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Executive Summary

Legacy samples were monitored. Outdexposedegacy samplewere prepared in 1994 and have been
subjected to wet/dry cycles with seawater during the wet part of the cycle. Two sets of samples were
stored indoors: single rebar and three rebar specimens, these samples were prepared in 2016 and were
subjected to accefated chloride transport via a migration method at least two months after casting. The
concrete composition of these samples was binary or ternary (see details in the body of the report). The
indoor samples have various lengths of solution reservoirrenskimples are stored in plastic bins that

allow the moisture surrounding the specimens to remain above 80% RH. Although the notice to proceed
was received August 2020, this report includes measurements performed February 2020 to August 2021
for the indoorsamples, and August 2020 to August 2021 for the outdoor samples.

Electrochemical measurements were performed using galvanostatic pulse method to monitor the legacy
samples. The applied pulse current magnitude was initialiyAl®ut it was adjusted tdteer a smaller

or lagermagnitudedepending on how much the rebar was polarized with the currelmtitiadly an

anodic current was applied, but it was decided to change it to a cathodic tmmenimize activation

due to the galvanostatic pulégach measurement allowed to identify the rebar instantargeuns

circuit potential (OCP), solution resistance (Rs), and polarization resistance (Rc). It was assumed that all
rebars were corroding and the Icorr was calculated assuming a B constat of 26.1 mV (in {Be&tern
equation). Ecorr vs. Icorr and Icorr.\Rs correlations were prepared using three most recent
measurements.€., with measuremenisade between April and August 2021). The findings of the

Ecorr vs. Icorr correlations suggest that the slope is not the same for all sample groups, but they appea
to confirm that all rebars are in an active sthteias observed thahe Ecorflcorr value pairs of some

rebars suggest less active state and deviate somewhat from the average slopsemasons more
pronounced on some outdoor samples that those expuksats. An interesting observation from the

Icorr vs. Rs correlation corresponding to outdoor samples is that some rebars showed significantly
smalker Rs with relative large Icorr values, these appear to correspond to rebaaissiow cracks

above the rebar
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Chapter 1. Introduction

1.1 Problem Statement

Although there have been several studies regarding the corrosion propagation, these studies typically
consist of samples in which chlorides are added to the concreteinTimest casea current is applied

to acceleratéhe corrosion. The samplafier some tim@resent cracks arghortly afterthe samplesare
forensically analyzed. One concern is that the corrassoid evolve in a manner different that what

takes place in the field.

Recent reviews have acknowleddbd effect of sample size, sample geometry, exposure method on the
amount of chlorides that cause corrosion of the reinforcing steel to initiate[1]. There are some reports [2
3] that indicate that the chloride threshold is lower on concrete with suppbesneatnentitious

mat erials, particularly for concrete with high
considered when modeling service life. There are several repbitdjdt indicate that the corrosion

rate of carbon steel rebar embeddedigh performance concrete is lower (at the early stages) when
compared to rebar corroding on concrete with no supplementary cementitious materials. This
observation in part can be attributed to the higher concrete electrical resistivity for condrete wit
supplementary cementitious materi@is. concrete with no cnyhen comparing concretes with similar
moisture content (smaller macrocell effects). The higher resistivity is in part due to pore refinement and
higher tortuosity that develops with time tbose concretes with supplementary cementitious materials.
However, as corrosion progresses and causes damage on the concrete; the apparent concrete resistivity
(or solution resistance) of moist cracked concrete can become small, and this could allssrcoate

to occur at a higher rate even on rebars embedded in high performance concrete.

It is important to note that the concrete electrical resistivity could also increase significantly if the
concrete is exposed to dry conditions (low relative humidity). Thus, it is important to be aware of the
exposure conditions. For structures that aniglly immersed, as are many bridges exposed in Florida,

the moisture condition is high all year round, due to the high humidity prevalent most of the year. Most

of the reported corrosion rate values correspond to values obtained shortly after conritiesiom. As
mentioned above, as the chloride concentration increases at the rebar trace, the corrosion rate of carbon
steel also tends to increase. As time passes, the corroding area will tend to increase (either the corroding
site becomes larger or cosion initiates at additional locations). The corroding sites then produce
corrosion products that build up with time. A high moisture content of the pore structure can allow the
corrosionproducts to be transported thru the pore structure (saturatectwnor if partially filled with

pore solution the corrosion products (once buiithas occurred) apply tensile stress that then can
eventually cause cracks. The rebar cigssion loss can in some cases be |gager corrosion

propagation has takgiace for some time)lhus, monitoring the corrosion rate for a longer period

within the propagation stage is relevant under various exposure conditions. Legacy (samples prepared as
part of previous projects) samples are available at[6Ald which corrogon propagation can be

investigated and monitored.

This study is aimed to better understand how corrosion propagates on rebars embedded on concrete with

supplementary cementitious materials, via legacy sammesacy samples were monitored as part of
this project.There are indoor and outdoor exposed legacy samples utth@ooexposedsamples were
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prepared in 1994 with low w/cm and there are both OPC samples and binary mixes (see description in
the experimentadectior). These samples were monitored sal/8Bmes using galvanostatic pulse
measurements. The Icorr vs. time during the monitored period are reported in the results section. Several
samples either hactacksor developed cracks during the monitored period.

Legacy indoor samples prepared in @0&ere also monitored as part of this project. These samples

were prepared with binary or ternary concraepositionsSamples were prepared with a single rebar

and other samples were prepared with three rebars. The experimental sectionstasarlidssls.

Chloride transport was accelerated by applying an electric field a few months after the samples were
preparedThus, the passive layer was allowed to form on the rebar surface of the embeddéthesbar.
results section includes plots of Icorr vendéi and Ecorr vs. time for selected samples (the appendix
includes results of the other monitored samples). The cumulative mass loss using available Icorr values
(obtained using GP measurements) were calculated.

1.2 Objectives
The objectives arvofold: (1) Identify the effects of moisture content on the corrosion propagation in
the reinforced concrete; (2) Evaluate the degree of corrosion within the reinforced concrete correlating
parameters obtained from galvanostatic pulse (GP) measure@@mscorrosion current (lcorr),
solution resistance (Rs). One of the parameters monitored via the GP nsdtiedorrosion current as
the corroding area is not known. (Maisdgorspezisiens wi | |
only), theestimaed mass loss will include Icorr values obtained previo(ht 7 to 202Q)

1.3 ExpectedContributions
Plots correlating Icorr vs. Rs and Ecorr (OCP) vs. Icorr for the different sample gnagbeen
preparedThese plotsvere prepared usingcent set of masurements (at least three values taken during
the lastfive months of monitoring). These correlations will add to those available in the literature.

