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ABSTRACT

Chloride-induced corrosion of ultra-high-performance fiber-reinforced concrete (UHPFRC) inevitably affects
structural durability. However, the process of multi-fiber corrosion and mechanical deterioration still lacks
sufficient understanding. This work aims to reveal the fiber corrosion degradation mechanism from a micro-
scopic to macroscopic view, applying multiple analytical analyses of atomic absorption spectrometry, SEM-EDS,
nano-indentation, polarization, and macroscopic mechanical testing. Results show that the flexural strength of
specimens decreases significantly with the increase of corrosion degree, and a clear reduction of up to 47% is
found at a high corrosion degree. Elastic modulus and nano-hardness of corroded samples vary in a wide range of
30-189 GPa and 0.16-6.41 GPa. With the increase in fiber content, two distinctive corrosion mechanisms are
proposed. The corrosion path deteriorates from fiber edge to inner by the invasion of erosive solution through the
matrix at low contents (<2 vol%). Considering impurities, greater interfacial defects and macro-cell potential
differences at high contents (>2 vol%), another corrosion path originates from the fiber inner outward to the
matrix. Fiber corrosion damages the fiber’s structural integrity and induces matrix deterioration, the micro-
mechanics of the matrix along the fiber edge 20 pm decreases at least 10% more than the concrete matrix. This
work firstly sheds light on the mechanical deterioration of UHPFRC from the perspective of fiber corrosion paths

considering different initiation scenarios.

1. Introduction

Steel fiber distributed in Ultra-high performance fiber-reinforced
concrete (UHPFRC) can play an effective bridging role, by alleviating
stress concentration and restraining crack propagation of structure, and
increasing energy absorption before failure [1-5]. Previous studies
claim that UHPFRC with a high-quality dense structure has a much
lower corrosion risk compared to plain concrete [1,6-10]. However, a
complex environment with a large number of erosive ions poses a great
threat to steel fibers in Ultra-high performance concrete (UHPC) due to
its iron nature, which increases the corrosion possibility of UHPFRC
[11,12]. Inevitably, microstructure defects of micro-cracks generated
during the process of manufacturing and engineering services, as well as
the poor interface between fibers and the surrounding matrix, are
responsible for the occurrence of steel fiber corrosion [12-15]. Once the
corrosive solution reaches the surface of the steel fiber through micro-
cracks, it will cause corrosion of the steel fiber, and the interactive
steel fiber itself will accelerate the macro-cell corrosion development of

UHPFRC.

Fiber corrosion would strongly impair the structure durability
[11,16-19]. Previous studies related to detrimental effect of fiber
corrosion on UHPFRC mainly focus on macro-mechanical performance
[11,20-23]. Most researchers agree that multi-fibers corroded in
UHPFRC could reduce mechanical strength, resulting from corrosion of
bridging fibers, corrosion cracking and cambia spalling of concrete
[11,20,24,25]. For strength degradation caused by fiber corrosion, some
conceptual mechanisms have been proposed. Song et al. [11] and Fan
et al. [24] attributed strength reduction of fiber-reinforced concrete to
increase of connecting conductive fiber amounts in which formation of
conductive pathways accelerates occurrence of corrosion. Lv et al.
[15,20,26] reported that the lower mechanical performance is derived
from continuous invasion of chloride ions, which would cause fiber
corrosion and induce corrosion cracking with the expansion force pro-
duced by corrosion products in severe cases. Meson et al. [19,25] argued
that corroded steel fiber, deterioration of matrix around crack and steel
fiber-matrix interface have adverse effects on long-term mechanical
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properties of structure. Previous researches have assigned the essential
reason for degradation of macroscopic mechanical properties to trans-
formation in internal microstructure. But variation of microstructure in
fibers corrosion affecting deterioration of mechanical properties in
UHPFRC is still unclear, especially how corrosion evolution paths of
steel fiber differ significantly at different fiber contents and corrosion
degree.

As mentioned above, investigation of micro level on fiber corrosion
in UHPFRC is scarce. In previous study [20], although the influence of
steel fiber corrosion on tensile mechanical properties of UHPFRC is
researched from micro level, only morphology of microstructure is
evaluated. They do not involve quantitative characterization of micro
mechanics caused by microstructure change and fiber contents induced
variation of corrosion evolution process. So, mechanical degradation in
UHPFRC is not fully characterized from microscopic perspective. In re-
ality, stress area of steel fiber is damaged when concrete structure is
subjected to corrosive environment [27,28]. Besides, with aggravation
of corrosion, hardness of matrix decreases sharply, resulting in the
decrease of bonding property between fiber and local matrix [29,30].
Consequently, internal microstructure will be changed, resulting in
gradual deterioration of interface between steel fiber and matrix by
increased fiber corrosion, and degraded matrix by the expansion force of
corrosion products. It is inevitable that above changes will lead to the
transformation in micromechanics, which will affect cracking strength
of concrete structure. Moreover, it is not clear whether corroded steel
fiber can still effectively bridge matrix and continue to exhibit good
strain hardening properties in UHPFRC. Therefore, steel fiber corrosion
of UHPFRC from the perspective of microstructure and micromechanics
should be studied, and its influence on macroscopic mechanical prop-
erties requires to be surveyed, which has never been reported thus far.

In most of the investigations on steel fiber corrosion, electrochemical
accelerated corrosion is employed [15,20,24,26], especially considering
the dense structure of UHPC where natural corrosion is too time
consuming [21,31]. Chen et al. [15,26] investigated the corrosion
behavior and mechanical performance of reinforced SFRC using
impressed direct current until target corrosion degrees were reached.
Nevertheless, most studies applying accelerated corrosion are based on
only a single steel bar or one steel fiber to investigate reinforcement
corrosion development in UHPC [24,32,33], which goes against original
intention of multi-fiber corrosion characterization of UHPFRC. Since
resistance of matrix is much higher than that of steel fiber, multi-fibers
in UHPFRC are not as easily corroded as only one rebar by direct current.
In order to explore the influence of fiber corrosion on macroscopic
mechanical properties in UHPFRC, corroded steel fibers are often
directly added to fresh UHPC paste that even shows an improvement in
mechanical properties [34]. The result is controversial which ignores
that fiber corrosion is a dynamic evolution process and will have an
impact on surrounding matrix. Hence, it is imperative to propose a new
reliable accelerated corrosion method for UHPFRC.

