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UNITS CONVERSION

SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO S| UNITS

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mm?
ft? square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m®
yd® cubic yards 0.765 cubic meters m?
NOTE: volumes greater than 1000 L shall be shown in m®
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius ic
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m” cd/m?®
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibffin? poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m? cubic meters 35.314 cubic feet ft®
m® cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
°Cc Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m? 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in®

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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EXECUTIVE SUMMARY

Background and Research Objectives

Cracking of high-performance concrete is a generally recognized problem. Internally cured
concrete (ICC) is one way to mitigate this problem. A previous FDOT-funded research study on
ICC (FDOT Project No: BDV31-977-47) [1] has shown some very promising results. Therefore,
in order to maximize the benefits of ICC mixes in bridge deck and concrete pavement applications,
a laboratory study was conducted to evaluate the possible beneficial effects of incorporating
shrinkage-reducing admixture (SRA), polymeric microfibers (PMF), and optimized aggregate
gradation (OAG) in ICC mixes. Additional field testing of the ICC mixes in concrete pavement
slab application was also conducted.

The main objectives of this research were as follows:

(1) To conduct a laboratory testing program to evaluate the effects of incorporating shrinkage-
reducing admixture (SRA), polymeric microfibers (PMF), and optimized aggregate
gradation (OAG) technique in ICC mixes in order to optimize the benefits of ICC in bridge
deck and concrete pavement applications

(2) To field-test the application of ICC concrete pavement mixes, with and without the
enhancement techniques of incorporating shrinkage-reducing admixture (SRA), polymeric
microfibers, and optimized aggregate gradation (OAG)

(3) To evaluate the cost-effectiveness of using ICC mixes with and without the enhancement

techniques in bridge deck and concrete pavement slab applications.

Findings from the Laboratory Testing Program

The main findings from the laboratory testing program are summarized as follows:

Fresh Concrete Properties

1. All the ICC and OAG mixes with or without incorporation of reduced cement paste
content, SRA, or PMF were able to be produced to meet the FDOT specifications for

Class I (Pavement), Class Il (Bridge Deck), and Class V structural concrete with respect
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to slump, air content, and mix temperature.

The ICC mixes had lower density as compared with the conventional concrete mix.
The density of ICC mixes ranged from 133 to 140 pcf, while that of conventional mix
ranged from 140 to 144 pcf.

The OAG mixes had improved workability as compared with the conventional
concrete. A lower amount of water-reducing admixture was required for the OAG
mixes to achieve the desired slump.

The concrete mixes with reduced cement paste content required higher dosages of
water-reducing admixtures to achieve the desired slump.

The use of PMF appeared to increase bleeding in the fresh concrete.

Strength Properties of Hardened Concrete

6.

All the ICC and OAG mixes with or without incorporation of SRA or PMF were able
to be produced to meet the FDOT specifications for Class | (Pavement), Class Il
(Bridge Deck), and Class V structural concrete with respect to design and over-
designed compressive strength.

For Class | (Pavement) concrete, the ICC and OAG mixes had slightly higher
compressive strength (by 7%) and flexural strength (by 5%) as compared with the
conventional concrete. However, the splitting tensile strength of the ICC and OAG
mixes were slightly lower than that of the conventional concrete.

For Class | (Pavement) concrete, the OAG mixes with 10% reduction in cement paste
content had similar compressive and flexural strengths as those of the conventional
concrete with no cement reduction.

For Class Il (Bridge Deck) and Class V structural concrete, the compressive, splitting
tensile, and flexural strengths of the ICC and OAG mixes were slightly lower than those

of the conventional concrete.

10. The incorporation of SRA or PMF slightly reduced the strengths of the concrete.

FElastic Modulus, Poisson’s Ratio, Coefficient of Thermal Expansion, and Drying

Shrinkage
11. The ICC and OAG mixes generally had lower elastic moduli, higher Poisson’s ratios,
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and lower coefficients of thermal expansion as compared with those of the conventional
concrete. The incorporation of SRA or PMF had no significant effects on these
properties.

12. For Class | (Pavement) and Class V structural concrete, the ICC and OAG mixes
generally had lower drying shrinkage as compared to that of the conventional concrete.
For Class Il (Bridge Deck) concrete, there was no clear difference between the ICC and
OAG mixes and the conventional concrete.

13. The use of SRA substantially reduced the drying shrinkage (by an average of 40%) of
all the concrete tested. The incorporation of PMF in the concrete reduced the drying

shrinkage of the concrete tested by an average of 20%.

Restrained Shrinkage Ring Test Results
14. The cracking ages from the restrained shrinkage ring test of the ICC, OAG, and PMF

mixes were earlier than that of the conventional concrete for Class | (Pavement)
concrete. The cracking ages of OAG mixes for Class Il (Bridge Deck) concrete were
later than that of the conventional concrete, whereas, the ICC and PMF mixes were
earlier. For Class V structural concrete, ICC, OAG, and PMF mixtures all had later
cracking ages than that of the conventional concrete.

15. The use of SRA substantially increased the cracking age of all the concretes tested. All
the SRA mixes had substantially later cracking ages than those of the conventional

concrete mixes.

Durability Parameters

16. The ICC mixes had lower rapid chloride penetration (RCP) values for Class |
(Pavement) concrete, similar RCP values for Class Il (Bridge Deck) concrete, but
higher RCP values for Class V structural concrete as compared with those of the
conventional concrete mixes. The OAG mixes had lower RCP values for Class |
(Pavement) concrete, but higher RCP values for Class Il (Bridge Deck) and Class V
structural concretes as compared with the conventional concrete. The use of SRA or
PMF increased the RCP of the concrete.

17. The ICC and OAG mixes had lower surface resistivity as compared with the
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conventional concrete, for all three classes of concrete. The use of SRA or PMF did not
have a significant effect on the surface resistivity of the concrete.

18. The ICC, OAG, SRA, and PMF mixes had higher chloride diffusion coefficients (CDC)
values as compared with the conventional concrete for all three classes of concrete

except for the Class I (Pavement) OAG mixture that had minimally lower CDC values.

Findings from Experimental Pavement Slab Studies

Two sets of instrumented experimental pavement test slabs were constructed and loaded
by a Heavy Vehicle Simulator (HVS) at the FDOT Accelerated Pavement Test (APT) facility to
compare the behavior and performance of various ICC mixes versus a standard concrete mix for
concrete pavement application. Based on visual inspection, the test slabs using ICC mixes had
similar performance as the test slabs using a standard concrete mix because none of them showed
any cracks at the end of the HVS loading. However, based on the results of critical stress analysis,
all the test slabs using ICC mixes showed better potential performance than the test slabs using the
standard mix. These ICC mixes included an ICC mix incorporating polymer microfibers (PMF),
an ICC mix incorporating a shrinkage-reducing admixture (SRA), and an ICC mix incorporating

optimized aggregate gradation (OAG).

Findings from Life-Cycle Cost Analysis

Comparison of Performance of Concrete Pavement Mixes

Ten Class | (Pavement) concrete mixes incorporating internal curing (ICC), optimized
aggregate gradation (OAG), cement paste reduction, shrinkage-reducing admixture (SRA), and
polymeric microfiber (PMF) were evaluated in terms of their predicted performance based on the
AASHTO design equation for rigid pavement and critical stress analysis and their economic
feasibility based on their estimated unit costs and equivalent annual cost. According to the
predicted performance from the AASHTO design equation, seven of the ten mixes outperformed
the standard reference concrete. The use of ICC and OAG improved the predicted performance of

the concrete mixes by extending their service lives as compared with the conventional concrete.

iX



The two concrete mixtures with the longest predicted service life were the concrete incorporating
OAG (OAG 100) and the concrete incorporating both ICC and OAG (ICC-OAG 100), with relative
predicted lives of 148% and 146%, respectively, as compared with the standard reference mix. The
results of critical stress analysis showed the same conclusion that the use of ICC and OAG
improved the predicted performance of the concrete mixes. The top two concrete mixes with the
lowest stress-to-strength ratios were the concrete mix incorporating ICC and OAG (ICC-OAG
100) and the concrete mix incorporating ICC, with computed stress-to-strength ratios of 0.61 and
0.64, respectively, as compared with a computed stress-to-strength ratio of 0.75 for the reference
concrete mix. The incorporation of SRA and PMF did not improve the predicted performance

according to both analysis methods.

Comparison of Cost of Concrete Pavement Mixes

The estimated unit cost of pavement concrete incorporating ICC and OAG, but without the
use of SRA or PMF, was 98 to 99% of that of the reference concrete. When SRA or PMF was
used, the unit cost of the concrete increased substantially. The predicted service life of the
pavement concretes based on the AASHTO design equation was used to determine the equivalent
annual costs (EAC) of the concretes for a typical concrete pavement in Florida. The concretes
incorporating ICC and OAG had lower EAC as compared with the reference concrete. The two
concrete mixtures with the lowest EAC were the concrete incorporating OAG (OAG 100) and the
concrete incorporating both ICC and OAG (ICC-OAG 100), with relative EACs of 67%, 74%, and
79% for both mixes, as compared with the standard concrete when interest rates of 0%, 2.5%, and

5% respectively, were used in the analysis.

