ¢). According to ASTM C876 [39], when the potential is less
than —276 mV, corrosion would occur with the 90% probability, shown
in Fig. 3 (a). The corrosion rate can be obtained by applying the Tafel
polarization curve epitaxy method, presented in Fig. 3 (b). The corrosion
resistance can be acquired by EIS, presented in Fig. 3 (c). It is noted that
the impedance spectrum of plain concrete is expressed as a single cir-
cular arc at high frequency (material arc only with the ion flow in the
pore solution, R3); fiber-reinforced cement-based materials are charac-
terized by a double circular arc (material arc incorporating the matrix
resistance (R3) occurred at high frequency in which both ion flow and
fiber electronic current pass through the matrix, and a medium-high

Fig. 2. Schematic diagram of concrete as electric resistance matrix to obtain
the electrochemical corrosion values.
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of EIS.

frequency arc represents R2 describing the double-layer polarization
behavior between steel fiber and the electrolyte). Both stray linear arc at
low frequency describes the electrode resistance (R1), shown in Fig. 3
(c). The resistance value of the materials is calculated from the real
impedance value between the two arcs.

2.4. Corrosion induced deterioration

2.4.1. Accelerated corrosion

Accelerated corrosion test is realized by placing the prepared spec-
imen (coated with conductive material, positive electrode) and stainless
steel (negative electrode) in 10 wt% salt solution together. A constant
current density at 1.5 A/cm? is applied to each specimen for 7 days by
DC galvanostatic. It is worth noting that such a current density would
not occur in the natural engineering, but accelerated corrosion would
not change the nature of corrosion [40].

2.4.2. Analysis of matrix damage and mercury intrusion porosimetry (MIP)

The matrix damage of cracking and spalling induced by corrosion
can be observed by the actual pictures. The samples are placed on the
same plate to record the picture of the corroded UHPFRC, where the
same magnification of 2 x is applied for all samples to eliminate the size
scale influence. Pore structures of designed UHPFRC before and after
corrosion are analyzed by mercury intrusion porosimetry (MIP) of
AutoPore IV instrument (Micrometritics). To eliminate the implication
of inherent heterogeneity in the cement-based composite material, each

thin mortar sample of 1 cm x 1 cm x 1 cm is randomly taken from at
different location in the parent matrix of designed UHPFRC. Then the
samples for MIP testing are placed in anhydrous ethanol with a con-
centration of 99.999% to terminate the hydration. Before testing, they
all dried in a vacuum drying oven at 40 °C for at least 48 h.

2.4.3. Compressive strength measurement of UHPFRC before and after
corrosion

The analysis of Compressive strength deterioration is conducted on
the cubic UHPFRC specimens using an electro-Hydraulic Servo
compression machine (YAW-2000kN), in accordance with EN
196-1:2005 [41]. The compressive strength is the average value of three
specimens in each group.

2.4.4. Microscopic observation

The micro-structure is evaluated by scanning electron microscopy
(TESCAN MIRA3) equipped with an accelerating voltage of 30 kV, which
can acquire the image information of corroded steel fiber and fiber-
matrix interface. After the accelerated corrosion test, a block of 10 x
10 x 10 mm® including cross-section is cut from the corroded UHPFRC
specimen. Then, the polished block is cleaned with an ultrasonic cleaner
applying alcohol, and then placed in an oven for 24 h to dry the sample.
Finally, the block surface is coated with gold for SEM observation.
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3. Results
3.1. Initial defects induced changes