This work aims to shed light on corrosion evolution and deterioration
of mechanical performance in UHPFRC from perspective of micro-
mechanics. Electro-chemical workstation, as a bridge between micro-
scopic change and macroscopic degradation, is applied to characterize
electro-chemical characteristics of different fiber corrosion degrees in
UHPFRC. The concentration of Fe>" in leachate is measured by atomic
absorption spectrometry (AAS) to quantitatively characterize corrosion
degree of UHPFRC at different positions. Then, scanning electron mi-
croscope (SEM) is applied to characterize micro-structure of fiber
corrosion, and the propagation of steel-fiber corrosion-induced defects
such cracks and pores. In addition, the distributions of erosive elements
and dissolved iron are analyzed by energy dispersive spectrometry
(EDS). Moreover, nano-indentation is used to quantify micro-
mechanical properties in corroded/non-corroded area of fiber and ma-
trix. Lastly, strength test including compressive strength and three-point
flexural measurements is used to study the influence of fiber corrosion
on mechanical properties, and the strain hardening relationship
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between fiber content and corrosion degree. Through these multi-scale
observations, corrosion evolution paths of fiber induced mechanical
degradation in UHPFRC are systematically studied, accounting for the
relationship between fiber contents and corrosion degree.

2. Experimental approach
2.1. Materials and specimen preparation

The designed mixture presented in Table 1 were employed to prepare
samples. Class Cement PIle 52.5, micro-silica and limestone were used
as binders to prepare UHPC with a constant water to binder ratio of 0.18.
Chemical and physical properties of used powder were analyzed by X-
Ray Fluorescence (XRF), gas pycnometer (AccuPyc 1340 II Pycnometer)
and Brunauer Emmett Teller (BET), respectively, as shown in Table 2.
Microstructure of used powders was presented in Fig. 1 (a ~ ¢), which is
measured by SEM. In addition, quartz sand with four kinds of particle
size fractions (124-250 pm, 250-420 pm, 420-840 pm, 840-2000 pm)
were used as aggregates. The particle size distribution of above-
mentioned materials was analyzed by sieve and laser particle size
analyzer (Bettersize 2000E), presented in Fig. 1(d). The straight steel
fiber with a length of 13 mm and diameter of 0.2 mm was applied with 5
different volume amounts of 1%, 1.5%, 2%, 2.5% and 3%, respectively.
Table 3 showed the geometrical and physical properties of used fibers.
The liquid polycarboxylate-based superplasticizer with a solid content of
30% was incorporated in the mixture to acquire self-consolidating
property as well as to help to disperse steel fibers.

The fresh UHPFRC were cast into the mold of 40 x 40 x 160 mm?,
detailed preparation process was shown in Fig. 1 (e). Then all fresh
UHPFRC prism were sealed with plastic wrap and stored in the curing
chamber at 20 °C for 24 h. Subsequently, all specimens were demolded
and cured in water in the curing chamber at 20 °C until 28 days.
Accelerated corrosion tests were carried out with different duration after
28 days curing period, which can obtain a unified initial condition to
investigate the degradation mechanism of corroded UHPFRC with
different degree.

2.2. Test methods

2.2.1. Accelerated corrosion

Before accelerated corrosion or electrochemical test, all specimens
were saturated in vacuum. In order to simulate a stable corrosion
environment, a constant voltage at 60 V was applied to all specimens by
DC galvanostatic. Corrosion cycles were 0, 14 and 28 days with the aim
to fabricate three corrosion degrees of I, II and III. Details of accelerated
corrosion test were shown in Fig. 2, CFRP cloth was used to cover
specimen’s surface. In order to prevent water evaporation, outer layer of
CFRP cloth was wrapped with waterproof materials (positive electrode),
and 40 x 60 mm? stainless steel plate served as the negative electrode.
Then the prepared specimen and stainless steel were placed in the 3.5 %
salt solution together. It should be noted the naming principle of

Table 1
Mixture proportion.

Quantities Mass (kg/m>)
P.II 52.5 cement 712.5
Micro-silica 47.5
Limestone powder 190
Superplasticizer 19

Water 158

Sand 1# (840-2000 pm) 483.2

Sand 2# (420-840 pm) 338.2

Sand 3# (250-420 pm) 132.9

Sand 4# (124-250 pm) 253.7

Steel fibers 1%, 1.5%, 2%,2.5%, 3% by total volume of mixture
Water-binder ratio 0.18
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Table 2
Chemical and physical properties of powders.
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Substance (%) CaO Si0, Al,03 Fe,03 SO3 MgO TiOy Mn304 LOI Specific density(g/cm®)/BET surface area(m?/kg)
cement 64.61 19.20 4.17 3.69 3.33 1.31 0.22 0.10 2.04 2.99/944

micro-silica 0.05 96.33 0.16 0.28 / / / / 0.88 2.23/9716

limestone 53.55 0.62 / 0.01 1.88 0.64 / 0.01 42.63 2.75/1353

designed specimen, e.g. Ul-I/II/IIl. Number 1 to 3 and I / II / III
represent UHPFRC sample with fiber amounts from 1 vol% to 3 vol%,
corrosion degree of no corrosion (I), slight corrosion (II) and heavy
corrosion (III), respectively.

2.2.2. The determination for chloride diffusion depth

The penetration depth of chloride ions was measured by AgNOs [29].
The AgNOj3 solution was sprayed on the split surface of 40 x 40 mm?
chiseled from the middle of designed specimen. AgCl (white precipita-
tion) generated on the surface can be used to determinate the diffusion
depth of chloride ion, presented in Fig. 3.

