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Thesis Director:

Dr. Hani H. Nassif

The testing presently in practice for assessing the resistance of concrete to penetration of
chloride ions is ASTM C1202 or Rapid Chloride permeability test (RCPT) titled
AStandard Test Method for Electricade | ndic
|l on Penetrationo. This test is considered
variability, due to certain parameters such as the test being user sensitive. As an
alternative to the RCPT, the Surface Resistivity (SR) Test as preserAéGHTO TP

9511 titled ASurface Resistivity Indicatior
Penetrationo was i nvestigated by correlat
considered to be cost and time effective, as well as of relatively lavabiity. Curing

standards have been criticized in the industry due to their focus on strength properties,
leaving out the effect of curing on durability properties of conciiéte.research reported

herein is focused on determining a correlation betwRE€R and SR test measurements

and investigate the effect of different curing methods including accelerated curing on the



correlationin High Performance Concrete (HPO)his research also investigates the
effect of specificcementitiousmaterials and chemical admixtures of surface resistivity
and rapid chloride permeability results in three different curing methbas.HPC
sampledestedand included in this studyere collectedrom various NJDOT and NJTA
field locations in New Jerseand some cylinders were reproduced in the laboratory based

on field High Performance Concrete mixture design.
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CHAPTER |

1 INTRODUCTION

1.1 PROBLEM STATEMENT

Concrete with its strength, durability and economical advantage has
become the most useshanmade construction material.The evolution of bridge
construction shifted from largecompressioronly structurestowards less space
consuming flatterstructures withstanding larger tension; increasing the use of steel
reinforcement. Although there are many advantages of usingreiefglrced concrete
such as speed of construction, substantial economy, fire regisféxibility in design
and minimum maintenance. The fact that steel is susceptible to corrosion remains its
main disadvantage. Reinforcing steel in concrete ideally does not corrode since
protection is provided by the formation of a passive oxide apamthe surface of the
steel due to the initial corrosion reaction. The process of cement hydration in freshly
poured concrete develops a high alkalinity, which in the presence of oxygen stabilizes
the coating on the surface of the reinforcing steel, ramgicontinued protection while
alkalinity is retained. However, crack formation in concrete remains unavoidable due to
many factors such as shrinkage reactions of setting concrete and tensile stresses

occurring in the structure. Crack formation reduces dbrability of the concrete as it



increases the concreteods permeabil ity whi
elements such as chloride to corrode the reinforcing steel. On top of that, the ingress of
the chloride ions into the concrete resultdurther cracking due to corrosion induced
cracking.

Due to the grave effects of corrosion on structural integrity, chloride ion
penetration is a vital measure of durability. The testing presently in practice for assessing
the resistance of concrete to penetration of chloride ions is ASTM C1202 or Rapid
Chlor i de permeability test (RCPT) titled ASt
of Concrete's Ability to Resist Chl ori de
prolonged, laborious, and of relatively high variability, due to certain parasrsieh as
the test being user sensitive. As an alternative to the RCPT, the Surface Resistivity (SR)
Test as presented in AASHTO TP-951 titl ed ASurface Resi s
Concretebds Ability to Resist Chloodatinge | on
the results of the two tests. SRT is considered to be cost and time effective, as well as of
relatively lower variability.

There are various types of curing for different types of construction under different

weather conditions .there are varsotypes of curing for different types of construction
under different weather condition€uring regimes play a critical role in obtaining
desired concrete strength and durability characteristicss thereforeimportant to
identify the effect of curingegimes on concrete strength and durability of concrete.

The research reported herein is focused on determining a correlation between
RCP and SR test measurements and investigate the effect of different curing methods

including accelerated curing on therelation. The cylinders tested were collected from



various NJDOT and NJTA field locations in New Jersey and some cylinders were

reproduced in the laboratory basedHfCfield mix designs.

1.2 RESEARCH OBJECTIVES AND SCOPE

When compared with RCPT, the SRY a relatively recent test that has been
recently adpted in the specifications, amlous there is limited literature investigating the
factors that affect the SR of concrete. Studies have shown that the factors affecting RCPT
readings include: mixture pportions, time and curing conditions. In this study, different
mixes' penetrability has been measured with each of tastseunder five different curing
methods including: Moist Curing, Water Bath, Lime Bath and accelerated curing with and
without lime.

The objectives of this research project arentestigate the correlation of RCP
and SR results and how the curing methods affect the results and the corré&lation.
achieve this objective, concrete samples were collected from actual bridge deck pours
aaoss the state of New Jersey and tested using both the RCPT and the SRT to evaluate
the correlation between the two measurements as well as to study the effect of curing

methods on the results and the correlation.



1.3 THESIS ORGANIZATION

This thesis consists of five chapters as the following:

Chapter | serves as an introduction consisting of the problem statement, research
objective and scope and thesis organization.

Chapter Il covers the generddackground and literature review oHigh
Performance concretemechanisms of chloride iorpenetration, Rapid chloride
permeability test , surface resistivity test and curing regimes

Chapter Il covers the experimental program including the material phiegpand
supplies as well as the mixing and testing procedures.

Chapter IV covers the results of the tests, includingeffect of curing on rapid
chloride permeability, surface resistivity and strengthwell as RCP and SR correlation

Chapter V covers the conclusions, recommendations and possible scope for future

research.



CHAPTER I

2 LITERATURE REVIEW

2.1 INTRODUCTION

High Performance Concrete (HPC) has gained popularity over the years all
around the world and especially in highway bridges due to its strength and durability
characteristics that exceed traditional concrete. The Federal Highway Administration
(FHWA) implements four durabiliticharacteristics and four structural characteristics to
define HPC and evaluate performance. The durability performance characteristics include
Chloride Penetration based on ASTM C 1202 and AASHTO T 277 standard tests.
(Russell, et al,2006) Penetration of chloride ions into the concrete results in rapid
deterioration of reinforced concrete structures due to reinforcement corrosion; the repair
cost of which is estimated at over $20 billion annually in th G&mnon & Cady, 1992)
Corrosion is considered to be the single most important cause of damage to concrete
bridges.The low permeability of HPC has increased its demand the construction industry.
The testing presently in practice for assessing the resistance of concrete to penetration of
chloride ions is ASTM C1202 or Rapid Chloride permeability test (RCPT) titled
AStandard Test Method for Electricade | ndic

|l on Penetrationo. This test is considered



variability, due to certain parameters such as the test being user sensitive. As an
alternative to the RCPT, the Surface Resistivity (SR) Test as preserAébHTO TP

9511 titled fASurface Resistivity Indicatior
Penetrationo was Il nvestigated by ~correl at
considered to be cost and time effective, as well as of relatively loawability.

