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1. Introduction

1.1 Background

Ingress of chlorides through concrete to the surface of steel reinforcement is one of the main
causes of corrosion initiation [1]. Several factors, such as concrete quality and permeability, can
affect the penetration rate of chlorides and the corrosion performance of reinforced concrete [2].
A denser microstructure can decelerate the chloride penetration and limit oxygen access, while
more porosity can accelerate the penetration of chlorides, oxygen, and corrosion initiation
[1,3,4].

Chloride penetration experiments can evaluate the chloride penetrability of concrete systems and
help to predict corrosion performance. Various methods include ponding according to AASHTO
T259, and rapid chloride penetration tests (RCPT) such as ASTM C1202 and NT Build 492 are
used to measure the chloride penetration and diffusion coefficients in ductile systems [5-7]. The
chloride ponding test is long-term testing. Rapid chloride tests can decrease the testing time to a
few hours. Due to the shorter testing time, rapid chloride penetration tests have been of more

interest recently. However, these tests are not calibrated for new and emerging concrete systems.

One class of emerging concrete materials are referred to as high-performance fiber-reinforced
concrete [8], which are broadly classified as cementitious materials with a high level of ductility
due to the incorporation of short, randomly oriented fibers. Due to the dense microstructure and
enhanced mechanical and durability specifications, these ductile concrete systems are expected
to have more chloride penetration resistance than traditional concrete materials. One important
aspect that must be considered, however, is that the presence of fibers in these systems and the
incorporation of various supplementary cementitious materials can affect the RCPT results,
thereby making it an improper method to evaluate the chloride penetration performance of
ductile concrete systems. This project investigates the chloride penetrability of three types of
ductile concrete systems alongside two other concrete systems to provide more information on
the chloride resistance of ductile concrete systems and the use of RCPT as a method to evaluate

ductile concrete systems.



1.2 Research Objectives

The overall objective of this study is to explore the behavior of advanced concrete materials to
improve the service life of infrastructure. This research is part of a larger on-going study related
to the use highly ductile concrete materials in service life applications of transportation
infrastructure. To meet this objective, the researchers have explored systems identified in the
literature that improve the mechanical and permeability resistance compared to ordinary concrete
materials. In this study, the use of RCPT as a means of assessing chloride penetration in ductile

concrete systems is explored.

1.3 Organization of Report
This report is organized into six sections, including this brief introductory section. The major

topics of each section are summarized below.

Section 2 provides a summary of ductile fiber-reinforced concrete materials. Mixture

specifications and constituents are summarized, and their mechanical behavior is discussed.

Section 3 provides detailed information on the different materials used in this project in each

concrete system.

Section 4 discusses the experimental scope of the study, including the mixture design of each
concrete system, the experimental plan for mechanical evaluation and chloride penetration

resistance of concrete systems

Section 5 summarizes and analyzes the mechanical and chloride penetration testing results.
This section also provides analysis of the results in detail and describes the most important

observations.

Section 6 summarizes the conclusions of this study.



2. Ductile Concrete Systems

2.1 Overview of Ductile Concrete Materials

Figure 1 shows representative mechanical behavior of normal and ductile concrete systems in
compression and tension. The ductile concrete systems shown in Figure 1 are described in more
detail in the proceeding sections; however, the systems shown in this figure refer to ultra-high-
performance concrete (UHPC), hybrid fiber-reinforced concrete (HyFRC), and engineered
cementitious composites (ECC). As can be seen, ductile concrete systems generally have high
strain capacity in tension and compression. More strain capacity results in material toughness,
ductility, and energy absorption capacity in ductile concrete systems. Also, ductile systems have
greater flexural strength and crack resistance. Ductile concrete systems show different cracking

behavior compared to normal concrete and allow multiple cracks to form before localization.
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Figure 1: a) Compressive behavior of ductile and normal systems, b) Tensile behavior of
ductile and normal systems [9-11]

The ductility described in Figure 1 is achieved through short, randomly oriented fibers that
restrain crack openings and allow for the system to have a cracking response in which multiple
cracks form as will be discussed in the proceeding sections. Among ductile concrete systems, the
mixture design and fiber selection can result in different durability and mechanical responses.
UHPC has a denser microstructure than ECC and HyFRC, and has a higher tensile and
compressive strength compared to other ductile systems. ECC consists of only fine particles, has

a dense microstructure, and the fiber-matrix interaction is designed to achieve the highest level



of tensile ductility. Since HyFRC generally contains coarse aggregate, it often has a
microstructure similar to that of normal concrete. These changes in microstructure and

mechanical response of ductile concrete systems affects the durability response of each system.