2.2.3. Iron concentration measurements

In addition, atomic absorption spectrometry (contrAA700) was
employed to quantitatively determine iron ion concentration in corro-
sion area of sample at the location of 0-4 mm, 8-12 mm and 16-20 mm,
respectively, considering that corrosion is triggered from external sur-
face. Each split prism was separated by three areas to collect represen-
tative data. Samples were chiseled from same longitudinal split section,
on a three contour profiles with 4 x 40 mm? area and 1.0 mm + 0.1 mm:
at an equal spacing of 4 mm in Y-axis, presented in Fig. 3. After removing
steel fibers, three blocks chiseled from same depth were ground into
powder. Powdered samples at selected area were collected, each totaling
at least 2.0 g to complete iron concentration measurements. Then the
powder was pretreated by acid and diluted with deionized water. High-
speed centrifuge was used for solid-liquid separation after oscillation by
a vibrating machine for 24 h, and finally settled solution was extracted
for testing. Iron ion concentration was expressed by mg/L.

2.2.4. SEM and EDS analyses for steel fiber corrosion evolution

In this section, areas including evolution zones among non-corroded
steel fiber, corroded steel fiber, steel fiber edge and matrix were selected
for microstructural analysis by scanning electron microscope (TESCAN
MIRA3). Processing steps of samples for SEM-EDS analysis were as fol-
lows: first, a UHPFRC block with a size of 15 mm x 20 mm x 5 mm was
cut from fracture prism, immersed in alcohol to terminate hydration and
dried in the oven. Then, each block was placed into the cylinder mold
with a diameter of 25 mm and a height of 20 mm and filled with epoxy
resin. Finally, samples were further treated by polishing with 400, 800
and 1200 mesh sandpapers to smooth surfaces and finally coated with
gold for both secondary electron images (SE) and backscattered electron
images (BSE) observations. A Gemini 500 SEM analyzer equipped with
an energy dispersive spectrometer (EDS) was applied to observe
microstructure of fiber corrosion in UHPFRC, with an accelerating
voltage of 30 kV. This analyzer had a high resolution which can inves-
tigate fiber surface morphology and micro cracks, respectively. EDS
spectra were applied to determine the distribution of elements in
corrosion area of steel fiber, mainly including copper, iron, oxygen,
chloride, and silicon. The distribution and content of oxygen can be
identified as the regional distribution of corroded steel fibers.

2.2.5. Nano-mechanics degradation caused by fiber corrosion

The sample was processed into cylinder with a diameter of 25 mm
and a thickness of 20 mm to measure nano-mechanics evolution caused
by fiber corrosion. In order to acquire a representative data [35], it was
necessary to use diamond polishing machine to do a coarse grinding and
polishing for sample. Processing process of coarse grinding and polish-
ing were described as following. Samples are ground by 400, 800, and

1200 grit abrasive paper with each step last for 15 min, and polished by
9, 3, 1 pm polishing cloth with oil-based diamond suspension for at least
30 min/step. Alcohol was continuously used to contact the sample
surface during the grinding and polishing process. Then, samples were
washed in ultrasonic cleaner with alcohol. Finally, samples were placed
in a vacuum drying oven at 40 °C for 24 h, sealed and stored in the
desiccator until testing.

Ti950 triboindenter nano-indentation apparatus manufactured by
Hysitron Company was used to obtain the relevant nanoscale mechanics
parameters in this work. 10 x 10 grids with a grid spacing of 20 pm are
applied for each measured area, and 100 indentation points were
collected. The data processing process of nano-indentation was shown in
Fig. 4. The fiber edge was taken as the reference line for analysis, and the
spacing cycle of elastic modulus/hardness distribution in the sample was
20 pm. The selected scanning points of non-corroded/corroded steel
fiber, fiber edge and matrix fall on the circumference with diameters of
0 to 60 pm, 80 to 100 pm and 120 to 180 pm, respectively, as detailed in
Fig. 4. The indentation hardness (H), indentation modulus (M) and the
elastic modulus of the testing point (E) were calculated applying egs.
(1-3) according to the classic Oliver-Pharr principle [36].

PmﬂX
H= A, )
R
M= V& @
_ i1 (1*“?) o
E—(l—u){M—T} ®)

where, Pnqy, Ac and S represent peak load, contact area at the point of
peak load and the slope at the top of the unloading curve, respectively. f§
and v are the constant indenter correction coefficient depending on
Berkovich indenter geometry, and poison’s ratio in cement-based ma-
terials, respectively. v; and E; are the poison’s ratio and elastic modulus
of indenter, respectively. A diamond indenter is employed in this paper,
with § =1.034, v = 0.25, v; = 0.07, E; = 1141GPa [37].

2.2.6. Bridging role by Tafel polarization test

Accelerated corrosion was an electrochemical process that can
accurately assess the corrosion potential and current density of fiber-
reinforced cement-based materials by Tafel polarization curve [24,38].
Polarization testing can help to reveal the relationship between micro-
structure evolution and macroscopic mechanical degradation of fiber
corrosion in UHPFRC. A standard 40 x 40 x 160 mm? specimen was
placed in electrolyte and measured by three electrodes. The working
electrode was connected to copper, the opposite electrode to stainless
steel, and the auxiliary electrode to Hg electrode. An open circuit po-
tential test was performed for at least 60 min to obtain a stable voltage
before Tafel polarization testing.

2.2.7. Degradation characterization of macroscopic mechanical properties

Afte electrochemical test, three-point flexural test was applied to
evaluate flexural properties (e.g. ultimate load, mid-span deflection,
cracking in real-time) of UHPFRC at a loading rate of 0.2 mm/min [9],
using a commercial mechanical testing machine with a maximum
loading capacity of 100 kN. The designed span length was 100 mm, and
the beams were revolved 90° from casting coarse surface to reduce
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Table 3
Property of steel fiber.
Diameter Length Aspect Density Tensile Elastic
(mm) (mm) ratio (g/cms) strength modulus
(MPa) (GPa)
0.2 13 65 7.9 2500 200

decentered effect, shown in Fig. S5 (Supplemental Information). After
flexural test, compressive strength experiment was carried out to split
specimens.