1.4 Report Overview
The report presents a brief literature review, then the methodology chapter is présatetéuht
additional details on the experimental can be found prewouslypublished reporRef]). The results
section presents typical results of the monitored parameters, but most emphasis is on the Icorr vs. time.
An appendix contains Icorr vsnie for most of the rebars monitored as part of the current effort. The
discussion section presents the correlations preparddth outdoor and indoor resuliad forrebars
embedded ifndoor specimens the estimated mass loss is pres&ezigns of acks are visible on
the indoor samples (although rust spots are now visible alssyéew rebars), cracks are visible above
the rebar on several outdoor specimens. Year 2 will include the forensic analysis of selected outdoor
specimens.
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Chapter 2. Literature Review

Once corrosiomf the reinforcing stedias initiatedn atmospherically exposed reinforced concrise
propagation is controlled primarily by the supply of oxygen, moisture content and resistivity of concrete
[7]. The length of the corsion propagation stage is the time froarrosion initiation to aefined limit

state. There argeveraldamage indicators associated with different limit states such as loss of rebar
crosssectional area, loss of bond strength between steel and conatetereosioAnduced concrete

cover cracking8]. Corrosionof the reinforcing steelauses an initial increase in rebar to concrete bond
strength due to the increased rebar surface roughness but further corrosion results in loss in bond
strength. The comsjuent corrosioimduced cracking tends to reduce the confining capacity of
surrounding concrete.

Severakesearchers have considered the appearance of cornmdimed surface cracks as a

performance limit state as it is relatively easy to determine in a corroaliffgrced concretstructure

[9,10]. Concrete cover cracking is caused by the accumulation of expansive corrosion products at the
steelconcrete intdacewhen theeexceed the critical penetration de¥it). Generally, corrosion
products can have a volurap to fourto six times greater than that of the original sfg&]. However,
Hansson et al. found that the volume of corrosion products oldsereencrete is between 2.2 and 3.3
times greater than that of steel from which they forfd@d

Most rebar corrosion propagation studies assume corrosion around the whole rebar circunafiedence
along most of the rebar (with a few exceptios coriosion progresses, the corrosion products

continue to accumulate and once it fills up the concrete pores, radial and hoop stresses start to develop.
Covercracking begins when the stress state satisfies a certain cracking failure cilieea®egree of

moisture could dictate the type of corrosion products that are present and how far the products move
through the pore structure.

The aggressive nature dflorideinduced corrosion and the reddtrate of deterioration oéinforced
concretestructure arevorsened due to the presence of cracks in con@reteks are sometimes due
reasons other than corrosion of the reinforcing st&gdgcks impir the durability of reinforced
concrete struares by creating preferential paths for the penetration of ¢onrosducing spe@s
leading to relativelyearlierinitiation andfasterpropagation of steel corrasi and consequently a
reduction in service lifeThe depth, thickness and origin of the cracks affect when corrosion initiates and
how it propagates8g] If no cracks are presenpth the initiation and propagan phases are usually a
function of, among ther factors, the penebiity of the concrete cover, the cover thiess, resistivity
of concreteand the corrosion resistance of the sbeeb[13-15]. In the presence afracks,several
studies have shown that the farst affecting corrosion rate imcracked concrete are stifllevantbut
theireffects(relevance) s s i g ni y c Bha effects of @eksl an coerasion vary not onlyith
their width, but also with depthrequency, orientation (relatite the steel reinforcement), séléding
potential of the concrete, and activitydmrmancy.

MelchersandChaved16] proposedhatchloride concemations are involved only indirectly in

initiating reinforcement corrosion and in serious active corrogiooording to Melcherand

Chavegl6], the primary role of chlorides in chlorideduced damaging corrosion of reinforcement lies
in accelerating theolubility of the alkaline calcium hydroxide in the concrete matrix, including around
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the reinforcingoars and thereby allowing depassivation ofdteel reinforcement he dissolution of
alkalis is increasetbr the more permeable concretes as these hmherinternal surface areas for
alkali dissolution. Thiview providesan understandintipat longer durability cabe achieved through
use of more denséw permeabilityconcretesMelchers and Chaves also mentiotteat high concrete
alkalinity can le achieved byusing limestone or nereactive dolomites as concrete aggregates.

Several research efforts over the last few decades have been focused on developing models that can
estimate time to cracking. Most of these studies were focused on OPC eawitietit admixtures; very

few models have been done that include high performance admixtures. Jam@ligtratviewed

empirical, analyticaland numerical models which have been developed for modeling coriodicced
concrete cover cracking due &inforcing steel corrosion. Jamali mentioned that the parameters need to
be considered are corrosion rate, type of corrosion products, corrosion accommodating region,
mechanical properties of materials and geometry. When the corrosion morphology ishgue to

localized corrosion (as per chlorileduced corrosion), the anodes and cathodes could be separated, and
corrosion products form only locally. These results in changing the geometrical locations of the
corrosion products and thus affects when and weraieking occurs.

According to Otieno et aJ18] chlorideinduced corrosiois accelerated by cracks with increase in
penetrability. It is observed that with a given type of binder and w/b ratio, cormaseimcreasewith
increase in crack width wheas for aspecificcrack width, corrosiomate increasewith decrease in
concrete quality. When concrete structureseaqmsedo chlorides, cracksavea severe effect which
increases penetrability of concrete and hence corrasiours ahigher rates.

Otieno et al[19] assessdthe effect of dryingluration and concrete quality on corrosion ratest@él in
accelerated corrosion tests in the labamatThe results shoadthat the duration afirying affects

corrosion rate of steel in concretavingthe wetting duration kegonstanthowever, the combined

effects of concrete quality amtlying duration need to be considered. Denser gesstrableoncretes

with low w/b ratioswerel ess i npuenced by t bpposittbeinginugfordessr at i or
dense, more penetrabi@crostructure concretes with higher w/b ratibdras been showthat the

denser microstructure concretes with higistivity exhibited resistivity corrosion control whilee less

dense microstructure ones with low resistiaghibited both cathodic and resistivity corrosgamtrols.