Fig. 4 exhibits the influence of steel fiber contents and initial defects
on the microstructure of the UHPFRC. It can be found that the micro-
structure damage (e.g. micro-cracks and pores) shows more aggregated
and obvious (Fig. 4 (B1, B2, B3) with the initial defect of heat damage,
compared with that without heat damage in Fig. 4 (A1, A2, A3). It can be
explained that UHPFRC suffered from medium-high temperature expo-
sure of 240 °C induce a great discordant thermal deformation [15],
accompanied by the initiation and propagation of micro-cracks in the
matrix. Additionally, when different degrees of preload are applied in
the UHPFRG, stress concentration will occur at some isolated points,
causing new cracks to occur that will run through the micro-pore, as
indicated in Fig. 4 (D2, D3). Obviously, the more initial defects are, the
more micro-cracks occur, where the number and width of micro-cracks
appear frequently and get largest in Group D subjected to heat-treatment
and 60 MPa stress, followed by Group C and B. The interface of
fiber-matrix is potentially a weak zone accompanied by additional pores
[25,42]. In this case, the more steel fibers, the greater microchannel is
produced in the matrix near the fibers. Heat damage and different pre-
load would further promote the development and generation of the
micro-cracks around the fibers. It can be seen from the SEM images that
the degradation of microstructure in UHPFRC suffered from heat dam-
age and 60 MPa preloading is the most obvious among all the testing
series.

To further understand the composition changes upon the initial de-
fects of heat damage and preloading, the XRD spectra and thermal
behavior results are presented in Figs. 5 and 6. In Fig. 5, there are still a
large number of un-hydrated cement phases, such as 3Ca0-SiO; (C3S)
and 2Ca0-SiO3 (C2S) [14,43]. The diffraction peak of C-S-H gel located
at about 30° (20) and Ca (OH), located at 28°, 34°, 43° and 50° (20) are
both weakened significantly by the heat damage of 240 °C.

From Fig. 6 (a - b), there are three drastic decrease regions of weight
loss at 150-400 °C, 400-550 °C and 600-800 °C related to the dehy-
dration of C-S-H, dehydroxylation of Ca(OH), and the decarbonization
of CaCOs, respectively. Obviously, C-S-H gel and Ca(OH), are
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Fig. 5. XRD spectra of UHPCs at various initial damage.

decreased with the increase of the heat damage at 240 °C [31]. The
contents of C-S-H and Ca(OH); in Groups B, C, D following the heat
damage and preloading reduce by 7.3%, 14.2%, 16.8% and 29.1%,
28.7%, 24.3%, respectively, compared with that without initial damage
(Fig. 6 (c)). The reduction of C-S-H and Ca(OH); can be attributed to the
following reasons: 1) The hydration reaction of C3S and C5S is inhibited
due to the heat damage at 240 °C, resulting from excessive water is
released irreversibly, causing a decrease on C-S-H gel and Ca(OH),.2)
The hydration reaction is incomplete due to the rapid rate, and the
generated C-S-H and Ca (OH); quickly wrap the un-hydrated cement
particles, resulting in a less generation of C-S-H and Ca(OH); than that
without heat damage. In addition, Ca(OH); is consumed by the accel-
erated pozzolanic reaction under the medium-high temperature,
showing less in Ca(OH), compared with C-S-H. 3) Considering that
preload provided water-filling space for microcrack [44], it is clear that
medium-high temperature will cause a rapid evaporation of the water,
which ultimately lowers the generation of C-S-H and Ca(OH),. There-
fore, C-S-H in Group D with heat damage and 60 MPa preload is the

Fig. 4. Presentation of actual SEM images on UHPFRC with various initial defects.



Z. Song et al. Cement and Concrete Composites 142 (2023) 105208

0.00

-0.05 H

TG-weight (%)
DTG (min/°C)
=)
=

-0.15 H

80

T T T T -0.20 T T T T
200 400 600 800 1000 200 400 600 800 1000

Temperature (°C) Temperature (°C)

20

[Je-s-H[ ] caom,

154

_____ 7'.3_%'_{_'_'_'_'_'_'_'_'_'_
0,
14.2% 16.8%

Content (%)
S
1

24.3%

A B C D

Initial microstructural damage

Fig. 6. (a-b) TG-DTG results; (c) C-S-H and Ca(OH), contents in UHPCs with various initial damages.
lowest among the all samples. 3.2. Porosity and chloride transport characteristics