(Ramezanianpour, et al, 2010)

2.2 MECHANISMS OF CHLORIDE ION PENETRATION

The four major processes of concrete penetration by liquids containing
chloride ions are hydrostatic pressure, evaporative transport, diffusion and
capillarity. Hydrosatic pressure is a factor of height, density and gravity. In this
process the liquid at rest on the surface penetrates the concrete due to a continual
hydraulic head bet ween t $enkageandcreeptduwds i nt er
to thermal expansioand contraction would not only cause crack formation but also
would assist liquids in its tendency to flow into capillaries, or voids, in the concrete.
Such a penetration, referred to as capillarity, would accumulate chloride ions in
concrete voids oveime. Of these three major processes, diffusion presents the most
prominent concern on concrete penetration in bridge dédksnilton Il & Boyd,

2007)

Diffusion, simply defined in this case, is the flow of molecules from akas
higher concentration to areas of lower concentration; or down a concentration
gradient. During winter and snow storms, a very common practice is spreading
deicing salts, sodium chloride, on bridge decks and roads to melt ice in a more

efficient manner iad maintain traffic flow. Although there are many environmental



and safety advantages of deicing salts, the high concentration of chloride on bridge
deck surfaces develop a concentration gradient and thus diffuse into the concrete.
(Stanish, et al, 2000)

Evaporative transport is the process of which vapor is conducted from areas
of higher moisture to areas of lower moisture.ln an exposed area, the evaporation of
water leaves behind , in this case, chloride ions in concrete (budgti, 1982)

The process of cement hydration in freshly poured concrete develops a
high alkalinity, which in the presence of oxygen stabilizes the coating on the
surface of the reinforcing steel, ensuring continued protection while alkalinity is
retained. However, crack formation reduces the durability of the concrete as it
increases the concreteds permeability whic
elements such as chloride to corrode the reinforcing steel. On top of that, the
ingress of tk chloride ions into the concrete results in further cracking due to

corrosion induced crackingWWee, Suryavanshi,, & Tin, 2000)

2.3 HIGH PERFORMANCE CONCRETE

Many solutions have introduced in the industry to combat the detenig effects
of chloride ion penetration in concrete, however, following the philosophy that
prevention is better than cure, Higlerformance concrete (HPC) is now widely used on
bridge decks and many other applications to reduce concrete permeability.

Conventional concrete consists of certain proportions of water, binder, aggregate
and occasionally chemical admixtures. Unlike conventional concrete, HPC include
materials other than cement to achieve certain requirements, such as flyash, slag and

microsiica fume while maintaining a water cement ratio of about-0.26. (Meeks &



Carino, 1999)Depending on the requirement, certain proportions of theseentitious
materials are combined with Portland cemé@tdsticizers and aixtures, such as High
Range Water Reducer (HRWR) and Accelerator or Retardeglsveadded to increase
required workability.

HPC is designed to meet specific performance and durability specifications that
cannot be attained solely through using conwsati materials or mixing, pouring, and
curing techniquesStrength criteria used to evaluate high performance concrete include:
Compressive strength, Modulus of Elasticity, Shrinkage and Creep. As for durability,
criteria include:FreezeThaw, ScalingAbrasion and Chloride PermeabilitfRussell, et
al, 2006)The American Concrete Institute (ACI)
special combinations of performance and uniformity requirements that cannot always be
achieved routinely using conventionalnstituents and normal mixing, placing, and
curing p(AG,c2014)cTeese. abe many definitions to HPC, referred to as
classifications, each of which depends on the performance requirement. Performance
requirements encomps not only strength properties but rather many factors including
resistance to environmental conditions and durability.

2.3.1 Characteristics of High Performance Concrete

The Federal Highway Administration (FHWA) implements four durability
characteristics andfour structural characteristics to define HPC and evaluate
performancegrades HPC is designed to meet specific performance and durability
specifications that cannot be attained solely through using conventional materials or
mixing, pouring, and curing tlaiques. Strength criteria used to evaluate high

performance concrete include: Compressive strength, Modulus of Elasticity, Shrinkage and



Creep. As for durability, criteria includ&reezeThaw, Scaling, Abrasion and Chloride

Permeability Table2.1liststhe characteristics of HPC.

Table 2.1 Characteristics of High Performance ConcretéMeeks & Carino, 1999)

Characteristics of High Performance Mncrete

Resistancé¢o

High-Strength chemical attack

High resistance

High-Early Strength to frost

High resistance

High modulus of elasticity deicer damage

Toughness and

SelfConsolidating impact resistance

High-Durability Volume stability
Reactive Powder Ease of placement
Compaction

long life in severe

) without
environments i
segregation
. Inhibition of
Low permeability and .
. ) bacterial and mold
diffusion
growth

2.3.2 HPC Test Methods

The FHWA utilizes accepted standard tests by AASHTO and ASTM for each
performance characteristic to determiiBC grade. Standard test for some performance

chara&teristics are outline in TabR2.
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Table 2.2 HPC Performance Characteristics Standard Test Methodg¢Russell, et al,
2006)

Characteristic Description Standard Test
FreezeThaw AASHTOT 161
Durabilit Relative dynamic modulus of elasticit
y after 300 cycles ASTM C
666Proc. A
Scaling , :
Resistance Visual rating of the surface after 50 ASTM C 672
cycles
Abrasion
Resistance Avg. depth of wear in mm ASTM C 944
Chloride AASHTO T 277
Penetration Coulombs
ASTM C 1202
AASHTO T 2
Strength Compressive strength
ASTM C 39
Elasticity Modulus of elasticity ASTM C 469
Shrinkage Microstrain ASTM C 157
Creep Microstrain/pressure unit ASTM C 512
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2.3.3 HPC Materials

The low watercementratio and high heat of hydration in HP@ssists in
prevening segregation and bleedinghis results in faster drying at the surface than the
interior leading to plastic shrinkage crackifgCoulombe & Ouellet , 199%\lthough
suitable curing in each case may assist in eliminating such issues, the use of cementitious
materialsand chemical admixturemre effective methods to achieve desirable properties
and avoid undesirable factoSementitious materials typically enhance the concrete by
improving pozzolaic and micro filler effects(Ajay, et al, 2012)This section outlines
materials used in manufaring HPC concrete which are not conventiondtiund in

traditional concrete.

2.3.3.1 Chemical Admixture
In the concrete industry, chemicalmaixturesare used to address many issues

such as bleeding, segregation setting time and shrinkage.