2.2 Ultra-high-performance Concrete (UHPC)

Ultra-high-performance concrete (UHPC) is a type of concrete with a compressive strength
greater than 150 MPa and tensile strength of more than 7 MPa [12-19]. UHPC shows a ductile
behavior in tension [20-25]. Some of the key parameters in a UHPC design include a low water-
to-cement (w/cm) ratio, replacement of coarse aggregates with well-graded fine sand generally
ranging between 150 to 600 um and ground quartz with a particle size of 0.1 to 100 um, using a
large amount of pozzolans such as silica fume and fly ash, and a high dosage of high range water
reducer admixtures [16,20,22,24,26-28]. The enhanced homogeneity provided by replacing
coarse aggregates with very fine sands results in low porosity and improved mechanical behavior
and durability [27]. Using very fine aggregates and silica fume decreases porosity, and fibers are
added to the UHPC to increase ductility [27]. The fibers can be effective in arresting crack
propagation. According to the literature, two percent by volume is the mostly used amount of
fibers in many research and toughness improves [14]. Using hybridization of fibers (i.e., a
combination of different types or sizes of fibers) can improve the mechanical properties of
UHPC systems [26].

The main deficiencies in UHPC systems include brittle post-cracking behavior because of the
high amount of binder and micro-cracking due to autogenous shrinkage [12]. High strength, low
permeability, high toughness and durability, high abrasion resistance, high freezing and thawing
resistance, and increased load-carrying capacity are the most important benefits of UHPC
[12,24,29-33]. Due to UHPC's beneficial properties, it has several applications in high-rise
buildings, long-span bridges, rehabilitation, offshore oil platforms, and blast-resistant structures
[13,20,27,29,34]. It is also used for joints, precast pre-stressed girders, and bridge decks
[14,35,36]. Using UHPC has been proposed to reduce or eliminate reinforcing bars in structural
elements and decreases the self-weight by more than 70% with substantial reductions in crack
widths [35]. Also, the resistance of UHPC to chloride penetration makes it a good choice for
using in chloride exposed environments such as marine structures to prevent reinforcement

corrosion [37-39].



2.3 Hybrid Fiber Reinforced Concrete (HyFRC)
Hybridization is a technique of using different types of fibers for maximizing the advantages of
various fiber properties [40]. Hybrid fiber-reinforced concrete (HyFRC) uses multiple types of
fibers to take advantage of their properties. There are different types of hybridization including:
= Hybridization of fiber mechanical response: The fiber stiffness is the main variable in this
form of hybridization. Fibers made of steel or Kevlar with high modulus of elasticity can
effectively bridge microcracks, while some fibers with low modulus of elasticity, such as
polypropylene, could be used at larger crack widths [40-43].
= Hybridization of fiber size and anchorage: In this category, fibers are divided into
microfibers (less than 15mm in length) and macrofibers (greater than 15mm in length)
[44]. Microfibers are effective at bridging cracks at an early age that yields increased
strength and macrofibers are used to increase post-cracking toughness [40-43].
= Hybridization of fiber function: Fibers that are used to enhance early age properties like
drying shrinkage and workability (usually polypropylene) and fibers are used to improve
the mechanical properties (usually steel fibers) [40-43,45].
Using hybrid fiber systems has numerous advantages. Strong and stiff fibers can improve the
stress at first cracking and ultimate strength, and flexible fibers can enhance the post-cracking
strain capacity. Small microfibers bridge microcracks, which lead to higher tensile strength, and
large nacrifibers can arrest the propagation of macrocracks and improve the toughness.
Hybridization of different lengths of a specific type of fiber can help bridge microcracks and
prevent propagation of macrocracks; hybridization of different types of fibers improves the
strength and ductility of concrete. Also, durable fibers can increase the strength and/or toughness
in aged concrete [42,43]. Fibers also can be divided into metallic (e.g., steel) and nonmetallic
(e.g., polymeric) fibers. Metallic fibers improve the energy absorption and control macrocracks
due to the high modulus of elasticity and length of steel fibers [46,47]. High amounts of steel
fibers can decrease concrete slump significantly [47,48]. Different types of nonmetallic fibers
including polyvinyl alcohol (PVA), polyethylene (PE), polypropylene (PP), and polyolefin (PO)
fibers have been used in HyFRC. Nonmetallic fibers delay microcrack formation and prevent
early age and shrinkage cracks [46,47]. Nonmetallic fibers have good dispersion in concrete and
usually there are fewer workability concerns for nonmetallic fibers [48]. Using HyFRC can

enhance flexural strength and toughness, ductile performance, matrix stiffness, crack resistance,



energy absorption, durability, serviceability, ultimate limit state performance, post cracking
stiffness, crack tortuosity, and permeability [40,41,45,49-51].