3. Experimental results

3.1. Surface morphology and water-soluble chloride distribution caused
by corrosion

The images of UHPFRC specimen in Fig. 5 showed an obvious
corrosion damage. Clearly, corrosion area or concrete spalling became
more and more serious with the increase of steel fiber contents and
corrosion degree. It is attributed to that the more fiber content is, the
smaller spacing is (see Fig. 5 (a)), which can easily form an effective
lapping in matrix and accelerate the development of corrosion [11,20].
It can be observed that the corrosion area expanded that caused a looser
structure or even spalling of concrete cover, as presented in Fig. 5 (b,c).

When there was no corrosion damage, the penetration depth of
chloride ions was almost negligible. No matter how many steel fibers are
present, it is difficult for chloride ions to invade UHPC due to the dense
structure [39]. The measured chloride depth of UHPFRC with various
fiber amounts at corrosion degree II and III were presented in Fig. 6 (a).
Chloride ion penetration depth of UHPFRC incorporating 1 vol%, 1.5 vol
%, 2 vol%, 2.5 vol% and 3 vol% at corrosion degree of Il were 4.34, 4.35,
7.05, 7.44 and 8.43 mm, respectively. Meanwhile, chloride ion pene-
tration depth in corroded UHPFRC with the same fiber amounts at
corrosion degree of III was gradually increased to 9.7, 11.79, 12.47,
16.74 and 18.48 mm, respectively. As can be noticed, chloride ion
penetration depth of corrosion II and III were gradually increased from
1% to 94% and 22% to 91%, respectively, with the increase of fiber
amounts from 1.5 vol% to 3 vol%, compared with that of 1 vol%.
Chloride ion penetration depth of U-III samples with five fiber contents
were found 2.24, 2.71, 1.77, 2.25 and 2.19 times greater than that of
corrosion II ones, respectively. Therefore, all chloride ion penetration
depth were enlarged with the increase of fiber contents and corrosion
degree. The results above can be explained that fiber corrosion in
UHPFRC occurs when the chloride ion content exceeds the threshold,
which is related to matrix porosity and exposure condition [40,41], as
well as fiber contents [11]. The larger diffusion of the UHPFRC with
higher fiber contents is mainly due to the weak interfacial area between

Pre-processing
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fibers and paste, resulting in a higher interfacial porosity [42,43]. The
steel fibers with a smooth surface serve as a wall to prevent the uniform
distribution of hydration products, generating a discontinuous region.
The wall effect of steel fibers prevents the precipitation and uniform
distribution of hydration products [42,44]. Also, more air pores would
be formed around the fibers, resulting from the discontinuous structure
of hydration products. Therefore, steel fibers induce the increase of
interfacial porosity to a certain extent, and at the same time, they are
easy to generate a network in the UHPFRC matrix, which provides a
circuit path for fiber corrosion during the erosion process [11,45]. The
present results indicated that when steel fiber content exceeds 2 vol%,
abundant fibers can effectively connect to each other, which increases
the diffusion of chloride ions and causes the dissolution of iron, resulting
in the increase of corrosion degree. In addition, with a longer erosion
time, chloride ions continue to invade, which deepen the fiber corrosion
and deteriorate concrete, shown as cracking and spalling, leading to a
more serious corrosion degree.

3.2. Fiber corrosion evolution determined by iron concentration

To determine corrosion degree, atomic absorption spectrometry
analysis was performed. Fig. 6 (b) displayed the iron concentration
(Fe®") at three specific distances of 0-4, 8-12 and 16-20 mm from
sample surface. Iron concentration of each specimen decreased from
outside to inside, and it is clear that the corrosion of UHPFRC first
occurred in outer layer. There was no obvious local variation in U2-I, in
which the measured values of position 1, 2 and 3 varied between 67.8
and 74.1 mg/L. As expected, the concentration of Fe3* at specific po-
sition height increased with the increase of fiber contents and corrosion
degree, indicating the deepening of corrosion. For instance, the values of
U-III at the surface were steadily increased from 327.1 to 343.9 mg/L
and reached the highest value of 597.2 mg/L, with the increase of fiber
contents from 1 vol% to 3 vol%. Compared with U2-I, Fe 3* concen-
tration of U2-II at 0-4, 8-12 and 16-20 mm were increased by 2.31, 0.46
and 0.28 times, while U2-III at the addressed location were increased by
4.07, 1.80 and 1.12 times, respectively. Results may be explained as
follows: chloride ion has a great impact on the corrosion resistance of
steel fiber, causing dissolution of fibers. The more fiber contents, the
larger porosities are introduced, and the stronger conductive network
are [11,45]. Moreover, with the increase of exposure time, specimen has
accumulated enough chloride ions to destroy the passivation layer of
fiber. The iron becomes ionized state and continuously dissolves in
matrix, resulting in the increase of Fe 3* concentration and causing
pitting corrosion or even heavy corrosion of fibers.

Sample

. DC galvanostatic

Electrolyte

ﬁ_‘. Block

Sample

CFRP cloth
I Plastic mold
- Stainless steel

Conductive wire

B Joint

Fig. 2. Schematic diagram of pre-processing and accelerated corrosion of UHPFRC.
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Iron: AAS

Fig. 3. The diagram of colorimetric indicators AgNOjz for chloride depth
detection (left) and the selected location for iron concentration testing (right).

*,—-AL"_'*—KQ:_—_A*-—#——*—_—.*-—*—'—'*-, -

Rt R N

20 um

A ke ke e ke g — ‘;I\

%

Lk -k K% :i‘"--‘* S

el

| 1 | [
|
| ! ! 1
| I o
| R B
]

|
spacing :
T | |
100 80 60 40 20 0 20 40 60 80 1!‘)0 120 140 160 180
| ¢ » [
[ | fiber inner | ‘ I
. « |
| edge Cycle 0 - 60 pm " edge ‘ I
L | matrix I
-+ =| )
| D =200um units: um

Fig. 4. Schematic nano-mechanism distribution of the

designed UHPFRC.

diagram for

3.3. Corrosion induced degradation in microstructure and
micromechanics

To further understand the degradation of micromechanics and
microstructure induced by fiber corrosion, specimens for micro-
mechanical and microstructural testing were extracted from the prism
samples subjected to various corrosion degree of L, II, III.