TorresAcosta[10] and Busbd20] mentioned in their experiments and empirical eldbe effect of
anodelength and how the average penetration depth increased with cover/diameter (of rebar) increase
for a constant c/L (concrete cover/anode length). Tokmsta [10]Jand Busbd20] experiments

ensured that corrosion was taking placsuad the whole perimeter of the rebar (with different length).
Otieno et al[8] did a review of the corrosion rates that have been used and include results of
experiments with an incipient crack. Angst ef21] described the effect of reinforcementdém

(sample size) on the chloride threshold.

Jamali et al[17] describé that in some cases where chloridduced corrosion took place reshins or
cracks werenvisible; but, upon forensic examination, a significant crgsstioral loss wadoundat the
corroding site. Angst et gR2] describé, as arexample, a bridge deck with a damageaterproofing
membrane, where concrete is locally saturated with watelnemceoxygen starvation is likely. In such
instancesanodic iron disolutioncouldoccur (once corrosion has initiated) without enough
precipitation of corrosion products to form crag®8]. This type of corrosion igsuallyreferred to as
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0 b | rawc §38] 8ince the iron may remain dissolved in the concrete pore solutidrihe concrete is
removed during visual inspection and thus access to oxygen is provided. Walsh and2Zgulés
reported similaresultsby performing forensic analysis of reinforced concrete pilewratfully
immersed for an extended tirperiod

In addition, Walsh and Sagugz!] and Sanchez and Sagii2S] mentioneda halo effect (cathodic
preventionsimilar towas first reportedor pitting corrosion of stainless ste®y Budiansky[26]) of a
corroding site on the surrounding steel, suchtth@nhext corroding site wascated ata certain distance
from the initial anode.

In partiall-immersedeinforced concretbridges expose to a marine environment, the chloride ions
penetrate from the surface toward the reinforcenfena resultthe sde of the rebar facing the chloride
exposed concrete surface reathe chloride threshold first and then corrode. iHital corrosion site

can be as small as a small pit (e.g., <1 mm diameter). Once corrosion has initiated, it is likely that the
corrodng site would exert some cathodic prevention on the surrounding steel area such that the next
corroding site would be located some distance from the initial corrodindtsiferowing power will

depend on the concrete resistivity and moisture content to mentiaohirdbutingfactors.

It has been reported thtiie corrosion producremore soluble in the presence of chlorides, high
moisture might also enhance how fargeorrosion products can tratieloughthe concrete

microstructure (e.g., at tidal and submerged region eleva{@ris)On the other hanadyhenchloride
concentrations quite high(significantly larger than thehloridethreshold) corrosionmight then occur

around the whole rebanavinga considerable anode length, which then could proceed as often modeled
and cause cracking aegentuallyspalling.

There have been a few efforts of investigating the effects of corrosion on the mechanical perfofmance
rebars and there asdew studies showing the lortgrm progression of corrosion on mechanical
properties.As part of this review, a festudies were found that focus their efforts on chosen levels of
corrosion only. These studies also focus onstigating the effects of the independent variables of

mass loss due to corrosion and rebar diameter have on the mechanical properties of the rebar but do not
consider the effect other variables may have on corrosion rate and the mechanical propegties of th
corroding rebar such as concrete composition, lengths of the corroding site.

Three recent research pap8-30] present botimathematical models amperimens performed to

develop relationship equations between rebar mass loss due to corrosion and mechanical properties of
the rebar.Imperatorg29] studyused the data fromxperimentsvith artificially induced corrosion

samples talevelop equations which redamass loss to stress and ductility of the reinforcement.
Imperatorg29] experiments werdone for uniform corrosionMorenoet al[30], developed the

relationships to tensile strengths using a multivariable regression approach establishing the independent
variables as mass loss percentage and diameter. M@@radso used artificially induakcorrosion

samples with the difference thatttebarsshowed pitting corrosionvVanamg28] studyexpanded on

| mp er atnadr dviosvoekrard dhat of others and devebolequations that can be used for

uniform and localized corrosipbut might only be valid within the reported ranges for mass lo

Vanama use both naturally and artificially induce corrosion speciméummnang28] study reports on

two groups of samplesaturallyinduced corrosioelieved to be due to carbonatiand artificially
inducedcorrosiondue to chlorides and accelega . VvV a ma n a 6 sl relsats that gxperiemaed as d e
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much as 60% mass logsrecent MS thesis contains a more in depth review of these three [Zl}ers
RosaPagan used the estimated mass loss using the Icorr results of the three rebar legacyrshmples a
Vamana study to estimate current reduction in mechanical properties (but values were not within the
mass loss range reported by Vamana, because of this the findings are not included in here and the reade
is referred to the thesis)
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Chapter 3. Methodology
Outdoor Specimens

Figure 1 shows the dimensions of the 5 rebar specinexposed outdoors at FABeaTech in Dania

Beach, FL These samples were prepared in 199dpendixA contains tables describing the concrete

mix compositions for the specimerdl samples were prepared with low w/ctarget w/cm of 0.37 was

used Prior to outdoor exposure testing (shortly after casting), the specimens were invértadt (ke
down);and aplastic pondvas mounted on what became the top surface (see Rigliee exposure took

place outdoors most of the time, but early on the specimens were exposed indoors for a couple of years.
A one week wet ond weekdry ponding cycle was instited inJanuaryl995 using fresh natural sea

water. The typical conductivity of seawater measured at the FAU sitgasrS/cm. As shown in Figure

1, each of the bottom bars was electrically connected to one of the top bars so that a macrocell resulted
between the twoThese connections stop working around 2018. The wet and dry cycles were suspended
from June2018 toJune2020. For the approx. 400 days reported in here the samples were subjected to wet
and dry cycles with seawater. Typicalthe samples werwith seawater for two weeks with and two
weeks without. Galvnostatic Pulse measurements were performed on the top row rebars at least once ever
other monthThere are 30 outdoor samples remaining, with several samples having only two rebars left
on thetop row and one sample with only one. Out of the 30 samples 25 are of known composition with
the remaining fivéhe composition is not known, other than the w/cm was still 0.37.