Comparison of Cost of Class Il (Bridge Deck) and Class V Structural Concrete Mixes

Cost comparison was made between the concrete mixes and the reference standard concrete
for the Class 11 (Bridge Deck) and Class V structural concrete mixes. The unit cost of the reference
Class Il concrete was higher than six of the other Class Il concrete mixtures. The six concrete
mixes with lower unit cost than the standard concrete were the concrete mixes with various
combinations of ICC, OAG, and reduced cement content, with relative unit costs from 92% to
99%, as compared with the standard concrete. The unit cost of the reference Class V concrete mix

ranked in the middle among the eleven Class V concretes in this study. The five concrete mixes



with a lower unit cost than the reference concrete were the concrete mixes with various
combinations of ICC, OAG, and reduced cement content, with relative unit costs from 95% to
98%, as compared with the standard concrete. The use of PMF or SRA substantially increased the
cost of the concrete.

Recommendations

Based on the results of the laboratory testing program, pavement slab study, and life-cycle
cost analysis, it is recommended that ICC mixes incorporating optimized aggregate gradation
(OAG) be used in concrete pavement application in Florida to bring about increased pavement life
and cost effectiveness. The method of mix design as presented in this report can be used for design
of these concrete mixes. It is recommended that ICC mixes incorporating OAG be tried out in
some in-service pavement sections in Florida so that the performance of these mixes can be
evaluated.

The use of ICC mixes in Florida Class Il and Class V concretes could result in some
reduction of unit cost for the concrete as compared with the conventional concrete. It is
recommended that a few bridge decks be constructed with ICC mixes to evaluate its actual
performance in service.

It is recommended that language be added to Section 346 of the FDOT Standard
Specifications for Road and Bridge Construction to allow the use of lightweight fine aggregate in
internally-cured Portland cement concrete for use in concrete pavement. Language should also be
added to recommend the use of Optimized Aggregate Gradation method for blending of aggregates

in the design of internally cured concrete.

Xi



TABLE OF CONTENTS

DISCLAIMER ..ottt ettt et b et b et e sttt e e beebe e enenbe e e i
UNITS CONVERSION ..ottt ettt sttt e ene et iii
TECHNICAL REPORT DOCUMENTATION PAGE .......oooiieiiie et Y,
ACKNOWLEDGMENTS ...ttt sttt e et e e e saa e e e nae e e e snaeeaneeeanes v
EXECUTIVE SUMMARY ..ottt ettt sttt be st s st neene s Vi
TABLE OF CONTENTS .. oottt ettt sttt sa et te e enenneeas Xii
LIST OF FIGURES ...ttt e e e e e ne e e e e e e nee e anneeeanes XViii
LIST OF TABLES ...t e e e e e e ae e e e nee e e neeeanes XXIV
LIST OF ACRONYMS ...ttt sttt sttt sttt st ane e XXVili
CHAPTER 1 INTRODUCGCTION ....ce ittt ettt e e nnae e e nae e e e annaeeanneas 1
IO T ot 0 {1 o o OSSP 1

1.2 RESEAICN ODJECLIVES.......ciuiiiieiieieieeete sttt bbbt bbbttt 2

1.3 Approach and Scope 0f RESEAICH ..........ccovciiiiiii e 2
CHAPTER 2 LITERATURE REVIEW ..ottt 4
2.1 LONG-LAStING CONCIELE ......oviiiieiieiieeeste ettt bbbt 4

2.2 Internal Curing Mechanism IN CONCIETE...........uiiiieiierieie e 5

2.3 Microstructure of Internally Cured CONCIEte .........cccoveiieiieecec e, 7

2.4 Properties of Internally Cured CONCIELE .........ccuoiiieiiierie e 9
2.4.1 Workability of Internally Cured CONCIete.........ccouevvvieiieiiieiiecee e 9

2.4.2 Degree Of HYAration .........cooviiiiiiie ittt 10

2.4.3 SEENQLN ... 11

2.4.4 Modulus of EIaStICIty (MOE) .......cccoiiiiiiiieiesie e 13

I O - o PSR TPRSPPRTI 14

2.4.6 Permeability........ccoiiiiieic 15

2.5 Shrinkages in Internally Cured CONCIELE.........cuiiiiiiieiisie e 16
2.5.1 Free SNIINKAQE ... .oieeieiie ettt ettt st et nae e 16

2.5.2 Chemical SNINKAGE........ccceiieieiiece e 17

2.5.3 AULOQENOUS SHINKAGE.....veevieeieiieeie e re e 18



2.5.4 PIaStiC SNIINKAGE .....ccveeieiiieiie ettt ee e 20

2.5.5 Drying SNINKAGE........ccviiieie ettt 21
2.5.6 Thermal SNFINKAGE ......c.ooiieiieie e e 22
2.5.7 ReStrained SHINKAQGE ........cueiviiieiiecie et 24

2.6 Techniques to Enhance Internally Cured CONCIELe .........cccvvirieieieieie s 25
2.6.1 Optimized Aggregate Gradation (OAG) .......ccovveieiieiierieee e 25
2.6.2 Shrinkage-reducing AdmIXture (SRA) ......ccvci e 26
2.6.3 Polymeric MicCrofiber (PIMF) ... 26

2.7 Autogenous Shrinkage Test fOr CONCIELE..........coviiiiereiee e 27
CHAPTER 3 LABORATORY TESTING PROGRAM AND ANALYSIS OF RESULTS.........29
3.1 Materials and IMiIX DESIGNS .......cveiuiriiriiriiniesiieeeee et bbb 29
311 IMIX CONSHITUBNTS ...ttt sttt sttt e s 29
00 I O R =T 1 1 =T | PRSPPI 29
BLL2FIY ASN o 30

3.1.1.3 C0arSE AQOrEQALES. . .eeiiiiieiitieeiieeeitee et e et e et e e et e et e s e e e e b anes 30

3.1.1.4 FINE AQOIEOALES. ....ecuveiveeieeee ittt eee sttt e te e s e sbe e sreesre e e s reebeaneenreas 32
Lightweight aggregate ........ccooveiiiiieeece e 33

Normal-weight aggregate ..........cccvevviieieeie e 33

TN R T (- TR TRRRTRR 35

3L L6 AGMIXIUIES .ottt sttt b e ne e enens 36
AIr-entraining admMiXTUIE ........ooviiiieie e 36

Water-reducing and retarding admiXture...........cccceeveevieiieesie s 36

High-range water-reducing admixXture ...........cccocevvieviieiiieiie e 36
Shrinkage-reducing admiXtUre .........ccooveiiieiie i 36

Polymeric microfiber........ccooviiiii 36

3.1.2 IMIIX DBSIGNS. ..ttt ettt et b et e st e et e sra e be e e raeere e 37

3.2 Laboratory TeStiNG PrOgram.......cccciie e siee ettt st ens 41
B2 L THHAI IMHIXES ittt sttt ettt ettt e bt sre e beene e be e b e 41
3.2.2 PrOQUCTION IMIIXES. ...ttt bttt 42



Bi2.3 TESHING .ttt bbb bbb 43

3.2.3.1 TeStsS 0N FresSh CONCIELE .......ovvveiieieiiieie ettt 43
STUMP e re e 44

AT CONEBNT ...ttt 44

DIBNSIY ..ttt 44

CONCrete tEMPEIALUIE. .......ccveriiieiieeie e 44

THIME OF SBL .. 44

BIEEUING TEST ... e 46

3.2.3.2 Tests on Hardened CONCIELE ........ccuevverieiieiierie e 47
Compressive SIrENGLN .......ccoooviieieece s 47

Splitting tensile Strength ...........ccooveii i 48

Flexural Strength ... ..o 49

Modulus of elasticity (MOE) and Poisson’s ratio .........cccoceeveerieeeiennnne. 50

Coefficient of thermal expansion (CTE) .......c.cccocevveveiiieieeie e 51

Free SHINKAQGE .....ocvveeececce et 52

AULOGENOUS SNINKAGE ... 53

Restrained ShriNKage .........cccooiiiiieec s 55

Rapid chloride penetration ............ccccceveeieiieie e 55

SUFACE TESISLIVILY ..ovvvieieciicciece e s 56

BUIK QITFUSION ..o 57
Semi-adiabatic temperature teSt ...........cccveveeieieece e 58

3.3 Analysis of Results of Laboratory Testing Program ...........cccoovivniennnienenie e 59
3.3.1 Results of Tests and Analysis of Fresh Concrete Properties..........c.ccoovvevviveieinennn. 59
3.3.2 Results of Tests and Analysis of Hardened Concrete Properties ...........ccccccveenneee. 62
3.3.2.1 ComPressive SIIENGEN .......ccviiiieieiee e 63
3.3.2.2 Splitting Tensile Srength.........cooiiiii e, 73
3.3.2.3 Flexural Strength.........ccovoiii i 82
3.3.2.4 Modulus of ElastiCity (MOE)........cccccueiiiiiiieieeie e 92
3.3.2.5 PO1SSON’S RALIO ...ciiiiiiiiiiiiiiiiic e 101
3.3.2.6 Coefficient of Thermal EXPansion ..........ccccccevvevviiieieene s 110

Xiv



3.3.2.7 Free SHINKAQE.......eciveiiiecieee ettt ra e 119

3.3.2.8 Restrained Shrinkage RiNg (RSR).......ccoveiiiieiieiiiicciece e 128

3.3.2.9 Rapid Chloride Penetration .............ccccevverieiiieieeie e 135

Effect of paste vOlumMe 0N RCP .........ccovveiiiiccce e 144

3.3.2.10 SUrface RESISHIVILY.......cccveiiiiieiieie et 147

Effect of paste volume on surface resistivity ..........ccocvvneiiinieniienenn, 156

