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ABSTRACT

Plant and Laboratory Scale Studies of High Performance Concrete for Bridge Decks in
West Virginia

Santiago Velez

High-performance concrete (HPC) is increasingly used in bridge decks due to its high
strength, superior durability and low maintenance resulting in durable and cost effective
bridges. FHWA strongly recommended developing suitable HPC mixtures using local
material sources and construction technologies for a specific location or state.

As part of a comprehensive R&D program, a field implementation of laboratory developed
HPC mixtures was proposed. From a total of eight mixtures developed in the lab with
w/cm=0.40, three HPC mixtures were selected using specific local aggregates, in addition to
supplementary cementitious materials and chemical admixtures. From these mixtures, three
test slabs were produced at a concrete plant in West Virginia, by simulating typical
construction practices. The plant-produced slabs were monitored and evaluated for
temperature, weather, fresh, hardened, and durability properties for over 90 days from
summer to early winter. Maturity-strength relationships were established. Microscopic
determination of air-void parameters were conducted using a proposed new method and
compared with standard method. Finally, concrete cores were examined by petrography to
determine w/cm ratio, compositional variations, and other possible depositions within
hardened slabs. The properties of field-mixed match-cured, field-mixed laboratory-cured and
laboratory-mixed specimens were compared to check the performance of concrete designed in
the laboratory and used in the field.

The results showed that all combinations performed well, with slag + silica fume
combinations being the best in terms of compressive strength, resistance to freezing and
thawing, and chloride ions penetration. The proposed new method for estimating the air-void
parameters was found to be more representative than standard methods. The petrographic
examination revealed that aggregates, w/cm ratio, and cementitious materials contents were
consistent with the original mixture design. This study will be used to develop guidelines for
full-scale demonstration projects for the state of West Virginia.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Supported by the West Virginia Department of TransportafvDOT) - Division of
Highways (WVDOH), West Virginia University (WVU) hasndertaken a state-wide and
large-scale research program on development, evaluatidnimglementation of advanced
materials program for bridge decks for the state. Tleewdion of this program is planned in
close collaborations with the industry, Contractorssdciations, and Builders Supply
Associations of West Virginia as members of the Ptgekdvisory Panel. The ultimate goal
is to develop performance based specifications of HglfleBnance Concrete (HPC) and
specialized overlays for the state of West Virginiaie Tphases of this advanced material

program are presented in Figure 1-1.

A comprehensive laboratory scale study including developraed evaluations of optimum

HPC and its fresh, hardened, and durability properties has templeted. A number of

different mixtures have been developed using West Virgmisces of aggregates and local
materials. Now, the research project requires producidgeaaluating test slabs to qualify lab
mixtures at different locations in the state of Wesghia with the help and collaborations of
ready mix concrete plants. Finally, field implemeistatfor demonstration projects will be

undertaken by WVU in the future

According to the proposed work, trial mixtures were dgwedb using specified types of
coarse aggregates and sand from West Virginia sources. aggeegates and the
supplementary cementing materials (SCM) were selected &n approved WVDOH list,

after consulting with the Advisory Panel.

There exists no standard evaluation method to seleatt@dte low-cracking HPC. Also, the

present WVDOH Class H concrete has several limitatinrterms of specifications. Thus in



conclusion this project is aimed to recommend field-nawimg of cast in place HPC for

bridge decks using the HPC mixtures developed and evaluatkd laboratory, and then at
plant scale using representative aggregates, variousé&v@ildble, and construction practices
of West Virginia.

Final WvDOH
specification

? =4 :' A.‘.“."'—‘E'z. -‘.‘ : g
B Ficld Implementation
w Plant Scale

Figure 1-1 Advanced materials program overview

1.2 Present Research Objectives

The present study is part of a comprehensive project aetlredopment of HPC mixtures for
cast-in-place bridge decks (slabs) in the state of Wasgfinia, using locally available

aggregate materials such as limestone and natural sanddffferent locations within the

state, also using mineral admixtures such as fly aaty, silica fume and metakaolin available
in the state, and chemical admixtures. The WVDOH é§pations for Class H concrete
(HPC) are used to establish threshold mixture proportibhe. proposed HPC mixtures are
studied for various parameters relevant to bridge condestks, including strength, chloride
permeability, and freeze-thaw (durability). In this reskarom the results of the different



mixtures studied, the best possible combinations aretedland used as prototypes to focus a
subsequent global research program on HPC for theodtéfest Virginia.

The primary objective of this research is to monita tonstruction, instrumentation, and
performance of the cast-in-place slabs. Other maiectibg is to evaluate the plant-produced
HPC mixtures properties such as fresh properties (slumpsoatent, plastic shrinkage),
hardened properties (compressive strengths, shrinkage, ahdus\@f elasticity at different

ages) and durability (air-void parameters, chloride permeglaind freezing and thawing).

The properties evaluated for HPC from cored specimend;rfieked and match or field-
cured specimens (Field-MC), field-mixed and laboratory-cupgetisnens (Field-LC), and
laboratory-mixed and laboratory-cured specimens (Lab-Mig) campared in this work in
order to establish the correlations among them. Througlsthdy the acceptance criteria as
proposed in preliminary specifications are modified, velven necessary.

Another important objective of this research is to dgvel strength-maturity relationship for
each concrete mixture studied in this research. Thagwation relationships are developed
to have the possibility of predicting compressive stiedyt the maturity method for future
applications of similar mixtures. The development idbéodone using the field-mixed HPC
specimens cured and tested in the laboratory creatingidnadhat allows the prediction of
the compressive strength of the concrete using the ityatwading obtained from the

maturity sensors.

This research further attempts to provide a detailecactenization of the concrete slabs by a
microscopic determination of air-void parameters condugyagsing standard methods, and a
proposed new method that involves section analysis mades analysis of drilled cores.
Standard and thin sections of cored specimens are to dmireed using petrography to
determine water to cementitious material ratios (w/co®mentitious material contents,
distribution of hydrated structures, and other depositionkirwihardened concrete. The
petrographic examinations are done in order to check thplemte of the mixtures with the
specifications and to study the deterioration and failleguality control.



1.3 Description of Work Done

From a total of 24 different mixtures (Figure 1-2) thoseewgeveloped at WVU and studied
under laboratory conditions, a total of three mixtusese selected, studied and evaluated at
plant scale. The three test slabs were produced fallpwhe WVDOH specification
601.10.1.2 at Arrow Concrete co. in Morgantown, WV. Thdabsswere similar to typical
reinforced concrete bridge decks regarding its depth andreaments, and the dimensions
are 3.05 m (10 ft) width (one-traffic lane-width) by 6.1 m {§dong. The mixtures used for
making the test slabs and specimens were made of Tymamént, local aggregates,
commercial high-range water reducing admixtures, amaénhg admixtures and the
following combinations of SCM: (1) slag + metakaolin, fl§)ash + silica fume, (3) slag +

silica fume. The mixture proportions are presented iaildah Chapter 3.

i

FA = Fly Ash

SF = Silica Fume
SL = Slag L=Limestone
MK = Metakaolin G=Gravel

Figure 1-2 Mixtures developed at WVU and studied undelaboratory conditions

The three slabs were placed in the Arrow Concretet Btaa convenient location. It covered
an area of about 15 x 10 m (49.20 x 32.80 ft). The locationquae flat but still the areas
were leveled by placing coarse aggregates. Formwork maseaoaf was placed on the sides
creating a box of 3.05 x 6.10 m and 228 mm height (10 x 20 ft and t&ight). For the



bottom of the concrete slab, Q-Decking was placedhtalate a real bridge deck. The height
of this Q-Decking was 12 mm (0.5 in.) creating a slab tlaskrof 216 mm (8.5 in.).

After the formwork and the Q-Decking were completedy tayers of No 4 epoxy coated
steel reinforcing bars were placed in both directioesiting a grid with a separation of 203
mm (8 in.) in between the bars. By placing on ché#es,bottom grid was separated 51 mm (2
in.) from the top face of the Q-decking and the top wag located 51 mm (2 in) from the top
finished surface of the concrete, and thus creating a afv@t mm (2 in). The separation
from one grid to the other was made 115 mm (4.5 in.) anctlda cover to the wooden
formwork was 76 mm (3 in.). Figure 1-3 presents the reinfoecg plan.

L 20 # 4 bors B 203 mm Chyp, top & boto_
L=2%m
LA e

a4 rmd

12 # 4 kors B 203 mm
05 . Ctyp, top & kot
L =

559 m

q

Beinforcement Plon

51

219 MM

31_mm

T R-Decking

Full DTepth Slokb Elevotion

Im=3.23 ft

Figure 1-3 Reinforcement layout for concrete slabs

After the reinforcement was placed, maturity loggenthai capacity of reading temperature
and maturity every hour for 90 days were installed at 7rdiftelocation of each slab. The
loggers were located in two levels by tying them to tieelseinforcement, and two more
loggers were placed inside cylindrical specimens of 152 x 305 é&mxil2 in.) for the



development of a strength-maturity relationship. Figure drdsents the location of the
maturity loggers in the slabs.
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Figure 1-4 Location of maturity loggers

After the preliminary work was done and all the loggersewsdaced, the wooden formwork
was sprayed with MBT Rheofinish 211 form releasing ag&lhtylindrical and prism molds
were also sprayed with the same form releasing agentedéh slab, a total of thirty eight
152 x 305 mm (6 x12 in.) cylindrical specimens were cast for caspee strength, static
modulus of elasticity and maturity test; five 102 x 203 mn8(#x) cylinder specimens were
cast for rapid chloride permeability test (RCPT); thréex 76 x 283 mm (3 x 3 x 11.25 in.)
prism specimens were cast for shrinkage test, and #reel106 x 406 mm (3 x 4 x 16 in.)
prisms were cast for freeze-thawing test. The volwheoncrete needed for each slab
including the test specimens was of 4.28 m3 (5.6 yd3).



The mixture containing the slag + metakaolin, fly ashlitasfume, and slag + silica fume
was designated as slab 1, slab 2, and slab 3, respecfiledyslabs were poured in the
morning  simulating transportation and job site coadgi It utilized local materials and
methods of placing. It was finished and cured in collation with personnel from Arrow

Concrete Co. and local contractors. Figure 1-5 and Figurpriésgnt pictures of some of the
steps followed.

After the concrete was poured, the curing was startateohately and continued for 10 days
under wet burlap with continuous supply of water. As meetoabove, some of specimens
were match-cured in the field and other specimens waedcunder laboratory conditions.

Also at 28 and 56 days, cored specimens were extractedtfimsiabs with the purpose of
comparing information with molded specimens. Differentleat@on methods were followed

for all the specimens in order to characterize the edacenixtures.

1.4 Thesis Organization

Chapter 1 presents the introduction, the global and preb@ttives, and a brief description
of the work done in the field. Chapter 2 gives a detdkeckground and presents a literature
review. Chapter 3 describes the materials, the mixtwpoptions, and the types of curing
used in this project. Chapter 4 presents the charactenzatiboth fresh and hardened HPC
and a durability evaluation of the concrete mixtures. p@a5 introduces the maturity
method as a technique to estimate the concrete stre@jtapter 6 presents a detailed air-
void analysis by different methods and a petrographic exaiornaf the concrete mixtures
studied. Chapter 7 draws the conclusions from this researd presents recommendations

for future work.



Form-Work

Steel Placement & Insoummentation

Powring

Figure 1-5 Form-work, steel placemen and pouring of than-place slabs

Preparation of Cylindrical
Specimens
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Figure 1-6 Preparation of specimens and curing under &t burlap



10 Days After Pouring

90 Days After Pouring

Figure 1-7 Slabs after 10 days and 90 days of pouring



CHAPTER 2

BACKGROUND AND LITERATURE REVEW

2.1 High-Performance Concrete

HPC first appeared as high-strength concrete having sommlsgicbutes, however it has
undergone several modifications and finally establishedastom-made engineered product
with several high-performing attributes. Initially, it svdeveloped and applied for the high-
rise building construction as a new and innovative nateompared to normal strength
concrete. But later on it was used in several infuattire applications including different
components of bridges, tunnels, overpass, underground sésictunclear structures, and
many other applications. Two breakthroughs are worthtioveng for the development of
HPC: one is the introduction of High range water reducingigtdre (HRWRA) to concrete
in order to make possible concretes with a low w/cm wigntaining superior workability;
and the other is the use of SCM to modify the fresth lsardened properties of concrete and

improve the durability significantly..

2.1.1 Definition

The definition of HPC continues to change as advancesnaorete technology make it easier
to achieve increasingly higher strengths and improved piepersing conventional

construction practices.

The HPC is defined by the American Concrete Institut€lfAas concrete meeting special
combination of performance and uniformity requirementt dannot always be achieved
routinely using conventional constituents and normal mixpiaging, and curing practices.’
A HPC is a concrete in which certain characteristiesdeveloped for a particular application
and environment and therefore be customized for a spemifipose. Some examples of

characteristics that may be considered critical foagplication are:
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» Ease of placement

* Long-term mechanical properties
* Density

* Toughness

* Long life in severe environments
» Early age strength

* Permeability

* Heat of hydration

* Volume stability

Because many characteristics of HPC are interrelatetiange in one characteristic usually
results in changes in one or more of the other chenstits. Consequently, if several
characteristics have to be taken into account producingorrete for the intended
application, each characteristic must be clearly iipdcin the contract document of the

project.

Strength criteria like compressive strength, modulusadtigity; volume change criteria like
shrinkage and creep; and durability criteria like freezing #wawing, scaling, abrasion and
chloride permeability are used in the evaluation of HP@dss

2.1.2 Supplementary Cementitious Materials in HPC

There have been a number of studies focused on HPC esxtnd the different SCM used,

and its effects on concrete performance.

Gong (2006) during his study on different HPC mixtures olesemhat HPC with SCM

presented lower free shrinkage up to 90 days comparedrtahconcrete. He also concluded
that concrete with slag + silica fume, or fly ashilica fume significantly reduced the early
age free shrinkage. In his work mixtures containing metakabtmved the best performance

in terms of free shrinkage.
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Roy et al. (2001) studied the effects of aggressive chemisalonments on mortars made
with normal portland cement and SCM like silica fumegtakaolin, and fly ash. In their
preliminary results they showed that substitution ditaifume, metakaolin, or fly ash
increased the chemical resistance of the mortars gechpa those made with only portland
cement. The increase in chemical resistance was fouhe ifollowing order (1) silica fume,

(2) metakaolin, and (3) fly ash. The compressive stremgtieased in the following order:

(Dfly ash, (2) silica fume, and (3) metakaolin.

Weiss et al. (1998) studied the influence of w/cm, siliemd replacement on cracking
potential and strength and permeability of concrete. Toegluded that a decrease in w/cm
resulted in a significant increase in compressive gtheand a reduction in permeability. Also
specimens with lower w/cm cracked at an earlier age ahibited larger cracks openings.

The silica fume replacement exhibited very low perméghdittributed to pore refinement

and densification of the bond between the aggregate artdrmo

Suksawang et al. (2006) studied the effect of pozzolanic mastefor SCM) on the

compressive strength and modulus of elasticity of HP@yTdoncluded that the addition of
silica fume increased the early strength of concrete,the addition of fly ash reduced the
early age compressive strength of HPC. They also suggéstiethe equation from ACI 318
should not be used for calculating the modulus ofielastor HPC because they did not find

a good correlation with experimental results.

Naik et al. (1994) studied the influence of the additidra class C fly ash on concrete
strength and permeability. The concrete mixtures werpgptioned to replace cement with
class C fly ash in the range from 0% to 70 % by weigleeaient. They found that at ages up
to 28 days, the mixtures with no fly ash attained lopemmeability compared to the high-
volume fly ash mixtures. They also reported that, imegal, the high-volume fly ash mixtures

attained lower strengths compared to the normal conoreteres.

Ozyildirim (1994) evaluated the strength and the permeatfityarious combinations of

silica fume and slag in concrete. He found that whi#nagume was added in small amounts

12



(3% to 5%) to concrete with up to 47% slag replacement,aaw/cm from 0.40 to 0.45,
economical concretes with very low permeability (353 aolis at 28 days) and adequate
strength (55.6 MPa or 8050 psi) could be produced.

Cabrera et al. (1997) made a laboratory study on thegsireand chloride permeability
resistance of fly ash modified and normal cement @iasrand mortars. In their study, the
concrete was exposed to salt water in order to recoiusiih measurement data under two
different simulated exposure conditions: (1) an inteentttsplashing and (2) capillary-
osmosis absorption. They concluded that the unigue advarftigesh was an enhancement
in the concrete workability, and that concrete with 33placement of cement by fly ash

gave the same compressive strength as normal conc2dalays.

In order to monitor the continuous behavior of concretestaining SCM in a chloride
exposure regime, Basheer et al. (2002) studied differemtret® mixtures subjected to a
cyclic ponding regime with sodium chloride, and then tlyitored the change in resistance
at different depths. They used normal concrete and cenaneted with cement and SCM
such as slag, silica fume, metakaolin, and fly ashy Teacluded that the concrete with the
SCM presented a lower chloride penetration, highlighting superior performance of

mixtures with slag + metakaolin.

Li and Ding (2002) studied the physical and mechanical propedieportland cement
containing metakaolin or combination of metakaolin and stejuding the compatibility
between such materials and superplasticizers (or HRWRWAgy concluded that the initial
and final setting times of cement incorporating 10% metakacere lower than those of
portland cement. After studying the effects of incorporatibmetakaolin and slag to cement,
they concluded that the not only the fluidity of coneravas improved, but also the 28-day

compressive strength was enhanced.
Fan (2005) tested HPC developed and fabricated at laboratdey ; his work, based on his
testing samples for freezing and thawing in deicing solutibesconcluded that concrete

made with metakaolin presented superior performance irtingsiseezing and thawing in
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deicing solutions. The slag + silica fume mixtures exhibbetter performance to freezing
and thawing than the mixtures containing fly ash + silicae.

2.1.3 West Virginia Division of Highways Class H Concrete Specificatins

The WVDOH developed their own specification (601.10.1.2) fos€Mld concrete used in
bridge decks. There are no specifications for HPCenstate of West Virginia, although the
Class H closely resembles HPC mixtures. Class Hretacspecifications are limited in
scopes of using different materials as SCM, their péages, and w/cm. Also it is primarily a
prescriptive specification, not performance-based. Btass H concrete there is no
requirements for shrinkage and cracking and also theidélpermeability, strength, slump

and other performance requirements need major revisions.

The Class H concrete specifications are summarizieevbe

2.1.3.1 Materials

The free moisture content of each aggregate type, &intbeof batching, shall not exceed 7%
of the saturated-surface dry weight of the fine or maggregate, or 8% total for both
aggregates. The sources of coarse aggregates shall be dppsowwVDOH. The total

concrete constituents shall contribute less than 0.1@%rwgoluble chloride ion by weight of

cement.

2.1.3.2 Proportioning

Class H concrete shall consist of a homogeneous rajxtdrcement, fine aggregate, coarse
aggregate, silica fume, fly ash or slag, chemical atmes, and water.

The testing for concrete shall include air contentnplucompressive strength results at 28
days, rapid chloride permeability test (RCPT), and drinkage test. RCPT shall be made on
representative samples cured for 28 days in accordancé®&i&M C 31, then prepared and
tested at an age of 35 to 42 days. The results of thisha# not exceed 750 coulombs as
recommended by the WVDOH for Class H Concrete. The 28&dapressive strength of the
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mixture that satisfies the 750 coulomb thresholds &l®alised as the basis for acceptance of
concrete. For HPC, based on the lab-scale study anenjpraly specifications, the recent
proposed recommendation was that the RCPT shall needxt000 coulombs at 56 days.

Table 2-1 summarizes the WVDOH specifications for Cks®ncrete.