——Natural Seawater

Reinforcing Steel
/ g

/ Bars (5)

I°4 : 1.9cm (0.75 in)/ RN
3.2cm (1.25in v

12.5cm (5in)/

15.2 cm (6 in) ;

1 ~
1

35.6 cm (14 in) g
Electrical Connection

Figlhr érievlear specimenddomagspaenci mens)

Indoor exposed legacy samples (Single and Three rebar specimens)
The legacy indoor exposed samples were prepared during spring 2016 and summer 2016. Samples with
four different compositions were prepared, see Table 1 for the conopasifl hree @ncretemixeswere
prepared with av/cm ratio of 0.4Jand onemix was preparewith a w/cm of 0.37The SL pecimens
were prepared with blast furnace slag (50% cement replacerRArdgpecimens with Fly Ash (20%
cement replacementylix T1 cortains both FA and blast furnace slag, and mix T2 contains both FA and
silica fume.Additional details of each concrete mix can be foundppendix2 of Ref [Report]Single
and three rebar specimens were prepared. The three rebar specimens arex3DHamx 7.6 cm(12
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x 12 x 3in) and contain #4ebas. The rebars wemguallyspacedvith 2.5 cm ( inch) concrete cover
measuredrom the mold bottom surfadéhis became the top surface during exposuiie¢ dimensions
for the single rebasamples ar80.5 cmx 10.1 cmx 6.9 cm, the rebars are #3our series of samples
were prepared two with binary composition and two with ternary composition.

Tablel. Concrete mix detail for specimens prepared Spring and Sunhér 2

Cemenitious = Cement 20% 8%SE 50% Fine  Coarse wiem
Mix Cast Date Content Content| FA Slag agg. agg. ,

kg/m®)  (kgin?) (kgi) (ka/m?) (ki) (kgin?) (kgimd) e
SL 4/4/2016 390 195 0 195 782 1009 041
FA 4/18/2016 390 312 78 0 0 967 833 0.41
T1 8/19/2016 390 117.5 78.3 0 195.18 761 1009 0.41
T2 8/19/2016 390 289 70 31 0 790 1046  0.37

Single and three rebar specimens were prepared. The three rebar specimens arg 30.5 cmx 7.6 cm(12 x

12 x 3in) and contain #4ebas. The rebars wemguallyspacedvith 2.5 cm @ inch concrete covemeasured

from the mold bottom surfadéhis became the top surface during exposurbg dimensions for the single rebar
samples ar80.5 cmx 10.1 cmx 6.9 cm, the rebars are #bur series of samples were prepared two with binary
composition and two with ternary composition. Table 1 presentsaiménal compositions. Table 2 shows how

many samples per each geometry and composition were available. A solution reservoir of varying length was
installed on each sample on the bottom mold surface, Table 3 and Table 4 list the sample ID with the reservoi
length for single and three rebars specimens respectively. All samples had stainless steel mesh or a TIMMO mesh
embedded on the top surface at casting (bottom surface during exposure). All samples were exposed in containers
that held calcium hydroxide kdion, the reservoir was filled with 10 wt% NaCl solution. Electromigration was

used to accelerate the transport of the chlorides into the concrete (Refs [] describe in detail how this was done and
how many Amperdour were applied to each sample), thiscess took place over several months. By early

2017, the electromigration was suspended and the samples were monitored using electrochemical techniques.
Refer to FDOT report [Ref] for early monitoring. As part of this project, the monitoring was reslineed.

samples remain exposed in high humidity environment, but the solution was periodically removed for at least a
couple of weeks. This was done to allowt@replenish and reach the rebar depth.

Table2. Number of sampleavailable
Specimen type

Single Rebar Three Rebar
SL 9 11*
FA 9 12
T1 4 4
T2 5 4
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Table3. Sample ID and corresponding reservoir length (single rebar specimens)

Sample | Reservoir | Sample| Reservoir | Sample| Reservoir
ID Length ID Length (cm)| ID Length in (cm)
(cm)
SL-1 17.5 FA-1 5 T1-6 15
SL-2 17.5 FA-2 5 T1-7 5
SL-3 17.5 FA-3 5 T1-8 15
SL-4 2.5 FA-4 7.5 T1(9) 10
SL-5 25 FA-5 7.5 T1(10) 5
SL-6 5 FA-6 7.5 T2-1 5
SL-7 5 FA-7 17.5 T2-2 15
SL-8 5 FA-8 17.5 T2-3 5
SL-9 10 FA-9 17.5 T2-4 10
SL-10 10 FA-10 25 T2-5 5
SL-11 10 FA-11 25 T2-11 15
Table4. Sample ID and corresponding reservoir length (three rebar specimens)
ID Composition| Reservoir | ID Composition| Reservoir
Length Length(cm)
(cm)
1X SL 5 17X SL 5
2X SL 25 18X FA 15
3X SL 10 19X SL 2.5
4X SL 15 20X FA 10
5X FA 2.5 21X FA 10
6X SL 10 22X SL 15
7X FA 5 23X FA 5
8X SL 10 24X FA 15
9X SL 3 25X Tl 5
10X FA 2.5 26X Tl 2.5
11X FA 2.5 27X T1(27X) 10
12X FA 5 28X T1(28X) 5
13X FA 10 29X T2(29X) 10
14X FA 15 30X T2(30X) 2.5
15X SL 10 31X T2(31X) 5
16X SL 5 32X T2(32X) 5

Samples placed in the Environmental chamber

A number @ the single rebasamplesas well as three rebaamples were selectadd transferred to an
environmental chamber orfi722020 Samples were selected by companecentEcorrand Icorrvalues.

For each concrete composition (SL, FA, T1, and T2), two single rebar specimens and one three rebar
specimen wex selectedBeforetransferring to the environmental chamiieeweight and Ecorvalues

of these specimens werecorded for later comparisohable 5 lists different single rebar and three
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rebar samples that were transferred to the environmental chamber

Initially, all these specimens were kept in the environmental chamber at a temperature of 35°C and 30%
RH. After 14 days, the selected samples condition was changed to a high humidity environment (a
temperature of 27°C and 85% RH). Electrochemical nreasent (GP) was carried out at least once a

week (first four weeks back with high moisture) on these specimens starting from 2/21/2020, and then at
least once in every two months. From GP measurer@®&®, orEcorr, Rs, Rc, and Icorr values were
collected Later, the humidity in the environmental chamber was increased to about 92% RH on
3/17/2020, in order to improve internal moisture in the concrete of the selected specimens. The period
reported in here is from February 2020 to August 2021.