Fig. 7 plots the correlations among water-permeable porosity, steel
fiber contents and initial defects induced by different simulated method
for all designed UHPFRC specimens. It is clear that the value of water-
permeable porosity increased with steel fiber content ranging from 1
vol% to 3 vol% under the same initial defects, and increased with the
increasing initial defects at the same fiber contents. It could be inter-
preted by the air-entraining effect as the fiber increases, more physical
defects are introduced, leading to the increase in porosity. Also, this
confirms that damage development discussed in Section 3.1 is indeed
12 1 induced by the introduction of steel fibers and the additional external
loads, which enlarges additional pores and even more microcracks in the
> matrix. Regardless of the fiber contents, the porosity of Group D is the
94 largest, followed by Group C and B, while Group A is the smallest. This
might be interpreted that the porosity can be influenced by structural
] defects such as micro-cracks and pores occurred in the UHPCs matrix
6 00} and around the fibers due to the initial damages.

Fig. 8 (a) and (b) present the impact of initial defects on the changing
law of chloride migration in UHPCs. The chloride migration is acceler-
34 ated with the increasing initial damage and fiber addition (Fig. 8 (a)). It

is attributed to that more defects are generated in the matrix and around

'1 ' é ' ; the steel fibers, caused by air voids entertaining and obvious shrinkage

in UHPC itself. Moreover, the mechanical loading accelerates the dete-
rioration of the matrix due to the stress concentration, causing the for-
mation of more micro-cracks, which can act as a transport path for

> WO

Water-permeable porosity (%)
«

Fiber content (%)

Fig. 7. Water-permeable porosity of UHPFRC with different initial defects.
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chlorides [25,45]. A high generation of the micro-cracks enhances the
contact area among the pore solution, paste and fibers, consequently
accelerating the chloride penetration process. And the
three-dimensional disordered distribution of steel fibers forms a dense
fiber network skeleton in the UHPCs matrix [22], resulting in a stronger
conductivity, which accelerates the transport of chloride ions into the
UHPC matrix in the case of an electric current.

Fig. 8 (b) shows a growth value of chloride ion diffusion coefficient in
the other three groups compared with Group A under the same fibers.
Group B with a slight initial defect than Group C and D shows a small
increase less than 5%. When steel fiber reaches 3 vol%, the influence of
matrix damage on chloride ion migration is far less than the effect of
fiber content, showing less than 5% regardless of the initial defects. This
can be explained by that more fibers form a strong electrical conductor,
the chloride ion rapidly accesses the matrix and breakdown the
passivation layer of steel fiber under the action of applied electricity,
causing steel fiber corrosion.

3.3. Corrosion risk monitoring of UHPFRC

3.3.1. OCP and polarization curve

The OCP and polarization curve of the designed UHPFRC are pre-
sented in (Fig. S1 (a, b), Supplementary information). It can be observed
that the potential is gradually reduced with the increased fiber contents
and initial defects. From Fig. S1 (b), during the polarization testing at a
stable potential (Fig. S1 (a)), it is clear that the corrosion potential tends
to shift to the negative direction of Y-axis along with the increase in the
corrosion current density, a serious corrosion risk in UHPC will be
increased with the increase of fiber contents and initial damage.

The electrochemical parameters obtained from Fig. S1 (b) are pre-
sented in Fig. 9, detail in Table S1. It is clear that a higher fiber content
results in a higher corrosion density and lower corrosion potential no
matter what type of simulated initial defects, due to the conductivity of
steel fiber [22]. The early initial damage also has adverse effects on the
integrity of the matrix. Obviously, the corrosion current density and
corrosion potential in designed UHPFRC of A2, B2, C2 and D2 are
0.2393 pA/cm?, 0.2685 pA/cm?, 0.3972 pA/cm?0.6151 pA/cm? and
-239 mv, -290 mv, -303 mv and -352 mv, respectively. It can be
concluded that micro-crack defects in the matrix provide additional
channels for electric current to pass through, resulting in an increase of
corrosion current density and a reduction in the corrosion potential,
following the order of D > C > B > An under the same fiber content
(Fig. 9 and Table S1). Meanwhile, a serious corrosion would occur in
UHPC when the corrosion current density is greater than 0.2 pA/cm?
and corrosion potential is lower than -276 mv together, while a high risk
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Fig. 9. The corrosion potential and corrosion current density in the
designed UHPFRC.