Table 2-1 WVDOH Specifications for Class H Concrete

Specification Item Values
Class of Concrete H

Max w/cm 0.4
Entrained air (%) 6.5+0.5
Max Slump (cm or in) 18 (7)
RCPT (Coulombs) <750
28days Compressive Strength (MPa - psj) > 28 (4000)

2.2 Overview of Advanced Concrete Materials Development for Bdge
Decks in WV

The potential deterioration of concrete bridge decksinsctly related to the durability
characteristics of the concrete exposed to environmantachemical effects in addition to
traffic loads. HPC offers favorable durability charaistérs in addition to enhanced structural
performance, due to high strength and low permeability Speed et al., 1996).

A large scale project is being undertaken by the Wesfiniad University researchers and the
WVDOH. In this project a total of 24 different concretetures were developed using two
types of aggregates (limestone and gravel) and diffe@nbinations of slag, fly ash, silica
fume, metakaolin, and chemical admixtures. Three @iffew/cm (0.40, 0.35, and 0.30) were
studied for different combinations of SCM. Figure 1-2 presdmdlow chart of the mixtures

studied.

The WVU researchers performed tests on fresh comsceteh as slump and air content,
hardened concretes such as compressive strength at ditiges) modulus of elasticity, free
shrinkage, restrained shrinkage, direct tensile stren@R;TRchloride diffusion, freezing and

thawing in deicing salts, and scaling resistance.
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Some of the significant conclusions from this redeavere that the charge passed through
concrete decreased with the maturity or ageing of HRCthe rate of change depended on
the type of SCM and heating of the permeability celbnFthe freezing and thawing testing,

the conclusions were that the percentage loss in dgnaamdulus of elasticity and mass loss
were lowest for metakaolin HPC, compared to other HP&v4los et al., 2007).

From the same HPC employed on decks and using WeshMirgical aggregates, Ray et al.
(2005) evaluated the mechanical properties of the HPC mix&umédound that metakaolin
HPC achieved the highest strength, particularly at agete @8 days, followed by slag +
silica fume HPC, fly ash+ silica fume HPC, and fijhasslag + silica fume HPC. They also
concluded that limestone performed better than graveésnms of both strength and modulus

of elasticity.

2.3 Rapid Chloride Permeability Test (RCPT) on HPC

Lane (2005) proposed modifications to improve the congigtehthe RCPT test results by
using conductivity values obtained from the first 10 minutesesting. By considering the
results for first 10 minutes, the heating problems assatiaith 6 hours standard test can be
eliminated. The heating particularly affects the smaiiee specimens, which yields in greater
charge passed. Hence, it was suggested that the initiehtwuneasurement is more useful to
estimate the specimen conductivity. Lane proposed a iatitih by using the 10 minutes

charge multiplied by 36.

There are some concerns regarding the RCPT test aooneshin their research by Uchoa et
al. (2007). The major concerns are: (1) It measures ngttbalchloride ions movement but
other ions movement including hydroxide, which has greatdilityothan chloride ions; (2)
High heat is generated due to high voltage applied atmesspecimens. This leads to higher
values for RCPT tests; (3) The mineral admixtures sudliaa fume, fly ash, and slag have
significant effects on pore solutions that influencesdleetrical conductivity subsequently
affecting the RCPT results. Their study also showed tih@ early early-stage current can be
used to define the chloride permeability for concrete mixitll different admixtures.

16



2.4 Maturity Method on HPC

This method was first carried out in England by Mcint¢s849), Nurse (1949), and Saul
(1951). It is a technique to account for the combined effddtiseotime and temperature on

the strength development of concrete. The hydratiaewient is function of the time and the
temperature of the hydration; consequently the gain aigtings also controlled by these two
parameters. In consequence, the concept of maturitynofet® appears as a function of the
product of the curing time and the concrete curing temperaProper application of this

relatively simple procedure can result in savings by allovemgstruction operations to be

performed safely at the earliest possible time (CaaimbLew, 2001).

Determination of the in-situ strength of concrete ismaportant step in the quality assurance
of an industrial construction project. Usually, cylindebbeam specimens, cast from the same
batch of concrete as those used in the constructigacpr@re tested for in-place strength.
The maturity method is an alternative to non-destracgvaluation of in-place concrete
(Goodrum and Dai, 2004).

2.4.1 Case Study

The Dallas High Five was a $261 million project from thexds department of
Transportation to build a five-level interchange. Thetexgsinterchange had a traffic count
of 500,000 vehicles per day, making it one of the busiest rdage in the USA. There was
an $11 million bonus if the project is completed in fouargeor less what made the TxDOT
to specify the use of the concrete maturity method anpiitject. Since there are many steps
in the traditional cylinder testing process that introdyential errors in cylinder
compressive strengths. One of the most important adyestzf using maturity method in this
project was on the use of pre-cast structural segmeotal with maturity logger to detect the
maturity as concluded by Director of Construction. Byngjiag to pre-cast segments using
maturity, it was possible to indicate that the spedifl7 MPa (2500 psi) strength is achieved
in 10-12 hours which avoided the mishandling of concretenagti leading to wrong
conclusions. On this way the project was able to leadlof schedule getting the bonus
offered (http://www.engius.com/).
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The City of Wichita, Kansas, had a paving urban job wispecification of 4 MPa (580 psi)

flexural strength within seven days before the pavementdpened. Overall, the project
required 6,116 m?3 (8,000 yd3) of concrete. The City of Widhdts: its own testing lab, so they
developed a maturity calibration curve with the sametungs that were going to be used in
the project. Maturity sensors were placed at a depfl®dfmm (4 in). The data provided by
the loggers revealed that strength was being achieved withito three days, even in cooler
weather, which was very fast compared to four to seleys that were expected. The
contractors from the project concluded that using matunigyhod revealed the strength of
concrete faster than destructive testing methods (mtpw.engius.com/).

Hurricane Katrina slammed into the Mississippi and Lianes Gulf coast on Monday August
29, 2005 resulting in numerous bridges being damaged or destiyed-10 east bound
bridge over the Pascagoula River was badly damaged byutweay barges. The project of
reconstruction was awarded for a 31-day contract to repaibridge with a bid of $5.4
million. All work was scheduled on a continuous 24 houratian. Construction time was a
critical factor on this project, and due to the chloridessociated with the salt water
environment, concrete durability was a serious concemmedis Therefore it was imperative
that in-situ strength be determined accurately and imateglito allow for timely stripping of
forms. The on-site project engineers for MDOT, wereagreement that concrete stripping
strength can better be determined by utilizing the maturgyhad. The mixture design
specified by the contractor called for a minimum strermft 17 MPa (2500 psi) in twelve
hours. By taking reading of maturity from the concretehe pier caps and obtaining the
strength from calibration curves made to the specifiedciete, only 7 to 8 hours were
required to reach the specified strength (http://www.encpus/).

With over 80 million passengers and 700,000 tons of cargongassiough each day,
Hartsfield-Jackson Atlanta International Airport lietbusiest airport in the world. As part of
the current 10 year expansion project, Kiewit Southeon @ed the maturity method to
execute a rapid replacement of one of the airport’s» manways in under 60 days. If
conventional methods were used, the time frame fotingrildowels would have been

approximately 45-55 hours after completion of each langmeément. However, considering
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the heat generated and trapped in the concrete placésadithe maturity method indicated
that the flexural strength requirement for drilling wastnm only 13-15 hours, far ahead the
2-3 days needed to achieve strength in the standard-cured bEaisigroject originally
required 7 beams to be tested for flexural strengthveryel 53 m3 (200 yd?3) of concrete (750
sets or 5250 beams). However, based on early trial sescesth the maturity method to
manage workflow, the number was reduced to one set per 3gDhyd?3), thereby reducing
the number of beams by 60 % (http://www.engius.com/).

2.5 Microscopical Determination of the Air-Void system andPetrographic

Examination of Hardened Concrete

2.5.1 Air-Void System

The air-void structure of concrete is a critical pagten for the durability of concrete
subjected to freezing and thawing, and to the action anthdesalts. An air-void analysis is
the only method available on hardened concrete to evalmt@r-void structure of concrete
(Elsen, 2001).

Air-entraining admixtures increase the amount of aithm concrete which is incorporated
during the time of mixing. It is expressed as a percerafdfee concrete volume. Generally
speaking 2 to 8% of entrained air provides very good durableirasxwithout affecting the
strength much. The actual amount depends on the maxinmenofsthe aggregates as more
paste is required to provide workable concrete with a lomaximum size of coarse

aggregates.

Image processing analysis is very powerful tools whemphwogical information is required
to understand the behavior of a material. Image anafysidied to materials used in civil
engineering can be divided in three main steps: (1) Imageisiioon; (2) Extraction of the
pertinent characteristics and image segmentation; anEX&nsion of this information
functions, and modeling. It is important to pay specitdrdion to the area of the images
studied compared to the structure, their position, andgtiztity (Coster and Chermant,
2001).
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Aligizaky and Cady (1999) used the section analysis technayfied the air-void parameters

of hardened cement pastes, also compared their resgitttsthe standardized point count
method, and finally they compared the air-void parameessiting from applying the linear-

traverse method using an image analyzer to the reqitisned using the optical microscope.
They concluded that the results from the air conteltutzded by the point count method
were close to those from the section analysis nodetith the values from section analysis
method being lower. Also it was shown that the sedigalysis technique could facilitate air-

void determination because a smaller area could bealteste

Jana (2007) compared different techniques to obtain theomirparameters of hardened
concretes. Some of the techniques compared were the Riapi87, the Flat Bed Scanner,
the HF-MACO01 method, the Automatic Concrete Evaluatiatidd and the Image Analysis
Method. He concluded that all methods show good consisieritye results, and that these
methods are excellent alternatives to ASTM C 457Herevaluation of concrete durability.

Chan, et al. (1999) tested the residual compressive strehgtRC after exposure to high
temperatures (800 °C). They also measured the variatioti®e @ore structure, including
porosity and pore size distribution. They concluded tiatésidual compressive strength was
higher for HPC compared to normal concrete although tieeofastrength reduction of HPC
was higher than normal concrete after exposure to bigbdratures. A model was developed
to predict the relationship between porosity and strengtP&.

A comparative study of the automated method (Image asplersus the traditional manual
methods (point-count method and linear-transverse methodSGM C 457) has been
published by Ohta (1986), who found a reduction of measurenmatai 73-88 % and a
reduction of the coefficient of variance of the measwnet of 75% using automated methods.

Elsen (2001) presented the results of a European round rabioftair void analysis on
hardened concrete. Out of thirteen laboratories invaivete research, seven used a manual
method and six an automated measured system. The spetaskaswere of 100 x 100 x 20
mm (3.9 x 3.9 x 0.8 in). They concluded that the automatttiads were very fast but could
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be problematic when high amount of porous sand grains present in the concrete. They
also found that using this technique it was not possible tsune the paste content of the
sample.

Jakobsen et al, (2006) described the methods and techniquesddqu automatic air-void
analysis using the RapidAir System as well as a tam a round robin study. The RapidAir
is an automatic system for analyzing the air void aandé hardened concrete. This analysis
required polishing of the concrete area of study as veelh @ontrast enhancement of the
surface. This system could analyze the air-void syst@mording to the ASTM C 457 in only
15 minutes or less, by studying a transverse length of 2413 mm.}9After the testing and
the round robin test, the results presented a very ggoddecibility and repeatability of the
automated system compared with the manual methods dedoyiBesiTM C 457.

2.5.2 Factors affecting the Entrained Air

The entrained air can be affected by different facfmessent under field conditions. The

materials used in the mixtures can affect the quantiirathat could be entrained. Coarser
aggregates allowed a higher entrainment of air to tlxéunei than fine aggregates. The w/cm
plays an important role too because concretes withwéwm entrain less air than concretes
with a high ratios. However, it does not mean thatsipecing factor shall change; as due to
difference in materials the void sizes gets also mextlif

The air is entrained while the concrete is being mixeat Thwhy the air entrained depends
on the mixing type, the rate of mixing, the amount afatete being mixed, and the time
while it is mixed. The air content initially increaseshatime and then gradually decreases.

Slump and temperature are parameters that can affeairtbentent of a concrete mixture.
Higher initial slump results in higher air content dmgher temperature leads to lower air
content. Also, vibration and finishing the concrete stmectchanges the air content of the
mixture because coarse bubbles are forced to come thé tmncrete surface (Mindess et al.
2003).
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2.5.3 Petrographic Examination

A complete petrographic examination is able to determiaetyipe and composition of the

aggregates, the nature of the cement paste, and theftgpment. It allows determining the

proportions of the coarse and fine aggregates, the cepaste, and the entrapped and
entrained air (St John et al., 1998).

A petrographic examination can also determine the dispositidrsize of calcium hydroxide
crystals in the cement paste providing information abaubtiginal w/cm, if the concrete has
been placed and cured under normal temperatures. Thetsitag,and type of remnant clinker
particles can provide information about cement type amed &lge extent of carbonation can
readily be observed and the development of seconddfiates minerals can indicate sulfate
attack.

A petrographic examination can provide the following infoiora{St John et al., 1998):

General information

* Volume proportions of coarse aggregate, fine aggregatentgraste, and air voids.

* Aggregate grading and shape - whether natural gravel or rcish

* Presence or absence of artificial aggregates and cespatements. The type, size,
shape, and volume proportions of such particulate additions.

* Nature, type, and proportions of air voids.

Specific information

* Rock and mineral types present in coarse and fine aggregatkesheir relative
proportions.

» The grade of weathering of the aggregate particles; whetagrare cracked or have
interacted with the surrounding paste or have been degradiéw®® same time as
concrete.

* The nature, sizes and state of remaining clinker graitea cement, features of the
cement hydrate gels and the nature, size and disposfticalcium hydroxide crystals
in the paste.

* The nature and extent of any carbonation of the cepaste.
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Zhang and Zhang (2005) presented results on the determinatioorofand cement content
of hardened concrete by petrographic and chemical methodsoforete used in tropical
environment. They concluded that although the methods amsaniy suitable for North
America and Europe, the techniques can also be used inairaqmantries with good

accuracy.

2.5.3.1 Determination of Chemical Admixtures

The chemical admixtures cannot directly be detected Btragraphy examination, although
in some cases the effects of using an admixture can leeveldslike the effect of using air
entraining admixture. Chemical analyses are requiredtectdand quantify the presence of

chemical admixtures in the concrete.

2.5.3.2 Determination of SCM Content and w/cm

To determine the content of SCM and the w/cm is no¢aBy process because the size and
the color of the SCM can vary depending on the sourcett@ndjrade of hydration when
mixed in the concrete. The w/cm determination is functibthe curing temperatures of the
concrete so it not a easy procedure, since petrographyret@gns are usually made on old

concrete structures with unknown history.

Determination of Fly Ash:

Particles of fly ash are of abouarh to 150um, with more than the 50 % of the particles in
between 20-3Qum, making only the larger un-reacted particles observablanbyptical
microscope. These fly ash particles are observedrasisal and clear translucent particles.
Particle color is very diverse, ranging from colorles$lack and frequently being variously
yellow, brown, red or grey (St John et al. 1998).

Determination of Slag:

It is common for slag to form up to the 50 % or moréhefbinder, so that the recognition of
its presence is easy. Concretes made with slag exdibitsctive dark greenish- blue matrix
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coloration, although exposure to the atmosphere resulthe oxidation of the reaction
turning the green products to an earth tone or brown-beige.

Determination of Silica Fume:

Silica fume is an ultra fine powder, with individual padisize from 50 to 100 times finer
than cement or fly ash. It comprises of solid spheigtassy particles of amorphous silica.
Detecting silica fume in concrete is complicated dué@staisually small proportion and its
extreme fineness, with almost all of the particleglsn than 25.um to 30um. Also silica
fume rapidly consumed in the initial hydration reactiddfter a month, it is practically

undetectable even using scanning electron microscope.

Determination of Metakaolin:

In concrete, the use of metakaolin as a cementitiousriahis usually below 15%. The
identification of metakaolin may be difficult unlessy®unique characteristic is present. Due
to the small size of the particles (average parsde of 1.5um), it is practically impossible

to determine using an optical microscope.

The hydration processes and resultant hydrates from timusacementitious materials are
greatly affected by curing, temperature, water contedt age. Therefore, no quantitative
techniques available such as counting residual cementshlpiaslag particles are accurate.
The degree of hydration can vary greatly between cancsaeimples under different
conditions. Therefore, it is usual practice to usenler of qualitative measures and
observations to give an estimation of the w/cm and aoétimus materials contents by
comparing these observations with observations ofreteg with known compositions (Figg,
1989).

Determination of the w/cm:

The procedure followed to determine the w/cm is as foll(&vbn and Bernard, 2000):
» Paste content determination from the air content aisakgking into account any
variation in air content to verify that the totallwme of water and cementitious
materials is close to what was theoretically spedifn the mixture design. This will
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confirm that the staring volume of paste is correatl dhat no excess water or
cementitious materials were used.

» Examination of the texture and color of fresh fractusadaces and comparison to
textures of other samples with known water cementitiaterials ratios.

» Estimation of the hardness of the paste by makingniadiens with a needle probe
and scratching the surface of the paste.

 Comparison of the percent of residual portland cemeniclesrtestimated to be
present in a field of view of the thin section to the bemof residual particles from
thin sections of other similar concretes.

* Examination of the morphology of the calcium hydroxid¢hia paste both in the thin
section and powder mounts.

» Estimation of the w/cm of the paste by comparisonllobfathe above features with

concretes examined before.

The review of literature reveals that HPC being an reseged product made with local
materials meeting specific performance criteria. Aligo many studies have been done on
various properties of HPC, it is necessary to evaluadecampare the significant properties
of HPC to be produced in this project. The difference afemmals, construction practice,
curing, and environmental conditions are important paraséberse will control the final
product. The relationships among maturity, strength, pévilitga air-void parameters and
concrete quality of field-cored, field-mixed match-curei|dimixed lab-cured, and lab-
produced concrete shall provide clear guidelines and predifdofuture HPC behavior of

similar mixtures in local conditions.
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CHAPTER 3

MATERIALS, MIXTURES PROPORTIONS, AND CONCRETE
MAKING

This chapter describes the materials, mixture proportams,construction of three test slabs
at plant.

3.1 Materials

The materials used in this study were selected in caisult with the Advisory Panel
members, and the subsequent discussions with locareten@ggregates, and materials
suppliers. The representative aggregates were selecest drashe approved list provided by

WVDOH, and considering the fact that the materials khbe available continuously.

3.1.1 Cement

For this study, commercially available Type | portlancheat conforming the ASTM C 150
(Standard Specification for Portland Cement) was used. bEsic physical properties and
compound composition of cement are presented in Tablen8-Table 3-2 respectively.

Table 3-1 Basic physical properties of type | portland caent used

. . ) Setting time
Specific Gravity Fineness _ : : :
Initial (min.) Final (min.)
3.15 320 rfikg (1561 ft/1b) 90 260
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Table 3-2 Compound composition of Type | portland cemearised

Compounds Percentage by mass

Tricalcium Silicate (GS) 49.0
Dicalcium Silicate (GS) 25.0
Tricalcium Aluminate (GF) 12.0
Tetracalcium Aluminoferrite (§AF) 8.0
Calcium Sulfate (CSH 2.2

Calcium Oxide (CaO) 0.8

Magnesium Oxide (MgO) 2.0
Others 1.0

3.1.2 Coarse Aggregates

One type of #57 graded coarse aggregates provided by Greer Aggvemtused in this
study. The aggregates conformed to ASTM C 33 (Standard Specificor Concrete

Aggregates). The basic properties are presented in TableT8b8 3-4 shows the sieve
analysis for the coarse aggregates used.

Table 3-3 Properties of coarse aggregates

Properties Value
Absorption (%) 0.53
SSD Specific Gravity 2.69
Bulk Specific Gravity 2.68
Apparent Specific Gravity 2.72
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Table 3-4 Sieve analysis for coarse aggregates # 57

Cumulative | Cumulative
Wt. Amount
_ amount amount
Sieve Size retained | Retained ) _
retained Passing
(gm.) (%) (%) (%)
25 mm 1" 36.30 0.88 0.88 99.12
19 mm 3/4 626.50 15.20 16.09 83.91
125mm | 1/2" 1778.40 43.16 59.25 40.75
95mm | 3/8" 1052.90 25.55 84.80 15.20
475 mm | No. 4 587.20 14.25 99.05 0.95
2.36 mm | No. 8 13.20 0.32 99.37 0.63
1.18 mm | No. 16 1.70 0.04 99.41 0.59

(1 mm =0.039 in., 1 gm = 2.205x1(b)

3.1.3 Fine Aggregates

In this study, one type of fine aggregate conforming to ASTI3 (Standard Specification
for Concrete Aggregates) was used. The fine aggregates usedhateral sand provided by
Shelly Materials Co. The basic properties are providefable 3-5 and sieve analysis results
are presented in Table 3-6.

