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Abstract: Using a newly developed multi-physics transport, corrosion, and cracking model, which
models these phenomena as a coupled physiochemical processes, the role of HPFRCC crack control
and formation in regulating steel reinforcement corrosion is investigated. This model describes
transport of water and chemical species, the electric potential distribution in the HPFRCC, the elec-
trochemical propagation of steel corrosion, and the role of microcracks in the HPFRCC material.
Numerical results show that the reduction in anode and cathode size on the reinforcing steel surface,
due to multiple crack formation and widespread depassivation, are the mechanism behind experi-
mental results of HPFRCC steel corrosion studies found in the literature. Such results provide an
indication of the fundamental mechanisms by which steel reinforced HPFRCC materials may be
more durable than traditional reinforced concrete and other tension-softening cementitious compo-
sites. Finally, these results are extended to provide greater insight into the assessment and design of
more sustainable steel reinforced HPFRCC structures.

1 INTRODUCTION

The design and construction of civil infra-
structure that is environmentally, socially, and
economically sustainable over its full life cy-
cle, from extraction of raw construction mate-
rials to end of life management, is increasingly
desirable worldwide [e.g. 1,2,3]. As a set of
systems that support our quality of life and
enable global development and progress, while

consuming vast amounts of material resources
and energy, it is essential that civil infrastruc-
ture is designed according to broad, long term
design goals for the benefit of our planet and
the current and future generations of humans,
animals, and plants that will call it home.

In an effort to meet this grand sustainability
challenge, numerous researchers are develop-
ing new cementitious construction materials
that reduce impact on the environment. One
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subset of these new materials focuses on re-
ducing the impact of material acquisition, for
instance the replacement of cement with natu-
rally occurring or industrially produced sup-
plementary cementitious materials [e.g. 4,5,6].
Another subset of these new materials focuses
on reducing the material impact at the end-of-
life, or reusing waste from previous construc-
tion sites through closed-loop or open-loop
recycling [e.g. 7,8,9,10]. A third subset of
new cementitious materials focuses on reduc-
ing impact and improving sustainability
through improved material properties, such as
durability [e.g. 11,12]. Extended durability of
cementitious materials has proven to be partic-
ularly important for applications with long
operational phases and high user impacts such
as bridges and pavements [13,14,15].

Working along these lines, high-
performance fiber reinforced cementitious
composites (HPFRCCs), or strain hardening
cementitious composites (SHCCs), have been
designed to exhibit superior mechanical per-
formance over traditional concrete materials
through the formation of multiple cracks.
Some research efforts have focused on the
creation of HPFRCCs using industrial waste
materials [16,17,18,19] to reduce material ac-
quisition impacts. HPFRCC materials have
also been designed with enhanced durability
when compared to conventional concrete ma-
terials, achieved through the formation of mul-
tiple, closely spaced microcracks rather than
widely  spaced, localized macrocracks
[20,21,22,23].  When reinforced with steel
bars for structural applications, HPFRCC ma-
terials and members have exhibited improved
durability in experimental tests [24,25,26].

While experimental findings that demon-
strate greater durability of steel reinforced
HPFRCC materials in corrosive environments
are compelling, the underlying mechanism of
this greater durability has only been hypothe-
sized in the literature. Researchers have pro-
posed that the formation of closely spaced
multiple cracks, rather than widely spaced
localized cracks, result in the development of
more uniform corrosion, which occurs at a
slower rate [25,26]. But there has yet to be an
extensive effort to numerically model this hy-

pothesis and test its validity.

Using a newly developed multi-physics
transport, corrosion, and cracking model,
which models these phenomena as a coupled
physiochemical processes, the role of
HPFRCC multiple cracking in regulating steel
reinforcing bar corrosion is investigated. This
model describes transport of water and chemi-
cal species, the electric potential distribution in
the HPFRCC, the electrochemical propagation
of steel corrosion, and the role of microcrack
presence in the HPFRCC. This numerical
modeling approach provides an indication of
the fundamental mechanisms by which steel
reinforced HPFRCC materials may be more
durable than reinforced concrete and other
tension-softening cementitious composites.
Ultimately, the results provide greater insight
into the assessment and design of more sus-
tainable steel reinforced HPFRCC structures.