Table5: Differentsingle rebar and threebar samplesansferred to the environmental chamber
according to the reservoir length

Concrete | Mesh Length Sample

Mix (cm) Name
5 SL-7
SL 5 SL-8
10 15X
7.5 FA-4
FA 7.5 FA-6
10 21X
5 T1-7
T1 10 T1-9
10 27X
15 T2-2
T2 5 T2-3
10 29X

GP measurements.
Galvanostatic Pulse (GP) method was used to monitor both indoor and outdoor samples. The duration of the pulse
was 150 seconds (sometimes it was run up to 200 seconds), and the base amount of applied curneAt was 10
(this value was adjusted to keep tebar with the pulse on within a potential range of 4 to 25 mV). The current
was initially anodic, but starting April/May 2020 a cathodic current is being applied GP test measures the
open circuit potential for a few seconds f({®CP or Ecorr) Thenthe pulse is applied and the rebar
potential as a function of timie measureavery 0.2 second3 hesolution resistanceR() is calculated
by using theebar potential prior to the current putsgd using the first potential reading with the
current pulse (i.e., the initial ®potentialrecordefl. TheR¢ valuewas calculated bgbtainingthe
difference between the initial bpotential andast potential value measured with the pulseTdre tor
was calculated using the Ralues and a B constant of 26.1 nifér samples in the environmental
chamber the reported period is from February 2020 to August 2021, for the rest of the indoor samples
the reported period is form June 2020 to August 2021farttie outdoor samples the reported period is
from August 2020 to August 2021.
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Chapter 4. Results and Discussion

Indoor Samples

Single Rebar SL samples.

The largest Icorr was observed on rebars embedded in samples with 10 cm solution resaraihadd/alues

as high as 3@A, the most recent Icorr ranges between 10 anaALlF-igure2 shows the Icorvalues during the
monitored period for the samples with 10 cm long reservoir. The remaining sample with a 17.5 solution reservaoir,
shows recent Icorr values close torts Samples embedded in samples with reservoirs of 2.5 to 5 cm long, had
rebar Icorr alues that ranged between 5 andr®0 Four out of five rebars show a modest increase in Icorr
measured. Figurg shows the Icorr vs. time for the rebars embedded in samples with 5 cm long reservoirs, note
that SL-7 and SE8 were placed in the environmeinthamber and hence there are several measurement

performed as the sample regained moisture. The images for the other samples can be found in the appendix.

040416 (SL), Ponding length- 10cm
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F i g 2 lcoer vs. time for SL single rebar with 10 cm long reservoir
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040416 (SL), Ponding length- 5cm
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F i g 8 lcaer vs. time for SL single rebar with 5 cm long reservoir

FA single rebar samples.

Two rebars consistently (FAO and FA2, see Figurd below) hadrebar ICPpotential values more negative than

-0.4 Vsce, these twobars also showed higher corrosion currents when compared to the other samples with the
same solution reservoir length. The rebars in sample FA2 (5cm) and FA5 (7.5 cm) showed Icorr valugs > 15
several times, but also showed some oscillation (transiertts measured corrosion current values. Figure

show the Icorr and Ecorr values measured on the rebars embedded in FA samples with 5 cm solution reservoir.

The other plots can be found in AppenBix
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Fi g4 OGP vs. time foselected FA single rebar specimens
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041816 (FA), Ponding length-5cm
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F i g 5 licoer vs. time for FA single rebars samples with reservoir 5 cm long

Single Rebar T1 sampgeThe larger Icorwvas observed on T8 specimens which has a 15 cm long reservoir.
During the monitored period reported in hetestarted at values ranging between 15 and®2(ut the latest

Icorr was close to 10A (See Figurés). The other thre&1 samples had smaitlécorr values (See append.
Samples with reservoir length of 5 cm had Icorr values that changed little over the reported paridd thé

Icorr on the samples with a reservoir of 10 cm tended toward smaller values, and currently is alsobout 5

T1-8 (Ponding Lengthl5cm)
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Fi goireorr vs -8 tsiimmeglfeorr efblar specimen (15 cm |l ong r es
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Single Rebar T2 sampleslodest fluctuation in Icorr overtime were observed on the rebars embedded in single
rebar T2 samples. The rebar with the tmegative potential (T2, see appendiR®) had the larger Icorr (T2,

for samples with 5 cm solution reservoir), see Figutgimilar Icorr values (around IfA) were observed on the
rebar embedded in T21 specimen (in this case the reservoir is 15 cm long).

T2 Samples (Ponding Lengticm)
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Figoareorr vs. time for T2 single rebar specimens (5

Three rebar specimendhis section describes hdeorr changed during the monitored period on FA three

rebar specimens. Appendix C presents the Icorr observed values on SL, T1 and T2 three rebar specimens. Figure
8 shows how Icorr evolved on rebars of FA specimens with 2.5 cm long reservoir. Mostloes measured on

three rebar FA specimens with reservoir of 2.5 cm, were less tmAnt®wever sample 11X had values that

ranged between 20 and B8, with the last readings being aroundrim.
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FA-041816 (5X), Ponding length- 2.5cm

FA-041816 (10X), Ponding length- 2.5cm
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Figure9 shows how Icorr evolved on rebars of FA specimens with 5 cm long reservoir. Over monitored period
reported in here, the Icorr remained at constant values on thenspewith lower Icorr values (i.e., 7X), Icorr
ranged between 10 and 4B (with some fluctuation) on the rebars of sample 23X and the Icorr values were
initially constant on the rebars of samples 12X, Rebar C had values as hightganBfre recently thécorr of

this rebar transitioned downwards reaching values of arounth12he trend towards lower Icorr values was
also observed on rebars A and B in specimen 12X.
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041816 (7X), Ponding length- 5¢cm 041816 (12X), Ponding length- 5cm
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Figure10shows the Icorr vs. time for rebars embedded in FA specimens with 10 cm long reservoir. A downward
trend in Icorr was observed on the three specimens. The mostlcarenalues ranged between five andn¥Q
Figurellshows the Icorr vs. time for rebars embedded in FA specimens with 15 cm long reservoir. On these
samples, there was an initial trend down on the Icorr observed followed by an upward trend, but mtore rece
measurement suggest plateau or modest decrease in Icorr values on most rebars. Two exceptionsirabdr 14X
18X-C. On sample 14X, Icorr reached values as high asA30ut recently it shifter towards Icorr= 1\ (with

one exception). The Icorr valsién the other two samples ranged between 10 amehZWith a few values

slightly larger than that).
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FA-041816 (13X), Ponding length- 10cm
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Outdoor Specimens

This section describes plots of Icorr vs. time and Bemrtime for selected samples for a variety of compositions.
The outdoor samples had been exposed for close to 26 years, day zero in the plots is with respect to when the
samples started to be monitored as patthefTriDurLEproject. Figurel2 shows orthe left plots of how Icorr
changed with time and on the right the plots show how the rebar potential changed with time. The two samples
correspond to the mix with only OPC, with a concrete cover of XX cm. Based on the magnitude of the current
Rebar AO5B shows the larger Icorr from those displayed in here.
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Fi g 1 2loerr vs. time and OCP vs time for two AO samples.
Figure13shows similar plots for samples with Calcium nitrate added to the base mix. All rebars show arcorrosio
current greater than 2007\ for most of the monitored period. The rebar potential for all rebars is currently more

negative thar300 mVsce, suggesting that all rebars are in the corrosion propagation stage. (Add which from
these samples there amacks on top of which rebars).
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F i g 1 Bloerr vs. time and OCP vs time for two CO/BO samples.