3.3.2.11 BUIK DIfFUSTON ....ouviiiiiiisiesieeeee e 160

B SUMIMAIY ...ttt bbbt b bt b e bt e bt e b e et b e bt e nneenne s 169

CHAPTER 4 PERFORMANCE OF PAVEMENT SLAB STUDY 1 AND ANALYSIS OF

RESULTS L.ttt b ettt ab e e e bt e e s bt et e e e st e e ebeeenbeenbeesntee e 172
4.1 Mixture Selection and Design Of TeSt SIab ... 172
4.1.1 MIXEUFE SEIECTION ...t 172
4.1.1.1 Fresh Concrete Properties from Laboratory Testing Program................... 172

4.1.1.2 Hardened Concrete Properties from Laboratory Testing Program ............ 173

4.1.1.3 MIXEUIES SEIECTION. ......cuiiiiiiiciiiiitee e 176

4.1.2 Slab Layout, Instrumentation, Monitoring, and Testing .........cccccceevvevviiieveernene. 179
4.1.2.1 S1aD LAYOUL ..ot 179

4.1.2.2 Slab Instrumentation and MONItOrING ........c.cceiveiieie i 179

4.2 Construction of Test Slabs and Concrete TeStiNG.......c.covvevveieiieieie e 181
4.2.1 Construction Of TeSt SIADS.......ccoiiiiiiic s 181
4.2.2 CONCIELE TOSTING ...ccuvieitieiieeitie sttt e e e re e e e e sreeanes 183
4.2.2.1 Fresh Concrete Properties of Slab CONCretes.........ccoovvvveieiiiininecenen, 183

4.2.2.2 Hardened Concrete Properties of Slab Concretes ..........ccccovvevieiiecvieenne. 183

4.3 Slab Testing and Modeling and Assessment of Test Slabs Performance...................... 185
4.3.1 Slab Modeling and TeSHING.......cveiiiiiieiie e 185
4.3.1.1 Finite Element Modeling of Test SIabs...........ccccovveiiiieiieic e 185

4.3.1.2 FWD Testing for Calibration of the FEM Model ........c..ccccovvvvviiveivinnnn, 187

4.3.1.3 HVS TESHING ...ectieiieieie ittt 190



4.3.2 Assessment of the Performance of the Test SIabS........oovvvvveeeeeeeeeeeeeen 191

4.3.2.1 Critical Stress ANAIYSIS ......ccviieiieiiiie e 191
4.3.2.2 Visual ODSErVatioN .........cccvoiiiiiiieiese e 194
A4 SUMIMAIY ..ottt b bbbt b bt et b e et e e e e b e e bt e se e b e e nne s 197

CHAPTER 5 PERFORMANCE OF PAVEMENT SLAB STUDY 2 AND ANALYSIS OF

RESULTS .ttt ettt bttt b e e it e e e bt e e st e e be e e mb e e ebeeenbeeabeeennee e 198
5.1 Mixture Selection and Design Of TeSt SIab .......cc.ooiiiiiiiiiii e 198
5.1.1 MiIXEUIE SEIECLION ...oviviiieiiiiieeiee e 198
5.1.2 Slab Layout, Instrumentation, Monitoring, and Testing .........c.cccceevveveiiereernenne 199
5.1.2.1 SIaD LAYOUL ....oviiiieie ettt re e 200

5.1.2.2 Slab Instrumentation and MONITOIING .........ccccovvevviieieeie e, 200

5.2 Construction of Test Slabs and Concrete TeStiNG.........ccovevveiieiieie e 202
5.2.1 Construction Of TeSt SIADS..........ccvriiiiiiier e 202
5.2.2 CONCIELE TESLING.....eiiveeieiie ittt be e te e e e sreenreans 203
5.2.2.1 Fresh Concrete Properties of Slab CONCretes..........ccvvvevveveieerveieeseennnn, 203

5.2.2.2 Hardened Concrete Properties of Slab Concretes ..........cccoocevveveiiiciveennenn, 204

5.3 Slab Testing, Modeling and Assessment of Test Slab Performance ...........c...cccccoeeie. 208
5.3.1 Slab Modeling and TeStING.........coueiieieiieiiee e 208
5.3.1.1 Finite Element Modeling of Test SIabs...........ccocviiiiiiniic 208

5.3.1.2 FWD Testing for Calibration of the FEM Model .............ccccoooviiiiiiiennnnn, 209

5.3.2 Assessment of the Performance of the Test SIabs...........cccooeviiiiiiiiiiicee, 212
5.3.2.1 Critical StreSS ANAIYSIS .....ccviiiieiiieie e 212

5.3.2.2 Visual ODSEIVALION .........ociiiiiiiieieieie e 214

5.4 SUMMIAIY ..ttt ettt ettt e ettt e e st e e e s bt e ss b et e sRb e e e st e e e sa e e e ne e e e nseeeanseeeanneeeanes 216

CHAPTER 6 LIFE-CYCLE COST ANALYSIS ON USE OF ICC IN BRIDGE DECK
AND PAVEMENT APPLICATIONS ..ot 217

6.1 Life-Cycle Cost Analysis of Concrete for Pavement Application...........cccccceveveieiinnen. 217

XVi



6.1.1 Predicted Service Life of Pavement Concretes Based on AASHTO Design

0 Ao o USSR 217

6.1.2 Life-Cycle Cost Analysis of Pavement CONCIetes .........cccvevveeveeiiieeiee e 221

6.1.3 Evaluation of Pavement Concrete Mixes Based on Critical Stress Analysis....... 226

6.2 Cost Analysis of Concrete for Bridge Application...........cccoovevveiiiie i, 228
6.2.1 Cost of Class Il (Bridge Deck) CONCIete..........cccevvevueiiieiieiiciesiese e 228

6.3 Cost Analysis of Concrete for High-Strength Structure Application ..........c.c.ccccceevenee. 229
6.3.1 COSt Of Class V CONCIELE ........ccuiiiiieiiieieeee e 229
CHAPTER 7 SUMMARY AND RECOMMENDATIONS .......cooiiiiiieiie e 231
7.1 Findings from the Laboratory Testing Program ...........cccoceveeveeieiieieese e s ese e 231

7.2 Findings from Experimental Pavement Slab Studies ............ccooveiiiiniiiiniiieen, 233

7.3 Findings from Life-Cycle COSt ANAIYSIS........ccuiiiiiiiiiieiiseieeee e 234

7.4 RECOMMENUALIONS. .....c..itiiiitieiietiee ettt bbbttt e bbbttt e e ne e 235
REFERENGCES ... .ottt ettt b e st e et e et e e nbe e e nbeenbeeentee e 236

XVii



LIST OF FIGURES

Fig 2.1 Components of 1ong-1asting CONCIEte. .........ccooiiiiiiiiiiee e 4
Fig 2.2 Internal curing versus conventional external curing [4]. .....cccoovvveieeieiieve e 6
Fig 2.3 BSE/SEM images of mortar microstructures with (right) and without (left) IC: (a)

cement with silica fume specimen; (b) cement with slag specimen; (c) cement

With fly ash SPECIMEN [9]. .....e o 8
Fig 2.4 SEM images of cement mortar: (a) with I1C; (b) without IC [8]........cccccevviveiiiiiiecie, 9
Fig 2.5 Effect of changing internal curing LWA replacement level on measured cumulative

heat release for a blended cement and fly ash mortar [4]. ......cccovviiiinniiiie 10
Fig 2.6 Measured degree of hydration for mortars with and without internal curing [13]............ 11

Fig 2.7. Compressive strengths of mortar containing FLWA with and without fly ash [14]. ...... 12
Fig 2.8. Effect of various levels of FLWA content on properties of mortars under sealed

conditions with two different FLWAs (denoted as K and H): (a) tensile

strengths; (b) elastic MOdUIUS [15].......cccoviiiiiiiie s 13
Fig 2.9 Diagram of shrinkage cracking mechanism in CONCIEte. ...........cccevvveieeveiiieieece e 15
Fig 2.10 Comparison of schematic ITZ models of mortars with normal weight sand (left)

and integration of FLWA (right) [22]. ....cccooiiiiiiieee e 16
Fig 2.11 Surface tension (capillary tension) in CONCIete POre. ........coocevererinerieeiee e 19
Fig 2.12. Free shrinkages of mortars with various levels of IC under unsealed conditions [5]. .. 22
Fig 2.13 The temperature change permitted before cracking occurs in standard control

mortar (mixture M30-0) and IC mortar (mixtures M30-12 and M30-24).