2.3.3.1.1 Air entraining admitures

Air entraining admixtures (AEA) cause microscopic stable bubbles of air to form
evenly throughout the concrete mito absorb concrete expansiolAEA are
conventionallyaddedto improve workability in concretesusceptible to freezéhaw or
poured in environmental conditiomthere temperaturmstability may cause undesirable
factorsin the concreteAEA is introduced during mixing and thus it is necessary to test

on the field for site pours and not at the plant since mixing takes place ooticrete
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trucks as well AEA are also used to reduce bleeding and segregation which leads to

increasing service life and enhancing durabiliBu & Folliard, 2005)

2.3.3.1.2 Water Reducers

Water Reducers (WR) are used to reduce theuamof water used by around ten
percentHigh Range Water Reducer (HRWR) Superplasticizers are used to further reduce
amount of water reduced by up to thirty percent. SinaHects fresh concrete properties,
its effects are tested for by one the freshcrete properties tests, known as the slump
test Utilizing certain chemicals, such as hydrocarboxylic acid, WR may be designed and
applied toaccelerate or retard the concrete setting time as desiFaiblaccelerators, the
industry has moved towardsmcalcium chloride chemicals to avoid negatively
impacting fresh concrete properties. Desirable effects of WR include less bleeding and
segregation, early strength enhancement, increase of sleduecedermeability,
increasedvorkability and durabilityThe use of WR is verlgeneficialin HPC wherea

lowerwater cementitiougatio is required(Neville, 1995)
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2.3.3.2 Fly ash

The use of fly astas a pozzolan in the concrete indudtas been consistently
increasingover the past fewlecades. Fly Ash is a fproduct of the coal burning process
generally at electric power generation plam@iisd thus it presents an economical
advantage over Portland cemeltis used as a supplementary cementitious material to
replace a portion of the Rtand cement useh concrete mixturesAs it is exposed to
moisture, it forms cementitious compounds adding density and strength to the concrete.
Having a finer particles thanement,fly ash increasesworkability, pump ability and
alkali and sulfate agggate resistance. By reducing the amount of water needed, fly ash

is also credited for reducing permeability, bleeding and segreg@ftoomas, 2007)

2.3.3.3 Ground Granulated Blast-Furnace Slag

Another pozzolanic cementitiousaterial used in HPC is ground granulated blast
furnace slag (GGBFS) or slag. Slag is obtained from {filasticesas a byproduct of
iron manufacturing. It is also used as a supplementary cementitious material to replace a
portion of the Portland cemeused in concrete mixturekike fly ash, slag also presents
and economical advantage over Portland cement. Depending on percentage of substituted
cement with slag and slag grade desirable benefits of slag include reduction in water
demandgextensionof seting time, increased workability and redugaermeability Slag
concrete mixeglemonstrate higher resistance to chemical attack than traditional concrete.

(Osborne, 1999)
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2.3.3.4 Silica fume

Microsilica, or dlica fume is anotherpozzolanic cementitious material used in
HPC. Silica fume s an ultrafine powder obtained from electric furnaces agpoduct
silicon and ferrosilicon alloy production(Ajay, et al, 2012)Although with the
introduction of silca fume into the mix , watedemand is slightly increased , concretes
with portions of cemensubstitutedfor with silica fumetend to demonstrate higher
compressive and bond strength as well as higher resistance to chemical attack and
deterioration. Conventionallgdmixturessuchas AEA and HRWR, are added as needed
when silica fume is introduced to maintain required air content and compensate for

increased water deman(Carette & Malhotra, 1983)

2.4 CURING REGIMES

The American Concrete Institute (ACI) de
maintain moisture and temperature conditions in a freshly placed cementitious mixture to
allow hydraulic cement hydration and (if applicable) pozzolanic reactions to occuatso th
the potenti al propert i(Ad, 2003 Therehaee variougtypasr e ma
of curing for different types of construction under different weather conditions. Curing
regimes can be compiled into twaegories:curing with watermand curingpreventing
moisture loss. Excess waiarconventionatoncrete withwatercementitious materials
ratio greater than about 0.,48ould lead to the observance of very close results in both
categorie®f curing. On the other hardiie to the lower waterzementitious materials

ratios inhigh-performance concretstudies have shown that favorable results are
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observed with water curin@.uring standards have been criticized in the industry due to
their focus on strength propertiesaVving out the effect of curirgn durability properties

of concrete(Carino & Meeks, 2001)

2.5 SALT PONDING TEST

The Salt Ponding test, standardized in AASHTO T 259 and ASTM C1543, has
been widely used and adopted for deterngnconcrete resistance to chloride ion
penetration by the simulation of such penetration into concrete bridge decks. The test
specimens consist of three concrete slabs withirgct8 thickness. A 1inch square
plastic dike is assembled around the top paemef the slab to hold the 3%odium
Chloride (NaCl) ponding solution while the bottom perimeter remains exposed. During
the conditioning phase, the specimens are moist cured for a certain period of time and
then stored in a dry 50 percent relative hutgiénvironment. AASHTO T 259 specifies
moist curing for 14 days and then drying for 28 days, while ASTM C1543 specifies moist
curing until 14 days or a specified compressive strength is reached. The ponded slabs are
stored in a 50 percent relative humidégvironment. To prevent water evaporation and
to maintain a constant concentration of NaCl in the solution, a cover is placed over the
plastic dike. AASHTO T 259 specifies a 90 day ponding period after which chloride ion
content is determined from QiBch thick specimens according to AASHTO T 260.
ASTM C1543 specifies initial sampling of 6Giach thick specimens at 90 days
,according to ASTM C1152, and later sampling at different durations (6 and 12 months)

for more accurate evaluation of lgyermeabiliy concretes.
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Figure 2.1 Salt Ponding Test(Stanish, Hooton, & Thomas, 2000)

The ponding test is criticized for its lack of emphasis on the importance of
mechanisms ofhloride transportation into the concrete. The test setup and conditioning
phase, result in chloride ion penetration through mechanisms besides diffusion such as
sorption and wicking. The sorption effect takes place after the 28 day drying period after
which the salt solution is poured in the dike on the specimens. As for wicking, it is due to
the difference in relative humidity between the diked and exposed areas resulting in
moisture transmission and further chloride ion penetrafttanish, Hooton, & Thomas,
2000)The amount and speed of chloride ion penetration depends on their mechanisms of
transportation which in turn in influenced by many factors such as chemical

concentration and environmental conditions.

2.6 RAPID CHLORIDE PERMEABILITY (RCP) TEST

The testing presently in practice for assessing the resistance of concrete to

penetration of chloride ions is ASTM C12QRASHTO T277) or Rapid Chloride
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Permeability (RCP) test titl e ddcdi@tohndard
Concrete's Ability to RASMR2012)CelRCPtesti e | on
measure concrete electrical conductivity which provides an indication of chloride ion
penetration in terms of charged passed (coulombs).

Concreteds ability to resist chl oride
evaluating performance drdurability. This characteristic of concrete is measured and
determined by a standard test met hod f or
resist chloride ion penetration known as the rapid chloride permeability test (RCPT).
This test was initidy developed by the Portland Cement Association, for a research
program sponsored by the Federal Highway Administration (FHWA). The test
methodology has been revised and adopted by the construction industry and many
agencies and organizations such asAheerican Association of State Highway and
Transportation Officials (AASHTQ T277) and the American Society for Testing and
Materials (ASTM C1202).(GRACE, 2006)The RCP test measures concrete electrical
conductivity which povides an indication of chloride iopenetration in terms of
chargepassed (coulombs); through monitoring an electrical current passed through a
concrete specimen over a period of 6 ho(8&nish, Hooton, & Thomas, 200Bgfore
conducting this test, there are certain conditioning procedures that would require up to
20 hoursfor completion A direct current induced by a 60 V potential difference,
causes the transportation of ions between two reservoirs in the cell bloakigans.0
% Sodium Chloride (NaCl) and 0.3 N Sach Hydroxide (NaOH) solutions.