3.3.1. Microstructure analysis applying SEM-EDS

Fig. 7 (a) and S1 (Supporting information) presented the SEM image
of the cross section of designed sample, accompanied by EDS analysis.
For each specimen, several areas of interest were scanned to obtain a
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similar overall image, where the analysis area of fiber center, fiber inner,
fiber edge and matrix were marked as spot 1, 2, 3 and 4 in Fig. 7 (b) and
S1, respectively.

In this section, ten samples were used to characterize the micro-
structure for all test specimens with five fiber contents at two corrosion
degree (II, III), except the case of no corrosion damage, from which only
the sample with 2.5 vol% (U2.5-1) was selected. It can be observed that
there were no obvious dissolution of iron and rust in the case of
Corrosion I, and the matrix around fiber was compact, presented in
Fig. S1. When corrosion developed, sample U2.5-II showed some
obvious cracks and pores, which accelerated the penetration of chloride
ions and oxygen (see in Fig. S1). By corrosion degree III, steel fiber
gradually dissolved and split heavily by corrosive substances, and
corrosion products continuously permeated into matrix, shown in Fig. 7.
Thus, with the same steel fiber content, steel fiber was continuously
corroded and dissolved with the increase of corrosion degree. In addi-
tion, the dissolution and corrosion of fiber increased with the increasing
fiber contents under the same corrosion degree, which was verified by
U1, U1.5, U2, U2.5 and U3 of corrosion degree II/III in Figs. 7 and S1.

New defects such as cracks and pores are formed and connected due
to the steel fiber corrosion. Once subjected to corrosion, fiber corrosion
deepens through the existing micro-defects which provide open chan-
nels to erosion. Further, newborn defects are generated by the expand-
ing force of corrosion products. The new micro-cracks are generated in
the matrix especially near fibers due to the expanding force of fiber
corrosion, resulting in a greater deterioration with the increased
corrosion time or fiber contents under the same comparable condition.
These serious corrosion phenomena can be ascribed to the following
reasons: 1) adding fibers to UHPC leads to a weak interface in matrix
around steel fibers [14,46], which facilitates the invasion of corrosive
substances; 2) a number of conductive fibers effectively lapping in ma-
trix would generate an abundant circuit pathway. Fiber corrosion is
aggravated by the action of ion current from corrosive substances and
internal spontaneous current; 3) interstitial impurities (such as S, Mn,
Cu, Zn, Ti, etc., confirmed by EDS analysis and partly provided in
Fig. S2) are generated during fiber production. Crevice corrosion and
pitting corrosion of fiber occur in the existence of interstitial impurities,
which is similar to the crevice corrosion mechanism of crack between
rebar and mill scale [47]. Under the action of electrical current and ion
current, fibers have different degrees of splitting (such as U1-II, U2.5-III)
due to the non-uniform impurity interface of fiber itself. Furthermore,
steel fibers split seriously, e.g. U1.5/2-II and U1/2/2.5-1I1, presented in
Figs. 7 and S1. The loss of steel fiber hardness strongly deteriorates the
macroscopic mechanical properties of UHPFRC.

The quantitative EDS analysis of Figs. 7 and S1 were summarized in
Table 4, revealing all designed samples to investigate corrosion evolu-
tion. Measured values of Cl concentration and Fe/O atomic ratio varied
significantly with different fiber contents and corrosion degree. There
were two trends of chloride concentration among fiber center/edge and
matrix. The first was that the concentration of chloride ions in matrix
was higher than fiber edge, and fiber center is the lowest, as observed in
Table 4 of U1/U2/U2.5-I and U1/U2.5/U3-III which can be explained
that chloride ions continuously erode steel fiber through matrix. Due to
the dense structure of UHPFRC matrix, chloride ions continuously erode
the matrix first, leading to a high concentration of chloride ions in
matrix. The second trend of chloride concentration was: steel fiber
center > steel fiber edge > matrix, e.g. U1.5/U3-II and U2-IIL It can be
mainly attributed to that erosive solution continuously accumulates in
fiber inner along the weak interface provided by impurities, leading to
the rapid deterioration of inner fiber where obvious holes are present
than outer fiber.

In addition, the decreasing Fe/O atomic ratio was affected directly by
the increasing corrosion degree. For instance, at a given fiber volume
amount of 2.5%, the Fe/O atomic ratio of U2.5-I, U2.5-I and U2.5-III at
the selected position of matrix were 2.8, 1.82 and 0.06, while 2.35, 0.55
and 0.34 in fiber edge, respectively, which means that the most severe
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3%

Note: corrosion-induced cracking (blue), concrete surface spalling caused by corrosion (red)

Fig. 5. Surface morphology on UHPFRC with three corrosion degree and five fiber amounts. Note: corrosion-induced cracking (blue), concrete surface spalling caused by
corrosion (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Measured values in the designed UHPFRC specimen.

damage was obtained in the case of corrosion III and steel fiber corrosion
gradually spreaded inwards. Nevertheless, there was still a slight local
change in each Fe/O atomic ratio of sample with various fiber amounts
under the same corrosion degree. For example, the Fe/O atomic ratio in
fiber edge was 0.49, 0.65, 0.31, 0.50 and 0.32 from 1 vol% to 3 vol% of
corrosion III, respectively. It can be seen roughly that Fe/O atomic ratio
of steel fiber decreased with the increase of fiber contents, and the
dissolution and corrosion of steel fiber occurred more easily with higher
fiber contents. This can be explained by following reasons: 1) fiber
contents directly affect the overlapping network and circuit. Better
lapping network, faster corrosion process is. 2) iron dissolves gradually
and corrosion products are generated with the constant invasion of
chloride and oxygen, leading to a complex composition of corrosion
products. Then different phases of corrosion products can be mixed to
different degrees. As a result, their crystallization state differed from
each point [48,49], showing a Fe/O atomic ratio of 0.49 in sample with
1 vol% higher than that of 0.31 in sample with 2 vol%.