2.4 Engineered Cementitious Composites (ECC)

Engineered cementitious composites (ECC) are an ultra-ductile micro-mechanically designed
cementitious composite that were developed in the early 1990s. A typical mixture design of ECC
contains a high cement content (~1000 kg/m?3), fine sand (finer than 200 mm), fly ash, water,
admixtures and short, randomly oriented polymeric fibers (e.g. polyethylene, polyvinyl alcohol)
typically between 1.5 to 2% by volume [52-54]. Using hybridization of fibers can improve the
mechanical properties and corrosion resistance of ECC [55,56]. The ultimate tensile strain of
ECC is between 3 and 7 percent according to the coupon tensile specimens which is 350 to 500
times greater than that of ordinary concrete [52,53,57—63]. The ultimate tensile strain range of
ECC can change when the tensile specimen size changes [64,65]. The compressive strain
capacity of ECC is 0.4 to 0.65 percent, approximately two times greater than fiber reinforced
concrete [61,63,66]. The high tensile strain capacity of ECC is due to the macroscopic strain-
hardening phenomenon after first cracking accompanied by multiple micro-cracking [52,57,67].
With increasing load, crack widths steadily increase to approximately 60 ym at around 1%
strain. After this strain, crack widths tend to remain constant while the number of cracks

increases until a dominant crack forms which induces softening of the material [52,54,57].

The strain hardening behavior of ECC is dependent on the fibers, matrix, and interface as
composite material constituents. Researchers used micromechanics-based theories to design
mixtures that provide bridging action of fibers. Using steady-state crack analysis, steady-state
propagation of microcracks, strain hardening behavior, and consequently composite tensile
ductility of ECC can be achieved. Due to the unique behavior of ECC, it is expected that the use
of ECC can have a direct impact on infrastructure safety, durability, and productivity in the
construction industry. Higher energy absorption and a more stable hysteresis loop can be
observed in ECC specimens under cyclic loading. According to Li (2003) at a high level of drift,
ECC showed no spalling while normal concrete specimens experienced spalling and loss of
concrete cover [57]. These results show the high deformation capacity of ECC compared to

normal concrete despite the elimination of stirrups [57].



ECC has beneficial properties such as the ability to reduce or eliminate shear reinforcement,
compatible deformation with reinforcement, synergic interaction with fiber reinforced polymer
(FRP) reinforcement, good durability, high ductility, high damage tolerance, and tight crack
width control [57,67—69]. Considering these properties, ECC has the potential to be used in
structures requiring durability under severe loading conditions and harsh environments, and can
enhance construction productivity. ECC has been used in bridge decks, pavements, as repairing

material and infrastructure exposed to harsh environmental conditions [52,58,70-74].



3. Materials

Five different types of concrete systems, including a high-performance concrete (HPC), self-
consolidating concrete (SCC), hybrid fiber reinforced concrete (HyFRC), Engineered
cementitious concrete (ECC), and ultra-high-performance concrete, are being investigated. Other
than UHPC, which was a pre-bagged product, a wide range of materials were used in this study
as described in the following subsections.

3.1 Aggregates

Two different coarse aggregates with a nominal maximum size of 3/4 inch for HPC and SCC and
3/8 inch for HyFRC were used. Regular sand with a fineness modulus of 2.75 was used in HPC,
SCC and HyFRC. Very fine sand with the nominal maximum size of 300 um (#50) was used in
the ECC mixture. The sieve analysis of sands used in this study is shown in Figure 2.
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Figure 2: Sands sieve analysis

3.2 Cement and Supplementary Cementitious Materials (SCMs)

A Type | portland cement was used in all systems. Different types of SCMs based on mixture
designs were used in each system. Slag and micro-silica were used in the HPC mixture design.