2 MULTI-PHYSICS CORROSION
MODELING OF STEEL REINFORCED
CEMENTITOUS MATERIALS

The framework of the integrated multi-
physics modeling approach combines coupled
transport of heat and matter, reinforcement
corrosion, and corrosion-induced concrete
damage. Initially, the transport and distribution
of heat and matter is solved, along with the
corrosion potential and corrosion current den-
sity. Information on the distribution of heat,
matter, corrosion potential, and corrosion cur-
rent density are subsequently used to simulate
corrosion-induced concrete damage, i.e. corro-
sion-induced deformations and cracking. Fi-
nally, the influence of corrosion-induced de-
formations and cracks is taken into account in
a looped simulation of heat, matter, and rein-
forcement corrosion.

To model initiation and propagation of rein-
forcement corrosion in concrete structures, a
physio-chemical corrosion model is created.
Two equations are used to describe the elec-
trochemical processes and determine the cor-
rosion current density of steel embedded in
concrete. The first is Laplace’s equation, de-
scribing the potential distribution in the ce-
mentitious matrix, assuming electrical charge
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conservation and isotropic conductivity (Equa-
tion 1).

V2p =0 (1)

where, ¢ 1is the potential. The second is
Ohm’s law, which is used to determine the
corrosion current density if the potential distri-
bution and resistivity of the electrolyte are
known (Equation 2) [27].

1 do

— 2
Pel an ( )

leorr =
where, i, 18 the corrosion current density, p.
is the concrete resistivity, and » is the equipo-
tential. Kinetics of the electrochemical pro-
cesses are described by anodic and cathodic
polarization curves, which are comprised of
both activation (Equations 3-4) and concentra-
tion polarization (Equations 5-7).

g = lga¥a (3)
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where, iy is the anodic polarization current
density, ic is the cathodic polarization current
density, ipa 1S the anodic exchange current
density, ipc is the cathodic exchange current
density, iLim 1s the limiting current density, ga
is the anodic corrosion potential, @oa is the
anodic equilibrium corrosion potential, ¢c is
the cathodic corrosion potential, @oc is the
cathodic equilibrium corrosion potential, ba
and bc are the anodic and cathodic Tafel con-
stants, respectively, z is the valence number, F
is Faraday’s constant, D¢, is the oxygen
transport coefficient, 0 is the thickness of the
diffusion layer, and co; 1s the oxygen concen-
tration. The electrochemical processes are
further coupled with transport mechanisms to

account for the impact of temperature (Equa-
tions 8-9), ion transport (Equation 10-11), and
relative humidity and oxygen (Equation 12) on
the reinforcement corrosion process.

oT
pCo. = V(k7rVT + k1 pcVpC) (®)
dp.  P¢ ot (9)

= V(kpc'pCVpC + kpC,TVT)

where, pC is the log of capillary pressure, T is
temperature, ¢ is time, krr is a heat transfer
coefficient as a function of temperature, kz,,c 1s
a heat transfer coefficient as a function of the
log of capillary pressure, 6 is the moisture
content, pc is the capillary pressure, Cyc 1s the
moisture capacity, k,cpc1s a capillary pressure
coefficient as a function of the log of capillary
pressure, and k,c ris a capillary pressure coef-
ficient as a function of temperature.

aCi

Jat (10)
= V(DiVCi + Zium’iFCiV(p - CiV) + Ri

z;F
Ui = Rl_T (11)

where, ¢; is the ionic concentration of each ion
considered (CI', OH", SO,*, Ca*", Na', K", D;
is the diffusion coefficient of each ion, z; is the
ionic valence number, u,,; i1s the ionic mobility
of each ion, v is the velocity of each ion (ob-
tained from the moisture transport model), and
R is the universal gas constant.

Do, = 1.92-107%6,,,(1 — RH)*?>  (12)

where, 0,, 1s the porosity, and RH is the rela-
tive humidity.