The electric charges effective path length exceeds the thickness of the concrete

specimens due to nonconductive and obstructing particles in the concrete referred to as
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concree tortuosity. Electrical conductance is determined quantitatively by the
measurement of passing charges in coulombs over the test duration. The total charges
passed give an indication of the speci men
(Stanish, Hooton, & Thomas, 200Be ranges set for RCPT readings to rate chloride

ion penetrability are listed in Tab3 below. Due to the effect of testing age and

curing conditions on chloride ion penetrability, standards, sucASEM C1202,

identify procedures and testing age for the applicability of the rating ranges provided.

Table 2.3 Chloride lon Penetrability Based on Charge PassedSTM C1202)

Charge Passed (coulombs) Chloride lon Penetrability
> 4,000 High
2,000- 4,000 Moderate
1,000- 2,000 Low
100- 1,000 Very Low
<100 Negligible
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2.6.1.1 RCP Test Criticisms

Although the RCP test is currently in practice and widely accepted by many
departments oftransportation in the US, such as NJDOT, there has been much
controversy against its effectivene@&/ee, et al, 2000)

The RCP test provides means, through el
resistance to chloride ion penetratidm.some cases,nd for simplicity, the RCP test
readings are accepted as indicators of permeability. However, in this context
permeability refers to the penetration of water carrying ions into the concrete and not

solely chloride ion penetration. Many studies indicate thhile the RCP test has

correlated well with the conventional ponding te&6&TM C1543 in conventional
concrete, this coloration does not hold when with concretes containing pozzolans and
chemical admixturegWee, et al, 2000)

Researchers agrabat theintroduction of pozzolas and chemical admixtures
into the concrete, such as in HPC, the chemistry of the pore solution is dl&meet al,
1998) This alteration in the pore structure chemistry will impact RCP test results,
typically with lower reading, and thus the effectiveness of this test as an indicator of
chloride ion penetration(Shi & Caijun, 2004) Researcherslso argue that since the
desirable effects of added pozzolans to enhance the concrete may not have been achieved
yet during the first fifty six days due to theeaction time and behaviorltl@ough it has
been proven and accepted that pozzolan contpicimcretes dwve lower permeability,
the low RCP test reading #hat time donot reflect actual chloride ion penetration.

(Riding, et al, 2008)
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Another criticism of the RCP test is ththe current applied through the test cell
blocks leads to an increasé specimen temperature which would in turn lead to an

increase in RCP test readirfRiding, et al, 2008)

2.7 SURFACE RESISTIVITY (SR) TEST

Concrete resistivity is considered an effective measure in identifying the risk of
reinforcement corrosion. Over tlpast few decades as the methods used to determine
concrete resistivity developed, the popularity of this nondestructive cost saving testing

increased(Mi”ard, et al , 1989)

Before discussing the Surface Resistivity T@&RT), it is important to make the
distinction betweenesistance andesistivity. ResistanceRj the obstruction otlectric
current () passage by the conductor, in this context concrete, and is defined with the
equation:

"Y(ohms) = ad)
wherew s voltage andd is current.

As forresistivity () itis a property of the material and defined with the equation:
"1 E1z0 AT GO
where] is crosssectional area analis element length.
The current testing method in practice for surface resistivity involves the use of a
light weight hand held device, referred to as a resistivity meter, which measures surface
resistivity through four probes, known as Wenner probe, that are pushed algainst t

concrete surface. One of the most recent and simplistic device in the industry is the

Resipod Resistivity Meter manufactured by Proceq.
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The four probes of the resistivity meter are equally spaced at 50 mm, almost 2

inch, of which a steady currentimpressedhrough the two outer pins, and the current

difference is measured by the two innergpias illustrated in Figure 2.2

Figure 2.2 Four -probe Resistivity Meter (Humboldt Mfg. Co, 2014)

The surface resistivity limitdor chloride ion penetrability indicatioas specified in

AASHTO Designation: TP 981 are listed in Takl2.4.

Table 2.4 Surface Resistivity Limits (AASHTO, 2012)

Surface Resistivity Test
Chloride lon 100-mm X 200-mm 150-mm X 300-mm
Penetrability (4 in. X 8in.) Cylinder (6 in. X 12 in.) Cylinder
(KOhm-cm) (KOhm-cm)
a=15 a=15
High <12 <95
Moderate 127 21 9.57 16.5
Low 217 37 16.51 29
Very Low 371 254 2971 199
Negligible > 254 > 199
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2.7.1.1 Surface Resistivity (SR) Test Advantageand Criticism

Compared to the RCP test, the SR test presents many advantages that make it a
rather attractivalternative. Being a nedestructive test, the SR test is considered to be a
sustainable approach towards determining chloride ion penetrability due since is decreases
the consumption of resources and raw materials. With the implementation of the &R test,
significantly fewer number of samples would have to be collected by the quality control

professionals. Moreover, the consistency of the SR testing is a ggifhtage over the

RCP test. Utilizing this nedestructive test, would allow for the same sasiplbe used

for the compression test as well as the SR test at various agers. With this approach the
same cylindrical specimens are used to determine the strength and durability
characteristics of the concrete under study. Furthermore, by implementisiR thest

there would be substantial cost savings in terms of time and technician labor cost when
considering the time it takes to conduct the SR test, approximately 10 minutes, versus the
time it takes to complete the RCP test, approximately 24 hQastsaving are also
present in equipment costs. The resistivity meter cost ard@bd $vhile the entire RCP

test setup including concrete saw costs around $18,QR@ssif & Na, 2013)Several

state agencies across the United States, suichugsiana Department of Transportation

and Developmen{LADOTD), have adopted the SR test as an alternative to the RCP
test. According td-ouisiana Transportation Research CentdrRC) report spons@d

by LADOTD, the stimated combined savings the first year of implementation is about
$1.6 million.(Rupnow & Icenogle, 2011)

Criticism of the Surface Resistivity test has been with regards to the proper
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implementation othe testing procedure and field applications. Authors have observed
that the presence of steel reinforcemd@arzon, et al, 2014and cracks(Chen, et al,

2014) alter the surface resistivity readings and investigated the app®@utistments

for certan cover thicknessegTaillet, et al , 2013However, with laboratory applications

and testing of concreteylinders which do not have reinforcement embedded, such
concerns do not apply. Anothenfluencingfactor is the non-homogeneity of concrete.