Fly ash class F was the SCM used in ECC and HyFRC, and slag was used in SCC mixture.



Detailed information about the content of each material in different mixtures will be provided in

the next section.

3.2 Admixtures

Four different types of high-range water reducers, two different types of air entertaining agents,
and two different types of viscosity modifying agents were used. Glennium 7710, Viscocrete
6100, Glennium 3030NS, and ADVA 190 were used in order in HPC, SCC, HyFRC, and ECC
mixtures in calibrated dosages. Master Air AE 90 and Sika Air were the air-entraining agents in
HPC and SCC mixtures. Rheomac VMA 362 and VMAR-3 were used as viscosity modifying
agents in HyFRC and ECC. A Premia 150 admixture (High range water reducer and accelerator)

was used based on the recommended dosage of the supplier for pre-bagged UHPC.

3.3 Fibers

Two different types of steel fibers and one type of PVA fibers were used in this project. RECS
15 PVA fibers with a length of 8 mm, aspect ratio of 200 and tensile strength of 1600 MPa were
used in ECC and HyFRC mixtures. A hooked Dramix© 3D 55/30BG steel fiber with a length of
30 mm, aspect ratio of 55 and Tensile strength of 1100 MPa was used in HyFRC. The steel fibers
used in UHPC were straight fibers with a length of 13 mm, aspect ratio of 65, and tensile
strength of more than 2000 MPa. Figure 3 shows different fibers used in this project. The fiber

dosage in each concrete system is summarized in the next section.



UHPC Fibers RECS 15 Fibers

Figure 3: Steel and PVA fibers
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4. Experimental Program
4.1 Mixture Design

The experimental phase was divided into two main parts. The first part was to find the optimum
mixture design for each concrete system based on the available and local materials. Five
different types of concrete, including a high-performance concrete mixture (HPC) with
compressive strength of more than 8000 psi, a self-consolidating concrete with a compressive
strength of 7000 psi, and three ductile concrete systems, including a pre-bagged UHPC (JS 1000
from Ductal Lafarge including two percent by volume of steel fibers), self-consolidating HyFRC
(SC-HyFRC) and ECC were cast. Table 1 summarizes the mixture design and constituents of

each concrete system except for UHPC, which was a pre-bagged product.

Table 1: Concrete systems mixture designs

ECC (/Cement Ratio) SC-HyFRC (Kg/Cu.m) HPC (Ibs./Cu.Yard) SCC P (Ibs./Cu.Yard)

Cement 1 Cement 397 Cement 435 Cement 473
Fly Ash 12 Fly Ash 131 Slag 240 Fly Ash 157
ECC Sand 0.8 Coarse Agg (3/8") 418 Microsilica 25 Sand 1330
Water (W/cm) 0.68(0.31) Sand 1044 Sand 1253  Coarse Agg. (3/4") 1707
HRWR 0.007 Water 237 Coarse Agg (3/4") 1834 Water 252
VMA 0.018 HRWR (ml/100 kg binder) 880 Water 250 HRWR as needed
PVA Fiber Volume % 2 VMA (ml/100 kg binder) 2200 HRWR as needed  Air Entraining  as needed
Steel Fibers 1.3 Air Entraining  as needed
PVA Fibers 0.2

Multiple trials were evaluated to quality control the mixture designs and calibrate admixtures
content in different mixtures. A series of compression tests according to ASTM C39 were

conducted to evaluate the compressive strength of each concrete system [67].

4.2 RCPT Testing Protocol

The second part of the experimental phase evaluated the chloride penetration resistance of
concrete systems. A series of rapid chloride penetration tests (RCPT) according to ASTM C1202
were done to evaluate the chloride penetration resistance of systems [68]. A series of four inch
diameter cylinders were cast and cured for 56 days in a 100 percent moisture curing room and
temperature of 23.0 + 2.0°C [73.5 + 3.5°F]. Samples with a depth of 50+3 mm were cut from
cylinders, epoxy coated, and prepared according to ASTM C1202 before testing in the cells.

11



Figure 4 shows a series of cut and epoxy coated specimens before testing. Testing cells were
assembled and filled with 3% NaCl and 0.3 N Sodium Hydroxide solution. A Giatech Perma test
setup was used to run the RCPT. Figure 5 shows the test setup used for rapid chloride penetration
testing of concrete systems. The cells were connected to the control panel using lead wires. The
current was measured with applying 60 £ 0.1 V across the cells every minute. The test was

terminated after six hours.