3.3.2. Nano-mechanical results

To quantitatively identify the evolution of micro-mechanical prop-
erties from undamaged/damaged fiber inner - fiber edge to matrix,
average elastic modulus was plotted against the distance from center
line of region in steel fiber (presented in Fig. 4). Fig. 8 (a-c) represented
the contour maps of elastic modulus for U2.5-I/II/IIl groups, the
remaining groups were shown in Fig. S3. Non-corroded steel fiber
possessed the highest elastic modulus values (greater than 200 GPa) in
this work, which was in good accordance with steel rebar without
corrosion [50,51]. It is reported that elastic modulus of corroded rein-
forcement would show a decreasing trend [48,52].

As summarized in Fig. S3, the elastic modulus and hardness of steel
fiber and matrix decreased sharply with corrosion of fibers. As expected,
the elastic modulus increased with nano-hardness. The elastic modulus
of steel fiber gradually decreased, ranging from 186 GPa to 26 GPa, and
the nano-hardness decreased from 7.40 to 0.30 GPa, with the increasing
degree of corrosion. The elastic modulus of fiber edge was slightly lower
than that of fiber inner, indicating that corrosion of steel fiber originated
from fiber edge. Although fiber edge was corroded, it still had a higher
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Z. Song et al.

Table 4
Analyzed Cl concentration, Fe/O atomic ratio in Figs. 7 and S1.
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Sample Spot Position Cl (Wt%) Fe/O atomic ration Sample Spot Position Cl (Wt%) Fe/O atomic ration
U2.5-1 1 non-corroded / / U2.5-1 2 matrix / 2.80
1-1 fiber edge / 2.35 3 matrix / 0.02
Ul-II 1 corroded 0.28 0.63 Ul-11 1 corroded / 0.58
2 non-corroded 0.21 2.15 2 fiber edge 0.35 0.49
3 fiber edge 0.31 0.87
4 matrix 0.61 0.20 3 matrix 0.51 0.03
U1.5-11 1 corroded / 0.58 U1.5-111 1 corroded / 0.50
2 fiber edge 0.57 0.40 2 fiber edge / 0.65
3 matrix 0.20 0.03 3 matrix / 0.25
U2-11 1 corroded / 3.01 U2-1II 1 corroded 0.29 1.32
2 corroded 0.58 0.54
1-1 fiber edge 0.87 0.36 2 fiber edge 0.17 0.31
3 matrix 0.94 0.01 3 matrix 0.61 0.34
4 crack 0.62 0.31
U2.5-11 1 corroded 0.56 0.52 U2.5-1I1 1 non-corroded 0.21 1.41
2 fiber edge 0.55 0.28 2 corroded 0.13 0.70
3 matrix 1.82 0.34 1-1 fiber edge 0.34 0.50
3 matrix 0.39 0.06
U3-II 1 fiber / 6.90 U3-I1 1 fiber 1.26 0.71
2 corroded 0.38 0.10 2 fiber edge 1.48 0.32
1-1 fiber edge 0.42 1.04 3 corroded 1.63 0.07
3 matrix 0.24 0.01 4 matrix 0.49 0.06
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tributions of the designed UHPFRC.

elastic modulus than matrix. However, when steel fiber was severely
corroded and reached corrosion degree III, the elastic modulus of steel
fiber decreased below 50 GPa. It can be found that the elastic modulus of
matrix at the distance of 100 ~ 120 pm dropped clearly, then it grad-
ually increased further away from fiber edge in matrix, as shown in
Fig. 8 (d) and S3 (g). This is because pores are introduced around steel
fiber [45]. Meanwhile, corrosion products further degrade the matrix
near steel fibers.

3.4. Electrochemical properties of UHPFRC with various corrosion

In this work, corrosion time and fiber content are the two key factors
to determine chloride resistance of UHPFRC. Polarization curves can
offer relevant information about corrosion potential and current density
to quantitatively evaluate the corrosion sensitivity of UHPFRC subjected
corrosion. Fig. 9 (a) showed that potential decreased with an increasing
corrosion degree from I to III under the same fiber amount, and
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Fig. 9. (a) The measure curves of Tafel polarization; (b) fitted results of Tafel.

corrosion current density got a developing tendency, indicating severe
corrosion occurred which is caused by continuous invasion of chloride.
Meanwhile, the resistance in UHPFRC reduced with the increasing fiber
contents under the same corrosion degree. The tendency of potential
reduction in UHPFRC showed the following sequence under corrosion
III: U3 < U2.5 < U2 < Ul.5 < Ul, same as that of corrosion I and II,
shown in Fig. 9 (b). The trend of current density was opposite to that of
corrosion potential, under the same corrosion degree. This further
proves that the electrochemical corrosion increases with the increase of
steel fiber content due to fiber network structure, consequently accel-
erating the corrosion development of UHPFRC [20,53]. Fiber corrosion
rate is determined by fiber amounts and the contact between corrosive
solution and fibers. The best-fit outcome for corrosion current density
and potential, as shown in Fig. 9 (b), manifests that corrosion potential
moves toward negative values with the increase of fiber contents and
corrosion degree. As corrosion potential went down, corrosion current
density increased gradually from 0.004 pA/cm? to 0.21 pA/cm? from 1
vol% to 3 vol% under corrosion III. In addition, corrosion current den-
sity was strengthened by the increase of corrosion degree under the
same fiber amounts, as presented in Fig. 9 (b). All of these make clear the
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occurrence of serious corrosion due to the development of corrosion
time and increase of fiber amounts.