of corrosion can be considered when only one of these conditions exists.
UHPFRC with no less than 2 vol% and heavy initial damage has a greater
corrosion risk. It can be attributed to that steel fiber higher than 2 vol%
forms a strong density of the conductive network skeleton. Moreover,
the increase of the initial damage strengthens the contact area between
the pore solution and steel fiber, leading to a greater risk of rust.

3.3.3. EIS analysis

Fig. 10 (a) shows the original data in the form of Nyquist diagram.
The size of the high-frequency arc decreases with the increase of steel
fiber amounts and initial defects. This indicates that there is an elec-
trochemical reaction between steel fiber and the ambient matrix, where
corrosion products might be generated. With the increase of initial de-
fects and steel fiber content, the low-frequency curve moves closer to the
X-axis, indicating that corrosion becomes more serious [46]. A new
double-layer polarization at the electrolyte-steel fiber interface is taken
place, in the case of the charged ions accumulating on the fiber surface
when the current is transferred from the electrolyte in the pore to the
steel fiber [47]. It is clear that the greater damage and fibers, the greater
contact between the electrolyte and steel fiber, showing a reduction of
R3 resistance related to the current including ion flow and fiber elec-
tronic current within the pore solution in UHPFRC (Fig. 10 (b)). It should
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Fig. 10. (a) Nyquist scheme; (b) The volume resistance on the designed UHPFRC.

be noted that the effect of electrode resistance (R1) and the second arc
(R2) at the medium-high frequency is not the focus of this work, whose
stray arc is caused by the polarization effect of sample-electrode in-
terfaces and double-layer polarization behavior of fiber-electrolyte [47],
respectively. As shown in Fig. 10 (b), it is apparent that the initial
damages cause an obvious reduction in the resistivity compared to
Group An under the same fiber content. The resistance reduction in the
designed UHPCs of B3, C3 and D3 are gradually reduced by 6.3%, 8.3%
and 7.7%, respectively, compared with A3. Both cracks and steel fiber
addition will lead to the decline of resistance of UHPCs. The increased
steel fiber will sharply increase the current and radically reduce the
resistance due to its natural conductivity [22,47]. The existence of
cracks provides erosion channels for ion current and electronic current
to pass through, showing an increase in corrosion risk.

Fig. 11 presents the relation of R3 volume resistance and corrosion
current density of all designed UHPFRC. It is clear that the corrosion
current density is continuously increased from 0.0589 pA/cm? to

25

0.7814 pA/cm? as the initial damages increase under the same fiber
amounts. Regardless of the fiber contents, Group D has the highest
corrosion current density and lowest volume resistance mainly due to
the serious initial damage subjected. The more fiber amount tends to
produce higher corrosion current density resulting from its strong
electrical conductivity, significantly reducing the volume resistance of
UHPCs. Under the condition of heat and stress damage, more micro-
cracks are generated, increasing the contact area. Combined with the
addition of fibers, more defects are brought into the matrix and con-
nected with the micro-cracks. Under these conditions, the pores are
rapidly occupied by ion flow and steel fiber electronic currents. Then,
the exchange action between anions and iron ions in the pore solution is
strengthened, which further increases the corrosion risk. As such, the
mechanical properties of UHPC are degraded due to the fiber corrosion
influenced by initial microstructural defects.
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Fig. 11. Relation of volume resistance and corrosion current density on designed UHPFRC.