The various constituents in the concrete affect the resistiilibtaste, 2010y hat 6 s why
it is necessary to take the measurement at different locations of the cylinder for more
uniform and useable readings .Proper implementation of the testing procedure as
specified in the standards and by the manufacturer, such as frequent dgropenates

and ensuring contact of all four probes with concrete surface, is absolutely necessary to
minimize the user sensitivity drawbacks. With &&ting,there is more control and

adjustments are very easy to maRach drawbacks can be easily avdide
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CHAPTER I

3 EXPERIMENTAL SETUP

3.1 INTRODUCTION

The purpose of this chapter is to describe the procedures used for mixing
laboratory mixtures, collecting and transporting field mixes, curing and testing the
concrete sampled.ests will include those done dresh concrete, includingld@np,

Unit weight and Air ©ntent as well as those performed bardened concrete,
including GmpressiveStrength Rapid Chloride Permeability tesand Surface
Resistivity testFor laboratory mitures fine and coarse aggregate moisture content is
determined ensure uniformity between batche$esting and curing are done
according to ASTM and/or AASHTO specifications where applicableld samples

are provided by the RIME group from NJDOT andTRA sponsored projects\

total of sixteen mixtures, six laboratory mixtures and ten field mixtures, are used
throughout this studyCuring regimes include moist curing room (CR), water bath
(WB), accelerated (hot) water bath (HWB), lime bath (LB) andlacatd (hot) lime

bath (HLB).
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3.2 SPECIMEN PREPARATION

3.2.1 LABORATORY MIXING AND SAMPLING

Mixing and casting of samples ased onPASTM C192 using a 6 cubic foot

capacityportableelectric mixershown below in Figure 3.1.

Figure 3.1 Electric Portable Mixer

3.2.2 Mixing

All material to be used are batched in five gallon buckets and placed within a
short distance from the mixap facilitate the mixing processCarefully measure
proportions of certain admixtes, such as higlange water reducer, is poured into the
mixing water bucket and stirredHowever other admixtures, retarder and
superplasticizerare introduced into the mix at a later stage to avoid intermidMngng
water is split into two buckets, oitleird and twethirds. For practicality and safety the
mixer is sopped whenever water, cemertits materials, sand or aggregate are added.

The mixer is first rinsed withvater and buttered with a mixture of cemy, sand and
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water. Coarseggregate anthe two-third mixing water are then addedfter starting

the mixerfor a few revolutionsfine aggregates thenadded. Afteraround one minute
the mixer is stopped again and the remaining mixing waternglavith all the
cementitous materials such as, Fly Ash, Silica Fume or Slegyadded to the mixeht

this point all materials are addéal the mixer,and allowed to mix uninterruptedly for
threeminutesfollowed by three minutes of restidng which the insi@ of the mixer can

be visually inspected to insure uniformity of mixinihe mixer is then turned on again
for two minutes of final mixingStarting with the slump test, fresh concrete properties
tests are performed at this poirdt. required slump is notnet super plasticizer

proportions may be adjusted.

3.2.3 Slump Test

Slump test was performed in accordance to ASTM CIB4. test isconducted
out using a slump conmold. First the norabsorbent base plate and the interior of the
cone are dampened. The badethe cone, or the end with the larger opening, is then
placed on the base plate and fresh concrete is scooped into the mold at three stages each
time filling onethird of the mold and immediately followed by uniform roddwgh
twenty five even strokesThe top of the cone is then leveled and excess concrete is
disposed from around the mold base. The mold is then vertically removed carefully and
immediately placg beside the slumped concreténally the rod is placetorizontally
across the moldnd tre slump is measured. Slump test set up is demonstrated in Figure

3.2 below.
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Figure 3.2 ASTM C134Slump Test Setuy

3.2.4 Pressure Air Content Test

Figure 3.3 ASTM C231 Type B Pressure Air Meter

The next fresh concrete properties test, after meeting required slump, is the

ASTM C231 Type B Pressure AMeter test, shown in Figure 3.8 determine the air
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contert of the concrete mixtuge This test must be condted carefully with and the
meter must be calibrated correctly for accurate readings.

After the container is washed, it is placed on a flat surfeegh concrete is
scooped in at three stages each time filling-thiel of the container and immediately
followed by uniform rodding with twenty five even strokes and tapped on the sides with a
rubber mallet fifteen times to release entrapped air bubbles. Once the container is filled,
the top is then leveled and excess concrete is disposed. Before assénebtipgaratus
the upper flanges are cleaned with a sponge to achreegtght connectedUsing a
squirtbottle water is released into one petcock valve until it flows out through the other.
This process is repeated to the other petcock valve and then they are both shut
simultanously.in the meantime the container is tapped with the rubber mallet as required.

The air pump is then applied until the pressure gauge needle rests at zero percent.
Obtaining zero percent reading with require tapping the gdwayeever mproper
calibration or fitting might cause the needle to fluctuatey. Air is then released by

opening themain air valve and the needle will move towards the air content reading.

3.2.5 Sampling

Sampling of fresh concrete is conducted in accordance VBIFMAC172. Fresh
concrete is scooped into four by eight inch plastic cylindrical molds, greased with
sampling oil ,at two stages ,each tiomnsolidatingusingthroughrodding for twenty five
times for each haléf the cylinder and then tapping fifteémes. Figure 3.4

demonstrates the molds used for sampling.
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Figure 3.4 Molds Prepared for Sampling

3.2.6 Field Sampling

Field samples were collected from concrete bridge deck pours across the state
of New Jesey by the Rutgensfrastructure Monitoring and Evaluation (RIMByoup
for NJDOT and NJTA sponsored projects. Depending on the study, a sufficient amount
of HPC samples were collected from various locations and taken back to the Rutgers
Civil EngineeringLaboratory for curing and testing. For field samples ASTM C31 was
followed as much as permissible , however for safety reasons and due to construction
site regulations some samples had to be transported earlier that the specified time. To
compensate, theamples were transported in large cooling boxes and placed in a
manner to mimize the effect of vibrationszigure 3.5 (a) and (b) illustrates the field

sampling set up in two different locations.
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(@) (b)

Figure 3.5 (a) Field Sampling Setup(NJTA interchange 7A)(b) Field Sampling
Setup (El Sol Contracting yard, Jesey City)

During field sampling, slump and air pressure tests are performed by the quality
control professionals and the reading are recorded as illustrated in Figure 3.6. Sampling
by the RIME group is only conducted after the batch is approved by thigyquaadtrol
professionals. In the batch did not meet requirements, the concrete truck is rejected and

leaves the site without pouring.
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Figure 3.6 Quality Control Professionals Transporting Fresh Concretdor Slump
and Air Pressure Testing(NJTP interchange 7A)

On the site, concrete is poured into a wheel barrel which is then transported to
the set up location within a very close radius as shown in Figar&&sh concrete is
scooped into four by eight¢h plastic cylindrical molds, greased with sampling oil ,at
two stages ,each timedding for twenty five times for each half the cylinder and

then tapping fifteen times as illustrated in Figure 3.7.

Figure 3.7 Rodding Fresh Concrete in Molds(NJTP interchange 7A)(b)

The top of themoldsthen leveled and excess concrete is dispoaedhis point

the molds areovered with lids to restrictvaporation, as illustrated in Figure 3ahd
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covered withwet burlap. Depending on environmental and weather conditions, samples

are either stored in large cooling boxes or left under the wet burlap.

Figure 3.8 Covering Molds with lids to prevent evaporationNJTP interchange 7A

3.2.7 Curing Regimes

After Sampling, all of the cylinders weraired in the environmental temperature
and humidity controlled chamber as illustrated in FigBu@for the first 24 hourdor
initial curing Conditions in the environmental chber are maintained 74 degrees
Fahrenheit and 50% relative humidity. As an alternative to using wet burlap and to avoid
the risk of contact between the burlap and the fresh concrete, the molds were covered

with lids to restrict evaporation.