Figure 4: Cut and epoxy coated specimens before testing
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Figure 5: Rapid chloride penetration test setup

The charge passed was calculated in Coulombs for each specimen. Table 2 shows the ASTM
C1202 criteria for chloride penetrability based on charge passed for normal concrete systems.
The numbers in the table are calibrated for normal concrete systems and can be different for
other concrete systems. A more detailed discussion will be provided in Section 5 to provide more
information.

Table 2: Chloride ion penetrability based on charge passed

Charge Passed (coulombs) Chloride lon Penetrability

>4000 High
2000-4000 Moderate
1000-2000 Low
100-1000 Very Low

<100 Negligible

13



5. Results and Discussion
5.1 Fresh and mechanical properties

SCC P and SC-HyFRC were two self-consolidating mixtures used in this study. In addition to the
compressive strength, homogeneity and flow are other important parameters for calibration of
admixtures and quality control in self-consolidating mixtures. Figure 6 shows the flow test for
SCC P and SC-HyFRC mixtures. The flow was 21 inches for both SCC P and SC-HyFRC
mixtures. Both mixtures had good homogeneity, and no segregation was observed. Also, fibers

were dispersed properly in the mixture based on visual analysis.

Figure 6: Flow test for a) SCC p and b) SC-HyFRC

The compressive strength results are summarized in Table 3. All concrete systems met the
compressive strength criteria as reference mixture designs provided by the New Jersey

Department of Transportation and mixture designs extracted from the literature.

Table 3: Compressive strength at 28 days

Concrete Type 28 Days Compressive Strength (Psi) Unit Weight (I1bs/Cu.ft)

HPC 8240 153.3
SCCP 6960 150.1
SC-HyFRC 5460 135.2
ECC 6065 120.6
UHPC 20855 155

14



5.2 Chloride penetration response

The results of the rapid chloride penetration test are summarized in Table 4. According to the
results, UHPC had the best chloride penetration performance in all concrete systems. Also, the
HPC was in a very low chloride penetration state, according to Table 2. SCC P and ECC showed
low and moderate chloride penetrability, respectively. As can be seen in Table 4, due to the
"short circuit™ and "over current” errors in the Giatech Perma control device, no number was
reported for the chloride penetrability of SC-HyFRC. The test was repeated three with
dissembling and assembling cells and changing specimens, but no change was observed in the
results. Figure 7 shows SC-HyFRC specimen after removing from the cell. The corroded fibers
on the surface of the specimen were observed while the test was run for a few seconds before

getting the errors.

Table 4: Passed charge for different concrete types

Passed Charged (Coulombs)

Concrete Type Specimen 1 Specimen 2 Average ASTM C1202 Classification
HPC 381 385 383 Very Low
SCCP 1399 1533 1466 Low
ECC 2682 2723 2702.5 Moderate
UHPC 177 210 193.5 Very Low
SC-HyFRC N/A N/A N/A N/A

15



Figure 7: SC-HyFRC specimens after removing from the cell

5.3 Discussion

The RCPT results for SC-HyFRC clearly show that fibers can affect the RCPT results. The 30
mm long steel fibers in SC-HYFRC mixture can make a path for passing charge and interrupt the
RCPT results. In contrast, the 13 mm long UHPC fibers did not make the same path.
Additionally, the dispersion and steel fiber content can affect the RCPT result by creating a
fibers network. More fibers content can increase the possibility of creating a network for passing

the charge through the specimens.

Based on the RCPT results for the four types of concrete other than SC-HyFRC, ECC had the
highest chloride ion penetrability in these concrete systems. Higher chloride ion penetrability can
be directly linked to the weaker corrosion performance of concrete systems. Higher chloride
penetrability can increase the chlorides ingress into the concrete and accelerate depassivation of
reinforcement in concrete and initiate corrosion. However, according to the literature, ECC has
better corrosion performance compared to the normal concrete systems [75-79]. Sahmaran et al.
2008, Mihashi et al. 2011, and Paul et al. 2016 investigated the corrosion behavior of ECC