Z. Song et al.

3.4. Corrosion deterioration: matrix damage and microstructure
alteration

Fig. 12 exhibits the cover damage or even peeling off of the substrate
after corrosion of UHPFRC with initial defects. As shown in Fig. 12 (a),
when UHPFRC encounters initial defects accompanied by microcracks
and pores, the increased steel fiber content accelerates its spalling
damage. This is due to that more steel fibers generate an effective strong
conductive network, which accelerates the corrosion deterioration de-
velopments in UHPFRC under the action of electric fields and erosive
solutions. A high fiber content (e.g., more than 2 vol%) would thus
greatly impact the corrosion resistance [1[23]. The implication of initial
defects on the corrosion resistance of UHPFRC is also presented in
Fig. 12 (b). It is clear that the cover damage of UHPFRC with initial
defects is obviously observed and its deterioration depends with the
increasing degree of initial defects. Thus, under the same fiber contents,
severe cover damage is observed in D3, and slight damage can be found
following the order: C3 > B3> A3.

Fig. 13 compares the pore size distribution of the designed UHPFRC
specimens with and without corrosion measured by MIP test, which can
be used to explain the deterioration of mechanical performance. From
Fig. 13, the pore size and pore volume of the corroded sample signifi-
cantly increase with the increased degree of the initial defect and fiber
contents, following in the order of D3-after > C3-after > B3-after > A3-
after, and D3-after > D2-after > D1-after, respectively. The most sig-
nificant increment of porosity is in the case of D3 subjected to heat-
treatment and most severe preloading, indicating the formation of
more microcracks and pores caused by fiber dissolution and corrosion
(Fig. 14). This is consistent with the view that the initial damage de-
teriorates the microstructure and mechanical properties of UHPFRC as
described in Sections 3.1, 3.2 and 3.5. For the selected sample of D3-
after corrosion, a higher value in pore size, cumulative pore volume
and total porosity up to 35% are observed (Fig. 13(c)), compared to the

4
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sample of D3-before corrosion. Further, under the same fiber contents,
the porosity shows an increased rate of 3%, 13% and 56% in the
corrosion of B3-after, C3-after and D3-after, respectively, compared to
A3-after corrosion. As the increased pore size and porosity reduce the
transmission resistance of the ion, benefiting the corrosive ions to
penetrate into the matrix more easily [48]. The pore size shows an
increased trend of 46% and 78% in D2-after corrosion and D3-after
corrosion, compared to the D1-after. This might be because the accel-
erated corrosion dissolves the steel fiber and coarsens the microstruc-
ture, together loosening make the matrix. Such a phenomenon could be
the vital results of the mechanical deterioration caused by corrosion
influenced by the initial defects and fiber contents (Fig. 16).

To further evaluate the status of steel fiber and fiber-matrix interface
in the designed UHPFRC, SEM images are observed for samples after
being subjected to corrosion as presented in Fig. 14. It is clear that the
steel fibers are oxidized severely, and the fiber interface becomes from
smooth to rougher even fractured, decreasing the effective area of steel
fiber. For the control group (Fig. 14 (A3)), no obvious steel fiber
dissolution and visible cracks can be observed, showing limited deteri-
oration. Apart from the incompatible expansion induced by heat stress
and external loading stress, new cracks are formed and connected due to
steel fiber corrosion. Once subjected to a heavier initial defect, fiber
corrosion deepens as a consequence of accelerated corrosion through the
existing micro-cracks which provide open channels to erosion. Even the
new micro-cracks are generated in the matrix especially near fiber due to
the expanding force of fiber corrosion. The deterioration such as the
number and width of micro-cracks even fiber dissolution becomes
greater with the increased initial defects in the case of the same fiber
contents (Fig. 14 (A3, B3, C3, D3). Under the same initial defects, pores,
microcracks and fiber dissolution deepen with the increasing fiber
contents (see Fig. 14 (D1-D3)), accompanied with the increase of
porosity. Consequently, the mechanical performance of the designed
UHPFRC is greatly reduced in the case of Group D with the most severe

C1-after corrosion . D1-after co 6sion

(b) Effect of the increasing initial defects

Fig. 12. Pictures of the designed UHPFRC after subjected to corrosion.
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initial defects.