Figure 3.9 Environmental Chamber
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3.2.7.1 Moist Curing

The moist curing practice is based on AST®11 Samples arstoredin the
curing room maintained at around®F3and relative humidity greater than 95% until
testingday. Samples are placed away from any sources of Wagere 3.10shows the

curing room where the samples were cured.

Figure 3.10 Moist Curing Room

3.2.7.2 Lime Bath
Excessive hydrated lime (calcium hydroxide) was dissolved in the water to make
a saturated solutio.ime content in the tanks is maintained at 3 g/L in accordance with
ASTM C511.Temperature is maintained at 73.8.5 °F and galvanized steel tankere
used to avoid corrosion akown in Figure 3.11Concrete samples were cured in the lime
bath after demolding at 24 hours. Samples were tested at each age after removing the

excess water.
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Figure 3.11 Lime Bath Curing

3.2.7.3 Water Bath

ASTM C511 specifies the addition of hydrated lime into water storage tanks
illustrated in Figure 3.12Hydrated Lime was not added inteater bath to observe the
effect of lime on surface resistivity, rapid chloride permeabilind compressive
strength Concrete samples were placed in the water tank when they were demolded after
24 hours. Cylinders were tested at the ages described below when the samples were

taken from the bath and the egsavater was removed.

Figure 3.12 Water Curing Tanks
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3.2.7.4 Accelerated(Hot) Lime Bath Curing

In this method the samples are taken out of the lime bath after sevemndays
accordanc&ASTM C1202 and stored in hot lime bath where temperaturaistained at
100 + 3°F using electric tank heaters. The tanks are fitted with temperature sensors

connected to a data logdger continuous temperature monitoring and control.

Figure 3.13 Accelerated (Hot) Lime Bath Curing

3.3 LABORATORY TESTING

Laboratory testing igonducted starting with the identification of coarse and fine
aggregate properties essential for mix design, such as moisture c@ttest.naterial
information is gatheredfrom suppliers.Fresh concreteproperties tests are conducted
immediately after the final mixing stage. Hardened concrete tests are conducted as

specified in each section.



36

3.3.1 Compressive Strength Test

Figure 3.14 Concrete Compression Machine

Compressive strength tests a@nductedat 28 days after casting accordance
with ASTM C39 standards. Two concrete cylinders are tested to ensure uniformity of
results. If both cylinders do not yield similar results a ttgesnple is tested and the
outlier is discarded. After passing visual inspection, each cylinder is -salfyped as
specified in ASTM C617 to provide a flat surface for testing in the conditioning phase
shown in Figure 3.15The sulfur is allowed todrdenbefore the testing phase.

After the conditioningphase, cylindexr are placed in the marked centérthe
loadingarea, the steel mish door is shut, shown in Figure aridlthepistonis lowered
until the bearing plate comes in contact wille top of thecylinder. Pressure ighen
applied at a stress rate of approximately 35 (409 Ib/s).The test concludes whehe
cracking is observed and the load neatligos below 95% of the peak value and the

reading is recorded.
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Figure 3.15 Sulfur Capping

3.3.2 RCP Test Procedure

The RCP test is typically conducted at three ages, at 28 days, 56 days and 91
days. Two 4 x 8" concrete cylindrical samples are used to conduct this test. A 1.97 £
0.12 inch specimen seg@mt is taken from each sample, after removing the top
exposed surface, top segment is cut for the 28days test, the following segment for the
56 days test and the bottom segment for the 91 day3 hestoncrete specimenitter
used is illustrated in igure 3.16 After placing the specimens into the vacuum
desiccator, vacuum in maintained for 120 minutes under dry conditions to aspirate

entrapped ai-igure3.17illustrates aszacuum pump apparatus setup.
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Figure 3.16 Concrete Specimen Cutter Figure 3.17 Vacuum Pump Setup

As a purer alternative to preparing deionized water by boiling tap water,
distilled water is then added to the vacuum, through water stopcock, until specimens
are completely submerged and left with pump on for an additional 60 minutes after
which specimensare left to sock between 16 to 20 hours. This procedure insures the
removal of ions that would interfere with concrete conductivity.

After this 18 hour period of submergence without vacuuming, the conditioning
phase is completed and the specimens aesrdided in voltage cells. The cells used for
this test were manufactured by Germann Instruments (GI) and are designed to include a
plastic ring between two voltage test blocks fitted with rubber washers. This design ensures
the specimens are not exposed@aslternative to conventional practice of epoxy coating.
This design also includes air vents or cooling fins in each voltage cell block as an answer
to skepticism regarding the increase of specimen temperatures in traditional RCPT cell
blocks and its effet on the results. The three mentioned parts, two voltage cell blocks and
plastic ring with washers, are then tightly screwed together with the specimen enclosed.
Both cell blocks include reservoirs wheré%sodium chlorideNacCl) solution is poured

in on one side and a 0.3 Bodium hydroxide (NaOH}olution into the other. The
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voltage cell blocks are then plugged into the GI proove it device which maintains a 60

V voltage through the cells. A predicted reading is given on the monitor and after six

hoursthe actual reading is displayed after which the test is concluded. The test setup is
conducted under room temperature conditiéigure 3.18llustrates the final setup for

the RCP test.

Figure 3.18 Voltage Cell Blacks Assembled and Plugged

3.3.3 SR TestProcedure

The Surface Resistivity (SR) Test is conducted in accordance to AASHTO
Designation: TP 94.1. Two 4 x 8 inch samples are used to perform the SR test to ensure
consistency. Hot cured samples are placed in rieomperature@anks for a period of half
an hourto allow the samples to cool down and thus eliminate the effect of temperature on

the reading. Also samples cured in the curing room are placed in room temperature tanks
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to insure they are well saturated before testing. Resipod Resistivity Meter, mamegafactu
by Proceq, measure resistivity through a fpaint Wenner probe.

Firsty, the cylinders are labeled at four poiat®und the ciramference of the
top face0, 90, 180and270 degres. Next, allfour probes othe SR meter arpushed
againstthe longitudinalsurface of thecylinder at the 0 degreemark and once the
reading stabilize¢he resistivity measurement is recordids important to ensure that
all four probes are in contact with a smooth surface of the cylinder while performing the
test as illustrated in Figure 3.18) and (b) The same procedure is then repeated for all
the marked degrees going around the cylinder twice and recording a total of eight

readings.