Adapted From [29].. ..o s 24
Fig 2.14 ShilStone Chart [SL].....ccouieiieiie ittt esne e 26
Fig 2.15 Representation of PMF in CONCIete [41].....ccovoiieiiiiiie e 27
Fig 2.16 ASTM C1698 Autogenous shrinkage test for cement paste and mortar: (a) example

of test set up; (b) illustration of the plastic tube in MM. .........cccccoeveiiierie e 28
Fig 3.1 Gradation of coarse aggregate #57. .....covvvicie et 32
Fig 3.2 Gradation of coarse aggregate #89. .......c.occii i 32
Fig 3.3 Gradation Of FLWA . .......oi ettt te e e e s te e e nneenneene s 35
Fig 3.4 Gradation Of SANG..........cccouiiiiiieiece et e e e e ee e e nreeee s 35



Fig 3.5 Drum mixer used for production mixing (left) and beam, prism, and cylinder

specimens after consolidation (FIgNL).........c.ccceiiieiiiie i 43
Fig 3.6 Cylinder specimens (left) and ring specimen (right) after unmolding. ............c.ccocevenene. 43
Fig 3.7 SAT specimens placed inside the semi-adiabatic calorimeter chamber................c......... 45

Fig 3.8 Standard temperature history curve of a concrete mixture captured in semi-adiabatic

condition (taken from ASTM CL753)......cciiiiiiiiiiiieiieie e 46
FIQ 3.9 BIEEAING TESL. ...ttt e b 47
Fig 3.10 Automatic grinding machine (left) and compressive strength specimen being tested

[T 1 OSSR 48
Fig 3.11 Splitting tensile testing apparatus (left) and splitting tensile strength specimen being

ESTEA (MGNL). .ot 49
Fig 3.12 Flexural strength specimen Deing teSted. ...........cuviiiiiiiiieie e 50
Fig 3.13 Compressometer and extensometer apparatus for MOE test (left), traditional MOE

apparatus (middle), and the MOE specimen being tested (right). ........ccccccevvveiennee. 51
Fig 3.14 Temperature-controlled bath for CTE eSt.........ccciviiiiiiiiie e 52
Fig 3.15 Free-shrinkage specimen Deing teSted. ..o 53
Fig 3.16 Three-inch diameter corrugated tube (left) and autogenous shrinkage specimens

[T L TSSOSO 54
Fig 3.17 Measuring bench frames (left) and autogenous shrinkage test setup (right)................. 54
Fig 3.18 RSR specimens Deing tESTEA. .........coviiiiiiee e 55
Fig 3.19 RCP specimens coated with epoxy (left) and being tested (right). .........cccooveviiiieieennnns 56
Fig 3.20 Surface resistivity specimen being teSted. ..........ccovveiiiiiii i 57
Fig 3.21 Bulk diffusion specimens coated with epoxy (left) and submersion of the specimens

in a saltwater tank (FgN). ..o 58
Fig 3.22 Temperature history of a specimen collected by the software. ............cccoeveiiiiiiiinn, 58
Fig 3.23 Compressive Strength of Class | (Pavement) Concretes, non-ICC group...........c.ccu...... 65
Fig 3.24 Compressive Strength of Class | (Pavement) Concretes, ICC group. .......ccccceeevvriennnne 66
Fig 3.25 Compressive Strength of Class Il (Bridge Deck) Concretes, non-ICC group................ 68
Fig 3.26 Compressive Strength of Class 11 (Bridge Deck) Concretes, ICC group. ........ccccvevveeene. 69
Fig 3.27 Compressive Strength of Class V Concretes, NON-1CC group.......cccceeevreeneereeneeneennens 71
Fig 3.28 Compressive Strength of Class V Concretes, ICC group. .....cccoveeereeresieeseenieseeseennens 72

Xix



Fig 3.29 Splitting Tensile Strength of Class | (Pavement) Concretes, non-ICC group. ............... 75

Fig 3.30 Splitting Tensile Strength of Class | (Pavement) Concretes, ICC group. ........c.cccevvennens 75
Fig 3.31 Splitting Tensile Strength of Class Il (Bridge Deck) Concretes, non-ICC group. ......... 78
Fig 3.32 Splitting Tensile Strength of Class Il (Bridge Deck) Concretes, ICC group. ................ 78
Fig 3.33 Splitting Tensile Strength of Class V Concretes, non-1CC group. ........ccccevveverveseenens 81
Fig 3.34 Splitting Tensile Strength of Class V Concretes, ICC group. ......cccccvevevveeiveresiieseennens 81
Fig 3.35 Flexural Strength of Class | (Pavement) Concretes, non-1CC group. ........ccoceeeererennnne 84
Fig 3.36 Flexural Strength of Class | (Pavement) Concretes, ICC group........cccceoeverenereniennnnn 85
Fig 3.37 Flexural Strength of Class 11 (Bridge Deck) Concretes, non-ICC group. ........c.ccccvenene 87
Fig 3.38 Flexural Strength of Class 11 (Bridge Deck) Concretes, ICC group........cccccveveeveieennens 88
Fig 3.39 Flexural Strength of Class V Concretes, NON-ICC group. .......ccocvvvrereeienenene e 90
Fig 3.40 Flexural Strength of Class V Concretes, ICC group. ......cccooevereninenieeieienese e 91
Fig 3.41 MOE of Class | (Pavement) Concretes, NON-ICC group. ........cccccvveveeresieeieerieseeseennens 94
Fig 3.42 MOE of Class | (Pavement) Concretes, ICC group.........cccevverieieeieeieseeseesieseesseenens 94
Fig 3.43 MOE of Class Il (Bridge Deck) Concretes, Non-1CC group. .........ccceveervererenenesennenn 97
Fig 3.44 MOE of Class Il (Bridge Deck) Concretes, ICC group. .......ccoererirerieeieerenene e 97
Fig 3.45 MOE of Class V Concretes, NON-1CC groUP. .....cccoveiieieerieiiesieeiesie e sre e s 100
Fig 3.46 MOE of Class V Concretes, ICC groUP. ....cocveiieieiie e eiee et se e 100
Fig 3.47 Poisson’s ratio of Class I (Pavement) Concretes, non-ICC group. .........c.ccecvvvvenvenns 103
Fig 3.48 Poisson’s ratio of Class I (Pavement) Concretes, ICC group........cccceeererenerenenennnns 103
Fig 3.49 Poisson’s ratio of Class II (Bridge Deck) Concretes, non-1CC group..........cccocoeeruenne 106
Fig 3.50 Poisson’s ratio of Class II (Bridge Deck) Concretes, [CC group. .........cccoovevvrivininnns 106
Fig 3.51 Poisson’s ratio of Class V Concretes, non-1CC group. .........cccevververinieiieneniienennens 109
Fig 3.52 Poisson’s ratio of Class V Concretes, [CC group.........cccovvriienieiiiienicieenec e 109
Fig 3.53 CTE of Class | (Pavement) Concretes, NoN-1CC group.........ccceeveeiieiiiesieiiieesie s 112
Fig 3.54 CTE of Class | (Pavement) Concretes, ICC group. ......ccccoevveiieiieeiiie e sie e esee s 112
Fig 3.55 CTE of Class Il (Bridge Deck) Concretes, NOn-1CC group. ........ccceveevereneneneniesnnnns 115
Fig 3.56 CTE of Class Il (Bridge Deck) Concretes, ICC group. ........ccocevererenieenienesesieseseennns 115
Fig 3.57 CTE of Class V Concretes, NON-ICC groUP. ....cveiieiieeiieiiieiiie st see e siee e 118
Fig 3.58 CTE of Class V CoNnCretes, ICC grOUP. .....ooueiieriieienieiieeie sttt 118
Fig 3.59 Free shrinkage of Class | (Pavement) Concretes, non-1CC group. ........cccecvevververenennn. 121

XX



Fig 3.60 Free shrinkage of Class | (Pavement) Concretes, ICC group. .........cccoevevververeervesnene. 121

Fig 3.61 Free shrinkage of Class Il (Bridge Deck) Concretes, non-1CC group.........cccceevveeveenee. 124
Fig 3.62 Free shrinkage of Class Il (Bridge Deck) Concretes, ICC group. .......ccccceeeererrveseeene. 124
Fig 3.63 Free shrinkage of Class V Concretes, NON-1CC group. ........ccccvverereeieerienenenieniesienns 127
Fig 3.64 Free shrinkage of Class V Concretes, ICC groUp.......ccoveiveiereeriesieseeseeseesie e 127
Fig 3.65 RSR of Class | (Pavement) CONCIELES. .......cccveieeiiiie et 130
Fig 3.66 RSR of Class Il (Bridge Deck) CONCIEteS. .........ccoviirieiierierieniesiesiiseeeee s 132
Fig 3.67 RSR OF ClasS V CONCIELES. .....ccueiuiiiieiieieiie ittt 134
Fig 3.68 RCP of Class | (Pavement) Concretes, NON-1CC group........ccccvvevveieereeveeseeseesie e 136
Fig 3.69 RCP of Class | (Pavement) Concretes, ICC group. .......cecveveieeriesieseeseseese e 137
Fig 3.70 RCP of Class Il (Bridge Deck) Concretes, Non-1CC group. .......ccccceevevvereenenenenennnnns 139
Fig 3.71 RCP of Class Il (Bridge Deck) Concretes, ICC group. ........ccovrererieeieeienenesiesesiennns 140
Fig 3.72 RCP of Class V Concretes, NON-1CC groUP. ....cccvevveiieiiieieciese e 142
Fig 3.73 RCP of Class V Concretes, ICC groUP. .....coviieiieieiiesieeiee st sie et sie e sve e e 143
Fig 3.74 Paste volumes versus RCP values at 28 days. ..........ccoereriniiinieniniecee e 145
Fig 3.75 Paste volumes versus RCP values at 364 days. ........ccoceverererinieniniecee s 146
Fig 3.76 Paste volumes versus RCP values at 546 days. .........cccccveveiieieeie i 146
Fig 3.77 Surface Resistivity of Class | (Pavement) Concretes, non-1CC group.........cccceveeveee. 148
Fig 3.78 Surface Resistivity of Class | (Pavement) Concretes, ICC group. .......ccccoevrerervrienne. 149
Fig 3.79 Surface Resistivity of Class Il (Bridge Deck) Concretes, non-ICC group. .................. 151
Fig 3.80 Surface Resistivity of Class Il (Bridge Deck) Concretes, ICC group. .......ccccceevveeveenee. 152
Fig 3.81 Surface Resistivity of Class VV Concretes, NON-1CC group.........ccceevveevierieiieesiveeinnens 154
Fig 3.82 Surface Resistivity of Class VV Concretes, ICC group. .........ccoceverirerieeienenesenesennns 155
Fig 3.83 Paste volumes versus resiStivities at 28 days.........cccuverrrererineniseeeee s 157
Fig 3.84 Paste volumes versus resistivities €s at 182 days. .......cccccvvvveviiiiieiie i 158
Fig 3.85 Paste volumes versus resistivities at 364 days.........cccveiveiiieiieiiee e 158
Fig 3.86 Paste volumes versus resistivities at 546 days..........cccceverererineninieeieee s 159
Fig 3.87 Paste volumes versus resistivities at 728 days..........ccocvvereririneninieieee s 159
Fig 3.88 CDC of Class I (Pavement) Concretes, NON-1CC group. ......cccveevveeiieiieesieiiieesiesineens 161
Fig 3.89 CDC of Class | (Pavement) Concretes, ICC group. ........cceeeereeriereeieeiieseeniesee e 162
Fig 3.90 CDC of Class Il (Bridge Deck) Concretes, NON-1CC group. .....cccceevververeeseeseareesenees 164