3.5. Strength deterioration caused by corrosion

Fig. 15 plots the quantitative relationship between porosity and
compressive strength to further investigate the initial defects-induced
performance reduction of the designed UHPFRC before corrosion.
Strong relationships in UHPFRC between porosities and compressive
strength are found with a highly fitted R? (0.89-0.99), with different
initial defects under the same fiber content from 1 vol% to 3 vol%.
Regardless of fiber contents, the compressive strength of UHPFRC before
corrosion is followed in the order D < C < B < A according to the
degree of the initial defect. The compressive strength before corrosion
achieves the highest when the fiber content reaches 3 vol% under the
same group initial damages. This is consistent with previous studies [2,
49] that performance increased with the fiber increasing, resulting from
that increased stress can be absorbed by the homogenously distributed
fibers, consequently preventing the deterioration and propagation of
crack.

The results further confirm that heat damage and preload would
reduce the compressive strength, resulting from the porosity increased
by initial defects. Heat damage would accelerate the occurrence of more

10

defects due to the serious decomposition of the hydration products,
coarsening the pore structure and the degradation of the interface be-
tween matrix and fibers [14]. The compressive performance before
corrosion of Group B is obviously deteriorated by 7.4%, 5.7% and 4.9%
with fiber contents ranging from 1 vol% to 3 vol%, respectively,
compared with control Group A. Combined effect of the heat and stress
would result in a defective physical structure (e.g., more cracks and
pores), causing an obvious reduction in compressive strength. Regard-
less of the fiber content, the compressive performance of Group D drops
severely (Fig. 16). The reduction level is evident with the stress rising,
decreasing by 8% for D3, compared with B3. It can be concluded that the
strengthening stress in the specimens affects the propagation and
expansion of the micro-cracks and pores, when the tensile stress is
greater than the tensile strength of UHPFRC, micro-cracks will pass
through the pores [50,51], causing the initial damage to worsen. The
number and width of micro-cracks will increase with the heat damage
and the preload, moreover, more defects are generated near the inter-
face between fibers and the paste, resulting in the deterioration of me-
chanical properties in UHPFRC.

Fig. 16 exhibits the compressive strength before and after corrosion
of all tested UHPFRC specimens with different initial defects. The
compressive strength subjected to the accelerated corrosion of control
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Fig. 15. Correlation of porosity and strength on designed UHPFRC
before corrosion.

group A with fiber contents from 1 vol% to 3 vol% are 75-80 MPa,
smaller than those (151.3-156.2 MPa) of the specimen before corrosion.
The compressive strength decreased by the initial damage and corrosion
process, and the fastest decreasing rate of compressive strength after
corrosion is found to be more than 50% for the sample of D3 subjected to
the largest initial defects. The compressive strength of D3 samples before
and after corrosion is 137.1 and 70 MPa, respectively, while the
compressive strength subjected corrosion for samples of B3 and C3 is 77
and 73 MPa, respectively. In general, the compressive strength after
corrosion shows a decreasing trend with the increase of initial defect
degree under the same fiber contents, where all the strengths follow this
trend: D < C <B < A. Such mechanical deterioration is due to the fact that
the initial defects promote the development of electrochemistry,
resulting in corrosion of steel fibers and even fracture or dissolution
within the matrix. It has been reported that steel fiber corrosion can be
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Fig. 16. Compressive strength of the UHPFRC before and

after corrosion.

designed

promoted by the action of current and electrolyte solution through the
defects of micro-crack and pores. And the multi-fiber is more easily to
produce galvanic corrosion, accelerating the formation of corrosion
products such that Fe203-nH20 on the fiber surface [8], and decreasing
the effective area of steel fiber even the fiber-matrix interface, conse-
quently resulting in the strength deterioration of UHPFRC.