To link initiation and propagation of rein-
forcement corrosion, a conditional statement is
defined along the reinforcement surface, which
comprises the definition of a critical chloride
threshold (Equation 13).

la fOT' Cel 2 Cerit
lc fOT' Cel < Cerit

Statereinf = { (13)

where, State,.i,s 1s an anodic or cathodic state
of the reinforcement, c¢.; is the chloride con-
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centration at the surface of the reinforcement,
and c.; 1s the critical chloride concentration
for depassivation. When the critical chloride
concentration for an element along the rein-
forcement surface is reached, the element be-
comes anodic, while the rest of the reinforce-
ment surface stays cathodic. More detailed
information on the applied modeling tech-
niques used to describe the transport of heat
and matter and reinforcement corrosion can be
found in [28,29] and [30,31], respectively.

For determination of the corroded rein-
forcement section, Faraday’s law (Equation
14) is used to relate the thickness reduction per
time unit to the corrosion current density (cal-
culated using Equation 2).

M t
X(t) = —j leorr(B)dt 14
ZFpreinf 0 < ( )

where X(?) is the cross sectional reduction of
the reinforcement as a function of time, ¢, M
the molar mass of the reinforcement metal, z
the number of electrons transferred in the half-
cell reaction, F'is Faraday’s constant, and peins
the density of the reinforcement metal. For-
mation of soluble corrosion products, such as
iron-chloride-complexes is not included in the
model. Additional information on the general
modeling approach for reinforcement corro-
sion can be found in Michel et al. [32], while
details for non-uniform formation of corrosion
products in the model are given in [33,34].

3 MULTI-PHYSICS CORROSION
MODELING OF STEEL REINFORCED
HPFRCC AND CONCRETE MEMBERS

3.1 Multi-physics corrosion modeling pa-
rameters

A number of common parameters are de-
fined for the corrosion modeling performed in
this study. The focus is a steel reinforced
member that is 25c¢m in length, has a cover
thickness over the reinforcing steel of 70mm,
is exposed to an environment of 78% relative
humidity, an atmospheric concentration of
oxygen of 0.05kg/m3, a temperature of 20°C,
and a surface chloride concentration of 2.0%
by weight of cement over its entire lifetime.

The multi-physics coupling parameters of rela-
tive humidity, oxygen diffusion, and moisture
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Figure 1: Multi-physics coupling of relative hu-
midity, oxygen diffusion, and moisture in the cor-
rosion model

are shown in Figure 1.
In addition to multi-physics coupling of
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environmental parameters, a number of corro-
sion parameters are also coupled. This cou-
pling includes relations among resistivity, rela-
tive humidity, current density, potential, and
oxygen concentration. These relations are
shown in Figure 2. For all modeling cases,
member is broken up into 8 equally long
annode/cathode sites, each with a randomly
assigned critical chloride concentration, cc,
between 0.0% and 0.4% by weight of cement.
This critical concentration is used to determine
the time of depassivation, and formation of an
annode, using Equation 13.
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Figure 2: Multi-physics coupling of resistivity,
relative humidity, current density, potential, and
atmospheric oxygen concentration in the corrosion
model

3.2 Modeling of an uncracked steel rein-
forced concrete member

As a baseline case, an uncracked, steel rein-
forced concrete member was modeled from
initial exposure of surface chlorides, through-
out the ion diffusion and transport phase,
through depassivation, and into active corro-
sion for a time of 280 months. The distribu-
tion of chloride concentration, oxygen con-
sumption, potential, and corrosion current are
shown in Figure 3 at a time of 200 months.
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Figure 3: Distribution along the uncracked rein-
forced concrete member of (a) CI” ion concentra-
tion at the rebar surface, (b) potential, (c) O, con-
sumption, and (d) corrosion current at 200 months
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As expected due to the uncracked nature of
the cover, the movement of chloride ions from
the surface down to the level of reinforce is
uniform (shown at an age of 200 months in
Figure 3a). Due to the random variation of
critical chloride concentrations along the
length of the beam, three sites (located 0.0cm-
3.125cm, 3.125cm-6.25¢cm, and 9.375cm-
12.5cm along the beam) are depassivated and
anode sites have formed. At an age of 200
months, the remainder of the reinforcement
remains a cathodic reaction site. As shown in
Figure 3¢ and 3d, the oxygen consumption and
corrosion current spike at the interface be-
tween anodic and cathodic reaction sites, indi-
cating the areas of most active corrosion along
the member.