Table 3-5 Properties of fine aggregates

Source and Basic Properties

Facility Source Arrow Concrete

Type

Natural river sand

SSD Specific Gravity 2.61
Bulk Specific Gravity 2.59
Apparent Specific Gravity 2.65
Absorption 1.0%
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Table 3-6 Sieve analysis for natural river sand

Cumulative | Cumulative
Wi. Amount
_ _ _ _ amount amount
Sieve Size retained | Retained ) _
retained Passing
(gm.) | (Wt %) (%) (%)
95mm | 3/8" 0.00 0.00 0.00 100.00
4.75mm| No.4 25.50 4.98 4.98 95.02
2.36 mm| No. 8 58.30 11.39 16.37 83.63
1.18 mm | No. 16 55.10 10.76 27.13 72.87
600 um No. 30 90.80 17.74 44.87 55.13
300um | No. 50 217.30 42.45 87.32 12.68
75um 60.30 11.78 99.10 0.90
(1 mm =0.039in., 1 gm = 2.205xi(b, 1 um = 3.937x16 in.)

3.1.4 Mineral Admixtures

In this study four types of SCM were used. These afellagvs:

3.1.4.1 Sag

Slag is defined as a finely ground glassy granular mateade from iron blast-furnace slag
when it is rapidly cooled. In this study grade 100 slag confgrio ASTM C 989 (Standard
Specification for G.G.B.F Slag for Use in Concrete aidrtars) was used. The basic

properties of the slag provided by Essroc Cement Co. asergesl in Table 3-7.

3.1.4.2 Metakaolin

Metakaolin is a dehydroxylated form of the clay mineral kai@i The particle size of
metakaolin is smaller than cement particles, but ndihasas silica fume. Considered to have
twice the reactivity of most other pozzolans (or SCiMis a valuable admixture for concrete
applications. For this study commercial metakaolin confogmo ASTM C 618 (Standard
Specification for Coal Fly Ash and Raw or Calcined iMat Pozzolan for Use as a Mineral
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Admixture in Concrete) was used. The specific gravity @takaolin was 2.37 and the
material was supplied by WW Natural Resources.

Table 3-7 Basic properties of slag

Specific Gravity 2.88
Specific Surface (ffkg) 581
CsS, % 48
C.S, % 19
CsA, % 8
C,AF, % 7.73
NaO, % 0.67
Appearance White Powder
Odor No Distinct Odor
Physical State Solid (powder)
pH Value (in water) 10.5t0 12.7
Solubility in water, % Slightly (0.1 to 1.0)
Melting Point {C) 1300-1350

(1 nf/kg = 703.07 iAlb, °F=5/9*(°C-32))

3.1.4.3 FlyAsh

Fly Ash is one of the residues generated from combustiorsad It is finer than cement and
consists of glassy-spherical particles. The ClaB$yFash from Headwaters / Hatfield Power

station was used in this study which conformed to ASTM C &h8.basic properties of fly
ash are presented in Table 3-8.

3.1.4.4 Silica Fume

Silica fume is a by-product of the reduction of high-pugtiartz with coke in electric arc
furnaces in the production of silicon and ferrosilicoloyd. The silica fume used in this
project was type SF 100 conforming to ASTM C 1240 (Standard Siwh for used of
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Silica Fume for use as a Mineral Admixture in Hydraliement Concrete, Mortar, and
Grout). Silica fume was provided by BASF and its basiperties are described in Table 3-8.

Table 3-8 Basic properties of silica fume and fly ash

Property Silica Fume Fly Ash
Specific Gravity 2.18 2.47
Specific Surface (ffkg) 21400 496
Loss of ignition, % 1.64 3.00
SiO,, % 100 49.34
Al;03, % - 22.73
CaO, % - 3.09
MgO, % - 1.06
SGs, % 0.156 0.97
NaO, % 0.57 1.15
K20, % - 1.60
Fe0s, % - 16.01

(1 nf/kg = 703.07 iAIb)

3.1.5 Chemical Admixtures
Chemical admixtures are natural or manufactured chésnidaich are added to the concrete
before or during mixing, and are used to give special propedigesh or hardened concrete.

For this study four kinds of chemical admixtures were aseidllows:

3.1.5.1 Water-Reducing Admixture (WRA)

Water reducers are used to lower the water contemastipconcrete, to increase the strength
and to obtain higher slump without adding extra wateghéconcrete mixture. In this study
Commercial Type D 100 XR water-reducing admixture from BABRforming to ASTM C

494 (Standard Specification for Chemical Admixtures fon€ete) was used.
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3.1.5.2 Air-Entraining Admixture (AEA)

The AEA produces microscopic air bubbles called entraamedrhe entrained air makes the
mixture more cohesive, but its primary application i;tvease the resistance to freezing and
thawing. The commercial air-entraining admixture usedis study conformed to ASTM C
260 (Standard Specification for Air-Entraining Admixtures @oncrete) and it was supplied
by BASF.

3.1.5.3 High-Range Water Reducing Admixture (HRWRA)

It is a special class of water-reducing admixture aksiled superplasticizer. It reduces the
water content in a given concrete mixture between 12 #,25% even higher. The Rheobuild
1000 HRWRA Type A/F conforming to ASTM C 494 was used in thisystuldich was
supplied by BASF.

3.1.5.4 TypeD Retarder

Retarders are chemicals that delay the initial setifr@pncrete by an hour or more. They are
often used in hot weather to take care of the rapithgetaused by high temperatures and
also for transporting the concrete to a place witlwawising setting of concrete. In this study,

Type D retarder was used with the purpose of simulatiragine-place bridge deck.

3.1.6 Mixing Water

The mixing water used in this study was tap water fromMbegantown city water supply
and it was assumed to have a density of 1000 Kg/m? (62.43 fbfft3)ix design purpose.

3.2 Mixtures Proportions

Trial mixtures were developed and evaluated at WVU labadest using the same and similar
group of materials. Out of 24 different mixtures on theliprinary phase of this project, 16
mixtures were made with w/cm of 0.40. In this study, thmemst successful concrete
mixtures were selected for test slabs. Also consideratwere given for the availability of
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materials and feasibility of plant to produce thesecoete mixtures at large scale with

sufficient trials.

Table 3-9 presents the mixture types and SCM used as p@eeoitadotal cementitious
materials after adjustments and modifications dortbeatoncrete plant for the field project.
Table 3-10 presents the mixture types and SCM used as pgeaftaotal cementitious
materials used at WVU laboratory on the previous phateeqgfroject.

Table 3-11 presents the mixture proportions of concredebasic fresh properties. The ready

mix plant was in charge of the mixing procedures and theeplant, compacting and

finishing was done by experienced local contractors.

Table 3-9 Mixture types and percentage of SCM used indid project

Mixture SCM Used (% of total cementitious materials) Total Cement
Slab | ynes Slag | Fly Ash | Silica Metakaolin SCM (%)
(SL) (FA) | Fume (SF) (MK) (%)
1 SL +MK 27.9 0.0 0.0 9.0 36.9 63.1
2 FA + SF 0.0 20.6 4.8 0.0 254 74.6
3 SL + SF 29.2 0.0 4.7 0.0 33.9 66.1
Table 3-10 Mixture types and percentage of SCM used in WVlaboratory
Mixture SCM Used (% of total cementitious materials) Total Cement
Slab Types Slag Fly Ash Silica Metakaolin SCM %)
(SL) (FA) Fume (SF) (MK) (%)
1 * MK 0.0 0.0 0.0 10.0 10.0 90.0
2 FA + SF 0.0 20.0 5.0 0.0 25.0 75.0
3 SL + SF 30.0 0.0 5.0 0.0 35.G 65.0

* |t is to be noted that in previous lab-scale study, the concrete \wde mith only metakaolin;
however in field- scale study, the slab was made with slag + metakaoli
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Table 3-11 Mixture proportions of concrete and basic fsh properties

Slab 1 Slab 2 Slab 3
Ingredients Kg Ib Kg Ib Kg Ib
Portland Cement 191.87 | 423.00 | 213.19 | 470.00 | 191.87 | 423.00
Slag 84.82 | 187.00 0.00 0.00 84.82 | 187.00
Type F Fly Ash 0.00 0.00 58.97 | 130.00 0.00 0.00
Silica Fume 0.00 0.00 13.61 30.00 13.61 30.00
Metakaolin 27.22 60.00 0.00 0.00 0.00 0.00
Total Cementitious 303.91 670.00 | 285.76 | 630.00 | 290.30 | 640.00
# 57 Limestone 793.79 | 1750.00 | 793.79 | 1750.00 | 793.79 | 1750.00
Natural Sand 508.02 | 1120.00 | 530.70 | 1170.00 | 538.41 | 1187.00
Water 120.20 | 265.00 | 115.67 | 255.00 | 113.40 | 250.00
Type D Retarder (ml). 594.43 20.10 | 558.94 18.90 | 567.81 19.20
Air Entraining (ml). 236.59 8.00 | 266.16 9.00 | 236.59 8.00
HRWR (ml). 1892.71 64.00 | 2218.01 75.00 | 1892.71 64.00
Total 1725.92 | 3805.00 | 1725.92 | 3805.00 | 1735.90 | 3827.00
Unit Weight (Kg/m3 (Ib/ft3)) 2257.43 | 140.93 | 2270.94 | 140.93 | 2284.07 | 141.74
Water / Cementitious 0.40 0.40 0.39
Mortar Fraction (%) 49.60 49.40 49.60
Fine / Total Agg. (%) 39.40 40.40 40.90
Slump (mm (in.)) 180 7.00 180 7.00 180 7.00
Air Content (%) 6.50 6.50 7.20

3.3 Mixing, Placing, and Finishing Concrete

Because of the sensitivity of HPC to the materialsdusieis important that there is a
minimum variation in uniformity. Cement uniformity isauated in accordance with ATM C
917 (Standard Test Method for Evaluation of Cement Sthebgtiformity from a Single
Source).

The batching and mixing sequence was done by the ready roorextete plant (Arrow
Concrete Co.) to ensure thorough dispersion and mixingl adoatponents. Although the
concrete was mixed at the project site, it was mixed iruek and the transportation was
simulated by waiting for about 30 minutes in between bagcand complete discharge of the

concrete at the job site.
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In this project mixing, transporting, and handling of ceterwas well coordinated with
placing and finishing activities. Concrete could not beldisge faster than it could be spread,
struck off, consolidated, and bull floated. Concrete degosited continuously as close as
possible to its final position. Figure 3-1 presents thangixruck and placing of the concrete
in the three different slabs. It was decided that thetume containing the slag + metakaolin to
be slab 1, the mix with fly ash + silica fume to babs?, and the mix with slag + silica fume
to be slab 3.

During the concrete discharge, the consolidation was dsing external vibrators in order to
destroy internal friction between aggregate particles.tBdmgh slump (180 mm or 7 in.) and
use of retarder, the consolidation of concrete couldilyeade done. After adequate
consolidation, excess concrete was struck off to bhegap surface of the slab to the proper
level. A straight edge was moved across the concréteavsawing motion and advanced

forward a short distance with each movement.

The slabs were bull-floated finished to eliminate higid dow spots and embed large
aggregate particles after strike off. Bull-floating is iaishing practice to smooth fresh
concrete surfaces, it is used after concreted haspi@esd. Figure 3-2 and Figure 3-3 present

leveling and finishing of concrete slabs.
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Figure 3-2 Leveling placed concrete
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Figure 3-3 Bull-floating

3.4 Specimens Preparation

3.4.1 Casting

Different types of specimens were cast in order to perfaumber of tests to the HPC
mixtures. All specimens were prepared and cast in psm®rding to relevant ASTM
standards. Table 3-12 presents the different type of spesjmbeir sizes and a short
description of how they were prepared. Figure 3-4 presents sbthe specimens prepared to
be used in different tests.
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Table 3-12 Details of specimen preparation

Specimens Sizes of Specimens Casting Description
) Cylinder Fresh concrete was cast in plastic cylindrical
Compressive ) } o
D =152.4 mm (6in.) | molds in three layers and the finished on the
Strength

h =304.8 mm (12 in.)

surface, each layer was compacted by a steel rod

Dynamic Modulus of
Elasticity

Cylinder
D =152.4 mm (6in.)
h =304.8 mm (12 in.)

Fresh concrete was cast in plastic cylindrical
molds in three layers and the finished on the
surface, each layer was compacted by a steel rod

Free Shrinkage

Prism
76.2X76.2x285.8 mm
(3x3x11.251n.)

Fresh concrete was cast in Metallic prism molds
in two layers and the finished on the surface,
each layer was compacted by a steel rod

) Prism Fresh concrete was cast in Metallic prism molds
Freezing and ) o
Thawi 76.2x101.6x406 mm | in two layers and the finished on the surface,
awing )
(3x4x16in.) each layer was compacted by a steel rod
Cylinder Fresh concrete was cast in plastic cylindrical
RCPT D = 101.6 mm (4 in.) | molds in three layers and the finished on the

h =203.2mm (8in.)

surface, each layer was compacted by a steel rod

Figure 3-4 Test specimens
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3.4.2 Curing of Test Slabs and Specimens

The strength and durability of concrete to a large extepends on curing. It is important that
the concrete surface should be maintained 100% humid dugrgntive curing period (up to
10 days) in order to allow the sufficient hydration of eatrand control the temperature.

After the initial set and before the final set of caate, the slabs were covered with water-
saturated burlap and protected from loss of moisture bgsipimembrane in order to keep
an adequate hydration of the concrete, and also to prevaporation. The slabs were kept
completely and continuously saturated until 10 days afeeptiuring following the ASTM C
31 (Standard Practice for Making and Curing Concrete Testi®ens in the Field).

For the specimens prepared with the field mix, two tydgesudng methods were followed.
These are: (1) Match curing in the field and (2) Standandgum the laboratory. The details
are provided below:

3.4.2.1 Match Curing (MC) Specimens

After the initial set and before the final set ohcrete, a group of specimens were covered
with water saturated burlap and then protected from los®ddture by a plastic membrane to
keep an adequate hydration of the concrete simulating alyethve slabs were cured. These
specimens were cured along with the slabs in the fieldherentire period of study. The
specimens under this type of curing are designated asnfiged match-cured specimens
(Field-MC). Figure 3-5 presents the slabs covered withbugap and the match specimens
next to the concrete slabs in the field.
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Figure 3-5 Slabs and match-cured specimens

3.4.2.2 Standard Curing or laboratory curing (LC) of Specimens

Similarly, after initial set and before the final sgher specimens were cured for 24 hours
under wet burlap at ambient temperature in the field and sbhbsequently were transported
in a portable temperature-controlled curing chest to th&JWoncrete laboratory. In the lab,
the specimens were demolded and immersed in lime saturated until the day of testing.
This curing method followed the ASTM C 192 (Standard PradaceMaking and Curing
Concrete Test Specimens in the Laboratory). The spesimnder this type of curing were
designated as field-mixed laboratory-cured specimens (Fig)d-Lable 3-13 presents the

designations of the specimens followed in this study.

Table 3-13 Specimens type, method of curing and specingedesignation

Specimens Type Specimens Designation
Field-mixed Match-Cured Field-MC
Field-mixed Laboratory-Cured Field-LC
Cylinder cored from the Slabs Field-Core
Laboratory mixed Laboratory-Cured Lab-Mix
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CHAPTER 4

FRESH AND HARDENED PROPERTIES OF HPC

This chapter presents the characterizations of thee ttifferent concrete mixtures used for
this study. Both fresh and hardened concrete properties evaluated. Results and analysis

are provided in following sections.

4.1 Plastic Shrinkage

During the pouring of the slabs, the weather parameters monitored in order to prevent
the plastic shrinkage cracking while the concretes werdehang. The plastic shrinkage
occurs on the surface of freshly mixed concrete as sed@nisplaced. This cracking occurs
when water evaporates from the surface at a rate thste it can travel to the top surface due
to bleeding process, and thus producing shrinkage strain. Quedence of several restraints
within the slabs (from reinforcements, aggregates andtiahgal girders for deck slabs), the
tensile stress develops. The concrete at this intaglesdoes not have enough tensile strength
to resist the tensile stress which leads to crackinghenstirface of the concrete element.
Plastic shrinkage cracks are visible as parallel to edbbrs, sometimes with irregular
pattern. This phenomenon is associated with hot-weatincreting, and also with conditions
like high air temperature, high concrete temperature hiomidity, and high wind speed.

4.1.1 Weather-Parameters Monitoring

The following conditions, singly or collectively, irease evaporation of surface moisture and
increase the possibility of plastic shrinkage cracking:

* High air temperature

* High concrete temperature
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* Low humidity
* High wind speed.

In this field project, the above parameters were mogutavith a weather station for the first 8
hours after placement of concrete. The intentiornisftnonitoring was to estimate the rate of
evaporation of the concrete slabs before they wevered with water saturated burlap and
plastic sheets. On Table 4-1, an estimation of the evaporate for each slab is shown
using an equation from (Uno, 1998).

E =5|(Tc+18)° - y(Ta+18|x (v + 4) x10° (@-1)
Where:

E = Evaporation rate, Kg/m?/hour.

Tc = Concrete temperature, °C

Ta = Air temperature, °C

Y = Relative humidity, %/100

\% = Wind velocity, Km/hour

Table 4-1 Weather parameters and evaporation rate

Air Relative wind Concrete Rate of Evaporation
Temperature | Humidity | Velocity Temperature (°C) (Kg/m2hour)

. Slab | Slab | Slab | Slab | Slab | Slab
Time °C % mph 1 > 3 1 > 3
7:00 20.39 100 3.48 - - - - - -
8:00 20.39 97 3.48 - - 26.86 - - 0.22
9:00 22.50 93 3.48 - 25.50 | 27.00 - 0.13 ]| 0.19
10:00 29.78 81 0.00 31.00 | 27.79 | 27.79 0.08| 0.03| 0.03
11:00 31.33 76 5.78 28.21 | 28.50 | 29.79 0.10| 0.12| 0.19
12:00 32.89 71 3.48 28.64 | 29.07 | 33.00 0.08| 0.10| 0.26
13:00 37.00 66 0.00 29.86 | 30.71 | 39.43 0.02| 0.04 ] 0.20
14:00 40.00 62 4.60 32.79 | 33.29 | 44.86 0.14| 0.17 ] 0.88
15:00 40.00 58 0.00 38.07 | 38.07 | 47.93 0.17| 0.17] 041
16:00 38.00 58 0.00 43.93 | 44.36 | 50.01 0.33| 0.34| 0.49
17:00 45.00 58 0.00 46.93 | 49.29 | 51.71 0.31| 0.38] 0.45
18:00 41.00 62 0.00 48.64 | 51.71 | 52.14 0.39| 048] 0.49
19:00 34.00 60 0.00 49.50 | 52.43 | 52.07 0.51| 0.60| 0.59
20:00 25.00 66 0.00 49.64 | 52.14 | 51.36 0.59 | 0.66| 0.64

(1 Kg/m#hour = 0.205 Ib/ftz/hour, °F=5/9*(°C-32))
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The evaporation rates calculated did not exceed thshbld values recommended of 0.5
kg/m?/hour (0.1 Ib/ft3/hour) per hour for concretes contginSCM during the monitored
period. This recommended value is when the surface evapom@atd subsequent loss of
moisture exceed the rate at which the bleeding watehesabe surfaces, creating negative
pressures (PCAyww.cement.orly The evaporation rates threshold values are recodwden

for concrete structures with no protection. In this piojae concrete slabs were protected by
covering them with wet burlap and plastic sheets.sl&les were protected against wind, high

temperatures and moisture loss.