4. Discussion
4.1. Corrosion risk of UHPFRC with initial defects

The water-permeable porosity can be used to characterize the initial
damage in the designed UHPFRC, because it is highly dependent on the

development of internal damage (e.g. cracks and pores). Based on this, it
is valuable and reliable to use it to describe the microstructure change
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and corrosion risk in the designed UHPFRC.

The experimental data and regression curves of correlation among
porosities, fiber contents and initial damages are separately plotted in
Fig. 17. Regardless of initial defects, the results manifest that the po-
rosities are influenced by the fiber contents in UHPFRC, reflected by
clear relationships with excellent R? (0.98-0.99). It is apparent that the
fiber contents would have an unfavorable effect on the porosities in
UHPFRC [45]. The current results further certify that the physical de-
fects (e.g. air introduction) increase with the increase of fiber content.
This will reduce the matrix compactness, consequently resulting in a
parabolic increase of porosity.

It is clear that the corrosion risk of UHPFRC is significantly affected
by the microstructure [25] and fiber contents [22], demonstrated in
Fig. 18 (a) and (b). Fiber resistance is far less than that of matrix, and it
decreases significantly with the increase of fiber content due to the
better connectivity and high conductivity [22], ultimately increasing the
corrosion risk [22,29]. The porosity increases with the increased dam-
age in the same case of fiber contents, resulting in a slight decrease in the
matrix resistance. Clearly, the matrix resistance decreases with
increasing porosities due to various initial damages and fiber amounts,
and drops sharply with fiber addition. The matrix resistance with 1 vol
%, 2 vol% and 3 vol% fibers is 15-16 kQ, 13-15 kQ and 11-13 kQ,
respectively.

The corrosion risk of steel fiber-reinforced cement-based material is
affected by the fiber contents and the microstructure defects [22,25,52].
A conceptual model concerning porosity/corrosion risk is proposed,
presented in Fig. 18 (c). There are obvious defects around the fibers
(Fig. 4), and the ITZ of fiber-matrix becomes weaker as the fiber in-
creases [4,25,53]. Electrochemical corrosion process of steel fiber and
harmful ions are influenced by the porosities [52]. The greater micro-
structure damage and fiber content, the more pores and higher corrosion
possibility, resulting from that the current in the form of electron flow is
more inclined to enter the fiber [54]. Defects caused by micro-structural
damage and fiber adding have a twofold influence on the corrosion risk
of cement-based materials. Firstly, the matrix defects will affect the Fe?*
migration, control the Fe?* concentration, then affect the electro-
chemical reaction, consequently affecting the fiber corrosion. Secondly,
the defect determines the contact area between the fiber and electrolyte
[55]. As micro-cracks and micro-voids are formed, more shortcuts for
the oxygen, water, and the anions in the solution provide access to the
matrix by the electrical migration, and increase the contact surface be-
tween harmful substances and fiber-matrix. Fe?" moves through
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Fig. 17. The correlation between water-permeable porosity and fiber content
of the designed UHPFRC.
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micro-cracks and loosens pore structures, then the unstable Fe?* trans-
form into Fe>". When they are constantly in contact with anions such as
oxygen, water and chloride ions in micro-cracks and micro-voids,
swapping electrons and reaching equilibrium, the fiber surface is
constantly dissolved, resulting in the reduction of corrosion potential. A
macroscopic decrease in the volume resistance of samples occurs,
consequently increasing the corrosion risk.