Integrating the corrosion current at each
location along the beam over the 280-month
modeling timeline (Equation 14), the rein-
forcement diameter loss at the critical section
(i.e. section exhibiting the greatest diameter
loss) and the reinforcement diameter loss
along the member are plotted. These plots are
shown in Figure 4.
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Figure 4: (a) Reinforcement diameter loss at critical
section versus time and (b) reinforcement diameter
loss along the uncracked reinforced concrete mem-

ber at 280 months

The reduction of reinforcement diameter at
the critical cross section over time, and the
loss of metal along the member, follow ex-
pected trends. During transport, depassivation,
and corrosion initiation, there is no loss of
reinforcement diameter at the critical section
(Figure 4a). Beginning at an age of approxi-
mately 140 months, active corrosion begins
and progresses rapidly up until an age of ap-
proximately 200 months, at which time a sig-
nificant portion of the reinforcing bar is depas-
sivated and serves as an anodic reaction site.
With fewer cathodic reaction sites to couple
with an increasing number of anodic reaction
sites, the corrosion rate slows. In this small-
scale simulation, the corrosion reaction even-
tually slows to an imperceptible rate as nearly
all reaction sites depassivate and flip to an
anodic state.

As shown in Figure 4b, the reinforcement
diameter loss along the member is reasonably
uniform in nature, with the critical section (i.e.
section of greatest diameter loss) located at
mid-length. This location of the critical sec-
tion is primarily due to the adjacency of the
9.375cm-12.5cm anode to a group of reaction
sites that exhibit comparatively higher critical
chloride concentrations (from 12.5¢cm-25c¢m
along the member). These higher critical chlo-
ride concentrations preserve the cathodic na-
ture of the 12.5cm-25cm reaction sites longer
into the simulation and allowed for larger cor-
rosion currents to occur over a longer timespan
at mid-length.

3.3 Modeling of Pre-cracked Steel Rein-
forced Concrete

For comparison to the baseline uncracked
concrete case, a pre-cracked, steel reinforced
concrete member is modeled from initial expo-
sure of surface chlorides, throughout the ion
diffusion and transport phase, through depas-
sivation, and into active corrosion for a time of
350 months. The pre-crack is placed a mid-
length (i.e. 12.5cm from either end) with a
depth of 30mm and a width of 0.lmm. The
distribution of chloride concentration, oxygen
consumption, potential, and corrosion current
are shown in Figure 5, analogous to Figure 3,
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at a time of 200 months after initial exposure
of surface chlorides.
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Figure 5: Distribution along the cracked reinforced

concrete member of (a) CI” ion concentration at the

rebar surface, (b) potential, (¢c) O, consumption, and
(d) corrosion current at 200 months

As expected due to the cracked cover, the
movement of chloride ions from the surface
down to the level of reinforcement is non-
uniform, with faster transport occurring
through and around the crack at mid-length
(shown at an age of 200 months in Figure 5a).
Regardless of the random nature of critical
chloride concentrations along the length of the
member, the uneven diffusion front the center

of the member causes depassivation long be-
fore either end of the member, thus creating a
strong couple of anodic reaction sites at mid-
length and cathodic reaction sites at the mem-
ber ends.  This couple remains present
throughout most of the simulation timespan.