4.2 Fresh Concrete Properties

4.2.1 Significance of the Test

Slump and air content are some of the basic fresh piepef concrete, which are essential
for evaluation of any concrete. Because of SCM and ad&madmixtures these properties are
more important for HPC. The specification for WVDOIldss H concrete (WVDOH, 2003)
prescribes slump values before and after addition of RRWs 102 mm (4 in.) and 180 mm

(7 in.), respectively. The target entrained air coniespecified as 6.5 + 1.5 % for HPC.

4.2.2 Test Standards

ASTM C192 for making and curing concrete; ASTM C143 for sluamg ASTM C231 for
air content by pressure method were followed.

4.2.3 Results and Discussions

Due to the addition of SCM and use of low w/cm, thigahslump was 102 mm (4 in.) before
the addition of HRWRA for all three concrete mixturewever, after the addition of the
HRWRA, the slump recommended by the WVDOH was achievedyed80 mm = 7 in.
slump). The concrete quality was visually cohesive, fren any segregation, and easy to
handle and semi-flowing type for all three mixtures. &lecontent for fresh concrete was of
6.5 % (+ 1.5%) for all the three mixtures. The fresharete properties of the concrete placed
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in each slab are presented in Table 3-11. Figure 4-1 preBerdpparatus used for evaluating
the air content in fresh concrete by the pressure mdtilnaving ASTM C 231 (Standard
Test Method for Air Content of Freshly Mixed Concretettiy Pressure Method).

Figure 4-1 Device used for air content test by presseimethod

4.3 Hardened Concrete Properties

4.3.1 Compressive Strength

Compressive strength is the single most important progertyhe evaluation of concrete
mixtures, as all design specifications are based opaheneter.

4.3.1.1 Significance of the Test

Sampling and testing of concrete delivered to a projaatpsrtant in order to check whether
the concrete meets the requirements of the job feps@n and quality control. For testing
the concrete, cylindrical and prisms specimens werefalswing the requirements of the
ASTM C 31 as mentioned in Chapter 3. For compressive streagtiinimum of 2 to 6
cylinders have been cast for each type of concrete acil @ye, for every 114.68°rt1.50
yd?) of concrete placed.
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For the specimens cast in field and standard-cured ahi&abesulting strength data is used for
acceptance criteria of a specified compressive stremgtlalgo for checking adequacy of the
mixture proportions and for quality control. Howevert the specimens mixed and cured in
the field, the data is used for determination of whetherstructure is capable of being put in
service or not. Also the compressive strength dataed t comparison and acceptance of
various in-place methods, for checking adequacy of curing,tardetermine the time for

formwork removing.

In this project, the compressive strength test was coaedwattdifferent ages for match-cured
and laboratory-cured specimens, and also for core cylindédexidrom the slabs. Early age
strength is a guide for finishing and curing, and later streisggéh measure of long-term
performance. Values of compressive strength depend sizéhend shape of the specimen,
batching, mixing procedures, methods of sampling, molding,teggerature, and moisture

conditions during curing.

4.3.1.2 Test Standards

ASTM C 39 for compressive strength of cylindrical concsgtecimens, and ASTM C 42 for
obtaining and testing drilled cores and sawed beams ofatensere followed in this study.

4.3.1.3 Reaultsand Discussions

The compressive strength development for the concpdéeed in slabs 1, 2, and 3 are
presented in Table 4-2 (a), (b), (c). Figure 4-3 to Figure 4u6tridte a comparison of
compressive strength for field-mixed match-cured speciménsld(MC), field-mixed

laboratory-cured specimens (Field-LC), field cores (FiEbre) and laboratory mixed and
cured samples (Lab-Mix). Figure 4-7 (a), (b) and (c) pisséme compressive strength
development of each type of specimen tested for thie eaecrete mixture. From the test

results the following observations were made:
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Slag + silica HPC exhibited the highest compressive stiamgtto 90 days in all the
field specimens tested. This combination of SCM also ptedeigher early age
strength compared to other combinations. This is consigtiémthe previous research
conducted at WVU (Gong, 2006) where a similar concretedeasloped and tested
in the laboratory, in which he concluded that mixture usiag $ silica fume had
higher compressive strength compared to the mixture usiagliy- silica fume.

Field core specimens exhibited the highest compressigrgsir for 28 and 56 days
for all mixtures when compared to the specimens curedher @onditions. The test
revealed that when the concrete compressive strengtlestesated by laboratory-
cured and field- cured specimens, it can underestimateatbesvof real strength of
the structural decks. It is important to mention thatdbmpressive strength tested for
field cores was performed on cylindrical specimens of 101 x 2634 8 in.), while
the compressive strength test of Field-MC and Field-LG performed on 152x300
mm (6x12 in.) cylindrical specimens. The smaller size spatimay be another
reason of obtaining higher compressive strength for field specimens.

Up to 28 days, the slabs containing slag + metakaolin andstty + silica fume
exhibited almost the similar compressive strength.

Among the three mixtures, the lowest compressive stnefigs shown by the concrete
mixture used in slab 1 (slag + metakaolin), though the vateguite high compared
to the requirements for HPC by any definition or stasd@able 4-2). The 28 day
values for different specimens were between 51.3 MPa (744@msip9.21 (8585
psi). In a previous study at WVU lab, the concrete mixtugiag 10 % of metakaolin
and 90 % cement, revealed the 28 days compressive strength7vi® (8280 psi).
The values are comparable. However, at 90 days, the-slatakaolin mixture used in
the test slab had slightly lower strength compacedrly-metakaolin mixtures
studied by Gong (2006).

At early ages, the field-mixed laboratory-cured specimease hshown lower
compressive strength compared to field-mixed match-curednseesi But after 28
days, the laboratory-cured specimens exhibited higher streagtipared with the
ones cured under the field conditions. This was due tdatttethat at early age the
field temperature was higher than laboratory curing teatpsx and later it reversed.
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The temperature in turn influenced the maturity and compressizegth accordingly.
This phenomenon is explained and presented in more dietailsapter 5 where the
maturity concept of concrete is introduced.

The information presented in Figure 4-2 shows that about 60f%he total
compressive strength of HPC is reached during the firsyg. da

The silica fume replacement caused a higher compresserggth at later ages which
can be mainly attributed to the pore refinement andnipgovement of the interface
bond strength between the aggregate and mortar.

For 28-day design strength, the WVDOH specifies 28 MPa (4000 f@sideck
concrete which is easily achievable with the use of Sl low w/cm. The values
achieved for HPC in this study and in previous study includihgther published data
shows that the threshold value of HPC for WVDOH isltov and should be raised.

Slag + Metakaolin Fly Ash + Silica Fume

90 Days 90 Days
26 Days 4%,

2%

56 Days
E9%

Slag + Silica Fume

28 Days
4 %%

Figure 4-2 Percentage of compressive strength developnt at every age
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Table 4-2 Compressive strength development (a) Slab(b) Slab 2, (c) Slab 3

Slag + Metakaolin

Field

Field-MC | Field-LC Lab-Mix *
Age Core
(MPa) (MPa) (MPa) (MPa)
4 25 25 - 32
7 38 37 - 41
14 - 45 - 50
28 51 56 59 57
56 51 57 65 -
90 54 59 - 67
(a)
Fly Ash + Silica Fume
pge | Field-MC | Field-LC (F:'gl‘; Lab-Mix
(MPa) (MPa) (MPa) (MPa)
4 29 31 - 27
7 38 39 - 36
14 - 47 - 45
28 52 55 58 52
56 53 59 65 -
90 56 61 - 63
(b)
Slag + Silica Fume
pge | Field:MC | Field-LC (F:'gl‘; Lab-Mix
(MPa) (MPa) (MPa) (MPa)
4 41 41 - 23
7 51 51 - 32
14 - 62 - 44
28 65 66 70 54
56 66 76 77 -
90 77 83 - 66
(c)

(1 MPa = 145 psi) (* Slab 1 Lab-Mix only Metakaolin)
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Field-MC
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Figure 4-3 Compressive strength comparison for Field-l@ specimens up to 90 days
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Figure 4-4 Compressive strength comparison for Field-C specimens up to 90 days
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Figure 4-5 Compressive strength comparison for Fieldeze specimens for 28 and 56 days
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Figure 4-6 Compressive strength comparison for Lab-Mispecimens up to 90 days
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Slag + Silica Fume

90.00 - | |

80.00 4 - e

70.00 - 3 3 3
® 6000{ @ -
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s 30.00 B Field-LC
o 20.00 1 EEE B o O Field Core i
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)
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. (1Mpa=145 psi) (* Lab-mix for Slab 1 for laboratory mixeontains only Metakaolin).
Figure 4-7 Compressive strength development for eadipe of concrete mixture
(a) Slab 1, (b) Slab 2, (c) Slab 3.

4.3.2 Dynamic Modulus of Elasticity

The dynamic modulus of elasticity of concrete is tieasure of stiffness of a concrete and
used mostly for nondestructive applications and for arcrfreezing and thawing
evaluations. It is the modulus of elasticity of a sggtcimen which is computed from physical
characteristics of the specimen (size, weight, angdeghand from its fundamental frequency
of vibration. The values are usually higher than statiduts of elasticity (secant or chord
modulus) and close to initial tangent modulus of elagtici

4.3.2.1 Significance of the Test

This method covers measurement of the fundamentaleesgs longitudinal, and torsional
resonant frequencies of concrete prisms and cylinders thihpurpose of calculating
dynamic Young’s modulus of elasticity, the dynamic madubdf rigidity, and the dynamic
Poisson’s ratio. It is intended for detecting significahanges in the dynamic modulus of
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elasticity of laboratory or field test specimens tha undergoing exposure to weathering or
other types of potentially deteriorating influences.

The values for dynamic modulus of elasticity are exgetd be greater than the values form
the static modulus of elasticity (ASTM C 469), dependimgtbe strength level of the

concrete.

For this test, the forced resonance method was followevhich case the specimens were
forced to vibrate by an electro-mechanical driving unit. dhging frequency was varied
until the measured specimen response reached maximum amullitadeing the resonant

frequency of the specimen.

4.3.2.2 Test Standards

Dynamic modulus of elasticity was tested per ASTM C 215.

4.3.2.3 Calculations

To calculate the dynamic Young's modulus of elasticEy (in Pascal)using cylindrical
specimens, the fundamental longitudinal frequency, naasbdimensions of the specimens
were determined and the following equation from ASTM C 218 used:

DynamicE=D x M x (n')? (4-2)

Where:
M = Mass of the specimen, kg.
n’ = Fundamental longitudinal frequency, Hz.

D = 5.093* [d—l'zj N*s? (kg*m?) for a cylinder

4* [bl’:tj N*s? (kg*m?) for a Prism

L = Length of specimen, m.
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d = Diameter of cylinder, m.

t, b = Dimensions of cross section of prism, m.

T = Correction factor that depends on the ratio of #tbus of gyration, (K= d/4 for

cylinders and K= t/3.464 for prism), to the length of thecspen, L, and Poisson’s

ratio.

The modulus of elasticity for normal strength concesté HPC was also calculated using the
equation from ACI 363 (1997) and ACI 318 (2001) for strengths of 28Bt®&Pa. These
values are, however, secant modus of elasticity aidamodulus (experimental correlations).

ACI 636:

Ec=332/f'c)+ 69

Where:

Ec = Modulus of elasticity, in GPa
fc = Compressive strength, in MPa
ACI 318:

Ec= 473/f'c)

Where:

Ec = Modulus of elasticity, in GPa
fc = Compressive strength, in MPa

4.3.2.4 Reaultsand Discussions

(4-3)

(4-4)

The dynamic modulus of elasticity for the three défermixtures is presented in Table 4-3.

This table includes the tested values for Field-MC anddfti€ and, the estimated values

from ACI 363 for 28, 56 and 90 days.

* From the test results it is concluded that the dynanaidulus of elasticity was higher

in the laboratory-cured specimens, because these specvasngept in a controlled

environment.
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Among the mixtures, the highest modulus of elasticiég iound to occur for the slag
+ silica fume HPC which also presented the highest cesspre strength.

The experimental data for 28, 56, and 90 days compressivgtstremd modulus of
elasticity was compared with the empirical relatipnsvided in ACI 318 (2001) and
ACI 363 recommendation (1997). It was found that both ACI 31@ ACl 363
offered a very good prediction of the modulus of elastieiven considering the
reduction factor to be applied on their estimated values.

The highest modulus of elasticity was found to occur ler combination of slag +
silica fume, in both field and laboratory-mixed concsete

The 28 days modulus of elasticity calculated from theratiory-mixed HPC from the
previous phase of the project were of 34 GPa for metakBI&IC, 33 GPa for fly ash
+ silica fume HPC, and of 34 GPa for slag + silica fudi®C. These values show a
very good correlation to the values obtained from tleisl fproject.

Table 4-3 Dynamic modulus of elasticity (a) Slab 1, (b)&b 2 and (c) Slab 3

Slab 1 Field-MC |Field-LC | ACI 363 ACI 318
Day GPa GPa GPa GPa
28 37 39 32 35
56 39 41 32 36
90 41 38 32 36
(a)
Slab 2 Field-MC |Field-LC | ACI 363 ACI 318
Day GPa GPa GPa GPa
28 37 32 32 35
56 38 41 32 36
90 39 40 33 37
(b)
Slab 3 Field-MC |Field-LC | ACI 363 ACI 318
Day GPa GPa GPa GPa
28 38 33 34 38
56 43 45 36 41
90 43 - 37 43
()

(1GPa= 145000psi)
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4.3.3 Free Shrinkage

4.3.3.1 Significance of the Test

This test is conducted as a quality control for a coaarexture, and covers the determination
of the length changes that are produced by causes otmeextexrnally applied forces, and
temperature changes in hardened concrete specimens ntheelaboratory and exposed to

controlled conditions of temperature and moisture.

Measurement of length change permits assessment of thietipbfor volumetric expansion
or contraction of concrete due to various causes ottar applied force and temperature
change. This method is useful for comparative evaluatibrihis potential in different

hydraulic concrete mixtures.

4.3.3.2 Tes Standards

The length change of hardened hydraulic-cement mortar aratete (free Shrinkage) was
tested by the ASTM C 157. Due to difficulties on casting testing of some specimens, it
was not possible to run all the tests. For all theeses, it was decided to use two of the many
empirical relations those have been developed to prsllictkage of concrete. The ACI 209
describes an equation that is a simple mathematicalufarto capture the effects of the
different parameters those affect the concrete behavi

t
£ =—-I(»€& -
( sh)t (0+t ( sh)u (4 5)

Where:

(Esh)t = Shrinkage after t days of drying

(€sh)u = Ultimate drying shrinkage (780x10"-6 recommended by ACI andr#ory mixed
HPC at WVU)
() = Empirical constant = 26 exp [0.0142(v/s)] = 26.11 for plaigicular case.
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4.3.3.3 Resultsand discussions
(Esh)r days= 165 microstrain
(Eshha days= 272 microstrain
(Eshks days= 404 microstrain
(€sh)sé days= 532 microstrain
(€sh)o days= 605 microstrain

(Esh)Lab-mixed = 605 microstrain

When the predicted shrinkage for the slabs at 90 daysmgpared to the shrinkage from the
tested specimens from the previous phase of this work aad @ttained data considering the
mix effects and volume/surface ratio of the field slabsjay be concluded that the equation
presented by the ACI offers a good prediction of shrinkaga{place structures.

4.4 Durability Evaluation of Concrete Mixtures

4.4.1 Resistance of Concrete to Rapid Freezing and Thawing

Deterioration of concrete from freezing and thawingoast is common due to presence of
saturated hardened cement paste containing high porosity. M&tisaof attack are well
described in published literature and books. When watereegz ice, it occupies larger
volume compared to its liquid state. If there is noraxdpace available for this enlarged
volume, freezing water within pores of pastes may crieé¢enal stress within the concrete.
Distress to critically saturated concrete from fregzamd thawing will commence with the
first few freezing and thawing cycles and will continueotighout successive winter seasons

resulting in repeated deterioration of concrete.
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4.4.1.1 Significance of the Test

The paste of concrete is porous which makes it vulnetalllamage under repeated cycles of
freezing and thawing due to the presence of moisture. bBaunes with w/cm higher than
0.24, the air entraining admixtures needs to be added toeterto resist deterioration due to
freezing and thawing. To achieve a stable air-void systeriAC, higher quantities of air-
entraining admixtures are required compared to those incoedom normal concretes.
However, on the other hand due to the low w/cm of HiP€re is not much freezable water
and therefore lower air contents may prove satisfgctesistance to freeze and thawing
provided that the air-void parameters are within the acblptange. It is always preferable
to keep air entrainment minimum, stable, and acceptabtgeraf air-void parameters. The
air-void systems of the HPC used in this project arerdbestin details in Chapter 6.

4.4.1.2 Test Standards
Freezing and thawing durability is determined per ASTM C 666 (Stantest Method for

Resistant of Concrete to Rapid Freezing and Thawing)sMess is calculated at a given
number of cycles of freezing and thawing and durabibigtdr is calculated at end of 300
cycles.

There exist two procedures for freezing and thawingngsiil) Procedure A requires the
specimen to be completely submerged in water at afigivhile it is subjected to freezing
and thawing; and (2) Procedure B requires the specimens ®urbounded by air while
freezing but thawed in water. Procedure A was performedisnstudy subjecting the prism
specimens to freezing and thawing cycles. Each cyclsisisrof freezing to -18 °C (0 °F)
and then thawing at elevated temperature + 4 °C’R40 Each cycle was completed in 4
hours as shown in Figure 4-8. For procedure A, not lessab%nof the time was used for
thawing. At the end of cooling period, the temperaturbetenters of the specimens was -18
+ 2 °C (0 £ 3 °F) and at the end of heating periode¢hgperature was 4 + 2 °C (40 = 3 °F)
with no specimen at any time reaching a temperature lthaer-19 °C (-3 °F) nor higher than
6 °C (43 °F). All these were verified using thermocouptaiwifew representative specimens.
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Figure 4-8 Temperature cycles for freezing and thawingeist

4.4.1.3 Procedure

* The molded prism specimens were cured for 14 days priestiog.

» The specimens were placed in the trays containing watdr pdaced in Z-16
environmental chamber programmed with the above freezinthandng cycles.

* As mentioned above some of the specimens were attagtiedhermocouples and
data loggers for recording the temperature inside the spaciiine average values of
temperature recorded was noted and maintained.

» After each of the 30, 62, 93, 128, 202, 240, and 300 cycles ofnigeard thawing,
the specimens were brought to the target thawing temyperahd then measured for
fundamental transverse frequency and mass loss.

» After every cycle, the water in the container wadaeed and the specimens were kept
in a different location inside the chamber to achievéumity in exposure.
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4.4.1.4 Calculations

The Relative dynamic modulus of elasticity (Pc) walswated as follows:

P. = (n’/n?)x100 (4-6)
Where:

n = Fundamental transverse frequency at O cyclegetihg and thawing.

nl = Fundamental transverse frequency after n cgpélesezing and thawing.

The durability factor (DF) is calculated as follows:

DF =PN/M 4-7)
Where:

P = Relative dynamic modulus of elasticity at Nlegc %.

N = Number of cycles at which P reaches the spdciiminimum value for

discontinuing the test or the specified number of cyateshich the exposure is to be
terminated, whichever is less.

M = Specified number of cycles at which the expossite be terminated.

4.4.15 Reaultsand Discussions

Table 4-4 presents the durability factor (DF), the mass &rwd the relative dynamic modulus
of elasticity for the three different mixtures foaah cycle tested. Among the concretes, the
maximum mass loss was reported for mixture with slagetakaolin HPC, with a 0.45 %
loss; and the minimum loss was reported for the mixtoaee with slag + silica fume with
0.22 % loss.