(a) (b)

Figure 3.19 (a) Surface Resistivity Test(b) Pushing all four probes at marked
degrees

3.4 Experimental Program

This section outlines the purpose of each experimental programs included in this study.
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3.4.1 Parametric study to investigate the e#ct of pozzolansand admixtures under

different curing regimes

Five mixes were made to develop a parametric study comparing Rapid Chloride
Permeability, Surface Resistivityand Compressive Strengttured in three different
regimes: Curing Room, Lime Bath and Accelerated (Hot) Lime .bBRttezolans
investigated are Fly Ash and Slag which are used in typical HPC contnetéollowing
list includesmixtures used for this study:

1. C:Cement Mix

2. SL: SlagMix

3. FA: Fly Ash Mix

4. RET: Fly Ash and Retarder Mix

5. ACC: Fly Ash and Accelerator Mix

Mix Design Table Abbreviations:

PC=Portland Cement, SF=Silica Fume, FA=Fly Ash, SL=Slag, AEA=AIr Entraining
Agent, HRWR=High Range Water Reducer or Sygasticizer, WR=Workability
Retaining admixture (retarde®)\CC = Accelerator



Table 3.1 Laboratory Mix Design and Fresh Concrete Properties

Note

C

SL FA RET ACC T
Date 10/1/2014| 10/2/2014| 10/2/2014| 10/3/2014| 10/3/2014| 5/5/2014
PC,

b Type | 55.5 36.63 45.15 45.2 4515 | 39.65
“Ic’b':' ; 0 213 2.15 2.15 215 0.00
FA,

b Class F 0 0 8.10 8.10 8.10 0.00
SL, Grade

- 100 0 16.61 0 0 0 26.45

Grl"’t‘)"e" #57 15435 | 1535 | 153.25 | 153.15 | 153.25 | 180.30
Sﬁ)”d - 103.75 | 102.75 | 101.8 101.8 101.8 | 120.25

WI""bter' wic=0.4| 20.55 20.6 20.65 21.0 20.65. | 26.85

AEA, | Section| 5 25.0 25.0 25.0 25.0 20
ml 6A

Chem
HRWR, | strong | 131 131 131 131 131 49
ml
SP
MRWR
Chem 149
RET, strong - - - 131 - (Chem
ml
R strong
A)
Chem
A%(I: ’ strong - - - - 491 49
CF
Air % 8.5 7.0 6.5 75 5.5 75
Slump in 6.5 5.5 7.5 7.0 7.0 4.5
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3.4.1.1 Effect of Pozzolanson SurfaceResistivity and Rapid Chloride Permeability
The threemixes for this comparison are the Cemef)(control mix Slag (S

mix, Fly Ash (FA) mix.

3.4.1.2 Effect of Retarder and Accelerator admixtureson Surface Resistivity and
Rapid Chloride Permeability:
The threamixes for this comparison are:
1. FA: Fly Ash Mix
2. RET: Fly Ash and Retarder Mix

3. ACC: Fly Ash and Accelerator Mix

3.4.2 Investigate the effect of curing regimes on field samples

Ten HPC field mixes were collected from various locations in New Jersey during
concrete pours to investigate the effect of curing region Rapid ChloridBermeability,
Surface Resistivity and Compressive Strength. Samples were cured in three different
regimes: Curing Room, Lime Bath and Accelerated (Hot) Lime idithproportions of
filed mixes are listed in Table 3.7. For grouped miitge air and slump test are withl

unit.

Mix Design Table Abbreviations:

PC=Portland Cement, SF=Silica Fume, FA=Fly Ash, SL=Slag, AEA=AIr Entraining
Agent, HRWR=High Range Water Reducer or Symasticizer, WR=Workability
Retaining admixturéretarder) ACC = Accelerator



Table 3.2 Field Mix Design and Fresh Concrete Properties
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Note : per S CLS ES 7A1/ 7A2 HES
cu.yd /TP53/RU 16,19,23
Date/ 9/26/2014, 9/30/2014 10/2/2014, | 10/21/2014, June
Locat El Sol Clayton Eastern NJTA 16,19,23/
ion Contracting, | Plant,Edison Concrete interchange| 2014
Jerse\City, Materials, TA Jersey
Jersey City City
PC Essroc
(Type cement 565 Ib 427 b 585 Ib 501 Ib 5351b
1) company
SF Norehem inc.
/RHEOMAC, 251b 751b 751b 251b 251b
SF 100MB
FA Proash STI 0lb 0lb 0lb 132 Ib 140 Ib
Class F
SL Lafarge
Grade 100
(#100 106.67 Ib 765 b 1315 1b
)
Grav Tilcon
el /Pennington
#57) trap rock 1800 Ib 1780 Ib 1800 Ib 1850 Ib 1800 Ib
Sand Eastern
Concrete
Materials / | 27217101 1500 1 1233 Ib 11841 | 11731b
Clayt d
sand
water 16.47 gal 24 gal 31.15 gal wic =
W/c=0.314 | wlc=0.39 2213 gal w/c=0.4 0.28
AEA BASF
MaStAeErA'@ 3.67 0z 5.5 07 8 0z 6.6 07 12 0z
200/MBVR
Super BASF
plasti | MasterGleniu
cizer m®
HRW 7500/Glenui 50 oz 76 0z 89 oz 79 oz 50 oz
R m
WR Maséeg%“r@ 24 0z 16 0z 12.67 oz 1970z | 560z
ACC. Master
Builder Non | 5g4 oz : : : 280 0z
Calcium
Chloride
Air % 4.0 6.4 57 8.0
ﬁ'“m in. 35 6.25 6.0 6.5 7.87
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3.4.3 Investigate thecorrelation between RCP and SR test results under different

curing regimes

In this investigation the RCP and SR testiaguits correlation is developatithe
following curing ages:

1. RCPT at 28 days and SRT at 28 days.

2. RCPT at 56 days and SRT at 56 days.

A conclusion can be drawn from thifference in correlation between moist
curing and lime bath curing versus hot lime bathring, regarding whether the

compilation of both results for a correlation will reflect an accurate correlation.

3.4.4 Effect of Curing Conditions on SRT and RCPT Results

To study the effect dime curingon SRT and RCPT results, one naias reproduced
in the civil laboratory and the SRT and RCRuere performed on the samples
accordingly. The reproduced imTiable3d éAsotalgn nam
of 25 concrete cylinders (4 in. x 8 in.) were cast and cured in the laboratory. All concrete

samples were demolded and cured in two (2) different curing baths.

(1) Water bath with lime (lime bath): Excessive hydrated lime (calcium hydie)
was dissolved in the water to make a saturated solution. Concrete samples were
cured in the lime bath after demolding at 24 hours. Samples were tested at each
age after removing the excess water.

(2) Water bath without lime (water bath): No lime was aded in the water bath.
Concrete samples were placed in the water tank when they were demolded after
24 hours. Cylinders were tested at the ages described below when the samples

were taken from the bath and the excess water was removed.
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3.4.5 Compilation of laboratory and field mixtures

To draw a correlation from a larger sample size, in this investigation the RCP and
SR testing results correlation is developed for both field and laboratory samples at the

following curing ages:

1. RCPT at 28 days and SRT at 28/d.
2. RCPT at 56 days and SRT at 56 days.

From this correlation the surface resistivity limits can be drawn and a comparison
with published studies and reports that include both laboratory and field mixes would be

more accurate.
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CHAPTER IV

4 RESULTS

The purpose of this chapter is to present a summary of the data and findings of the
hardened concrete testing for laboratory and field miResults includestrength,rapid
chloride permeability and surface resistivityhe collected data can be seen in Tables 4.1,
4.2 and 4.3.