compared to plain mortar. According to the results, a lower amount of corrosion current was
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observed in the corrosion tests for ECC comparing to the mortar. Additionally, ECC prolonged
the corrosion propagation period due to the very fine and dense microstructure and improved the
ability to maintain the capacity compared to the mortar. Moreover, the amount of steel loss
decreased in ECC specimens compared to the plain mortar. In another study, Maalej et al, 2003
compared the corrosion resistance of ECC and ordinary concrete in the pre-cracked state.
According to their results ECC specimens experienced less corrosion area and lower level of
steel loss, it took a longer time for ECC specimens to achieve same level of corrosion than
ordinary concrete. In terms of long-term chloride penetration results, Maalej et al., 2003,
Kobayashi et al, 2010 and Miyazato and Hiraishi, 2013 reported the chloride penetration depths
and amounts based on the post corrosion testing results in ECC and according to Maalej et al,
2003, the chloride content at the same depth was at a higher level in the ordinary concrete

specimens compared to ECC.

Based on a vast literature search, HyFRC and ECC specimens have a lower or comparable
chloride concentration compared to ordinary concrete and mortar as can be seen in Figure 8.
However, the improved performance of ECC and HyFRC in long-term chloride and corrosion
testing contrast the short term RCPT test data presented in this report. Specifically, long-term
chloride ponding experiments in the literature show improvements in performance for systems
such as ECC and HyFRC as compared to non-ductile concrete systems; however, the RCPT test

data shows that these systems perform worse.
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Figure 8 Chloride content at HyFRC and ECC compared to normal concrete and mortar

[79-88]

These results show that the existence of polymeric and steel fibers and different microstructures

of ductile concrete systems can change the RCPT criterion for chloride ion penetrability based on

the passed charge and needs more investigation. RCPT results in ductile concrete systems need

to be verified with long-term chloride ponding tests and corrosion results to provide trustable

data. This work is on-going by the authors. At the time of writing this report, the authors have

been testing the mixtures within this report to long-term chloride ponding according to ASTM

G109 [89]. These on-going experiments, which actually measure chloride penetration and not
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electrical charge passage, show drastically different behavior where ductile concrete materials
are performing as well or better than SCC and HPC systems. As a result, the numbers in ASTM
C1202 that are summarized in Table 2 may need recalibration in the case of ductile concrete

systems.
6. Conclusions and Future Work

6.1 Summary and Major Findings

This study investigated the chloride ion penetration resistance of ductile concrete systems
alongside two different concrete systems using rapid chloride penetration testing (RCPT. The
ductile concrete systems used in this study were an ultra-high performance concrete (UHPC), an
engineered cementitious composite (ECC), and a self-consolidating hybrid fiber reinforced
concrete (SC-HyFRC). The non-ductile concrete systems include a self-consolidaing concrete
(SCC P) and a high-performance concrete (HPC), both of which meet specifications of the New
Jersey Department of Transportation. The ductile concrete systems are representative of a broad
class of cementitious materials that have high levels of ductility due to the presence of short,
randomly oriented fibers. The ductile concrete systems were selected to represent a broad range

of materials that have varying mechanical and durability properties.

The RCPT results show that the UHPC and HPC systems have very low chloride ion
penetrability, and SCC P and ECC have low and moderate chloride ion penetrability,
respectively. Using the RCPT method, no results could be derived for SC-HyFRC chloride ion
penetrability. It is hypothesized that the long steel fibers in SC-HyFRC can pass charge through
the specimen and interrupt the RCPT results. As a result, it was found that there is a possibility
that the fiber content and dispersion can affect the RCPT results by creating a network in the

fibers that results in a passing charge.

Unlike the steel fibers used in UHPC and SC-HYFRC, ECC contains polymeric fibers which
also affected the RCPT results in a different way. Specifically, the polymeric fibers do not
provide an electrical pathway for the charge to pass through, but do change the pore network

which can influence the charged passed in an RCPT experiment.
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6.2 Future Research Needs

The results of this study, when compared with chloride ponding tests in the literature show
conflicting results in the durability of ductile concrete systems. RCPT testing measures charged
passed through a system and does not necessarily indicate how chlorides will move through a

material or how the material will respond to reinforcement corrosion.

As a result of this conflicting behavior, the findings from this study should be used in
comparison to chloride ponding tests to investigate the durability of ductile concrete systems. At
the time of writing of this report, long-term ponding experiments are being tested and analyzed
by the authors. The findings from these two studies will be used to make recommendations for
recalibration of criterion for chloride ion penetrability based on charge passed, or suggestions for

appropriate testing methods to evaluate the durability of ductile concrete systems.
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