The relative dynamic modulus over different cycleprissented in Figure 4-9. It is observed
that all mixtures presented similar behavior under tbezing and thawing cycles. At end of
300 cycles the durability factor was measured as 96 to 98 @l ftihree mixtures. The high
durability factor is indicative of good resistance of H&fainst freezing and thawing cycles.
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Fan (2005) tested HPC mixtures those were very similtngmnes studied in this research,
with the difference that those mixtures were develogadl fabricated at laboratory scale. In
his work he conducted freezing and thawing tests in deiciligssution (more severe
condition). He concluded that concrete made with metakatiered superior performance in
resisting freezing and thawing in deicing solutions. The slatdica fume mixtures exhibited
better performance to freezing and thawing than the mixtwaale with fly ash + silica fume.
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Figure 4-9 Relative dynamic modulus of elasticity versusumber of cycles
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Table 4-4 Freezing and thawing test data (a) Slab 1, (b)a®l 2, and (c) Slab 3

Slag + Metakaolin

Mass
Mass Fundamental Loss
Cycles (KQg) Frequency (HZ) (%) Pc (%) | DF (%)
0 7.45 5250 0 100
30 7.43 5170 0.22 96.73
62 7.43 5210 0.22 98.48
93 7.44 5200 0.13 97.98 9772
128 7.45 5200 0.04 97.92
202 7.42 5255 0.45 100.13
240 7.42 5230 0.45 98.99
300 7.42 5190 0.45 97.73
(@)
Fly ash + Silica fume
Mass
Mass Fundamental Loss
Cycles (KQg) Frequency (HZ) (%) Pc (%) | DF (%)
0 7.28 5290 0 100
30 7.27 5220 0.18 97.37
62 7.27 5220 0.09 97.25
93 7.28 5200 0 96.63 96.75
128 7.27 5220 0.09 97.16
202 7.26 5215 0.31 97.12
240 7.26 5230 0.32 97.75
300 7.26 5210 0.32 96.75
(b)
Slag + Silica fume
Mass
Mass Fundamental Loss
Cycles (KQg) Frequency (HZ) (%) Pc (%) | DF (%)
0 7.54 5350 0 100
30 7.53 5330 0.18 99.38
62 7.53 5325 0.18 99.13
93 7.53 5330 0.18 99.25 96.17
128 7.54 5310 0 98.39
202 7.52 5330 0.22 99.25
240 7.52 5300 0.22 98.02
300 7.52 5245 0.22 96.17
(€)
(1Kg= 2.2Lb)
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4.4.2 Electrical Indication of Concrete’s Ability to Resist Chloride lon Penetration

In deck slabs, chloride ions diffuse through the concret® fiop in the form of de-icing salt
solutions. The ingress of the chloride ion takes placaigh none-steady state diffusion. The
mechanisms of chloride transport are combinations ofsiiffy absorption, and wicking. The
protective passive layer on the surface of embedded stasisting of gama-F©; that
tightly adheres and protects the steel is destroyethégltloride ions and carbonation. As a
result the unprotected steel undergoes corrosion in messhoxygen and moisture. The
corrosion of steel due to presence of chloride ions isjarmproblem for the concrete bridge
decks and girders in the North America and many other pétite world.

4.42.1 Significance of the Test

This practice covers the laboratory evaluation of thextecal conductance of concrete
samples to provide a rapid indication of their resistdaocehloride ion penetration. This test
method known as the rapid chloride permeability test (RG®Buitable for evaluation of

materials and mixture proportions for design purposes argptance criteria.

RCPT method consists of monitoring the amount ofteéat current passed through 51 mm
(2 in.) thick slices of 102 mm (4 in.) nominal diameteresoor cylinders during 6-hour
period.

The total charge passed (coulombs) in this test methotlbmussed with caution for concrete
containing various admixtures. The qualitative assessaferhloride ion penetrability from
charge passed can be made from the Table 4-5 (extracted8oM C 1202).

Many state DOT or FHWA for the specification purposeoremends RCPT values for 56
days or at later age. Also the RCPT is directly eglawith the curing procedures followed.
Because of these facts, in this project, it was decidgedt the concrete mixtures for both
cored and field-mixed laboratory-cured specimens at twordifteages: 35 days and 60 days.
The specimens selected for each type of mixture weréwd )cylindrical cored specimens
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from different locations in the concrete slabs andtip field-mixed laboratory-cured

specimens.

Table 4-5 Chloride ion penetrability based on charge pasd

Charge Passed Chloride lon
(Coulombs) Penetrability
> 4000 High

2000 - 4000 Moderate

1000 - 2000 Low

100 - 1000 Very Low
<100 Negligible

4422 Test Standards

The rapid chloride permeability test of disc specimensfrom laboratory-cured specimens
and cored specimens was conducted in accordance with ASTM0C (Standard Test

Method for Electrical Indication of Concrete’s Abjlito Resist Chloride lon Penetration).

4.4.2.3 Procedure

Conditioning:

» Vigorously a liter or more of tap water was boiled itaage sealable container, and
allowed to cool to ambient temperature.

» Since the diameter of the cored specimens was sligitgr than 102 mm (4 in.), it
was needed to grind the specimens until the required thanvas obtained. Then the
specimens were placed on a suitable support and coategui@ €omplete coating of
sides (100% silicon sealant was used for coating). A 24shauring time was allowed
for the coating.

» After curing, the specimens were placed in vacuum ddsicc@he desiccator was
sealed and the vacuum pump started to reduce the intersaupgdo lower than 1
mm-Hg and then maintained at that level for 3 hours.

* With the vacuum pump still working, sufficient water smdrained into a beaker or

container to cover and saturate the specimen.
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* The specimens were soaked under water for 18 + 2 hogig€éM-10).

Testing Procedure:

* The specimens were removed from the water, and theedplaac permeability cells
and sealed with 100 % silicone sealant.

» After the silicone has cured for 24 hours, the cell dairig the top surface of the
specimen was filled with 3.0 % NaCl solution (This sidehef cell was connected to
the negative terminal of the power supply). The other sidéhe cell (which was
connected to the positive terminal of the power suppBs Willed with 0.3 N NaOH
solution.

» Finally the power supply was turned on and set to 60.0 = 0.1d\trenreadings were
taken for every 5 min for the first 60 minutes (1 hour), dedevery 30 minutes until
360 minutes (6 hours).

During the test, the temperature of the solution wasatatved to exceed 90 °C (190 °F) in
order to avoid damage to the cell and to avoid boiling oftietion. The apparatus used to
run the RCPT test is presented in Figure 4-10.

Figure 4-10 Conditioning and testing samples for RCPT
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4.4.2.4 Calculations

To obtain the ampere-seconds or coulombs of charge pdssad the 6 hours test period,
the area underneath the curve obtained from plotting tineerd (amperes) versus time
(seconds) needs to be integrated. But in this case atitomada processing equipment was
used to perform the integration during the test and to gishtacharge values in coulombs.
This total charge passed was a measure of the elecwitdlictance of the concrete during
the period of the test.

4425 Reaultsand Discussions

Results show that for the same w/cm, concrete wiferdnt SCM presented different charge
passed values, as it is evident from Figure 4-14 and Figure 4isbwas due to the fact that
charge passed is dependent on the types of SCM, whidteaffehe pore structure and the
chemistry of the pore solutions.

Except slab 3, there was a reduction in the charge passasured at 60 days compared to
the charge passed at 35 days for cored specimens fronnfigddting sufficient curing and
improvement in concrete properties. For slab 3 the salere very close. For field-mixed
lab-cured specimens in all cases the 60 days charge veashées 35 days. According to
ASTM C 1202 and Table 4-5, the chloride permeability of akkeéhconcrete mixtures was

rated as ‘very low permeability’ even after 35 days.

There are some major concerns regarding the RCPT eshb#éesas follows (Uchoa et al.,
2009):
* The test measures not only the chloride ions movemenbthgtr ions movement
including hydroxide, which has greater mobility than chloride.ion
» High heat is generated due to high voltage applied adnesspecimens. This leads to
higher values for RCPT tests.
» The mineral admixtures such as silica fume, fly asld, €lag have significant effects
on pore solutions that influence the electrical conductsitlgsequently affecting the
RCPT results.
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Lane (2005) proposed modifications to improve the congigtenhthe RCPT test results by
using conductivity values obtained in the first 10 minutesesfing. This is due to heating
problems because of duration of 6 hours for the test. gdréicularly influences the smaller
size specimens which yields in greater charge passed. btualy the concrete specimens at
35 days generated more heat compared to concrete speciméf@sdaiys. Hence it was
suggested that the initial current measurement is moreilugsefestimate the specimen
conductivity. While Lane (2005) proposed a modification ohgsiirst 10 minutes, while
other researchers suggested using the 30 minutes chargdieculiyp1? to avoid the heating
effect. The use of early values also leads to reducabiiity of the test results.

From Figure 4-11, through Figure 4-13 is observed that the spesimade at the field and
cured in the laboratory had higher charge passed comparaatéd specimens from field.
This may be due to the fact that the field slabs hadrdiifecuring conditions compared to
lab-cured specimens as well as the field slabs were pepad consolidated differently from

cylindrical specimens.

In Figure 4-14 and Figure 4-15, the blue bars are the testepredidted charge passed for
the field-cured specimens and the yellow bars are gtedeand predicted charge passed for
laboratory-cured specimens. After comparing the bars,observed that the final values did
not differ significantly, concluding than the 6-hour testuld be replaced by a quick
measurement of 10 or 30 minutes and multiplying them withlsieitftactors.

No general relation was found between charge passed angressime strength. This is
because the two parameters are controlled by diffessators. Although both parameters
depend of the porosity of the concrete, the charge passaale related to the connectivity of
the pores, movement of both chloride and hydroxyl ions, ggregate texture.
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Table 4-6 Summary of the charge passed results of all mixes

360 min. 10 min. x 36 30 min. x 12 360 min

Slab/Days — , , - - : :

Field-Core Field LC Field-core Field LC Hield-Core Field LC Lab-Mix
S1 35 Days 689 1357 594 1080 606 1104 1080
S1 60 Days 546 553 504 486 516 492 913
S2 35 Days 555 753 504 648 522 678 740
S2 60 Days 409 593 396 522 402 528 672
S3 35 Days 365 459 396 450 354 414 520
S3 60 Days 376 419 342 378 360 384 375
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Figure 4-11 Charge passed versus time (a) Slab 1 at 35 déysSlab 1 at 60 days
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Figure 4-12 Charge passed versus time (a) Slab 2 at 35 déysSlab 2 at 60 days

70



Charge Passed (Coulombs) .

Charge Passed (Couloml

Slab 3: Slag +Silica Fume (35 Days)

””””” —~—FfedCoret|
777777777 -+ Feld Core2y}y
********* FeldLC1 """ """
,,,,,,,,, Feld-LC2 . ...~ e
s L
O 30 60 90 120 150 180 210 240 270 300 330 360

Time (min)

(@)

Slab 3: Slag +Silica Fume (35 Days)

500 7 | | | |
450 1 ——FeldCore1 |
4001 - —+—FeldCore2 - %
3501 Field-LC 1 —
300 o Field_LC 2 -
2501
2001 |
1504
1004

501 T

O ir']"f';:!""': l L l T T T T T T T 1
0 30 60 90 120 150 180 210 240 270 300 330 360
Time (min)
(b)

Figure 4-13 Charge passed versus time (a) Slab 3 at 35 déysSlab 3 at 60 days
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Figure 4-14 Comparison of normal RCPT and suggested extrajadion for 35 Days
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CHAPTER 5

ESTIMATION OF CONCRETE STRENGTH BY THE
MATURITY METHOD

The hydration of cement is a function of time and thenperature of the hydration.
Consequently the gain of strength is also controllechbgd two parameters. In consequence
the concept of maturity of concrete appears as a funofithe product of the curing time and
the concrete curing temperature as it is presented ine-tgar

[ Compressive Strength ]
|

‘ Hydration of cement ‘

| |
[ Curing Time ] [ Temperature of Hydration

Nurse-Saul expression
M@ = Z(Ta —To)Ar

[ Maturity ]

Figure 5-1 Maturity concept

The assumption in this method is that the two concretésthe same maturity present the
same compressive strength, even though they have diffecglitions of exposure. For
example, a concrete cured under cold temperatures wdlltanger time to reach a specific
maturity than a concrete cured under hot temperaturgls.a8 soon as the two concrete
samples reach the same maturity; these samplebavdl the same strength even though the
individual curing conditions are not the same. This examsg@own in Figure 5-2.
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Figure 5-2 Maturity method assumption

5.1 Significance of the Test

This test provides a procedure for estimating concrete @ssipe strength by means of
maturity method. This method is a technique for estimatonrrete strength based on the
assumption that samples of a given concrete mixteaashrequal strength, if they have equal
values of a maturity index, which is an indicator of mayuctlculated from the temperature
history of the cementitious mixture by using a maturitycfiom (ASTM C 1074).

By using this method, the timing for applying external logda structure by post-tensioning
or live loads can be estimated. Also this provides inféionaon formwork removal time
resulting in a faster construction and significant cgestings. Using concrete maturity in
combination with, or instead of testing different specismsuch as cylinders to measure
concrete strength, can improve quality control, bectusenaturity method is based on data
obtained from the real structure and not from test spats. Like any other testing method,
this method has limitations; such as it is important the concrete must be maintained in a
condition that permits the cement hydration and alsloats not take into account the effects
of early-age concrete temperature on the long-teremgtin

To obtain accurate values of concrete strength itmisortant to develop an appropriate

maturity function for the particular concrete mixtufde function consists of a mathematical

expression that uses the measured temperature historgeshentitious mixture during the
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curing period in order to calculate an index that is irtdieaof the maturity at the end of that
period. In the ASTM C 1074, two functions are describedcéomputing the maturity index
from the measured temperature history of the concrete.i&the temperature time factor and

the other one uses the equivalent age.

The technology used in this project works with sacrifid@ta loggers that were attached to
the existing reinforcement before the concrete was glatlee loggers contain temperature
sensors and memory devices that periodically recortethperature of concrete as it cures. It
also calculates the maturity index on the sensolf iseng the temperature factor function.
Then a reader is used to communicate with and downl@adrity and temperature data from
the loggers. Figure 5-3 presents the way the maturity loggere attached to the steel

reinforcement layers.

For the three mixtures used in this project, a total ombdurity loggers were installed in
different locations of each slab as it is showrrigure 5-4. The idea was to take significant
readings of the maturity evolution of the complete .sHie recording time interval of these

loggers was every 1 hour until 90 days were reached.

The distribution of the maturity loggers followed the aeenendations by the Concrete
Pavement Technology Program (CPTP). The general docaguidelines followed for
concrete pavements are presented below:

* Sensors placed at slabs mid-depth are useful for detagithe average strength of
the slab and the appropriate times for opening to traffic

» Sensors placed within 25 mm (1 in.) of the surface candeel to determine the
timing of joint sawing operations.

» Sensors should be placed at least 0.61 m (2 ft) awaytfie edge of the slab.

* Sensors should be placed at intervals between 150 and @@rand 1000 ft) along
the length of the paving to account for variations in plasgnime and to provide

estimates of optimum joist sawing times in each wakor section.

75



* Sensors are often affixed to stakes or rebars thadraren into the base prior to

paving operations, allowing the placement of the sensdting alesired depth.

NS

Figure 5-3 Maturity Loggers Attached to the Top and Botbm Steel Reinforcement
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Figure 5-4 Distribution of maturity loggers
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5.2 Test Standards

The standard ASTM C 1074 (Estimation of concrete strebgthmaturity method) was
followed in this practice.

5.3 Maturity Function

A maturity function that offers a good correlation witle strength of concrete is the Nurse-
Saul expression (Crawford, 1997; ACPA, 2002). Due to the typleeomaturity loggers and
the temperature reader used in this project and becauddutte-Saul function is more
commonly used by various states highways agencies idritted States, it was opted to use
this function in this project. The maturity function deised in the ASTM C 1074 as
temperature-time factor function (Nurse-Saul) is as ptedan equation 5-1.:

M(t) = > (Ta-To)At (5-1)

Where:

M (t) = Temperature-time factor at age t. degree-dagegree-hours.

At = Time interval, days or hours.

Ta = Average concrete temperature during time inteAtafC

To = Temperature subtracted from measure concrete temmee(edcommended value 0
°C = 32 °F).

An important variable in equation 5-1 is the datum temperature the temperature below
which gain of concrete strength ceases. Therefordjnieeperiods during which the concrete
stays below this datum temperature do not contribute ¢ogitn gain. Recommended values
for the datum temperature are provided in ASTM C 1074. The da&onpetrature is affected
by parameters such as cement fineness, particle sizédliion, w/cm, cement composition,
admixtures, and initial temperature. The datum temperaassasmed for this project after
recommendations from Engius Inc. (Maturity loggers meacturer) and discussion with the

advisory panel was of 0 °C (32 °F) for all the concreteéures.
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After the maturity function has been selected, folloyvihree steps were followed to carry out
the maturity method: 1) Development of the maturityibcation curve for the specific

mixture; 2) Estimation of the in-situ strength of thencrete using the maturity index
calculated from the recorded temperature history; 3)fi¢ation of the strength-maturity

relationship.

5.4 Development of the Maturity Calibration Curve

Compressive strength is the single most important progertyhe evaluation of concrete
mixtures, as all material and design specifications ased on this parameter. In this work
the strength and temperature evolution of concrete weratored to establish the strength-
maturity relationship of HPC with time which may be diger similar applications in field

work.

The strength-maturity relationship was developed in ther&tory using the same concretes
those were used in the slabs considering the factealsht maturity calibration curve depends
on the characteristics of the specific mixture, matesources, mixture proportions, and
mixing equipment. For every alternation of the conditibis required to development of a

new calibration curve.

In this project two cylindrical specimens of 152 x 304 mm (6 xlPwere used for each
mixture in order to have a laboratory control of thegerature, maturity, and strength of the
concrete mixtures at different ages, and then it wasiple for the development of a maturity
calibration curve and function for each specific HPQlusehis project.

To get the temperature and maturity data, a maturity loggsr embedded inside the two
cylindrical specimens for each mixture. All the specim&ere laboratory-cured under the

similar conditions to those specimens tested for cormpestrengths.

Cylindrical specimens were tested for compressive streatjhs7, 14, 28, 56, and 90 days in
accordance with test method ASTM C 39 and the averaggitgahdex was recorded for the
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instrumented specimens at the similar ages. For thdogenent of the maturity calibration
curve only the data until 28 days was used following the ASDVH.

The plot of average compressive strength vs. average wéltie maturity index was the

strength-maturity relationship, which could be used ftnmeding the strength of the concrete
mixtures cured under other temperature conditions.

Develop Maturity Curve

C1
M1 M2 M3 . 5o0a
s [ ) g0
I L 3000
C::' £ 2000
o 2B 30 32
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Figure 5-5 Development of maturity calibration curve

5.5 Estimation of In-Place Strength

The procedure to estimate the in-place strength ofdherete was as follow:

1. The loggers were located in different places with titerition of having a complete
monitoring of the slabs as it is shown in Figure 5-4.

2. The activation of these loggers was done minutes bedferedncrete was placed.
3. To find the strength at locations of the sensors & weguired to read the value of the

maturity index from the logger and then used the stremgtiurity relationship
specified for that concrete mixture.

5.6 Verification of the Strength-Maturity Relationship

In order to verify the strength-maturity relationshipmgocore samples were drilled from

locations close to maturity sensors in the concr&bss Then the maturity index was
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recorded from the sensors and the cores were testetbfiopressive strength. Finally, a
comparison of the predicted and the tested strength wesid@rder to check the accuracy of
the maturity calibration curves. The predicted valuesifusing the maturity indices from the
concrete slabs were also compared to the strength vahtamed from the match-cured

cylindrical specimens.
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Figure 5-6 Estimation of in-place strength

5.7 Results and Discussions

5.7.1 Strength-Maturity Correlations

Table 5-2 (a), (b) and (c) present the maturity and compeestrength data used for the
correlation curves. The average values for the matimgbiges and the compressive strength
were calculated and plotted in Figure 5-7 (a), (b) and (c).