3.5. Mechanical performance degradation of UHPFRC with various
corrosion degree

In this work, flexural-deflection and compressive strengths of
UHPFRC were used to investigate the effects of fiber corrosion on the
hardened behaviors, as shown in Fig. 10. Considering the special points
of first cracking /ultimate flexural strength, all curves in Fig. 10 (a) can
be divided into three stages, i.e. elastic ascending stage, nonlinear
ascending stage (called strain hardening stage) and slow descending
stage (called strain softening stage) with obvious saw teeth, which are
consistent with previous researches [4,9,54,55]. These saw-teethes
indicate that the improved strengthening effect is directly associated
with fiber content. It can be observed that all ultimate flexural/first
crack strength (Fig. 10 (a), detailed in Fig. S4) and compressive strength
(Fig. 10 (b)), were increased with steel fiber content. Average values of
compressive, ultimate flexural and first crack strength of Ul-I were
126.2, 12.28 and 10.51 MPa, respectively. With fibers reaching to 3 vol
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Fig. 10. Effects of fiber corrosion on the compressive and flexural strength of UHPFRC.
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%, the compressive, ultimate flexural and first crack strength (U3-I) as
high as 166.6, 27.97 and 15.1 MPa were achieved. This can be attributed
to that more fibers can effectively delay the crack growth and stabilize
crack propagation [54,56]. More fibers can effectively overlap and
decrease the average space between fibers, resulting in the improvement
of strength by fibers to absorb a part of the matrix stress and sustain
more load stress.

Clearly, all strength including ultimate flexural/first crack strength
and compressive strength were reduced gradually with the increased
corrosion degree under the same fiber amounts. The oxidation of steel
fiber is promoted by the action of current and electrolyte solution in
pore, and multi-fiber is more easy to generate galvanic corrosion, which
accelerates the formation of rust (e.g. FesO3-nH>0) on the surface of
fiber [34]. With the increase of electrochemical acceleration time, the
progressive oxidation of iron continues to produce rust, which decreases
the effective volume of steel fiber. As volume of steel fiber decreases, its
bridging performance and energy absorption capacity decrease, further,
the presence of rust will produce a weak interface between concrete
matrix and fiber. Finally, strength of UHPFRC greatly decreases with the
increase of degree of rust. Fibers present different corrosion degree, and
some fibers still remain partially bridging performance, resulting in
resistance to matrix cracking. For instance, flexural/first crack strength
and compressive strength of U2 were decreased from 20.62 to 10.8 MPa,
12.36 to 7.67 MPa, 149.5 to 88.5 MPa, respectively, with the increase of
corrosion degree from no corrosion I to heavy corrosion III. The
remaining data showed a similar tendency to U2, and results of other
samples were presented in Fig. S4 and Table S1. This further confirms
that the increase of corrosion time accelerates fiber corrosion, inducing
fiber splitting and concrete cracking, even spalling of concrete cover
(proven in Figs. 5 and 7), consequently resulting in the strength reduc-
tion of UHPFRC.

4. Discussions

During process of electrochemical corrosion, the corrosion evolution
is complex [57,58]. Most studies focus on the corrosion of single rein-
forcement, but very few on multi-fiber corrosion, especially on the
degradation of macroscopic mechanical properties of steel fiber corro-
sion in UHPFRC from the perspective of micromechanics. Corrosion
evolution paths for UHPFRC with different fiber contents and corrosion
degree on corrosion can be predicted according to morphology of
corroded samples in this work. It can be well applied to investigate the
corrosion induced degradation on UHPFRC through micro-/macro-
mechanics.

Stage 1
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4.1. Corrosion initiated at fiber edge

Characteristics of chloride ion and internal defects such that pores
and interface between steel and concrete play a vital role in corrosion
initiation [14,19,59,60]. According to above results, due to the poor
connecting relationship among fibers at low contents (such that less than
2 vol%), steel fiber corrosion is mainly achieved by erosive solution
through matrix defects (as an open corrosive channel) regardless of
corrosion degrees. A conceptual model of the corrosion deterioration
evolution in UHPFRC with poorly connected fibers at low contents is
proposed in Fig. 11. This schematic diagram presents that the evolution
of fiber corrosion in UHPFRC can be divided into three stages. First stage
is continuous invasion of harmful substances under the action of electro-
migration and independent diffusion. Weak interfacial zone between
fibers and surrounding matrix is increased with the increase of fiber
contents [45], which is convenient for the invasion of harmful ions,
resulting in the increase of chloride concentration (see Fig. 6). Second
stage is the continuous dissolution of iron. When chloride ions reaches a
critical concentration [14,61], passive film degradation occurs. Then
steel fibers turn to ionized state and dissolve subsequently, resulting in a
reduction of corrosion potential in UHPFRC which further accelerates
the corrosion initiation, as demonstrated in Fig. 9. Last stage is the
generation and expansion of corrosion products. With the aggravation of
fiber corrosion, the Fe/O atomic ratio of most locations in fiber edge is
lower than that of fiber inner (shown in Table 4), which indicates
corrosion is initiated at fiber edge with the constant invasion of oxygen,
resulting in the degradation in elastic modulus and hardness of fiber
edge than fiber inner (demonstrated in Figs. 8 and S3). Once the amount
of corrosion product reaches a threshold, volume expansion is started
[19], and the corrosion products preferentially fill the matrix around
fiber edge, and then gradually permeate into matrix away from fiber.
The expanding force induced by corrosion products would generate
cracks, resulting in further acceleration of corrosion. The mechanical
properties of UHPFRC are further degraded.

4.2. Heavy corrosion triggered from fiber center

Surprisingly, various cracks and pores occur in fiber center, as shown
in SEM images of U2-II and U2.5-III (Figs. 7 and S1). Steel fibers with
more than 2 vol% generate a well-connected conductive network, and
large interfacial zones between fibers and nearby matrix which provide
ample room for corrosive solution. Once the erosive solution arrives at
fiber edge, it will accelerate fiber center corrosion through the gap im-
purities of fiber under the action of spontaneous current and macro-cell
reaction caused by a well-connected fiber network. A schematic diagram

Matrix

Interfacial transition zone

IfiH Steel fiber

sLrR

I Harmful substances

Bl Passive film

Corrosion products

Fig. 11. Conceptual deterioration evolution model of corrosion mechanism in UHPFRC.
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Fig. 12. Schematic illustration of the heavy rust in fiber center than outer in UHPFRC.