Two curing and conditioning procedures wéskowed; the difference between the
two methods is the duration of hot curing and sample usage. In the first procedure the hot
curing samples remained the hot curing tank until testing day. Also for consistency, the
same samples that the SR test was performed on were then cut for the RCP test. Mixes
tested using this procedure are T, 7A1, 7A2, HES 16, HES 19, HES 23 and RU.

In the second procedurdyet hot curing was for a duration of 14 days after which
samples were submerged in the room temperature curing tanks. In this procedure the

samples were designated for strictly SR test and strictly RCP test.

Table 4.1 Laboratory Samples RCPT and SRT Results
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Age 7 14 28 56 o1 28 56 o1
. Curing e Rapid Chloride lon
Mix Regime Surface Resistivity (kohmcm) Penetration (coulombs)
Curing
Rood | 99| 174 | 205 | 27.2 | 292 1703 1452 | 960
L | tmeBath| 68| 12 | 159 | 216 | 246 2646 1748 | 1459
Water Bath| 6.8 | 120 | 152 | 223 | 26.7 2109 1811 | 1532
HotLime | 6.8 | 13.1 | 16.3 | 263 | 32.9 1334 1052 | 938
cuing | 443l 166 | 185 | 233 | 247 2345 2065 | 1912
Room
C | Limesath | 115| 152 | 186 | 233 | 224 2275 2268 | 1975
HotLime | 12.3| 17.1 | 253 | 246 | 234 1595 1962 | 1784
cuing | 516l 266 | 406 | 698 | 755 1435 632 | 616
Room
SL | LimeBath | 18.4| 258 | 418 | 67.8 | 728 1188 628 | 576
HotLime | 18.0| 59.3 | 78.1 | 824 | 873 612 530 | 463
curing | 96| 156 | 283 | 394 | 538 1949 1032 | 850
Room
FA | LimeBath | 10.3| 139 | 273 | 39.7 | 479 2120 1033 | 770
HotLime | 87 | 447 | 713 | 623 | 703 663 610 | 510
cuing | 29 | 106 | 235 | 281 | 420 2615 2075 | 1587
Room
RET | LimeBath | 57 | 80 | 211 | 215 | 326 3642 2195 | 1520
HotLime | 5.1 | 21.6 | 515 | 420 | 455 1776 1608 | 823
cuing | 94| 131 | 203 | 334 | 496 2144 1145 | 908
Room
ACC | |imeBath | 93 | 127 | 276 | 333 | 492 1994 1154 | 935
HotLime | 9.1 | 31.8 | 66.3 | 57.6 | 63.0 840 866 | 682




Table 4.2 Field Samples RCPT and SRT Results
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Age 7 14 28 56 91 28 56 01
. Curing e Rapid Chloride lon
Mix Regime Surface Resistivity (kohmcm) Penetration (coulombs)

Curing 74 | 11.4 | 167 | 395 46.9 | 2416 | 1108 | 916
Room
7A1
HotLime | 6.8 | 28.1 | 384 | 59.1 825 | 750 434 391
Curing 74 | 108 | 166 | 37.9 482 | 2433 | 1173 | 692
Room
7A2
HotLime | 64 | 21.0 | 371 | 625 83.8 | 778 476 345
HES16| HotLime | 155 | 134.3| 146.2| 1569 | 1635 | 201 172 146
HES19| Curing 184 | 444 | 79.9 | 1210 | 1373 | 470 295 214
Room
HES23| CGuring 235 | 425 | 72.6 | 1042 | 1269 | 483 286 253
Room
Curing | 161 | 236 | 425 | 666 | 745 | 937 728 | 760
Room
s Lime Bath | 15.1 | 22.4 | 38.8 | 66.3 726 | 1239 670 695
HotLime | 16.2 | 51.8 | 66.7 | 80.8 870 | 571 529 564
Curing 62 | 92 | 164 | 357 39.6 | 2314 | 1365 | 985
Room
TP53 | LimeBath | 7.0 | 97 | 179 | 351 40.9 | 3088 | 1282 | 1080
HotLime | 75 | 229 | 521 | 618 63.6 | 591 686 560
LimeBath | 50 | 99 | 193 | 286 401 | 2238 | 1154 | 982
RU
HotLime | 59 | 32.8 | 372 | 463 775 | NA. N.A. N.A.
Curing 135 | 176 | 226 | 338 36.1 | 2331 | 1106 | 1352
Room
CLS | LimeBath | 12.9 | 167 | 203 | 329 330 | 1784 | 1113 | 1331
HotLime | 12.4 | 26.9 | 385 | 39.1 39.0 | 1432 | 1166 | 1214
Curing 80 | 136 | 207 | 466 | 546 | 1672 | 1008 | 809
Room
ES | LimeBath | 7.2 | 124 | 282 | 485 53.9 | 1926 | 1033 | 836
HotLime | 7.8 | 12.8 | 51.8 | 56.6 645 | 1065 876 729
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Table 4.3 28 dayCompression Test Result§c (psi)

Field Mixes TP53 ES
. Curing Room 5317.47 5650
curing M e Bath 5476.2 5849
Method - :
Hot Lime Bath 6051 6167
Laboratory Mixes T c | sL | FA | ACC | RET
Curing Room 5728 | 3326 | 3438 | 3342 | 4218 2053
Curing Lime Bath 6524 | 3541 | 3692 | 3470 | 4393 2180
Method
Hot Lime Bath| 6722 | 4138 | 4281 | 3955 | 4616 2666

The NJDOT design ancesification requiremenfor HPC compressive strength at
56 days is 5400 psi and if achieved at 28 days then it is accéptéus study the

compressive strength test was conducted at 28 days.

Table 4.4 28 day Compression Test Rests T Mix

Laboratory Mix T
Curing Regime f'c (psi)
Curing Room 5727.92
Water Bath 6364.36
Lime Bath 6523.47
Curing Room to Hot Water Bath 6443.91
Water Bath to Hot Water Bath 7358.79
Curing Room to Hot Lime Bath 6404.14
Lime Bath to Hot LimeBath 6722.35
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CHAPTER V

5 EVALUATION OF RESULTS

In this chapter results will be evaluated and analyzed in a readable format to draw
conclusionsand comparisond-or simplicity in some graphs both lime bath curing and
moist curing are grouped amdferred to as cold curing. This does not indicate lower
temperature of curing than specifications, but merely as a distinction when comparing
with accelerated (hot) curingRegarding the SR and RG®rrelation,they were studied
at three different ages to investigate which age gives the highest correlation before

drawing conclusions.

5.1 SR versus Age graph for laboratory mixes

This section is to observe the effect of curing regimes on surface resiskiviy.
first graph is a compilation of laboratory mixes which illustrates SR results in different

curing regimes.

5.1.1 Parametric study graphs:

5.1.2 Effect of pozzolans
i. Control Mix: C

ii. Slag Mix :SL

li. Fly Ash Mix : FA



Figure 5.1 Effect of Slag and FAon SRT ResultstMoist Curing
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