Figurel14 shows plots for two samples with fly ash (intermediate amount of FA). Two rebars in sample FA2

and one rebar (C) in sane FA23 showed Icorr greater than 168 for all or part of the monitoring period. The

rebar potential on rebar FA2C showed a transition from positive to negative and back to positive rebar

potential values, whereas the two rebars with negative dapsvan FA27 showed values 6200 mVsce or more
negative, with both rebars being arouB880 mVsce at the end of the monitored period. Typical values observed

on rebars embedded in SF3 and SF4 composition are shown in Bsgamd Figurel 6, respectivel. On average

the rebars in sample SA3showed corrosion currents that were almost double those observed on rebaf8 in SF3
sample. The rebar potentials were more positive than those observed on FA, CO or AO samples described above.
The rebars embedded &4 concrete showed rebar potential values nobler (more positiveXB8nmhVsce,

except for the last measurement on two rebars embedded-ih &Fdples. Most rebar values observed were

around 50mA, with a few cases in which rebars in SEéxceededd0 mA, suggesting that two of the rebars in

SF41 are more active than the rebars embedded ir2S=&dnple.
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Correlations: Indoor Specimens

Rs vs.lcorr. Correlations plots were prepared using three values (and averagedtpegtea) measured

between May and August 2021. This gives a sense of the recent state of the progression correlating the solution
resistance and lcorr measured valuEse correlations observed on the single rebar specimens are shown in
Figurel7. The sbpes observed on rebars of samples in SL and FA concrete are somewhat different from the
slope observed on rebars in T1 and T2 samples, the slope for the latter were stepper. A greater scatter was
observed on values measured on FA single rebar specinuerexdmple, the FA plot shows that in one instance

the Icorr was larger for a rebar with 5 cm reservoir length compared to rebars with 7.5 cm long reservoir (FA) and
that the Rs was comparable (or slightly larger Rs on the 5 cm long reservoir sampteyréla¢ion observed on

values from T1 and T2 rebars also showed overlap, but this was not observed on SL single rebar samples.
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F i g 1 rSegle rebamRs vs. Icorrcorrelation

TheRs vs.lcorr correlations corresponding to three rebar specimens are shown in Bglreyeneral, the Rs

values orthe thregrebar specimens tended to be smaller than those observed on the single rebar specimens (when
comparing rebars embedded in the same typerufrete). The rebars embedded in SL concrete showed the most
scatter, followed by rebars embedded in FA specimens. Rebars embedded in FA concrete with the longest
reservoir showed the lower Rs and larger Icorr (but there is some spread in the valeetanbagiong the Icorr

values. Correlations from rebars embedded in T1 and T2 concrete showed less scatter. The T1 and T2 plots
showed somewhat larger Rs values with corresponding somewhat lower Icorr values. The ternary nature on T1
and T2 concrete migli part explain the larger Rs values.

28|Page



] - ¢ o
. A . LI o Ta
- s u —_ *® 0‘0’
< akis . < @ 4
2100 1 Tomy, 2100 as
E ] Al = Ay
S 4 5 * '.I‘
— As — ] [
m25cm ] m25cm - |
¢35cm ] #5cm
410cm 410cm
®l5¢cm T ®15¢cm
SL(3 rebar)-Recent FA(3 rebar)-Recent
1.0 ———— T T ————— 1.0 ———— T
0.1 1.0 10.0 0.1 1.0 10.0
Rs (kQ) Rs (k€2)
M
< 2 = A
310.0 2100 ‘:
t ] t :
2 = £ .
i ] n
4 m25cm 1 ®m25cm
AS5cm AS5cm
10 cm 1 e10cm
o T1(3 rebar)-Recent o T2(3 rebar)-Recent
0.1 10 10.0 o110 o0
Rs (kQ)

Rs (kQ)
Fi g1 8Ten rrebarspecimensRs vs. Icorr correlation

I corr vs.Ecorr. Similar correlations were prepared using lib@rr values vsEcorr (OCP)values for each rebar.
The plots display the average values per rebar using three measurements (May to Augush@@2tigs in the
plots are also grouped per solution reservoir lengthtaaolots indicate the concrete composition for a given
sampleset. Plots were prepared for single rebars and another plot for three rebar spotieenspecimens)
Figure19 shows thdcorr vs.Ecorr correlations obtained using the values for the single rebar specimens.
Expected trends were observed, but theneevagew outliers for two FA values. Two data points showed lower
potentials, which might suggest partial mass transport limitation, or that these sampledtianesitioral state.
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Thelcorr vs.Ecorr correlations from three rebar specimens are shown in FAQuievery good correlation was
obtained using SL samples, whereas for FA, T1 and T2 the correlations were good, with a few outliers. For FA,
T1 and T2, the samples with 2.5 cm long reservoir had the smaller Icorr values, but this was not observed on SL
spedmens.

30|Page



0.0 -
] E25cm
0.1 ] N +5cm
] 410 cm
= 02 i L .* A ®l5¢cm
o V.2 7] ARy
e ]
g Am o
E-UB ] .‘ * o ¢
b ] t
= 1 A
0.4 1
0.5
06 1 SL(3 rebar)-Recent
1.0 10.0 100.0
Icorr (pA)
0.0 -
] E5cm
] ®10cm
0.1 . A25cm
202 ] ¥a e u
> ] °
~ ] .
E-O.B ; b ..
é i ]
-0.4 -
0.5 ]
] T1(3 rebar)-Recent
-0.6 ———— T —
1.0 10.0 100.0

Icorr (nA)

m25cm
. +5cm
0.1 W al0cm
| " * ®]5cm
m A
1‘3 0.2 A
; A 3‘ .
T -03 4"
5 %
*
= 04 ]
-0.5
FA(3 rebar)-Recent
-0.6 ——— T T —
1.0 10.0 100.0
Icorr (nA)
0.0
EmS5cm
®10cm
-0.1 A25cm
502 1 .
I
z oL
£-0.3 - u
e
é ]
04
| |
| |
-0.5
06 T2(3 rebar)-Recent
1.0 10.0 100.0
Icorr (uA)

F i g 2 Olerr vs.Ecorr for three rebar specimens (recent readings)

Thelcorr vs. Ecorr correlation that had the best tr@asls scattergorresponded to rebars from the SL group.