The strength-maturity relationship can be written inftren proposed by equation 5-2. Table
5-1 presents the Strength-Maturity equations that werenebtand then used to predict the
compressive strength of these three concrete mixasr&snction of the maturity index.

Y =bxLn(x) +a (5-2)

Where

Y : Compressive strength
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X . Maturity index at any time t.
a, b : Are functions of the proportions and the malenesed in the concrete mixture,
(these values have no physical meaning).

The correlation curves were generated according to theseNsaul material function

(Equation 5-1). The graphs of the natural logarithms curvguedely fitted the data as shown
by the R? values.

Table 5-1 Strength-maturity equations

Concrete mixture a b Y =b * Ln(x)+a R2
Slag + Metakaolin -102.23 | 16.41 | Y =16.41 * Ln(x) - 102.23 0.9843
Fly Ash + Silica Fume -68.51 | 12.88 | Y =12.88"*Ln(x) - 68.51 0.9922
Slag + Silica Fume -68.04 | 14.10 | Y =14.10 * Ln(x) - 68.04 0.9433

A single correlation curve can be used throughout a grigeplacement of the same mixture
design because each mixture design requires a sepmesigtls-maturity relationship. These
relationships can be used as an additional controladdth check the adequate strength of a

given mixture design.

Periodic validation of the correlation curves and equatissing test cylinders with maturity
loggers embedded is recommended and also careful quality ldsrégtil required when this
method is used in order to confirm that each batch isafigtprepared using the appropriate

design mixture.
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Table 5-2 Maturity and compressive strength data (a) Slaf, (b) Slab 2 and (c) Slab 3

Slag + Metakaolin

Maturity Specimen | Average 'I\Elllgt;srleté/ Specimen Temp Average Average | Average
Level Strength | Strength Time Maturity (<) Maturity | Temp Age
(MPa) (MPa) (hhzmm) (C-Hrs) (C-Hrs) (©) (days)
20 102:00 2,530 23
1 26 25 102:00 2,513 23 2,522 23 4
29
32 170:00 4,093 23
2 38 37 170:00 4,076 23 4,085 23 7
39
50 340:00 8,049 23
3 43 45 340:00 8,026 23 8,038 23 14
41
55 672:00 15,442 21
4 54 56 672:00 15,420 21 15,431 21 28
58
(a)
Fly Ash + Silica Fume
Maturity Specimen | Average 'I\Elllgt;srleté/ Specimen Temp Average Average | Average
Level Strength | Strength Time Maturity () Maturity | Temp Age
(MPa) (MPa) (hhzmm) (C-Hrs) (C-Hrs) (©) (days)
30 102:00 2,525 23
1 30 32 102:00 2,602 23 2,564 23 4
35
34 170:00 4,089 23
2 43 40 170:00 4,166 23 4,128 23 7
42
52 340:00 8,031 23
3 43 48 340:00 8,126 23 8,079 23 14
48
55 672:00 15,416 21
4 54 55 672:00 15,515 21 15,466 21 28
56
(b)
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Slag + Silica Fume

. Maturity .
. Specimen | Average Specimen Average | Average | Average
Maturity Elapsed . Temp ;
Level Stﬁggth Stﬁggth Time I\@tﬁrlty () I\@tﬁrlty T?tr:np aAge
(MP2) | (MPa) | iy | (T-HIS) (T-Hrs) | (T) | (days)
41 102:00 2,575 23
1 40 40 102:00 2,595 23 2,585 23 4
48 170:00 4,138 23
2 53 50 170:00 4,158 23 4,148 23 7
63 340:00 8,078 23
3 60 62 340:00 8,088 23 8,083 23 14
68 672:00 15,445 21
4 63 66 672:00 15,416 21 15,431 21 28
(c)
(1 MPa = 145 psi, °F = 5/9*(°C-32))
Slag + Metakaolin
y = 16.406Ln(x) - 102.23
R2 = 0.9843
60
28 day
50 -
14 day
40 -
g < ay
© 30 -
g & 4 day
20 -
10 -
o] ‘ ‘ ‘ ‘ ‘ ‘ ‘
o] 2000 4000 6000 8000 10000 12000 14000 16000

Average Maturity (C-Hrs)

(@)
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Figure 5-7 Strength-maturity relationship curves (a) Sla 1, (b) Slab 2 and (c) Slab 3

84



5.7.2 In-Place Strength and Maturity

The strength development in a concrete slab is not umithre to the large area and large
volume of the concrete element. Also as concretesgstrength, its temperature varies due to
exothermic reaction of hydration. As it was mentiobetbre the whole area in the slabs was
monitored for temperature and maturity using maturity loggecatéd in two layers at

different locations.

After studying the data obtained from the maturity loggat was found that higher

temperatures were registered by the loggers those weattedoclose to the concrete surface in
the interior portions of the slabs. But even when tvadges were higher, the difference with
the others logger was not more than + 4 °C (8 °F) amdythdient in temperature from the

surface to the bottom of the slabs was less than 2. (4°

It is also notable that the temperature reached durindayigme (the peaks) increased after
the 10" day curing period. Figure 5-8 through Figure 5-11 clearly showsthe temperature

of the concrete slabs was lower than the ambienpéesture when they were covered with
the wet burlap. But after the wet burlap was removes,ctincrete slabs reached higher

temperature during the day time compared to the corresgpadibient temperature.
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Figure 5-8 Concrete and ambient temperature evolutionok 20 Days after Pouring

e Ambient Slab 1 : Slag + Metakaolin —-—-Slab 2 : Fly Ash + Silica Fume ----- Slab 3: Slag + Silica Fume
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Figure 5-9 Concrete and ambient temperature evolutionar the first 48 hours
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Figure 5-10 Concrete and ambient temperature evolution fathe 10 days curing period
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Figure 5-11 Concrete and ambient temperature evolution aét burlap was removed
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Due to high temperatures in the field during the summer, tihne concrete slabs reached
higher maturity indices compared to the maturity indicesched by the specimens cured
under laboratory conditions. After the second montipafring, the maturity indices of the
specimens cured in the laboratory were higher than tliespmnding indices of the concrete
slabs. The rate of increase in the maturity indextlier laboratory specimens was constant
because the temperature in the curing room was contenlieédt did not vary much. But for
the concrete slabs in the field the rate varied viiehambient temperature. So for in this study
as the slabs were poured during the month of August (sumtherrate was higher than the
rate of the specimens in the lab. But after the deciaam@bient temperature during the fall,
the rate decreased. Figure 5-12 presents how the averageraéume in the concrete slabs
decreased with time while the temperature of the spesimnetie laboratory did not showed
any major changes. The rate changes can be obserivgpine 5-13.

‘ —— Laboratory Specimens — Field Slabs ‘

55

BO g = = = == == === mmmm e oo
451
o
35 4
30 t----- il
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20 - | T xl
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10 A1

N A
0 |

T T T T T T T T T T T T T T T T i V
(1) 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 gg 90

Temperature (C)

Time (Days)

Figure 5-12 Laboratory and field temperature comparison
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Figure 5-13 Maturity development of concrete slabs andb-cured specimens

5.7.3 Verification of Predicted Values

To check the accuracy of these strength-maturity cuoydimdrical cores were drilled from

the concrete slabs at 28 and 56 days and tested for cowmprasength.

For the concrete mixture used in the slab 1 (slag -akaetin), the predicted and the
measured compressive strengths for 28 days were 57 MPa (827h@sH9 MPa
(8560 psi), respectively. For 56 days, the predicted strengshoy MPa (9430 psi)
and the measured strength was 66 MPa (9570 psi).

For the concrete mixture used in the slab 2 (fly asfliea fume), the predicted and
measured compressive strengths for 28 days were 57 MPa (827h@psH8 MPa
(8410 psi), respectively. For 56 days, the predicted strengtlofn@d MPa (9280 psi)
and the measured strength was of 66 MPa (9570 psi).
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* For the concrete mixture used in the slab 3 (slagigasiime), the 28-day strength
was 70 MPa (10150 psi) for both predicted and measured stremgtHpr 56 days
both the predicted and measured values were of 77 MPa (11170 psi)

All The values were compared and observed in Figure 5-14.

From the results presented above it is concluded tlatdirelation curves and equations
obtained from the laboratory testing were accurate @wdd be used to make a good
prediction of the compressive strength for this specticcrete mixtures

For future work, it is recommended to create new cologlaturves for these concrete
mixtures with more data at early ages, because in thiggbrdue to some difficulties in
transporting the specimens from the field to the lalboyat was not possible to test the

compressive strength of the concrete mixtures beferd'tday.
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Figure 5-14 Tested and predicted compressive strength)(Slab 1, (b) Slab 2, and (c) Slab 3
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CHAPTER 6

DETAILED AIR-VOID ANALYSIS AND PETROGRAPHIC
EXAMINATIONS OF CONCRETE CORE SAMPLES

This chapter presents the results of petrographic exapmsatf three concrete cores and
hardened air content determinations of nine concrete tyrefferent techniques. All the
cores were taken from the concrete slabs cast asffais research project.

6.1 Microscopical determination of the Air-Void System Paraneters in
hardened HPC

A cubic meter of concrete has millions of air bubblesting an air-void system that provides
concrete engineers with insight into concrete progersuch as compressive strength and
resistance to deterioration, which is very importanttie evaluation of freezing and thawing
performance. An appropriate air-void system ensures a gbobution of the bubbles
protecting the whole paste volume. An air bubble allectca air-void, is a space enclosed
by the cement paste that was filled with air or othey g@or the setting of the paste, these
voids are usually larger than few micrometers in di@méJsually, when the diameter of the
bubble is from 0.05 to 1.0 mm (0.002 to 0.04 in.), it is calledmtrained air-void and when it
is from 1.0 to 1.25 mm (0.04 to 0.05 in.), it is termed asappid air-void. The percentage of
the total volume of air-void occupied in a given voluafeconcrete is known as air content
(Mindess et al., 2003).

There are three critical parameters that have toéx@sured to have a good definition of the
air-void system in the concrete (ASTM C 457). All thtaeeget values should be achieved
when a good air-entrained concrete is desired ensuringdadistoibution of the air bubbles
protecting the paste volume
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The air-void parameters those are usually measured angbeéeisbelow:

* The first and most commonly used parameter is the spdaatgr defined by the
ASTM C 457 as the maximum distance in the cement past the periphery of an
air-void. This value should be in the range between 00l2enm (0.004 to 0.008 in.)
to ensure adequate freeze-thaw protection.

» The second parameter is the void frequency defined by theVIAGT457 as the
number of air-voids intercepted by a transverse lin@dd, by the length of that line.
The frequency should be in the range between 0.3-0.6 1/mb6. {8n.).

* The third parameter is the specific surface area definethedoASTM C 457 as the
surface area of the void divided by the volume. This atezuld be in the range
between 24 to 43 mm2/mms3 (600 to 1100 in3/in3).

6.1.1 Significance of the Test

Obtaining the air-void parameters using the methods describége: IASTM C 457 is time
consuming and requires an experienced person to do themeti#od is proposed here which
is based on section-analysis method considering tles @@ction instead of line as usually
followed by ASTM C 457. The section analysis method caddye relatively quickly with
the help of a digital camera, a microscope, and usiagénanalyzer software.

The main objectives of this study were:

To propose and use the section-analysis method tanotita air-void system of

hardened concrete.

* To compare the data using the section-analysis methdd regults obtained by
modified point count method per ASTM C 457.

* To find the air-void distribution for the section analgiz

» To make a final comparison of the data using a technigudasito the linear-

transverse method for comparison purpose.

93



6.1.2 Test Standards

The data required for the calculation of the air-voidapsaters can be obtained by three
different methods such as the point-count method, tmearitransverse method, and the
section analysis method (proposed here). The ASTM ChdSatandardized two of them: (1)
the linear-traverse method and (2) the modified point-cowwthod.

By using a stereoscopic microscope, the linear-transveetbod determines the volumetric
composition of the concrete by summing the transversiardie across a given component
along a series of regularly spaced lines. The modifietqoount method uses the frequency
of areas of a given component coinciding with a reggia system of points. The section
analysis method measures areas of circles and ardadgrregular shapes, which is very
difficult to measure only with a stereoscopic micrgeeoThe section analysis method
therefore is used with the help of image analyzers hiagle-Pro to determine air content, air-

void size distribution, and paste content on hardenedet@msamples.

6.1.3 Sample Preparation

For the evaluation of the air-void system of the ¢hdéferent mixtures studied in this project,
two core samples of 101.6 mm (4 in.) were drilled from ezmfcrete slab and sent to a
laboratory and one more sample drilled from the slalssamalyzed at WVU laboratory, with
the idea of comparing different methods and comparingitheontent at different locations
of the slabs. The specimens studied were conditionenivioly the procedures described in
ASTM C 457.

At the age of 28-day concrete slabs, the samples wes@eth from field by coring cylinders
at different locations of the slabs. Then the arestudy was obtained by sawing the cored
samples perpendicular to the finished surface using erwwabled saw with a diamond blade.
ASTM C 457 requires a minimum area of 7700 mm?2 (12 in?) forimalnmaximum size of
aggregate of 25 mm (1 in.). After the specimens were leaitséctions decided to be analyzed
were grinded and polished using successively finer abrasiwdsthey were suitable for
microscopical observation. In case of the specimens me@d WVU, the series used were
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No. 80, 220, 600, and 1200 and thegnd and 0.3um aluminum oxide. Finally the specimens
were cleaned with an ultrasonic cleaner and the spesimvere dried in an oven until all

water contained in the concrete was evaporated.

Before starting the actual study it is important towrnwhether the preparation of the sample
was adequate. In this study the samples were acceptedbfterving an excellent reflection
of a distant light when viewed at a low incident an§lgure 6-1 presents the sections those
were obtained from a cored cylinder. The sections ldbate 2 and 3 were used for the
microscopical analysis. Figure 6-2 presents the condtibthe specimens after sawing,
cutting and grinding.

Figure 6-1 Concrete sections used for microscopical alysis
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Sawed Grinded Polished

Figure 6-2 Concrete specimens after sawing, grinding amblishing

6.1.4 Testing Procedure

6.1.4.1 Modified Point Count Method

This test method followed the procedures and requirenpeassribed in the ASTM C 457,
using a magnification of 90x and conducted in a high qualigrktory.

6.1.4.2 Section Analysis Method

In this method the analysis was done in a differenbssamples than those were used for the
point count method. About 80 pictures of approximately 2 mmBO@L in?) using a
magnification of 51 x were studied covering a total arfeabout 150 mm?2 (0.2325 in?). The
pictures were taken by moving the specimen parallel tmitial position in such a way that
the area photographed in each picture was never repedtededquipment used for this
procedure is presented in Figure 6-3.

The prepared area of study was divided in 4 differentsectithe first section was from 50
mm (2 in.) from the top of the finished surface of toacrete to 75 mm (3 in.), the second
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section was from 75 to 100 mm (3 to 4 in.), the third saattas from 100 to 125 mm (4 to 5
in.), and the last section was from 125 to 150 mm (5ito)6From each section, 20 pictures

were taken and then analyzed.

The procedure followed for the picture acquisition was:

» First the specimens were divided in the different sastusing a marker to delimit the
areas.

* Then the specimens were placed on a horizontal susfitleés x 5 mm (0.2 x 0.2 in.)
grid lines used to delimitate the position of the specimeéheamoment of taking the
pictures, and thus preventing the repetition of areas.

» Two spotlight microscope lamps were used to provide illuminattdow and variable
incident angle to the surface, in order to demarcataithaids by a shadow.

* Pictures were taken using a magnification of 51 x withhkp of a digital camera
attached to the microscope.

* Finally, each picture was analyzed separately usirggémanalysis software. The
software used in this study was Image-Pro (version 5.0;hwlias used to measure
areas with different shapes.

When the images were analyzed in the computer, the mis-were identified as being nearly
circular shapes demarcated by shadows as it is showguneFs-4. The data obtained from
each picture was: the area of the air-voids; thelbmrrof voids; and the total area covered by

the aggregates.
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Figure 6-4 Image analyzed using Image-Pro (Area 2.0 mm?)
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6.1.4.2.1 Calculation

With the data obtained from the image analyzer soéiyvéhe air-void parameters were

obtained using the following equations proposed by the ASTA8T

Measured data:
- Aa = Total area of air-voids in section (mmg2)
- Ap = Total area covered by paste (mm?)
- At = Total area scanned on the surface (mm?)

Air Content (A), in %

A="2100 (6-1)
At

Void Frequency (n), in voids/mm?2

N
a= N 6-2
A (6-2)

Average Diameter (d), in mm
d= /W (6-3)

Specific surfaced), in mmz/mm3

_4 _
a—d (6-4)

Paste content (p), in %

=100 (6-5)
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Spacing factor (L)

- If p/A < 4.342
Ap
L=—= 6-6
4N (-0)
- If p/A > 4.342
= 3[rax@+ p/ Ay -1 (6-7)
a

6.1.4.3 Modified Linear Transverse Method

In order to compare and validate the data obtained fhenséction analysis method, it was
decided to perform an approximation to the linear trassvenethod described in the

standards. Following procedures were followed for this niktho

For each picture obtained for the section analysishooe a diagonal line was traced
measuring its total length, the total number of air-vantisrsected, the length through air, and
the length through paste and aggregates. It was an approxirt@tichat is usually followed

in the standardized method. The data obtained can onlyédak fas comparison purposes
because the total length analyzed was lower when cothparthe length described in the
standard. The calculation of the air-void parametessdese using the equations presented in
the ASTM C 457. Figure 6-5 presents how the length of vgidste and aggregates were

measured by tracing a diagonal line.
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Figure 6-5 Image analyzed with Image-Pro by the modified tiear-transverse method

6.1.5 Results and Discussions

The results of air content, specific surface, voidcsga factor, void frequency, and paste
content for the three slabs investigated are furnishedloteT6-1, Table 6-2 and Table 6-3.

The results from all three different methods desdrégove are presented.

6.1.5.1 Reaultsfor the Modified Point-Count Method

The conclusion from the reported data by the testing latoyravas that the air in all of the
cores occurred mainly as numerous fine and small sathemids characteristics of entrained
air-voids. There were no clusters or collections iofvaids and the air-voids were well
dispersed providing a good air-void system for the constabes.

It was observed that varying amounts of non spherica@ gharacteristic of entrapped air
were present in all of the cores studied. Some langer entrapped air-voids reduced the
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specific surface of the air-voids. This was found fboathe cores; however most prominent

for cores from slab 1.

The results furnished in Table 6-1 were compared with A&ETAS7 and it was found that the

different HPC mixtures used for the slabs had adequegedrthaw protection.

Table 6-1 Air-void parameters determined by the pointzount method

Air gﬁffggg Void Spacing Frevggjnc Paste
Slab Core |I.D. content Factor q y Content
(g | Mm/mms mm (in.) Void/mm (%)
(in?/in3) ’ (Void/in.)
S1-8 7.2 23.4 (595) | 0.178 (0.007) | 0.425 (10.8) 28.5
Slab 1
S1-9 6.9 21.7 (550) | 0.178 (0.007) 0.374 (9.5) 27.2
S2-5 7.3 32.1 (815) | 0.1016 (0.004) | 0.583 (14.8) 25
Slab 2
S2-10 9.0 23.8 (604) | 0.127 (0.005) | 0.535 (13.6) 14.9
S3-5 8.2 22.8 (580) | 0.1524 (0.006) | 0.469 (11.9) 27.5
Slab 3
S3-8 7.6 23.9 (609) | 0.1524 (0.006) | 0.457 (11.6) 28.4

6.1.5.2 Resultsfor Section Analysis Method

6.1.5.2.1 Air-Void Parameters

The results of the air-void parameters obtained usiegéction analysis method for the three

different HPC studied are compiled in in Table 6-2. The mpatars from section analysis

method were similar to those found in the modified poount method except those of the

void frequency. In the standard, the void frequency is defae the number of air-voids

intercepted by a traverse line divided by the length oflthet which is expressed in number

of air-voids per unit of length. But when the measuremar@gaken on areas instead of lines,

the frequency obtained is the number of void present enwnit of area, which made the
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difference of values. The measurements based on theaeaore accurate as it reveals the

two-dimensional air-void character of concrete surface.