XXi



Fig 3.91 CDC of Class Il (Bridge Deck) Concretes, ICC group. .....c.ccoovveverieervereseesearieseennes 165

Fig 3.92 CDC of Class V Concretes, NON-1CC groUP. ......eevueiieieeiesieseeie e e esee e e eseesneennas 167
Fig 3.93 CDC of Class V Concretes, ICC groUP. .......coeiirerieieieiesie sttt 168
Fig 4.1 Layout of the slab and location of the applied 22-kip axial load for critical stress

YA LY [ SRS 177
Fig 4.2 Layout of the four test slabs for Slab Study 1. ..., 179
Fig 4.3 Sensor locations for S1ab STUAY L. ..o 180

Fig 4.4 Slab schematic cross-section showing strain gauges and thermocouples tree. The

orange ring shapes are thermocouples, and the blue rectangular shapes are

dYNAMIC SEFAIN QAUGES. ..e.veeveeiieiieeiie ettt e ste et e e e sreesr e e e s teesteeneesreenas 181
Fig 4.5 Construction of the slabs for Slab Study 1. ..o 182
Fig 4.6 3-D finite element model for the four test SIabs. ... 186
Fig 4.7 Modeling of transverse joint using spring elements. ..........cccocevvveveiiee v ece s 187
Fig 4.8 FWD test at (a) the slab center and (b) the joint..........c.cccoooiieiicii e, 187

Fig 4.9 Determination of spring stiffness across the joint using FWD basin caused by a 12-
kip FWD load at the joint between (a) Slabl and Slab2 and (b) Slab3 and Slab4. . 189

Fig 4.10 HVS 10adinNg Paths. ......ccviiiiiicc et 191
Fig 4.11 Critical load-temperature conditions for the test slabs. ...........cccoccvveiiiiiiccecec, 192
Fig 4.12 Surface of Slab2 ICC-2 after HVS 10ading. .........ccooiiiiiniiiiiiiicecee e 195
Fig 4.13 Surface of Slab3 ICC-3 after HVS 10ading. .........ccoovviiiiiiniiiiireecee e 195
Fig 4.14 Surface of Slabl ICC-1 after HVS 10ading. ........ccccooviiiiii i 196
Fig 4.15 Surface of Slab4 SC after HVS 10ading. ........coooveiiiiiiiie e 196
Fig 5.1 Layout of the three test slabs for Slab Study 2. ..., 200
Fig 5.2 Instrumentation of the test slabs for Slab Study 2. ..., 201
Fig 5.3 Construction of the slabs for SlIab Study 2. ... 203
Fig 5.4 Compressive strengths of the test SIabs. .........c.oooviiiiiii i 205
Fig 5.5 Splitting tensile and flexural strengths of the test slabs.............ccoovviiiiiiiiii, 206
Fig 5.6 MOE and surface resistivity of the test SIabs. ... 206
Fig 5.7 Free shrinkage of the test SIabS. ...........ooviiiiiiii e 207
Fig 5.8 3-D FEM model for the teSt SIabs..........ccoiiiiiiii s 209
Fig 5.9 FWD testing 0n the SIab. .......ccooiiiieece e 210

XXii



Fig 5.10 Determination of effective subgrade modulus using FWD basin caused by a 12-kip
FWD load at the center for (a) Slabl SC, (b) Slab2 ICC-1, and (c) Slab3 ICC-2... 211

Fig 5.11 Critical load-temperature conditions for the test slabs. ..., 212
Fig 5.12 Picture of the surface of SIaD1 SC..........cccooiiiiiii 214
Fig 5.13 Picture of the surface of SIab2 ICC-1........cccccoiiieiiie e 215
Fig 5.14 Picture of the surface of SIab3 ICC-2........cccocoiiiiii e 215
Fig 6.1 Estimated service life of pavements using various CONCrete MiXes.........ccceevvrerereriennn. 220
Fig 6.2 Unit cOSt Of PAVEMENT CONCIELES. .......eiiiiieteieeriesie e 223
Fig 6.3 EAC of pavement concrete for one land-mile of pavement. .............ccccoveveiieieiie e, 225
Fig 6.4 The location of the applied 22-kip axial load for critical stress analysis. ...................... 226
Fig 6.5 Unit cost of bridge deck CONCIEtES. .......ccoiviiiiiiiiiceee s 229
Fig 6.6 Unit COSt OF ClaSS V CONCIELES. .......ciuieieieieiie st 230

xxiii



LIST OF TABLES

Table 2.1 Reactants and Reaction Products of Portland Cement Hydration and Their Molar

WOIUMES [B]. 1eeereeieeie ettt st e et e e e be e e sreesraesnesreenreaneens 17
Table 2.2 Principal Hydration Reactions of Portland Cement and Their Volumetric Changes

1] PSP PRSRPP 18
Table 3.1 Physical Properties of the Coarse Aggregates ........ccoovereerereeiieriesieseese e 31
Table 3.2 Physical Properties of the Fine AgQregates ........ccovvvieieeieiie s 34
Table 3.3 Mix Design Requirements for FDOT Concrete Classification.............ccccccceevvevieennene. 38
Table 3.4 Mix Proportions for Class | (Pavement) Concretes (Solid Raw Materials) ................. 38
Table 3.5 Mix Proportions for Class | (Pavement) Concretes (Admixtures and Additions)........ 39
Table 3.6 Mix Proportions for Class 11 (Bridge Deck) Concretes (Solid Raw Materials)............ 39
Table 3.7 Mix Proportions for Class Il (Bridge Deck) Concretes (Admixtures and Additions) .. 40
Table 3.8 Mix Proportions for Class V Concretes (Solid Raw Materials) ..........ccccceeevenininnnnn. 40
Table 3.9 Mix Proportions for Class V Concretes (Admixtures and Additions)............c.ccecervenne. 41
Table 3.10 Fresh and Hardened Concrete Property Requirement for This Study. ....................... 59
Table 3.11 Fresh Concrete Properties of Class | (Pavement) CONCretes ..........ocovvvevveeveveevneennenn, 60
Table 3.12 Fresh Concrete Properties of Class Il (Bridge Deck) Concretes. ..........ccocevevervniene. 61
Table 3.13 Fresh Concrete Properties of Class V CONCIEtes. .......cccveivveeiieereniesieee e 62
Table 3.14 Compressive Strength of Class | (Pavement) CONCIetes. ........ccccveveveeveiieieesieenenn, 64
Table 3.15 Comparison of Compressive Strength of Class | (Pavement) Concretes ................... 65
Table 3.16 Compressive Strength of Class 11 (Bridge Deck) CONCIetes. ........cccocvvereienenieniennn 67
Table 3.17 Comparison of Compressive Strength of Class 1l (Bridge Deck) Concretes ............. 68
Table 3.18 Compressive Strength of Class V CONCIetes. .......ccvovveiiieiieeiiiecie e 70
Table 3.19 Comparison of Compressive Strength of Class V Concretes ..........ccccevvvvviiiieiiieenen. 71
Table 3.20 Splitting Tensile Strength of Class | (Pavement) CONCretes..........cccvvvvevvvierverieenenn. 74
Table 3.21 Comparison of Splitting Tensile Strength of Class | (Pavement) Concretes.............. 74
Table 3.22 Splitting Tensile Strength of Class Il (Bridge Deck) Concretes.........ccccovvevveiiveennen. 77
Table 3.23 Comparison of Splitting Tensile Strength of Class Il (Bridge Deck) Concretes........ 77
Table 3.24 Splitting Tensile Strength of Class V CONCIetes. .......ccocevvveviiere s 80
Table 3.25 Comparison of Splitting Tensile Strength of Class V Concretes..........cccccccevvevieennnne. 80

XXIV



Table 3.26 Flexural Strength of Class | (Pavement) CONCIetes. .......cccvvvevvereiieseere e 83