Correlations: Outoor Specimens

Figure21 shows the correlation between Rs and Icorr for the outdoor samples. The samples with the smaller Rs
tended to have the larger corrosion current. The Rs ranged between 0.1 and 8 Kohm. Most embedded rebars with
Rs values smaller than 0.5 Kohms showestks. At least 15 rebars exceeded an average corrosion current of 200
mA (using the measured values obtained between April and August 2021), these rebars showed Rs values smaller
than 0.8 Kohms. Samples identified with an asterisk symbol correspogithtis embedded in samples with

unknown composition (t¢omp)
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The correlation betwedigorr vs. Ecorr appear to suggest that most samples are undeigwigion, but not all

at the same raf&ee Figure 22)Some rebars with potential values as negativ@s3® mVsce have smaller

corrosion current ( ~ <= 4@A ) than rebars with similar rebar potential values (between 100 ana)00

suggesting that a smaller area is active on those with smaller currents. Rebars with Icorr values greater than 100
mA are likely to be in the active state (actually rebars with corrosion currents greater tharedd also be in

the active state b@ither corroding at a lower rate or with smaller corroding site(s)). Due to mix rebar potential
control, several rebars with potentiad 00 mVsce showed corrosion currents >i0 Rebars with Ecorr <

250 mVsce (i.e., more negative) could be considerde in a more persistent active state as most rebars with

this potential values showed corrosion current in excess afA@@ number of the rebars were found to have
average lcorr values ranging between 200 and )0
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Mass loss calculations: Indoor Specimens
The tables presented in this section used Maltres obtained from GP measurements for the period March 2017
to August 2021. (GP was not used during Fall 2016 and Early 2017, LPR measurements were made during that,
but are not included in the values reported in here). Tasi®ws the masslosscalt at ed using Far a
and after integrating to obtain the total charge on single rebar specimens. Each row also indicates the sample ID
and the length of the solution reservoir in each sample. RebamhaH the largest mass loss, and corresponded to
0.64 grams, for FA the largest mass loss was calculated for the rebadisgetimen (0.53 grams), the rebar in
T1-9 showed a mass loss of 0.55 grams, and the rebar2rsh@wed a mass loss of 0.34 grams. No values are
shown for the samples that weeerhinated as part of a previous effort.

Table6: Mass loss estimated for rebars embedded in single rebar specimens

Reservoir Reservoir
grams (length (cm) grams length (cm)

SL-1 FA-1 0.17 5
SL-2 FA-2 0.42 5
SL-3 0.64 17.5 FA-3 0.34 5
SL-4 0.21 2.5 FA-4 0.53 7.5
SL-5 0.27 2.5 FA-5 0.50 7.5
SL-6 0.26 5 FA-6 0.49 7.5
SL-7 0.35 5 FA-7 0.40 17.5
SL-8 0.45 5 FA-8
SL-9 0.39 10 FA-9
SL-10 0.54 10 FA-10| 0.23 2.5
SL-11 0.52 10 FA-11| 0.12 2.5

T1-7 0.25 5 T2-1 0.29 5

T1-8 0.50 15 T2-2 0.34 15

T1-9 0.55 10 T2-3 0.17

T1-10 0.16 5 T2-5 0.14

T2-11| 0.26 15
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Table7 shows the calculated mass loss obtained from the three rebar specimens. Table X shows three values per
row, each in grams corresponding to rebar A, B and C. The two columns on the left indicate the concrete type and
reservoir length, and the second coluitme sample ID. Currently the rebars with the largest mass loss per mix
correspond to 4>C (SL, 15 cm) 1.34 grams, 12X C (FA5 cm) 0.78 grams, 27X C (T1 2.5 cm) 0.69 grams and
29X-A (T2 10 cm) 0.44 grams. The table show that in some cases the threénrebgiren sample had very

similar mass loss, as for example sample 3X, but in other cases one of the rebars had a significantly larger (e.g.,
1X-C) or smaller (eg. 2>C) calculated mass.

Table7: Estimatedmass loss for rebars three rebar specimefglues in grams)

A B C
SL-5cm  |1X 0.49 0.42 0.64
SL-2.5cm 2X 0.40 0.41 0.34
SL-10cm  [3X 0.21 0.22 0.22
SL-15cm  [4X 0.59 0.75 1.34
FA 5X 0.19 0.20 0.19
SL-10 cm |6X 0.63 0.39 0.45
FA 7X 0.29 0.27 0.25
SL-10cm  [8X 0.30 0.26 0.21
SL-2.5cm [9X 0.47 0.59 0.48

FA-2.5cm |10X 0.17 0.20 0.21
FA-2.5cm [11X 0.76 0.80 0.63
FA-5cm 12X 0.66 0.72 0.78
FA 13X 0.40 0.40 0.28
FA-15 cm |14X 0.69 0.40 0.65
SL 10cm  |15X 0.43 0.40 0.39
SL 16X 0.76
SL-5cm 17X 0.69 0.64 0.72
FA-15cm |18X 0.45 0.42 0.35
SL-2.5cm 19X 0.61 0.32 0.36
FA-10cm 20X 0.33 0.37 0.46
FA-10 cm 21X 0.47 0.53 0.52
SL-15cm 22X 0.30 0.25 0.27
FA-5cm 23X 0.48 0.41 0.47
FA-15cm 24X 0.48 0.64 0.49
T1-2.5cm 25X 0.54 0.58 0.69
TX-2.5cm |26X 0.36 0.37 0.32
TX-10cm 27X 0.54 0.57 0.61
T1-5cm 28X 0.26 0.29 0.27
T2-10cm |29X 0.44 0.29 0.27
T2-2.5cm [30X 0.22 0.19 0.19
T2-5cm 31X 0.26 0.36 0.20
T2-5cm  [32X 0.31 0.31 0.37
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Chapter 5. Summary and Conclusions

The results and discussion section provides insight on how the corrosion has propagated during the
reported period. It also indicates that the calculated mass loss (indgaespfor most rebars is

moderate, but in some cases surpasses the amount that caused cracks @0Barsthd orreg§10]

study. It is possible that the corrosion is taking place in a more localized manner and also under higher
moisture (which could bdlawing corrosion products to mover farther within the concrete-pore

structure). Longer periods with no solution might provide time for ferrous/ferric hydroxides to be
transformed to oxidized state.
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Appendices
Appendix A. Mix Designs of Outdoor Specimens