Summing the corrosion current at each lo-
cation along the beam over the 350 month
modeling timeline (Equation 14), the rein-
forcement diameter loss at the critical section
(i.e. the section exhibiting the most diameter
loss along the member length) and the rein-
forcement diameter loss along the member are
plotted. These two plots are shown in Figure
6.
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Figure 6: (2) Reinforcement diameter loss at criti-

cal section over time and (b) reinforcement diame-

ter loss along the cracked reinforced concrete mem-
ber at 350 months

Once again, the reduction of diameter at
the critical cross section over time, and the
loss of metal along the member, follow an
expected trend. During transport, depas-
sivation, and corrosion initiation, there is no
loss of reinforcement diameter at the critical
section (Figure 6a). Beginning at an age of
approximately 90 months, active corrosion
begins and progresses (rapidly at times) up
until the end of the simulation. As compared
to the uncracked concrete, there is a shorter
depassivation and initiation time due to pres-
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ence of 30mm deep cracks. Thus, there is sig-
nificantly greater rebar diameter lost at 200
months (0.05mm in uncracked concrete versus
0.17mm in cracked concrete). Additionally
the corrosion continues for a longer duration,
only beginning to plateau after 350 months of
simulation.

As shown in Figure 6b, the reinforcement
diameter loss along the member is more con-
centrated at the critical section (i.e. section of
greatest diameter loss) located at mid-length.
This location of the critical section is primarily
due to the earlier depassivation at mid-length
due to the crack presence, and a longer dura-
tion of the anode/cathode couple. Moreover,
the comparison of Figure 4b and Figure 6b
confirm the numerical ability of the corrosion
model to capture the localized effects of crack-
ing on corrosion initiation and propagation
phenomena over time.

3.4 Modeling of Pre-cracked Steel Rein-
forced HPFRCC

For comparison to the baseline uncracked
concrete case and the cracked concrete case, a
pre-cracked, steel reinforced HPFRCC mem-
ber is modeled from initial exposure of surface
chlorides, throughout the ion diffusion and
transport phase, through depassivation, and
into active corrosion for a time of 360 months.
A series of 5 microcracks are placed at Scm
intervals along the member, with a depth of
30mm and a width of 0.Imm. The distribution
of chloride concentration, oxygen consump-
tion, potential, and corrosion current are
shown in Figure 7, analogous to Figure 3 and
Figure 5, at a time of 200 months after initial
exposure of surface chlorides.

Unlike the cracked concrete case, the
movement of chloride ions from the surface
down to the level of reinforcement is nearly
uniform, and more similar to the uncracked
concrete, due to the presence of multiple
cracks enabling uniformly faster transport
along the entire member length (shown at an
age of 200 months in Figure 7a). Similar to
the uncracked concrete case, the random na-
ture of the critical chloride concentration along
the member length results in neighboring an-

ode and cathode reaction sites, resulting in
more uniform corrosion propagation. At an
age of 200 simulation months, most of the
member has depassivated and few an-
ode/cathode couples remain to promulgate
ongoing corrsion (as seen in Figure 7d).
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Figure 7: Distribution along the cracked reinforced

HPFRCC member of (a) Cl ion concentration at the

rebar surface, (b) potential, (¢c) O, consumption, and
(d) corrosion current at 200 months

Once again, summing the corrosion current
at each location along the beam over the 360
month modeling timeline (Equation 14), the
reinforcement diameter loss at the critical sec-
tion (i.e. section exhibiting the greatest diame-
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ter loss) and the reinforcement diameter loss
along the member are plotted (Figure 8).
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ter loss along the cracked reinforced HPFRCC
member at 360 months

Unlike the uncracked and cracked con-
crete, the reduction of diameter at the critical
cross section over time and the loss of metal
along the member follow an unexpected trend.
As before, during transport, depassivation, and
corrosion initiation, there is no loss of rein-
forcement diameter at the critical section
(Figure 8a). The depassivation and initiation
time is similar to that for cracked concrete.
Beginning at an age of 100 months, active
corrosion begins and progresses (in a more
controlled manner than for cracked concrete)
only for the next 120 months. There is only
moderate diameter loss at 200 months
(0.07mm in cracked HPFRCC versus 0.17mm
in cracked concrete), which is much closer to
the uncracked concrete case (0.05mm in
uncracked concrete).

As shown in Figure 8b, the reinforcement
diameter loss along the member is less concen-
trated at the critical section (i.e. section of
greatest diameter loss) than for the cracked
concrete. Overall the modeling response is
more similar to the uncracked concrete mem-
ber than the cracked concrete member.