Table 3.27 Comparison of Flexural Strength of Class | (Pavement) Concretes..............ccccueeveee. 84
Table 3.28 Flexural Strength of Class Il (Bridge Deck) CONCIetes. ........cccevevveneeresieiieiennenn 86
Table 3.29 Comparison of Flexural Strength of Class Il (Bridge Deck) Concretes..................... 87
Table 3.30 Flexural Strength of Class V CONCIEteS. ........c.civeieiieiicie e 89
Table 3.31 Comparison of Flexural Strength of Class V Concretes..........ccocvvvvvieevviieieeseennn, 90
Table 3.32 MOE of Class | (Pavement) CONCIELES. .......ocveiieieiierieeie et 93
Table 3.33 Comparison of MOE of Class | (Pavement) CONCIetes.........coovvvveeiereneienenenien 93
Table 3.34 MOE of Class Il (Bridge Deck) CONCIELES. .......ccoveiieieeieiie e eie e 96
Table 3.35 Comparison of MOE of Class 11 (Bridge Deck) CoNnCretes..........ccccevvveveiieeveeiieennnn, 96
Table 3.36 MOE Of Class V CONCIELES. .......coviieiieieeie et eie e ste et sneesre e snee e 99
Table 3.37 Comparison of MOE 0f Class V CONCIELES.........cccvvierieiiiie e 99
Table 3.38 Poisson’s Ratio of Class | (Pavement) CONCIetes..........ccovevveiieieeriesieieeie e 102
Table 3.39 Comparison of Poisson’s Ratio of Class I (Pavement) Concretes...........cccvvvveennnen. 102
Table 3.40 Poisson’s Ratio of Class II (Bridge Deck) Concretes. ..........cocovvvviieeneiiiienncnineennnn. 105
Table 3.41 Comparison of Poisson’s Ratio of Class II (Bridge Deck) Concretes...................... 105
Table 3.42 Poisson’s Ratio of Class V CONCIELeS. ........ueiiuuieiiiiieiiiieiiiee e sieessiieessnee e 108
Table 3.43 Comparison of Poisson’s Ratio 0f Class V CONCIetes..........c.covvreneininencenienen, 108
Table 3.44 CTE of Class | (Pavement) CONCIELES. .........oiiierieieieiesie e 111
Table 3.45 Comparison of CTE of Class | (Pavement) CONCIetes ..........ccoouvvrveieieneneneneniens 111
Table 3.46 CTE of Class Il (Bridge Deck) CONCIELES. .......c.ccvvevueiieiieiisie et se e 114
Table 3.47 Comparison of CTE of Class Il (Bridge Deck) CONCIetes .........ccevvvveveeiieiiieerinennn, 114
Table 3.48 CTE Of ClasS WV CONCIELES. .......ecueiieerieiieieesieeieseesie e stee e seesreesae e ssnesaesseesseeneens 117
Table 3.49 Comparison 0of CTE Of Class V CONCIELES .........cccuerueiierrereeieseesie e see e e sreeeens 117
Table 3.50 Free Shrinkage of Class | (Pavement) CONCIEtES. .......cccuvvvvieiieiiieeiie e 120
Table 3.51 Comparison of Free Shrinkage of Class | (Pavement) Concretes ..........c.ccceevevnnnne. 120
Table 3.52 Free Shrinkage of Class Il (Bridge Deck) CONCIetes. .........ocvvvvrieeierenenieneneniens 123
Table 3.53 Comparison of Free Shrinkage of Class 11 (Bridge Deck) Concretes.............cc.co..... 123
Table 3.54 Free Shrinkage of Class V CONCIEteS. .......covviiieiiiiieiie et 126
Table 3.55 Comparison of Free Shrinkage of Class V CONCIetes .........ccoovvveieniniienicnieseeins 126
Table 3.56 RSR and Comparison of RSR of Class | (Pavement) Concretes. ..........ccccvvvvervennnns 129

XXV



Table 3.57 RSR and Comparison of RSR of Class Il (Bridge Deck) Concretes. ...........ccccvenene 131

Table 3.58 RSR and Comparison of RSR of Class V CONCIetes. ........cccovevveveiieveese e 133
Table 3.59 RCP of Class | (Pavement) CONCIELES. ........covieeieerieiie et 135
Table 3.60 Comparison of RCP of Class | (Pavement) CONCIetes .........cocvvvveriereeiieriesiieseeiens 136
Table 3.61 RCP of Class Il (Bridge Deck) CONCIELES. .......c.ccvverieiieireriesieseesie e e 138
Table 3.62 Comparison of RCP of Class Il (Bridge Deck) CONCIetes .........cccccvvvveivereiieseennnns 139
Table 3.63 RCP Of Class WV CONCIELES. .......ccueiieerieiieiierieeie e ettt sreesreenee s 141
Table 3.64 Comparison of RCP Of Class V CONCIELES .........cccuerueiieieerieeieseesiesiesieesee e sreeneens 142
Table 3.65 Paste Volume, Cementitious Content, w/cm, and RCP Values for OAG Mixtures. 145
Table 3.66 Surface Resistivity of Class | (Pavement) CONCIetes. ........ccoovvvveveeiieveevieiieseenns 147
Table 3.67 Comparison of Surface Resistivity of Class | (Pavement) Concretes .............c.c...... 148
Table 3.68 Surface Resistivity of Class Il (Bridge Deck) CONCIetes. .........cccevvererenereneneninns 150
Table 3.69 Comparison of Surface Resistivity of Class Il (Bridge Deck) Concretes................. 151
Table 3.70 Surface Resistivity 0f Class V CONCIELES. ........c.ccvvevviieireie e 153
Table 3.71 Comparison of Surface Resistivity of Class V CONCIetes ...........ccoovverenenenenennnns 154
Table 3.72 Paste Volume, Cementitious Content, w/cm, and Surface Resistivities for OAG
IVHEXEUFES .ottt bbbttt ettt et et e bbbt nbenreens 157
Table 3.73 CDC of Class | (Pavement) CONCIELES. .......ccvcveiierieiie et 160
Table 3.74 Comparison of CDC of Class | (Pavement) CONCIELeS...........cccuvvrveieienenenieneniens 161
Table 3.75 CDC of Class Il (Bridge Deck) CONCIELES..........cceiriirrierierieii e 163
Table 3.76 Comparison of CDC of Class Il (Bridge Deck) CONCretes.........ccccovevveivvereiieieennns 164
Table 3.77 CDC Of Class V CONCIELES. ......ccuiiieeiiiie ittt sttt 166
Table 3.78 Comparison of CDC 0f Class V CONCIELES ........cccuerueiierireresieseesie e e e see e 167

Table 4.1 Class | (Pavement) Fresh Concrete Properties from Laboratory Testing Program .... 173

Table 4.2 Class | (Pavement) Concrete Strength Properties at 28 Days from Laboratory

TESHING PrOGIrAM....cc ittt et sre e s be e beeene e 174
Table 4.3 Class | (Pavement) Concrete Shrinkage Properties from Laboratory Testing

PrOQIaM ...t 175
Table 4.4 Class | (Pavement) Concrete Permeability Properties at 28 Days from Laboratory

LIS Lo oo = SRRSO 175
Table 4.5 Computed Stresses and SS Ratios from the Laboratory Testing Program ................. 176

XXVi



Table 4.6 Mix Designs for SIab StUdY L.........ccooiiiiiiiiiiccceee e 178

Table 4.7 Mix Designs for SIab StUdY L.........ccooiiiiiiiiiiccceee e 178
Table 4.8 Fresh Concrete Properties of Concretes USEd .........cccvovviieiiiiinienienie e 183
Table 4.9 Strength Properties of CONCretes USEd ...........cooviiiieieiiieiesesesee e 184
Table 4.10 MOE and Poisson’s Ratios of Concretes Used.........cccocvvveeiiiiiieeiiiiiee e, 184
Table 4.11 CTE and Free Shrinkages of Concretes USEd.........cccvvveiveieiieieenie e see e 184
Table 4.12 Summary of Model Parameters Calibrated for the Four Test Slabs.............c........... 190
Table 4.13 Computed Maximum Stresses and SS Ratios for the Test Slabs...........ccccccoevvvennnns 193
Table 5.1 Mix Designs for SIab StUAY 2.........cccooiiiiiiieicccece e 199
Table 5.2 Mix Designs for SIab StUAY 2.........cccooiiiiiiiiiecccece e 199
Table 5.3 List of Sensors for SIab StUAY 2 ..o 201
Table 5.4 Fresh Concrete Properties of Concretes USEd .........cccvvvviveriiieneene e sie e 204
Table 5.5 Strength Properties 0f SIab CONCIELES .........cccoviieiieieiie e 204
Table 5.6 MOE and Poisson’s Ratios of Concretes Used.........cccccovvvieieiiiiiec i, 205
Table 5.7 CTE, Free Shrinkages, and Surface Resistivities of Concretes Used.............cccccveuene 205
Table 5.8 Summary of Model Parameters Calibrated for the Test Slabs.............cccocvevcviiiieenns 210
Table 5.9 Computed Maximum Stresses and SS Ratios for the Test Slabs.............ccccceveiienens 213
Table 6.1 Calculated W1g using AASHTO Design Equation for Rigid Pavement..................... 219
Table 6.2 Estimated Service Life of Pavement CONCIEtes. .......cccvvvvvverenieneee e seese e 220
Table 6.3 Unit Cost Of MiX CONSHITUBNTS ........ccveiiiieiieieeie e 222
Table 6.4 Class | (Pavement) Concrete UNit COSt.........cccvcviiieiiiiciie e 222
Table 6.5 Concrete Cost for One Lane Mile of Concrete Pavement ............ccoccovveviiniiienieennns 224
Table 6.6 Equivalent Annual Cost of Concrete for One Lane-Mile of Pavement...................... 225
Table 6.7 Computed Stresses and Stress-to-Strength Ratios from Critical Stress Analysis....... 227
Table 6.8 Class 11 (Bridge Deck) Concrete Unit COSt.........cccvvvviiieiieiiiiesie e 228
Table 6.9 Class V CoNCrete UNIt COSt........couiiieiiiieiieieiie et 230