Table 8. Mix design AO and CO

AO CO
Cement, kgs 113.5 113.4
Calcium Nitrite, kgs 0 5.2
Water, kgs 33.3 28.6
Coarse Aggregates, kgs 286.8 286.8
Coarse Aggregates, % excess moisture 2.06 2.5
Fine Aggregates, kgs 215.6 215.6
Fine Aggregates, % excess moisture 1.3 1.5
Unit Weight, kgs/m?3 2,292.5 2,276.4
w/cm ratio 0.37 0.367
RCP Average at 91 Days, C 4896 (High) 6285 (High)
Strength Avg. 28 days (MPa) 44.2 48.1
Cementitious per unit volume, kgs/m?3 399 394.4
Note: 1 kg/m® = 1.6842 Ib/yd®, 1 kg = 2.205 Ibs, 1IMPa i 145.03 psi
Table9. Mix design FAL, FA2, FA3, FA4
FAL FA2 FA3 FA4
Cement, kgs 90.8 73.8 56.7 73.8
Fly Ash, kgs 22.7 39.7 56.7 39.8
Calcium Nitrite, kgs 0 0 0 5.2
Water, kgs 27.6 27.8 28.0 24.4
Coarse Aggregates, kgs 287.4 287.4 287.4 288.4
Coarse Aggregates, % excess moisture 2.96 2.3 2.3 2.9
Fine Aggregates, kgs 212.4 206.0 199.6 203.8
Fine Aggregates, % excess moisture 2.68 3.68 3.68 3.0
Unit Weight, kgs/m?3 2,263.6 2,247.6 2,231.6 2,231.6
w/cm ratio 0.367 0.37 0.37 0.363
RCP Avg. 91 Days, C 989 713 731 NA
Strength Avg. 91 days (MPa) 53.2 52.9 45.6 44.5
Cementitious per unit volume, kgs/m?3 399 400.4 401 396
Note: 1 kg/m3 =1.6842 Ib/yd3 , 1 kg = 2.205 Ibs, 1IMPa i 145.03 psi, Type F fly ash was used.
Table10. Mix design SH, SR2, SR, SH
SF1 SF2 SF3 SF4
Cement, kgs 110.2 104.4 96.6 104.4
Silica Fume, kgs 7.2 19 35.6 19
Calcium Nitrite, kgs 0 0 0 2.68
Water, kgs 25 18.8 10.2 16.6
Coarse Aggregates, kgs 288.4 288.4 288.4 288.4
Coarse Aggregates, % excess moisture 2.65 2.7 2.9 2.9
Fine Aggregates, kgs 217.4 215.2 212.2 215.2
Fine Aggregates, % excess moisture 2.680 2.68 2.68 2.7
Unit Weight, kgs/m?3 2,279.6 2,273.2 2,262.0 2,265.2
w/cm Ratio 0.37 0.367 0.368 0.365
RCP Avg. 91 Days, C 2061 720 598 868
Strength Avg. 28 days (MPa) 48.7 50.8 52.6 48.8
Strength Avg. 91 days (MPa) 52.6 52.2 53.0 51.7
Cementitious per unit volume, kgs/m?3 397 397.6 399 396

Note: 1 kg/m® = 1.6842 Ib/yd?, 1 kg, Silica Fume slurry was used and part of the mass counted towards the water
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Appendix B. Indoor Single RebaBpecimens: and OCP vs. time

Icorr vs. time
040416 (SL), Ponding length- 2.5cm
20
---SL-4
i 15 - -e-5SL-5
& 10 A
g
—_— 5 .
0 T T T T
1400 1500 1600 1700 1800 1900
Time (days)
040416 (SL), Ponding length- 10cm
0 T=ms
35 1 -e-sL-10
30 4 —&-SL-11
EiZS s
& 20 -
§ 15 -
= 10 A
5 .
1400 1500 1600 1700 1800 1900
Time (days)
041816 (FA), Ponding length- 2.5cm
20
---FA-10
15 {4 -@FA-11
& 10 -
S
25
O T T T T 1
1400 1500 1600 1700 1800 1900
Time (days)
041816 (FA), Ponding length- 7.5cm
20
---FA-4
-8-FA-5
—i 15 1 —A-FA-6
& 10 -
S
2 el
o T T T T X
1300 1400 1500 1600 1700 1800 1900
Time (days)

040416 (SL), Ponding length- 5cm

20
---5L-6
e -o-5SL-7
< —4-5L-8
=
G 10 -
S
—_ 5 -
0 T T T T T
1300 1400 1500 1600 1700 1800 1900
Time (days)
040416 (SL), Ponding length- 17.5cm
40
30 . ---5L-3
<
=
& 20 -
§ ./-/"-—r'/.\_./.\'
= 10 4
0 T T T T
1400 1500 1600 1700 1800 1900
Time (days)
041816 (FA), Ponding length- 5cm
20
<15 1 =FAl
) | -o-FA-2
% 10 4 —&—FA-3
5
S g |
0 T T T T
1400 1500 1600 1700 1800 1900
Time (days)
041816 (FA), Ponding length- 17.5cm
20
---FA-7
E; 15 A
& 10 -
S
- 5 4
0 T T T T
1400 1500 1600 1700 1800 1900
Time (days)

40|Page



T1 samples (Ponding length - 5cm) T1-9 (Ponding Length - 10cm)
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OCP vs. time
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T1 Samples (Ponding Length - 5cm)

T1-9 Sample (Ponding Length - 10cm)
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Appendix Ci Three Rebars samples
Icorr vs. time(reported period)
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040416 (3X-SL), Ponding length- 10cm
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SL-040416 (6X), Ponding length- 10cm
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T1 (25X), Ponding length- 2.5cm

T1 (26X), Ponding length- 2.5cm

speci mens
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OCP vs. timdreported period)

040416 (2X), Ponding length- 2.5cm

040416 (9X-SL), Ponding length- 2.5cm
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040416 (3X-SL), Ponding length- 10cm
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040416 (6X), Ponding length- 10cm
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041816 (5X), Ponding length- 2.5cm

041816 (10X), Ponding length- 2.5cm
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041816 (13X), Ponding length- 10cm

041816 (20X), Ponding length- 10cm
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Fi ga90LCP vs. time, T1 and T2 three rebar speci mens
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