4.2. Pore structure accelerated corrosion deterioration

This work investigates the initial defects on the corrosion risk and
corrosion-induced deterioration in UHPFRC and the results are
compared to the control samples without initial damage, where the
initial damage is realized by artificial method of heat or loading stress to
accelerate the cracks formation. The corrosion risk and corrosion-
induced deterioration of UHPFRC are affected by the pore structure
and steel fiber contents. The different degrees of damage and steel fiber
content lead to varied initial microcracking, pore structure and inter-
facial bonding strength of steel fiber-matrix in UHPFRC, which de-
termines the corrosion deterioration brought by the generation and
aggregation of microcrack. Increased pore structure directly results in
the deterioration of mechanical performance in concrete [25], so does
UHPFRC, especially when it suffers from initial defects brought by for
instance steel fibers addition during the casting process and external
damage like thermal or loading induced new micro-cracks during the
service life. As described in Sections 3.1 and 3.3, as the damage in-
creases, the fiber-matrix interface becomes weaker and the porosity
increases, and the porosity of D3-before corrosion is elevated by 14%
compared to A3-before corrosion. Such pores caused by the initial
damage and steel fibers addition are equivalent to providing an open
pore environment for the aggressive ions from the external environment.
When steel fiber corrosion occurs, the internal macropores are likely to
appear caused by the gradual dissolution of the steel fibers (diameter
200 pm), and the overall pore size is elevated (see MIP results of Fig. 13
(a) and (b)). As corrosion products continue to increase, the volume
expansion pressure generated by the corrosion products continuously
squeezes the uncorroded fibers themselves and the surrounding matrix
[48], triggering the splitting of the steel fibers (Fig. 14, BSE image of
specimen subjected to accelerated corrosion), and even increasing the
width of the existing cracks or newborn cracks. As a result, the corrosion
rate increases with the increasing contact area between aggressive so-
lution and steel fibers. The steel fibers rapidly encounter electro-
chemical corrosion, and the fine steel fibers corrode even become new
pores, which further increases the porosity, showing a high increase up
to 35% in D3-after corrosion compared to D3-before corrosion. This is
responsible for the mechanical deterioration of the defective UHPFRC,
which leads to approximately 52%-56% reduction in compressive
strength.

5. Conclusions

The impacts of steel fiber contents and initial defects in UHPFRC on
its corrosion risk and corrosion-induced deterioration are investigated in
this work. The effects of initial defects on corrosion risk and corrosion-
induced deterioration are comprehensively evaluated. This work sheds
light on the understanding of corrosion risk and deterioration of the
UHPFRC containing initial micro-defects. Based on the experimental
results, the main conclusions can be drawn:

e Initial defects combining thermal treatment and pre-loading would
cause a larger reduction of 16.8% and 24.3% on the C-S-H gel and
Ca(OH),, increase the porosity by micro-crack and voids, producing
a poorer physical structure and deteriorating strength caused by the
incompatibility of the thermal and loading stress. With the
increasing porosity, chloride migration shows an increasing trend
and chloride ions rapidly penetrate the matrix under the action of the
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external electric field, and break down the passivation film of steel
fibers, causing the corrosion risk.

The corrosion risk is influenced by the coupling effect of matrix de-
fects and the fiber’s conductivity. A higher porosity produced by
initial defects and larger fiber content leads to an obvious reduction
in volume resistance of UHPFRC, resulting in a greater corrosion risk.
All samples with 3 vol% fibers show the highest corrosion risk,
especially the samples that suffer from the coupling effect of high-
temperature exposure and the most severe mechanical damage.
The performance of UHPFRC reduces with the increased initial de-
fects, where the compressive strength of the specimen subjected to
defects from light to heavy decreases by 5%, 12% and 14%,
respectively compared to that without damage at 3 vol%. Moreover,
the strength of damaged UHPFRC is notably reduced by corrosive
environments: approximately 52%-56% of the compressive strength
decreased in the UHPFRC containing initial micro-defects with 3 vol
% subjected to the largest pre-loading and heat damage.
Micro-cracks and pores caused by initial damage are the main
channels to accelerate fiber corrosion, and in turn the increased fiber

corrosion leads to an increase in micro-cracks, porosity and ions
transport. Under the action of steel fiber dissolution and matrix
loosening via the electric field and erosive solution, the porosity of
UHPFRC shows a increasing rate up to 35% and pore structure be-
comes coarser once the occurrence of corrosion. Moreover, the
increased fiber contents improve the porosity as high as 46% and
78% in fiber addition of 2 vol% and 3 vol%, respectively, compared
to that of 1 vol% subjected to corrosion.
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