XXVii



APT
CTE

ICC
FDOT
FEM
FLWA
FWD
HSHPC
HVS
ITZ
MOE
OAG
PMF
SC
SCM
SEM
SMO
SRA
SSRBC

w/cm

LIST OF ACRONYMS

Accelerated Pavement Testing
Coefficient of thermal expansion

Internal curing

Internally cured concrete

Florida Department of Transportation
Finite element method

Fine lightweight aggregate
Falling-weight deflectometer
High-strength high-performance concrete
Heavy Vehicle Simulator

Interfacial transition zones

Modulus of elasticity

Optimized aggregate gradation
Polymeric microfibers

Standard concrete

Supplementary cementitious materials
Scanning electron microscopy

State Materials Office
Shrinkage-reducing admixture

Standard Specification for Road and Bridge Construction

Water to cementitious materials ratio

XXViii



CHAPTER 1
INTRODUCTION

1.1 Background

Cracking of high-performance concrete is a generally recognized problem, especially for
bridge decks. Cracking of structural concrete detracts from the aesthetics of the structure, increases
maintenance costs, and can reduce the service life of the structure. Research is needed to find ways
to greatly reduce the incidence of cracking in structural concrete.

Internally cured concrete (ICC) is one way to mitigate this problem. By incorporating pre-
wetted fine lightweight aggregates (FLWA) into a normal concrete, ICC helps to reduce the
cracking tendency of the concrete at an early age. The key to this effect is that FLWA is a very
porous material. When saturated, each FLWA particle acts like a small reservoir inside the
concrete, which will give out water to the surrounding cement paste during its hydrating period.
This mechanism helps to reduce the self-desiccation phenomenon and promotes hydration of the
cement in the concrete. ICC could produce a bridge deck or pavement with increased service life
and reduced life cycle cost.

A Florida Department of Transportation (FDOT)-funded research study entitled “Internally
Cured Concrete for Pavement and Bridge Deck Applications” had previously been completed.
This study included laboratory and field testing programs. The laboratory testing program
evaluated three standard mixes (SM) and three corresponding ICC mixes with the same water-to-
cementitious-materials (w/cm) ratios and cementitious materials contents. The ICC mixes were
produced by replacing a part of the fine aggregate with FLWA. The amounts of water-reducing
admixtures needed for the ICC mixes to achieve the same workability of the fresh concrete were
less than those for the standard mixes with the same w/cm ratios. The compressive strength,
flexural strength, elastic modulus, splitting tensile strength, and coefficient of thermal expansion
of the ICC mixes were lower than those of the standard mixes with the same w/cm ratio. The ICC
mixes showed substantially greater resistance to shrinkage cracking than the standard mixes as
observed from the results of the restrained shrinkage ring test.

In the field testing program of this completed study, two ICC test slabs and one SM test
slab were constructed to evaluate the performance of ICC in pavement slabs. The results of the

critical stress analysis showed that at a critical loading condition, the computed stress-to-strength
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ratios for the ICC slabs were lower than that for the SM slab. Visual inspection of the SM slab
after heavy vehicle simulator (HVS) loading showed that some hairline cracks could be seen next
to the wheel path. These hairline cracks could be formed when micro shrinkage cracks developed
into hairline cracks after the slab was loaded repetitively by the HVS wheel load. No visible cracks
were observed from the two ICC test slabs. Based on the results of the critical stress analysis and
the visual inspection of the three test slabs, the ICC test slabs appeared to have better performance
than the standard-mix slab.

Due to the promising results from both the laboratory and field testing programs of this
study, a laboratory and field testing program to further assess the performance and benefits of ICC
mixes in bridge deck and pavement applications was recommended. In order to maximize the
benefits of ICC mixes in bridge deck and concrete pavement applications, a laboratory study was
conducted to evaluate the possible beneficial effects of incorporating shrinkage-reducing
admixture (SRA), polymeric microfibers (PMF), and optimized aggregate gradation (OAG) in ICC
mixes. Additional field testing of the ICC pavement mixes incorporating these techniques was

also conducted.

1.2 Research Objectives

The main objectives of this research were as follows:

(1) To conduct a laboratory testing program to evaluate the effects of incorporating shrinkage-
reducing admixture (SRA), polymeric microfibers (PMF), and optimized aggregate
gradation (OAG) in ICC mixes in order to optimize the benefits of ICC in bridge deck and
concrete pavement applications.

(2) To field-test the application of ICC mixes in concrete pavement application with and
without the enhancement techniques of incorporating shrinkage-reducing admixture
(SRA), polymeric microfibers, and optimized aggregate gradation (OAG).

(3) To evaluate the cost-effectiveness of using ICC mixes with and without the enhancement
techniques in bridge deck and concrete pavement slab applications.

1.3 Approach and Scope of Research

The research was accomplished through the following main tasks:



(1) A literature review of research work related to this study was conducted. The summary of
this literature review is presented in Chapter 2.

(2) A laboratory testing program to evaluate the effects of incorporating shrinkage-reducing
admixture (SRA), polymeric microfibers (PMF), and optimized aggregate gradation
(OAG) techniques in ICC mixes was developed and performed. The details of this
laboratory testing program and the results of analysis of the data are presented in Chapter
3.

(3) Two sets of instrumented concrete pavement test slabs using ICC mixes were constructed
and tested at the FDOT Accelerated Pavement Testing (APT) facility using the heavy
vehicle simulator (HVS). The details of the design and construction of these two test slabs
and analysis of the results are presented in Chapters 4 and 5.

(4) A life-cycle cost analysis on the use of ICC in pavement and other structural applications

was performed. The results of this life-cycle cost analysis are presented in Chapter 6.



CHAPTER 2
LITERATURE REVIEW

This chapter presents the literature review of past knowledge and research findings on
internally cured concrete (ICC), optimized aggregate gradation (OAG), shrinkage-reducing
admixtures (SRAs), and polymeric microfibers (PMFs) in mitigating shrinkage and cracking in
Florida structural concrete. This information was used to aid the planning and execution of this

research project.

2.1 Long-Lasting Concrete

In order for a concrete to last for its expected service life, the concrete should have the
following properties: good workability, adequate service strength, and high durability. Workable
concrete can be easily placed and consolidated properly. Serviceable concrete has enough load-
bearing capacity for its structural application. Lastly, durable concrete has low permeability, and

does not have cracks. Figure 2.1 shows the diagram of the components for long-lasting concrete.

LONG-LASTING
CONCRETE

DURABILITY

Fig 2.1 Components of long-lasting concrete.

High-strength high-performance concrete (HSHPC), commonly containing higher
cementitious materials content than normal concrete, usually has high early-age shrinkage caused

by a high degree of self-desiccation, high heat generation, and high rate of evaporation, all of
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which promote shrinkage cracking [2]. Concrete self-desiccation is a concrete phenomenon that
can be explained as a self-drying phenomenon of concrete that happens from the consumption of
internal water by the hydration reactions of the cementitious materials without any exchange of
moisture with the environment. The degree of self-desiccation is directly proportional to the
cementitious content used. Additionally, HSHPC usually generates a large amount of heat due to
the large amount of cementitious materials used, and high thermal stress is typically a result of
that. Moreover, the heat generated increases the rate of evaporation, which increases the
probability of drying shrinkage cracking [3]. These problems are usually exacerbated by Florida’s
high ambient temperatures and high solar radiation. All of these are root causes for concrete
cracking, and, once cracks occur, they can compromise the service strength of the structure,
increase the permeability of the concrete, and decrease the effective concrete cover thickness of
steel-reinforced concrete structures. Any combination of those situations can reduce the service
life of the structure, and, ultimately, could cause the structure to fail prematurely.

In summary, good workability, adequate service strength, and high durability are desirable
properties of any concrete, but very essential for HSHPC, particularly in the aggressive
environments found in Florida. Internal curing of concrete can mitigate the detrimental effects of
aggressive environmental exposures by reducing the cracking tendency and the permeability of

concrete, which increase the durability and service life of the concrete structures.

2.2 Internal Curing Mechanism in Concrete

Internal curing (IC) is one way to mitigate the cracking probability of concrete. IC entails
incorporating pre-wetted, fine lightweight aggregate (FLWA) into normal concrete. FLWA is a
very porous material, and when saturated, each FLWA particle acts like a small reservoir inside
the concrete that supplies water to the surrounding cement paste during hydration. This mechanism
helps to promote cement hydration and reduce early-age shrinkage from self-desiccation [4]. Self-
desiccation is a concrete phenomenon that can be described as self-drying of concrete due to the
hydration reactions without any exchange of moisture with the external environment. Figure 2.2

shows the schematic of internal curing versus conventional external curing.
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Fig 2.2 Internal curing versus conventional external curing [4].