Also when the values obtained using the section asaiyethod was compared with the
standard methods, the differences were not significaitevident from the Figure 6-11. The
results show that the air content calculated by thetpmunt method (Standard method)
agreed well with the air content determined using theicseanalysis method. The
differences in the values were due to use of differergd specimens as can be observed in
Table 6-2.

The largest differences were observed in the pastemoand the spacing factor those are the
function of the paste-air ratio (p/A). These differemcwere due to the difficulty of
differentiating the fine aggregates from the cement pasteme pictures. Though the voids
could easily be recognized due to their circular shape andatause they appeared black in
the pictures due to the light orientation, in some asevas difficult to recognize and

measure the aggregates due to its obscuring appearance.

The section analysis method facilitated the rapid ai-determination as smaller areas could
be tested. Also if a small area is covered, it maylb®otepresentative of the total concrete
volume and also on the other hand a very large d@atake longer time. To check whether
the areas studied in this work were representative and adedfoa air content values were
compared with the standardized point count method by mdoti graph of cumulative
analyzed area versus air content for each concretemiiEigure 6-6). Figure 6-6 shows that
the area of 150 mm?2 was adequate to represent the cosangpdes for the evaluations of air

content.
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Table 6-2 Air-void parameters determined by the sectiomnalysis method

Cumulative Analyzed Area (mm?)

(@)

Air Specific Void Spacing Void Paste
Core Surface Frequency
Slab content Factor . Content
I.D. (%) mmz’mms3 mm (in.) Void/mmz2 (%)
° (in?/in3) : (Void/in?) °
S1 S1-10 6.8 21.2 (538) 0.206 (0.008) 2.4 (1587) 30.121
S2 S2-9 8.3 22.5 (573) 0.196 (0.007) 3.3 (2178) 37.801
S3 S3-9 7.3 20.7 (526) 0.212 (0.008) 2.4 (1609) 32.62
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Figure 6-6 Air content from the cumulative analyzed area
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6.1.5.2.2 Air-Void Size Distribution

One of the major advantages of the section analysisotieover the point-count method is
that it can estimate the air-void size distributidie cumulative frequency distribution
presented in Figure 6-7 shows that small and fine sphexid$ characterizes entrained air
and relatively lesser amounts of non-spherical @waogds are the characteristic of entrapped

air.
Elsen, (2001) suggested a physical parameter called the Kiic@ontent which is defined
as the contents of air-voids of size 0.3 mm (0.012 mandter or less. In this study, all the

three slabs had about 95% ‘micro air content’ as defibesdea
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Figure 6-7 Air-void size distribution
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6.1.5.3 Resultsfor Modified Linear Transverse Method

In the approximate linear-transverse method in this sdudme total length studied was 160
mm compared to 2413 mm required by the standard. It wad fvan in spite of the studied

length being substantially lower than the required lgnigtm Table 6-3 and from Figure 6-8
through Figure 6-11 it can be concluded that the air-void petexm obtained by this

approximate method were not much different from the wablgtained by the standardized
method.

Due to the smaller length covered in the air-void pataraat was observed that the total air
content was overestimated, but still close to thedst@hvalue. It was also evident that the
values were similar to point count method where thédsgair content was obtained for the
specimens in slab 2, followed by slab 3, and slab 1.

From the above study it is evident that this approxinma¢hod still can be used when an
approximate value is desired as it is easier and fastee&sure voids, aggregates, and paste
from image collected directly from a stereoscopic oscope, and can be run parallel to the
section analysis method as proposed above.

Table 6-3 Air-void parameters determined by the moditd linear-transverse method

Air Specific Void Void Paste
Slab Core content Surface Spacing Frequency Content
I.D. (%) mm2/mm3 Factor Void/mm (%)
0 (inZ/in?) mm (in.) (Void/in.) °
S1 S1-10 7.6 13.6 (345) (006839541) 0.258 (6.5) 314
S2 S2-9 9.9 16.8 (427) (0%52414;) ?13155; 34.5
S3 S3-9 8.3 14.9 (380) (006724501) 0.310 (7.9) 29.2
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6.2 Petrographic Examinations on HPC

6.2.1 Significance of the Test

Petrography is the microscopic study of rocks, mineyaimian-made materials like concrete.
It is a very important tool for investigating the compiosi, microstructure, relative

proportions of variety of natural and synthetic materiaVhen it is used alone, or in
combination with other investigative techniques, it canfoemarkable value in many areas
of the minerals and construction industries. The objectofesonducting a petrographic

analysis in this project were:

» Determination of the cause of inferior quality, disstes deterioration of concrete if
present.

* Determination of the probable future performance of tineice.

* Determination whether the concrete was or was nspesified.

» Description of the cementitious matrix, including quaktatdetermination of the kind
of hydraulic binder used, degree of hydration, degree of caiband present,

presence of mineral admixtures, adequacy of consolidatimvam.

6.2.2 Test Standards

The prepared samples were tested per ASTM C 856. The saugad were from the same
source and similar to those were prepared for the atenb measured by the modified point-
count method. The samples examined were the standardhsgizeection made from mid
depth in each core sample that required a petrographic nop®gpolarizing microscope
with a rotating stage) at magnifications up to 400 x. rAftellections of the cores and
sampling the tests were conducted in a high quality pepbgriaboratory of a materials

consultant.

In addition, some broken portions left from the unprephasections from the cores were

studied to provide an examination of the fresh fracture surfac
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6.2.3 Results and Discussions

6.2.3.1 Coarse and Fine Aggregates

The coarse aggregates observed were dense, dark gray, androlarkgray crushed

limestone with a nominal maximum size of 25 mm (1 iMhere were no indications of any
reactions between the aggregate and the paste duedariphevaluation of the samples. The
aggregates were well graded and uniformly dispersed. Sgegate particles presented
fractures, but these fractures did not extend into tméiguous paste. The fractures in the
coarse aggregate particles were present prior to thef tise aggregate in the concrete. Fine
aggregate was natural sand that contained mostly quartzmuitbr to trace amounts of

feldspar, sandstone, quartzite, mica, granites, and chert.

6.2.3.2 Pagte

6.2.3.2.1 Slab 1 (Slag + Metakaolin)

Paste was hard and firm. It was variable on a micaéesand mainly medium beige-gray with
small areas of medium green gray within the matrikove a depth of 6.4 mm (0.25 in.), the
paste was uniform medium beige-gray. Below a depth of &4(@25 in.), the paste was
mainly medium beige-gray with small areas of mediunegrgray distributed throughout
with a more prominent presence near coarse aggregatdegsartithe green color was the
indication of the presence of slag. The green coloraMasnsequence of components of the
slag reacting with certain hydrated products of the portl@meat. The reaction products
oxidized when exposed to the atmosphere turning the greeligisoto an earth tone or
brown-beige. Fresh fracture surfaces had texturesamtia semi-conchoidal. In addition to
the presence of slag, powder mounts of the paste revba@lguesence of a trace amount of

fly ash particles as shown in Figure 6-12.

Hydration of the cement was advanced; relict and resigogland cement particles were
abundant. Partially hydrated cement and slag particlégs pgominent hydration rims were
present. In Figure 6-13 are presented two views of a portitimeahin section from slab 1.
The calcium hydroxide component of the cement hydration pteduccurred mainly as
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moderately sized units. Rarely a larger deposit of aal¢iydroxide occurred at an aggregate

socket. These features are shown in Figure 6-13.

Air was present mainly as small, spherical voids darsstic of entrained air-voids and as
lesser amounts of coarse spherical and non sphenadd characteristic of entrapped air.
The air-voids were clean, shiny and essentially dfesecondary deposits.

Compositional and textural features of the paste areadtide of a cementitious material
content estimated to be moderately high (e.g. equivalera volume basis to'/2 bags of
portland cement) and a w/cm that was estimated tovbday. 0.38 to 0.40). The estimates

of total cementitious materials content and w/cm veeresistent with the mixture design.

6.2.3.2.2 Slab 2 (Fly Ash + Silica Fume)

Paste was hard, firm and uniformly medium dark grayeslifracture surfaces induced in
paste in the laboratory presented textures that werecgachoidal. Hydration of the cement
was advanced; residual particles were abundant. Tbrimahydroxide component of the
cement hydration products occurred as moderate units asishokigure 6-14. Spherical
particles of fly ash were present throughout the passhawn in the views of the thin section
in Figure 6-14. Fly ash appeared mainly as opaque, dark braivtrarslucent yellow to

brown spherical particles and minor to trace amountgaque, non spherical particles.

Air-voids were present mainly as small and fine spha¢noids those are characteristic of
entrained air-voids and lesser amounts of non sphevads those are characteristic of
entrapped air. There were several interconnected nberispl voids characteristics of
improper consolidation, but this is limited to the logatirom which the core was collected.

Compositional and textural features of the paste wereatide of a cementitious materials
content estimated to be moderately high (e.g. equivaleat volume basis to 7 bags per cubic
yard) and a w/cm estimated to be low (e.g. 0.36 to 0.38).e3tmmates of total cementitious

materials content and w/cm are consistent with dmei@te mixture design.
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6.2.3.2.3 Slab 3 (Slag + Silica Fume)

Paste was hard, firm, and uniformly medium dark grayhwvaih olive-green tint. Fresh
fracture surfaces induced in paste were semi-conchoidatlisksissed previously, a green
color was a consequence of components of the slagngaeith certain hydration products
of the portland cement. Exposure to the atmosphereedsnlthe oxidation of the reaction

products turning the green products to an earth tone or Hreige.

The hydration of the paste was advanced; residual pdrdament and slag particles, some
with hydration rims were present as shown in the viefatbe thin section in Figure 6-15 and
Figure 6-16. The calcium hydroxide component of the cemeadratign products occurred

mainly as moderately sized units.

Air in the studied core was present mainly as smallfare spherical voids characteristic of
entrained air-voids and lesser amounts of non-sphedoalse voids characteristic of
entrapped air. At a depth of 76 mm (3 in.) in the cdrere were several interconnected
coarse non spherical voids characteristic of honeypsoresulting from poor consolidation on
the area of the slab from where this core was dillElgese voids are shown in Figure 6-17 on
a horizontal saw cut made in the in the core to exgusgoids more clearly. All of the voids

were clean and essentially free of secondary deposits.

Compositional and textural features of the paste werneatide of a cementitious material
content estimated to be moderately high (e.g. equivalana volume basis to Fags of
portland cement) and a w/cm that is estimated towegdog. 0.37 to 0.38). The estimates of

total cementitious materials content and w/cm areistam with the concrete mixture design.

6.2.3.3 Carbonation

The depth of carbonation of the top surface of the frora slab 1 varied from 0 to 0.79 mm
(0 to 0.031 in.). In the core from slab 2, the deptbhasbonation of the top surface varied
from to 0.40 to 0.79 mm (0.016 to 0.031 in.), and in the cora 8lab 3 it varied from O to
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0.4 mm (0 to 0.016 in.). All the depth of carbonation wiesgnificant up to the time of

testing.

6.2.3.4 Cracks

One crack was present in the core analyzed from slabh&.tight and fine crack was
extended from the surface of the core to a depth of 3ra&0rl3 in.) where it terminated at a
non spherical void located just below the surface.

6.2.3.5 Secondary Deposits

A thin layer of calcite rarely lined one or two voidut las stated previously, voids in the
cores were essentially free of secondary deposits.

Figure 6-12 View of a powder mount from the paste fromlab 1

The figure presents a single fly ash particle (arronaghfication is 200X and the width of
the field is approximately 0.03175 mm (0.00125 in.)
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Figure 6-13 Views of portions of the thin section fnm slab 1 at 100x

The top in plane polarized light and the bottom with sedspolars (With of the field of view
0.365 mm (0.025 in.)). Two residual slag particles are indichtethe arrows. The calcium

hydroxide is a small bright birefrigent areas distributedughout in the bottom view and the
aggregate socket (arrow).
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Figure 6-14 Views of the thin section from slab 2 at 100x

Residual portland cement particles are indicated with béacgws and fly ash with blue
arrows in the upper view under plane polarized light. iGadchydroxide at air-voids and
aggregate sockets is indicated by white arrows in thernottew under crossed polars.
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Figure 6-15 Views of portions of the thin section slaB

In plane polarized light (top) and crossed polars (lboftoat a magnification of 200x.
Residual slag particles are indicated by the blue arrodgartland cement particles by the
black arrows. The calcium hydroxide is the small brigivefrigent areas distributed

throughout in the bottom view
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Figure 6-16 Views of portions of the thin section slaB (gypsum plate)

Some of the residual cement and slag particles are wisikde in the view presented in
Figure 6-16

Figure 6-17 View of numerous consolidation voids in Corffom Slab 3
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

Based on the study of implementing three plant scateures in the field, this chapter draws
conclusions on the construction procedures, monitoridge&aluations of fresh and hardened
concrete properties, temperature and maturity, microsgbgkaminations, and petrographic
analysis of the test slabs. It will also assigndheding for the HPC developed in the plant.

Recommendations for future work is also provided

7.1 Conclusions

The conclusions for every test and examination madeinataded in the correspondent

section, but some of the main conclusions are presastéllows:

7.1.1 Fresh Concrete Properties

* Proper addition of HRWRA seemed to be very importanthis project, HRWRA
was added to obtain a good workability of the HPC mixtarekthe desired slump.

* By protecting the slabs with wet burlap and plastic sheetnediately after pouring, it
was possible to completely prevent drying shrinkage cracking.

* The evaporation rates calculated did not exceed thehtlidesalues recommended of
0.5 kg/m2/hour (0.1 Ib/ft2¢/hour) per hour for concretes contai@@iM during the
monitored period.

» Because of the use of large quantity of SCM and a losmvaf 0.4, the initial slump
for all mixtures were 100 mm (4 in.) before the addittdrtHRWRA. But after the
addition of the HRWRA, the slump parameters establisiyethe WVDOH could be

achieved (180 mm = 7 in).
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7.1.2

The air content of the fresh concrete mixtures wasd to be 6.5 % (= 1.5%) for the

three different mixtures.

Hardened Concrete Properties

The compressive strength of the different mixtures stndies adequately high.

Slag + silica fume HPC exhibited the highest compressreagth for each of the age
tested.

Slag + silica fume exhibited higher early age strength cogdpiar other combinations
of SCM used in this study.

Field-cored samples exhibited higher compressive stremgtipared to field-mixed
match-cured specimens, field-mixed lab-cured specimens, dmatatary mixed
specimens.

The compressive strength increase was consistent vaittrity index irrespective of
type of mixture and curing conditions

Up to 60 days, the compressive strength of field-mixed matadcspecimens were
higher than field-mixed lab-cured specimens due to higimdient temperature but at
later ages the trend reversed.

There exist definite correlations between compressiengtin and paste volume for
all the mixtures. Compressive strength was higher ®rctncretes made with higher
paste volume. This was true for all curing conditions.

HPC containing silica fume exhibited higher compressive gtheait later ages which
can be attributed to the pore refinement and the imprbeed strength between the
aggregate and mortar. Though the bond strength was notire@dke petrography of
core samples partially revealed the fact.

For all mixtures about 60% of the compressive strengthfasand to reach at 7 days
after pouring.

The minimum 28-day compressive strength requirementhass H concrete by
WVDOH is 28 MPa (4000 psi). This is achieved almost within 7sdhye to use of
SCM and low w/cm. The value is also lower comparedh¢sée prescribed by FHWA
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or other state. The previous research on lab-scale wnent research at plant scale
show that the minimum strength criteria may be iaseel to make it more realistic.
When the predicted shrinkage for the slabs at 90 days isarethwith the shrinkage
data obtained from the laboratory specimens tested @rptévious phase of this
project, it may be concluded that equation presented byA@ieoffers a good
prediction of shrinkage for in-place concrete strucure

There was not much difference of dynamic modulus adtality values for lab-cured
and match-cured specimens. The dynamic modulus of efgsti@s primarily
measured to monitor the concrete quality over time ashiased on the same set of
specimens. All the values were higher than predicted steodulus of elasticity by
ACI 363 and ACI 318 as expected.

Freezing and thawing resistance of HPC containing slalica fime was best among
all mixtures; however the HPC containing fly ash + sifitae and slag + metakaolin
exhibited very good resistance too.

All the mass loss after 300 cycles of freezing anavitig was below 0.5% which is
insignificantly low.

It was observed that durability factor (after 300 cyckes)all three mixtures were
above 96%, indicating a high resistance to freezing lzanding for all mixtures.

The RCPT values indicate that for the same w/cm, redes with different SCM
presented different charge passed values.

The maturity of the concrete was well related tocharge passed through concrete.
More was the maturity of concrete, less was the chaagsed.

The slag + silica fume HPC had the lowest chloridemgability and the slag +
metakaolin HPC showed the highest permeability, but aléhees were in the range
of “Very Low permeability” per ASTM C 1202 or AASHTO T 277

Although all the RCPT values of concrete under diffeceming conditions were in
the range of either “low” or “very low” category per A8l C 1202 or AASHTO T
277, the RCPT values obtained from field cores weredidarhave lower chloride
permeability compared to field-mixed lab-cured specimenss whs primarily due to
difference in curing temperature at lab and field.
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7.1.3

7.1.4

All the HPC produced satisfied the FHWA strength, modofuslasticity, RCPT, and
durability (freezing and thawing) criteria; however eachtloé criteria satisfied
different grades as assigned by FHWA.

Maturity of HPC

Strength-maturity curves were developed for each concrgtarmin order to have a
relationship that will allow the prediction of compnessstrength.

For each slab, higher temperature was found to occur cechpainterior of the slab.
Continuous curing of the slabs under wet burlap protecteddhcrete from the high
ambient temperature during curing period. Therefore the cuohgmy helped to
continue the hydration process but also controlled tdesirable temperature rise.
Due to higher temperatures in the field compared withaberatory, the field match-
cured specimens reached higher maturity at early agesi¢léhtab-cured specimens.
Predicted values using the strength-maturity relationsleye wbtained for 28 and 56
days and then compared with real values from field desed. It was found that the
prediction was very accurate, indicating that theticrighips were well established
for each HPC studied.

The compressive strength values predicted from the averaiygity index from each
slab were very close to the values obtained fromngpsthe drilled cores for
compressive strength.

Microscopical Examination of HPC

7.1.4.1 Air-Void Analysis

The air-void systems of all three different HPCbslaatisfied the requirements by
ASTM C 457 for air-void parameter, concluding that théskere well protected to
freezing and thawing. Also the high durability factor (ab8@@6) for all three slabs
support this observation

In some locations of cored samples, there were sateeconnected non-spherical

voids found in cored samples collected from some logsatiThis is characteristics of
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a difficulty in consolidation in those locations. Hoxge, looking at the entire slabs,
the number is insignificant and common for field workhe purpose of mentioning
here is to highlight the fact that air-void parametedg can also reveal additional
information.

The highest air content and lowest paste content feera to occur for cores from
slab 2 compared to the cores from slab 1 and 3.

From the data obtained it may be concluded that fineStbl used in the concrete
mixture, larger was the void frequency and the specifitasarwith smaller the void
spacing factor.

The section analysis method proposed in this work wasffaient approach for
finding the air-void parameters of hardened concrete. ds womparable to the
standard methods, but quicker and easier to conduct using anatysis.

The section analysis method facilitated the air-voitlegheination more precisely
because smaller areas could be studied compared tortbdarstanethods.

The determination of the air-void size distribution ased by the section analysis
method revealed that 95% of the air-voids were entraairedbids (which is difficult
to be determined by standard methods).

7.1.4.2 Petrographic Examinations

The petrographic examination confirmed that coarse andafygeegates, w/cm, and
cementitious materials contents were consistent tivéloriginal mixture design.

The petrographic examination revealed that the aggrega¢es well dispersed

throughout the concrete matrix.

The hydration of the concrete paste at 28 days was aelVaamed the calcium

hydroxide components of the cement hydration products occonaedy as moderate

sized units.