of heavy corrosion in fiber center than outer in UHPFRC is illustrated in
Fig. 12, which mainly occurs at high fiber contents (>2 vol%) with a
well-connected conductive network. After passive film is destroyed and
fibers begin to corrode, harmful substances have penetrated into fiber
center along the impurity-induced weak interfaces in fibers caused by
manufacture. Water, oxygen and corrosive ions would arrive at fiber
center surface directly through cracks. Then corrosive solution accu-
mulates in fiber center, leading to a high concentration of chloride ions
inside. Meanwhile, heavily corroded fiber, slightly corroded fiber and
crack/uncrack position would show a potential difference, which is
similar to the two steel corroded in one specimen generating macro-cell
corrosion [62]. Due to the electric field of well-connected fiber network
in concrete, macro-cell corrosion occurs. It contributes to degradation
not only in fiber network zone by different damage degree of fiber center
and corrosion products, but also in the global region of steel fibers and
matrix through multi-ion actions. Therefore, corrosion products are
generated and developed from inner to outer with the volume expansion
force, destroying the structural integrity of steel fibers. In case of U2-III,
a higher chloride ion concentration reaches 0.29 wt% at fiber inner than
fiber edge of 0.17 wt%, resulting in a heavy corrosion appearance in
fiber inner other than outer (see in Fig. 7 and Table 4).

The data shown in Section 3 of this work reveal the effects of fiber
corrosion degree on the mechanical performance degradation of
UHPFRC at a multiscale, the results above indicated that the fiber
corrosion significantly reduced the mechanical performance of cement-
based composites, as well as weakened the bonding interface between
steel fiber and matrix [29]. In general, chloride-induced corrosion and
cracking from outer environment to the inner matrix and steel fibers are
a complex process, where the invasion of harmful ions including phys-
ical absorption and chemical binding, and the electrochemical reaction
generated by the potential difference between the matrix pore solution
and fibers through the pore or micro-crack, would make a detrimental
impact. In agreement with previous research [53], chloride ions first
destroy the passivation layer of the steel fiber, then the corrosion of iron
will occur following the reaction in case of aerobic and anaerobic con-
ditions: Fe + 0.75 O3 + 0.5 H,O = FeOOH and 3 Fe + 4 H,O = Fe304 + 4
H,.

When steel fibers subjected a light corrosion damage or without
corrosion, the macro-mechanical properties of UHPFRC can be devel-
oped with increasing fiber amounts (see in Fig. 10), which is attributed
to that fibers can still significantly play bridging role, effectively alle-
viating matrix stress. U3-I achieves the highest increase of 1.28 times in
flexural strength, 44% in first crack strength and 32% in compressive
strength, respectively, compared with that of Ul-I. When corrosion de-
gree deepens that leads to a serious pit corrosion or even fiber fracture,
matrix plays a dominant role, and the deterioration is inevitable. As
stated in Section 3, all mechanical properties are gradually declined by
the increase of corrosion degree under the same fiber amounts, pre-
sented in Figs. 10 and S4 (data detailed in Table S1). Under the action of
chemical and current potential difference, Cl', O and HoO move with
the solution from micro-crack of matrix to fiber edge or accumulate in
fiber inner through weak interface, leading to the expansion of micro-
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cracks in fiber or matrix under the force of corrosion products. It is
important to note that corrosion area will move further to surrounding
matrix as fibers dissolve and are subsequently badly corroded, causing
the reaction or degradation of corrosion products and matrix. As stated
in Figs. 8 and S3, contact regions between corroded fibers and matrix are
weak, resulting in a lower elastic modulus and nano-hardness at the
matrix near fiber edge than that matrix far away from fiber edge. That is
to say that the combination of the two (fiber corrosion and rust
expanding into matrix) greatly decreases mechanical properties of
UHPFRC.

5. Conclusions

This study investigates the deterioration of UHPFRC with five fiber
contents subjected three corrosion degree of I (no corrosion), II (slight
corrosion) and III (heavy corrosion) from macro-/micro- perspective.
Two conceptual corrosion models of steel fibers are proposed to describe
the deterioration evolution of UHPFRC. The main conclusions can be
drawn as follows:

1. A longer corrosive immersion duration and greater fiber amounts
generate a severer strength reduction in UHPFRC, resulting from the
dissolution and cracking in fiber and damage in concrete matrix. In
particular, a sever flexural strength reduction of up to 47% in
UHPFRC was found at a high corrosion degree.

2. Corrosion time and fiber contents impact the electrochemical resis-
tance in UHPFRC. With the fiber volume fraction increases from 1 vol
% to 3 vol% under corrosion III, current density increasing from
0.004 pA/cm? to 0.21 pA/cm? indicates fiber corrosion increased.

3. Deterioration of matrix starts with the accumulation of aggressive
solution, followed by fiber dissolution. Chloride depth and iron
concentration in UHPFRC are both enhanced with the increase of
fiber content and corrosion degree. The values of iron ion at the
surface are steadily increased from 327.1 to 343.9 mg/L with fiber
contents from 1 vol% to 2.5 vol%, with the highest up to 597.2 mg/L
at 3 vol% under corrosion III. This is attributed to that the increased
defects and iron brought by increased fiber contents accelerates iron
dissolution continuously in the matrix.

4. The essence of macroscopic mechanical performance reduction is the
degradation of microstructure and microscopic mechanics caused by
fiber corrosion. A decreasing tendency of Fe/O atomic ratio is asso-
ciated directly with the invasion of O, resulting in that elastic
modulus and nano-hardness of fiber and matrix decrease with the
increase of fiber contents and corrosion degree. Due to the formation
and expansion of fiber corrosion products, matrix near the fiber edge
20 pm is preferentially affected, whose elastic modulus drops at least
10% more than matrix far away fiber edge.

5. The influence of fiber on the corrosion morphology selection differs
significantly at low and high fiber contents. The conventional fiber
corrosion path of matrix-fiber edge-fiber inner, mainly occurs at a
lower fiber content of less than 2 vol At high fiber contents (>2 vol
%), another corrosion path originates from fiber inner outward to
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matrix, due to the gap impurities and macro cell corrosion caused by
a well-connected conductive network. The erosive medium gathers
in fiber center and trigger corrosion, resulting in the cracking of steel
fibers, then destroying the fiber structural integrity. Corrosion
products continuously squeeze the surrounding matrix, leading to
the increase of cracks and reduction on the strength.
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