4 DISCUSSION

The numerical modeling results of this
study fit well with previous experimental con-
clusions drawn by other researchers. For in-
stance, Miyazato and Hiraishi investigated the
initiation and propagation of corrosion in pre-
cracked reinforced concrete and pre-cracked
steel reinforced ECC beams [24]. In their ex-
periments, Miyazato and Hiraishi found local-
ized corrosion in pre-cracked reinforced con-
crete members to be centered around the loca-
tion of the pre-crack, with relatively little rein-
forcement section loss away from the pre-
crack (Figure 9). This localization phenome-
non is observed numerically in Figure 6b. As
seen in Figure 5, the underlying mechanism is
localized depassivation and a strong an-
ode/cathode couple forming between the
cracked and uncracked portions of the rein-
forced concrete member.
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Figure 9: Corrosion rate along (top) a pre-cracked
reinforced concrete beam (i.e. single crack) and
(bottom) a pre-cracked reinforced HPFRCC beam
(i.e. multiple cracks), adapted from [24]
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Miyazato and Hiraishi found that uniform
corrosion formed in reinforced HPFRCC
beams with multiple cracking. Additionally
the maximum corrosion rate (mm/diameter
loss) in cracked reinforced HPFRCC beams
was much lower. Their proposed hypothesis
for this slow, uniform corrosion was the for-
mation of many small anode/cathode couples
around each crack, rather than one concentrat-
ed anode/cathode couple as in the cracked re-
inforced concrete. Together, Figure 7 and
Figure 8 can be interpreted as the first numeri-
cal observation of the Miyazato and Hiraishi
hypothesis.

Connecting the results of this paper to sus-
tainability of built environment, the extension
of service life through the use of highly dura-
ble infrastructure materials, such as
HPFRCCs, can lead to significant sustainabil-
ity improvements of civil infrastructure [35].
Lepech et al. showed that in repair applica-
tions, by accounting for the greater durability
of HPFRCC materials the cumulative envi-
ronmental impacts of HPFRCC repairs over a
bridge infrastructure’s 100-year life cycle can
be more than 30% lower when compared to
traditional concrete repairs technologies.

S CONCLUSION

While opportunities for HPFRCC materials
to reduce sustainability impacts of the built
environment are promising, the fundamental
mechanisms that extend the service life of
steel reinforced HPFRCC materials must be
well understood. This study represents the
first multi-physics modeling effort to explain
the fundamental mechanisms that lead to more
uniform, slower corrosion rates in steel rein-
forced HPFRCC members as compared to re-
inforced concrete members. The mechanisms
identified in this numerical study include (1)
the formation of a more uniform chloride dif-
fusion front in multiple-cracked steel rein-
forced HPFRCC materials, and (i) a more
uniform formation of smaller anode/cathode
reaction couples along the length of the steel
reinforced HPFRCC member as compared to a
reinforced concrete member. These two mech-
anisms work together to result in slower, more
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uniform corrosion in cracked steel reinforced
HPFRCC members when compared to cracked
reinforced concrete members, as observed ex-
perimentally by Miyazato and Hiraishi.

There are a number of important limitations
associated with this modeling study, and there-
fore a number of lines of future work remain.
A significant limitation of the current model-
ing approach is that it examines a finite beam
rather than a complete structure. This is sig-
nificant since once the critical chloride con-
centration is surpassed at the surface of the
reinforcement, the cathodic site automatically
becomes an anodic site (Equation 13). Ulti-
mately, this results in an entirely anodic mem-
ber of finite length, which artificially limits
ongoing corrosion that would normally be ex-
perienced by a full-scale structure. Addition-
ally, only 8 anode or cathode sites are assumed
along the member in this study. Currently,
there is no published literature that discusses
the observed length of anodic or cathodic sites
on corroding steel reinforcement. Finally, this
numerical study has yet to be validated using
the exact experimental conditions of tests run
by Miyazato and Hiraishi [24], Kobayashi and
Rokugo [25], or Sahmaran et al. [26]. Such
validation is the next step in model develop-
ment and refinement and comprises ongoing
work by the researchers.
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