Some difficulty in consolidation in few locations wa@etected from core samples with
slab 3, however compared with the size of slab it wagmificant and also normal

phenomena for the field work.
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7.1.5

The carbonation depth of the slabs was very low atatpe of 28 days. The
carbonation depth at later age may reveal more usd@uhnation.

There were no significant cracks observed in the csiteled at 28 days.

The petrographic examination confirmed that the air-vovdse present mainly as
small and fine spherical voids characteristic of engd@iair-voids and lesser amounts
of non spherical voids characteristic of entrapped air

Cementitious material contents were estimated to dyesistent with the mixture
designs; however components such as metakaolin and filee are too fine to be
identified.

The fly ash content of slab 2 was estimated to be 2&eper Slag was present in the
cores from slabs 1 and 3, and it was estimated to repr2sea 30 percent by weight
of total cementitious materials content.

Petrography examination identified the presence of ureéamment, slag + fly ash
particles, which is common. The magnification, howeweuld not determine silica
fume and metakaolin (for which SEM is recommended).

All of the cores studied were adequately air entraimed was made using similar
crushed calcareous stone (limestone) coarse aggregh&dlieeous natural sand fine

aggregate.

FHWA Grades of Performance Characteristics for HPC

Using the grades of performance characteristics for lB@roposed by the FHWA, the

different concrete mixtures used in this project and itindas mixtures used on the previous

phase of this project was graded as follows (Grade 3 isdsoed as highest and Grade 1 the

lowest):

Table 7-1 FHWA performance grades for the field-mixed HE

Performance Characteristics SL+MK | FA+SF SL+SF
Compressive Strength (28 days 2 2 2
Modulus of Elasticity (28 days) 1 1 1
Freeze/Thaw Durability 2 2 2
Chloride Permeability (60 days) 3 3 3
Shrinkage (90 days) 2 2 2
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Table 7-2 FHWA performance grades for the laboratory mixedHPC

Performance Characteristics MK FA+SF SL+SF
Compressive Strength (28 days) 2 1 1
Modulus of Elasticity (28 days) 1 1 1
Freeze/Thaw Durability - - -
Chloride Permeability (60 days) 2 3 3
Shrinkage (90 days) 2 2 2

7.2 Future Work Recommendations

Arrangements will be made with collaborators regardihg final mixture design and
feasibility of producing different mixtures in other tweady-mix concrete plants. The
mixtures to be considered: slag + silica fume, fly agilica fume, fly ash + metakaolin, and
slag + metakaolin. Through discussions with two represeataiants (Boxley in southern
WV; and Potomac Construction Industry in Martinsburg, WAdme strategies will be
developed for production and delivery of the samples eliha/\VVU or to nearest testing
laboratories. It is likely that most of the testsastithan compressive strength will be
performed at WVU laboratories. The location of theéhdifferent ready-mix concrete plants

selected can be observed in Figure 7-1.

Interim specifications will be developed for making firdén for full-scale demonstration
projects. However based on the current informatioriatee plan for full-scale project can be
made. Full-scale HPC Bridge decks needs to be builtuzes, and monitored to develop
final specifications and guidelines for the state of Wasdinia. It is recommended to study
same HPC mixture in two different location of the stand two different HPC in each
location of the state. Two-lane and single or two dmasiges may be built in Northern and
Southern part of West Virginia to achieve the goale&perimental (single span and smaller)
bridge is also recommended to be tested to study fleet®fof corrosion inhibitor and

shrinkage reducing admixtures.
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As future work, it is recommended to develop new strengtioniity correlation curves for
the studied concrete mixtures. This could be done to lateréhe accuracy of the curves

presented in this study and to include more values for ageyompressive strength.

Long term health monitoring of effects of deicing saits abrasions of deck surface,
diffusion of chloride ions, carbonation, reinforcemedrrosions, and cracking can be
undertaken with NDE or built-in sensing technology in ordepredict the life-cycle of the
HPC decks.

WEST VIRGINIA

Martinshurg

H

MMorgantown

Figure 7-1 Concrete Plants Location
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APPENDIX A

1. Compressive strength data for Field-MC and Field LC (1 MR&psi; 1lb= 0.45 kg)

Ade Match-Cured Specimens Laboratory-Cured Specimens
(Da?ys) Slab [ Field | Strength | Strength Lab Strength | Strength
(Lbs) (psi) (MPa) (Lbs) (psi) (MPa)
97000 3430.67 23.65 80500 2847.10 19.63

S1 99000 3501.40 24.14 106000 3748.97 25.85
116000 | 4102.65 28.29 117500 4155.70 28.65
4 102000 | 3607.50 24.87 125000 4420.96 30.48

S2 122000 | 4314.86 29.75 121000 4279.49 29.51
127000 | 4491.70 30.97 144000 5092.95 35.11
167000 | 5906.40 40.72 170000 6012.51 41.45
169000 | 5977.14 41.21 163000 5764.93 39.75
168000 | 5941.77 40.97 133000 4703.90 32.43
S1 168000 | 5941.77 40.97 156000 5517.36 38.04
132000 | 4668.53 32.19 160000 5658.83 39.02
7 156000 | 5517.36 38.04 140000 4951.48 34.14

S2 153000 | 5411.26 37.31 176000 6224.71 42.92
162000 | 5729.56 39.50 173000 6118.61 42.19
200000 | 7073.54 48.77 199000 7038.17 48.53

S3

>3 220000 | 7780.89 53.65 218000 7710.15 53.16

- - - 206000 7285.74 50.23

S1 - - - 177000 6260.08 43.16

- - - 170000 6012.51 41.45

14 - - - 215000 7604.05 52.43
S2 - - - 178000 6295.45 43.41

- - - 196000 6932.07 47.79

s3 - - - 260000 9195.60 63.40

- - - 248000 8771.19 60.48
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Match-Cured Specimens

Laboratory-Cured Specimens

(SS;S) Slab | Field | Strength | Strength Lab Strength | Strength
(Lbs) (psi) (MPa) (Lbs) (psi) (MPa)

190000 6719.86 46.33 226000 7993.10 55.11

S1 221000 7816.26 53.89 220000 7780.89 53.65

220000 7780.89 53.65 238000 8417.51 58.04

28 237000 8382.14 57.79 227000 8028.46 55.35
S2 195000 6896.70 47.55 223000 7886.99 54.38

208000 7356.48 50.72 229000 8099.20 55.84

s3 255000 9018.76 62.18 278000 0832.22 67.79

279000 9867.58 68.03 260000 9195.60 63.40

200000 7073.54 48.77 230000 8134.57 56.09

S1 210000 7427.21 51.21 231000 8169.93 56.33

225000 7957.73 54.87 240000 8488.24 58.52

56 222000 7851.63 54.14 238000 8417.51 58.04
S2 221000 7816.26 53.89 246000 8700.45 59.99

210000 7427.21 51.21 236000 8346.77 57.55

s3 274000 9690.74 66.82 138000 | 10981.67 75.72

270000 9549.27 65.84 310000 | 10963.98 75.59

223000 7886.99 54.38 250000 8841.92 60.96

S1 224000 7922.36 54.62 241000 8523.61 58.77

220000 7780.89 53.65 240000 8488.24 58.52

90 230000 8134.57 56.09 245000 8665.08 59.74
S2 225000 7957.73 54.87 250000 8841.92 60.96

234000 8276.04 57.06 250000 8841.92 60.96

s3 308000 | 10893.25 75.11 150000 | 11936.59 82.30

320000 | 11317.66 78.03 153000 | 12175.32 83.95

134



APPENDIX B

1. Mass, Longitudinal frequency and dynamic modulus of elgstimeasured and

calculated for freezing and thawing (1 Kg= 2.2 Ib).

DAY 28 Cycle 0

SLAB 1
Prism # Mass, hgn%g%gmﬁ! Dynamic | Dynamic
M (kg) QUENSY.N | E(mPa) | E (psi)
(Hz)
1 7.46 5250 43,174 | 6,261,862
2 7.43 5240 42,837 | 6,212,944
3 7.46 5270 43,504 | 6,309,662
SLAB 2
Prism # Mass, hgn%g%gmﬁ! Dynamic | Dynamic
M (kg) QUENSY.N | E'(mPa) | E (psi)
(Hz)
1 7.24 5260 42,061 | 6,100,369
2 7.30 5320 43,382 | 6,292,050
3 7.30 5300 43,057 | 6,244,830
SLAB 3
Prism # Mass, hgn%g%gmﬁ! Dynamic | Dynamic
M (k) QUENSY.N | E(mPa) | E (psi)
(H2)
1 7.60 5370 46,018 | 6,674,338
2 7.48 5350 44,955 | 6,520,114
3 7.54 5330 44,977 | 6,523,367

135



DAY 64 cycle 165

SLAB 1

Longitudinal

Prism # Mass, frequency.n' Dynamic | Dynamic
M (kg) QUENCY.N" | £ (mpa) | E (psi)
(Hz)
1 7.44 5240 42,894 | 6,221,306
2 7.40 5210 42,177 | 6,117,207
3 7.44 5200 42,242 | 6,126,686
SLAB 2
Prism # Mass, hgn%g%ilnﬁ! Dynamic | Dynamic
M (kg) QUENCY.N" | £ (MPa) | E (psi)
(H2)
1 7.22 5189 40,820 | 5,920,393
2 7.28 5280 42,615 | 6,180,808
3 7.28 5210 41,493 | 6,018,009
SLAB 3
Prism # Mass, hgn%g%ilnﬁ! Dynamic | Dynamic
M (k) QUENCY.N" | £ (MPa) | E (psi)
(H2)
1 7.60 5300 44,826 | 6,501,467
2 7.48 5330 44,619 | 6,471,457
3 7.54 5290 44,304 | 6,425,822
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DAY 96 cycle 300

SLAB 1

Longitudinal

Prism Mass, frequency.n’ Dynamic | Dynamic
# M (kg) (H2) ' E (MPa) E (psi)
1 7.44 5200 42,236 | 6,125,761
2 7.37 5190 41,689 | 6,046,410
3 7.44 5190 42,073 | 6,102,223
SLAB 2
Prism Mass, hggggﬁyﬁl Dynamic | Dynamic
# M (kg) (H2) ' E (MPa) E (psi)
1 7.21 5200 40,936 | 5,937,286
2 7.28 5230 41,812 | 6,064,302
3 7.28 5190 41,175 | 5,971,992
SLAB 3
Prism Mass, hggggﬁyﬁl Dynamic | Dynamic
# M (kg) (H2) ' E (MPa) E (psi)
1 7.60 5290 44,657 | 6,476,956
2 7.46 5250 43,174 | 6,261,862
3 7.51 5200 42,639 | 6,184,330
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1. RCPT data for three different mixtures at 35 days.

APPENDIX C

Slab 1: Slag + Metakaolin (35 Days)

Time Field Core 1 Field Core 2 Field-LC 1 Field-LC 2
(min) Current Charge Current Charge Current Charge Current Charge
(mA) (Coulombs) (mA) (Coulombs) (mA) (Coulombs) (mA) (Coulombs)
1 26 2 27 2 49 4 144 11
5 26 8 27 8 50 15 153 44
10 26 16 27 17 50 30 164 91
15 27 24 28 25 51 45 183 144
20 27 33 28 34 50 61 184 200
25 26 41 28 43 51 77 191 257
30 27 50 28 51 51 92 197 314
35 27 58 28 60 52 108 202 375
40 27 67 29 69 53 124 211 437
45 27 76 29 79 52 141 216 504
50 27 84 29 87 54 156 220 567
55 29 99 29 103 53 184 230 683
60 28 101 29 105 53 188 233 701
90 29 154 30 160 57 287 261 1148
120 29 209 31 217 58 390 285 1640
150 30 264 32 275 61 498 315 2186
180 31 320 32 334 65 610 350 2786
210 31 377 33 395 68 730 388 3445
240 32 434 33 457 69 854 421 4167
270 32 492 34 520 69 979 435 4948
300 32 550 35 583 70 1103 443 5768
330 32 608 34 646 70 1229 409 6535
360 32 667 36 711 71 1357 325 7208

138



Slab 2: Fly Ash + Silica Fume (35 Days)

Time Field Core 1 Field Core 2 Field-LC 1 Field-LC 2
(min) Current Charge Current Charge Current Charge Current Charge
(mA) (Coulombs) (mA) (Coulombs) (mA) (Coulombs) (mA) (Coulombs)
1 21 1 25 1 31 1 31 1
5 21 6 25 7 30 9 30 9
10 21 13 25 15 31 18 30 18
15 21 20 25 23 30 28 30 28
20 21 26 25 31 30 37 31 37
25 21 33 25 39 31 47 31 47
30 21 40 25 47 31 57 30 56
35 22 47 25 55 32 67 31 66
40 22 54 25 63 32 76 31 76
45 22 61 26 70 31 86 32 85
50 22 68 25 79 32 97 32 97
55 22 74 26 86 32 106 33 105
60 22 81 26 94 33 115 33 115
90 23 123 26 143 33 176 34 176
120 23 166 27 192 34 238 35 239
150 23 210 28 243 35 301 35 303
180 24 254 27 293 36 365 35 367
210 23 297 27 344 36 430 35 431
240 23 341 27 395 36 496 35 496
270 23 384 27 446 36 562 36 561
300 23 428 27 496 35 627 36 627
330 23 471 26 546 36 693 35 692
360 23 514 26 595 36 758 35 756
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Slab 3: Slag + Silica Fume (35 Days)

Time Field Core 1 Field Core 2 Field-LC 1 Field-LC 2
(min) Current Charge Current Charge Current Charge Current Charge
(mA) (Coulombs) (mA) (Coulombs) (mA) (Coulombs) (mA) (Coulombs)
1 16 1 15 1 18 1 19 1
5 16 5 15 5 18 6 19 6
10 16 11 15 11 18 12 19 13
15 15 15 15 15 18 17 20 18
20 16 20 15 19 18 22 20 24
25 16 25 16 24 18 28 20 30
30 16 30 15 29 18 33 20 36
35 15 36 15 35 18 41 20 44
40 15 40 16 39 18 45 20 49
45 16 45 16 44 19 51 20 55
50 16 50 16 49 19 56 19 61
55 16 55 16 54 19 62 20 67
60 15 60 16 59 18 68 21 74
90 16 90 16 89 19 103 22 113
120 16 121 16 120 20 139 22 153
150 17 151 16 151 20 175 23 194
180 16 182 17 182 20 212 22 235
210 16 213 16 213 21 249 23 277
240 15 243 16 244 20 286 23 319
270 16 273 16 274 19 323 22 361
300 16 304 16 305 20 360 23 402
330 16 334 16 335 19 397 22 444
360 16 364 16 365 19 433 23 485
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2. RCPT data for three different mixtures at 60 days.

Slab 1: Slag + Metakaolin (60 Days)

Time Field Core 1 Field Core 2 Field-LC 1 Field-LC 2
(min) Current Charge Current Charge Current Charge Current Charge
(mA) (Coulombs) (mA) (Coulombs) (mA) (Coulombs) (mA) (Coulombs)
1 24 1 22 1 22 1 21 1
5 24 7 21 7 22 7 21 6
10 24 15 22 13 23 14 22 13
15 24 22 21 20 22 21 22 20
20 24 30 22 28 23 28 21 27
25 24 38 22 34 23 35 22 34
30 24 45 22 41 23 42 23 40
35 24 53 22 48 23 49 23 47
40 25 61 23 55 24 56 23 54
45 25 68 22 62 23 64 23 61
50 25 76 22 69 24 71 23 69
55 25 84 22 76 23 78 23 76
60 25 92 22 83 24 86 23 83
90 26 140 23 126 25 131 24 126
120 27 188 23 169 25 177 25 171
150 26 237 23 212 25 224 25 216
180 26 286 23 256 27 272 26 262
210 26 335 24 299 26 320 24 308
240 26 384 23 343 26 369 25 354
270 26 432 23 386 27 418 25 401
300 26 481 22 429 27 468 26 447
330 26 529 23 471 27 517 25 493
360 26 577 23 514 26 566 24 539
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Slab 2: Fly Ash + Silica Fume (60 Days)

Time Field Core 1 Field Core 2 Field-LC 1 Field-LC 2
(min) Current Charge Current Charge Current Charge Current Charge
(mA) (Coulombs) (mA) (Coulombs) (mA) (Coulombs) (mA) (Coulombs)
1 21 1 16 1 23 1 24 1
5 21 7 17 5 23 7 24 8
10 20 12 15 10 22 14 24 15
15 20 18 16 15 23 21 24 22
20 21 25 16 20 23 28 24 30
25 20 31 16 25 23 35 25 38
30 20 37 16 30 23 42 25 46
35 20 43 16 35 23 50 26 54
40 21 50 16 40 23 57 26 62
45 21 56 16 45 23 65 25 70
50 21 63 16 50 24 72 26 78
55 21 69 16 56 24 80 26 86
60 21 75 16 61 24 87 27 94
90 21 114 16 91 26 133 27 144
120 21 154 16 122 26 181 27 195
150 21 193 16 153 26 230 28 247
180 20 233 16 184 26 279 28 300
210 20 272 15 214 26 329 28 353
240 21 311 15 243 26 378 28 406
270 20 349 15 272 25 428 28 458
300 20 387 15 301 25 476 28 511
330 20 425 14 329 25 524 28 562
360 19 462 12 356 25 571 27 614

142



Slab 3: Slag + Silica Fume (60 Days)

Time Field Core 1 Field Core 2 Field-LC 1 Field-LC 2
(min) Current Charge Current Charge Current Charge Current Charge
(mA) (Coulombs) (mA) (Coulombs) (mA) (Coulombs) (mA) (Coulombs)
1 15 1 16 2 17 2 15 1
5 15 4 15 5 18 5 16 5
10 14 9 16 10 18 11 16 10
15 15 14 16 15 18 17 15 15
20 15 19 16 21 18 22 15 20
25 15 24 16 26 19 29 16 25
30 15 29 16 31 18 34 16 30
35 16 34 17 36 18 40 16 35
40 15 39 16 41 19 45 17 40
45 15 43 16 46 19 51 16 45
50 15 48 16 51 19 57 17 50
55 16 53 16 57 19 63 16 56
60 16 58 16 62 19 69 17 61
90 16 88 17 93 20 106 17 93
120 16 119 16 125 20 143 17 126
150 17 149 17 157 20 181 18 159
180 17 181 17 190 21 219 18 193
210 16 212 17 223 20 256 18 227
240 16 243 16 255 19 294 18 261
270 17 274 17 288 20 332 17 294
300 16 305 17 320 19 369 17 328
330 17 336 16 352 20 406 17 361
360 16 366 17 385 20 444 18 394
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APPENDIX D

1. Predicted and calculated compressive strength, the pddittength was found using
the strength-maturity calibration curves (1 MPa = 145 psi).

Slab 1: Slag + Metakaolin

Field-MC Field-LC Field Core Field
Age Predicted
(MPa) (MPa) (MPa) (Mpa)
4 25.4 24.7 0.0 29.6
7 38.0 36.5 0.0 36.6
14 0.0 44.9 0.0 47.1
28 51.3 55.6 59.2 57.3
56 51.6 57.0 64.6 65.6
90 54.2 59.4 0.0 68.9
Slab 2: Fly Ash + Silica Fume
Field-MC Field-LC Field Core Field
Age Predicted
(MPa) (MPa) (MPa) (Mpa)
4 28.5 31.7 0.0 34.6
7 38.3 39.7 0.0 40.4
14 0.0 47.9 0.0 48.9
28 52.0 55.2 58.2 57.2
56 53.1 58.5 65.8 63.8
90 56.0 60.6 0.0 66.5
Slab 3: Slag + Silica Fume
Field-MC Field-LC Field Core Field
Age Predicted
(MPa) (MPa) (MPa) (Mpa)
4 41.0 40.6 0.0 47.7
7 51.2 50.8 0.0 51.4
14 0.0 61.9 0.0 60.6
28 65.1 65.6 69.5 69.5
56 66.3 75.7 77.1 76.9
90 76.6 83.1 0.0 79.8
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