Recent studies used an equation that estimates the quantity of pre-wetted aggregate
necessary to supply the amount of extra water needed during hydration to prevent or significantly
delay self-desiccation [4]. This equation can provide a good approximation of the amount of
saturated FLWA needed. The study compared different quantities of FLWA additions: higher,
lower, and equal to the value obtained from the equation. The results confirmed that higher
percentages of FLWA led to high internal relative humidity and reductions in cracking damage
[5]. However, different factors can affect the correct dosage of FLWA for IC. For example, it was
found that during the mixing, hauling, and placement processes, there were partial losses of I1C
water, which depend on the a) rate of FLWA desorption, b) rate of evaporation and drying, and c)
pozzolanic reactions between supplementary cementitious materials (SCM) and calcium
hydroxide [6]. Recently, a standard addressing the calculation of the quantity of FLWA for IC was
developed. According to ASTM C1761 [40], a portion of the fine aggregates is replaced with pre-
wetted FLWA to supply 7 extra pounds of absorbed water per 100 Ib of cementitious materials in
the mix. The calculation for the required amount of FLWA for IC per unit volume is shown in

Equation 2.1.



Cf X CSXXmayx

Miwa = S X Wiwa Eqg. 2.1

where:

Mwwa = mass of (oven dry) FLWA needed per unit volume of concrete (Ib/yd®),

Cs = cementitious materials content for concrete mixture (Ib/yd®),

CS = chemical shrinkage of cementitious materials at complete (100%) hydration, Ib of
water/lb of cement,

amax = maximum potential degree of hydration of cementitious materials (0 to 1.0),

S = degree of saturation of pre-wetted FLWA relative to the wetted surface-dry condition
(0 to 1.0), and

Wiwa = mass of water released by FLWA in going from the wetted surface-dry condition to the

equilibrium mass at a relative humidity of 94 %, expressed as a fraction of the oven-
dry mass.

2.3 Microstructure of Internally Cured Concrete

The microstructure is the fine structure of a material, which is evaluated with the aid of a
microscope. The microstructure can show the type, quantity, size, shape, and distribution of the
phases present in a solid [7]. ICC is expected to have a denser microstructure, due to a higher
degree of reaction provided by the extra water supplied by the FLWA, which enhances the
durability of the concrete. The transition zone is characterized as the weakest region in concrete.
FLWA can provide a constant water supply for hydration reactions and generate a denser transition
zone between the FLWA and the cement paste [8]. Bentz and Stutzman [9] evaluated cement
mortar made of cements blended with silica fume, slag, and fly ash to establish the behavior of
samples containing FLWA compared to samples without FLWA [9]. For this purpose, sample
microstructures were obtained using scanning electron microscopy (SEM). Figure 2.3 shows the
microscopic images of those samples. Figures 2.3a, 2.3b, and 2.3c show the images of specimens
with (right) and without (left) IC for cement with silica fume, slag, and fly ash, respectively. The
specimens without FLWA exhibited more unhydrated cement particles and larger voids in the
interfacial transition zones (ITZ), as compared with the FLWA mixes whose ITZ were more

homogeneous and denser.
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Fig 2.3 BSE/SEM images of mortar microstructures with (right) and without (left) IC: (a) cement
with silica fume specimen; (b) cement with slag specimen; (c) cement with fly ash specimen [9].

Sun et al. used SEM imaging, transport simulation, and hydration modeling techniques to
evaluate the microstructures of concretes with and without IC [8]. Figure 2.4a shows the SEM
image of a cement mortar using FLWA. The cement paste can be seen to be more hydrated and



have fewer pores, and it is difficult to visually differentiate between the aggregate borders and the
hydrated paste. Figure 2.4b shows the SEM image of hydrated cement paste using normal
aggregate. It can be seen that there are more pores in the ITZ as aggregate perimeters are clearly
distinguished, and more unhydrated cement particles are present.
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Fig 2.4 SEM images of cement mortar: (a) with IC; (b) without IC [8].

2.4 Properties of Internally Cured Concrete

This section discusses different properties of ICC except for shrinkage, which will be

discussed in a separate section.

2.4.1 Workability of Internally Cured Concrete

Workability of ICC using FLWA depends on the gradation of the FLWA used. Generally,
conventional concrete uses one grade of coarse aggregate and one grade of fine aggregate and
lacks the aggregate in the intermediate zone. Fine LWA gradation typically falls into this zone.
According to the density optimization theory for liquid solution, the addition of in-between-sized
particles would improve the flowability of the slurry; therefore, the inclusion of FLWA in ICC
should increase the workability. Previous research showed that the ICC mixtures using FLWA
required less superplasticizer to achieve the same slump values as compared with the standard
reference concretes [10]. Pendergrass et al. [11] reported that an ICC mixture, used for a bridge
deck construction in Kansas, had 25 percent higher slump compared to the conventional concrete.
The report stated that the ICC provided improved pumpability and workability [11]. In a road
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project in Texas, Texas DOT employed ICC for continuously reinforced concrete pavement placed

using a slip-form paver without any issues [12].

2.4.2 Degree of Hydration

Standard isothermal calorimetry testing can be used to evaluate the heat hydration of
cementitious materials (ASTM C1702 [42]). For FLWA, this test is principally used to determine
whether water inside the internal curing reservoirs increases the degree of hydration of cement
binder. Figure 2.5 shows a study conducted to evaluate the degree of hydration of three different
mortar samples using 0%, 50%, and 100% FLWA replacements [4]. As shown in Figure 2.5, the
test showed that IC mortar obtained a marginal increase in heat of hydration as compared with the

standard mix.
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Fig 2.5 Effect of changing internal curing LWA replacement level on measured cumulative heat
release for a blended cement and fly ash mortar [4].

The degree of hydration of an IC concrete mixture is shown in Figure 2.6. The figure shows
how the ICC had a higher degree of hydration than the control concrete sample, starting at the
relatively early ages of two or three days; the results were obtained using the calorimetry method
[13]. The test was conducted using poor curing conditions, which validates the hypothesis that 1C

tends to increase the hydration when external curing water is scarce. The increased heat of

10



hydration indicates the higher hydration activity, and consequently, ICC should see the increase in

strength.
0.8
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Fig 2.6 Measured degree of hydration for mortars with and without internal curing [13].

2.4.3 Strength

Internal curing can improve strength and elastic modulus due to an increase in the hydration
degree of the cement paste. The interfacial bonds between cement gel and aggregates are
strengthened by the increased hydration. This should help improve the strength of mortar and
concrete, regardless of the type of strength test. However, the concrete’s strength could be
adversely affected because the FLWA is weaker than the normal-weight aggregate that it is
replacing. Hence, strengths of ICC depend upon the mixture proportions, FLWA replacement
level, curing conditions, and age. A group of researchers stated that IC could improve the ultimate
strength, and the use of supplementary cementitious materials could produce even better
performance [4]. From that research, the comparison of compressive strengths of standard and IC
mortars made with portland cement and high-volume fly ash showed that the inclusion of FLWA
improved the compressive strengths of both mortars with fly ash and without fly ash [14]. Figure

2.7 shows the strength results from the research.
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Fig 2.7. Compressive strengths of mortar containing FLWA with and without fly ash [14].

Opposing strength results were found in a study that investigated the effect of using
prewetted FLWA on the tensile strengths of sealed mortars containing portland cement with
various replacement levels of normal-weight sand by FLWA, and with a w/cm = 0.30 [15]. The
tensile strength results of the mortars are shown in Figure 2.8a. In the figure, it can be seen that
the highest level of replacement caused up to a 24% reduction in tensile strength, with increasing
levels of FLWA replacement producing further reductions in strength. The report concluded that
varying levels of FLWA content have different adverse effects on the tensile strengths of the IC
mortars. However, it should be noted that these results were only for ages up to 7 days and concrete

strength is normally based on 28-day values.
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Fig 2.8. Effect of various levels of FLWA content on properties of mortars under sealed
conditions with two different FLWAs (denoted as K and H): (a) tensile strengths; (b) elastic
modulus [15].

2.4.4 Modulus of Elasticity (MOE)

Elastic modulus is an important property of concrete and usually overlooked by the
concrete designer. Typically, performance of concrete only considers the concrete strength.
However, only analyzing the strength of a concrete cannot fully describe the durability of the
concrete. Research has established that a reduced modulus of elasticity can reduce the potential
cracking of the concrete [16]. With lower MOE, a concrete can be considered more flexible than
one with greater modulus. Therefore, concrete with a lower modulus of elasticity can provide better
performance in terms of reducing early-age cracking tendency caused by autogenous shrinkage,
drying shrinkage, restrained shrinkage, thermal load, and external load. Concrete’s elastic modulus
is affected by the elastic moduli of its constituents. Fine lightweight aggregates usually have lower
elastic modulus than the typical aggregates. Consequently, ICC using FLWA has a lower elastic
modulus compared with a mixture made with normal-weight aggregates. As shown in the Figure
2.8b, the elastic modulus of ICC at an early age shows lower values than normal concrete, and the
influence of FLWA is smaller when compared to the influence on compressive strength [4]. Lower

values of elastic modulus can result in a reduction in potential cracking because the residual
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stresses are reduced. Another group of researchers characterized the MOE of different mixtures
and established that the reduced stiffness of lightweight aggregate can reduce the MOE of the

concrete when FLWA are incorporated in the concrete [17].

2.4.5 Creep

The loss of adsorbed water in hardened cement due to sustained load is the primary cause
of creep strain. Creep is time-dependent; the longer the load is applied and the greater the
magnitude of the load, the larger the creep strain the concrete experiences. In a restrained structure,
creep strain of concrete can help relieve stresses that otherwise could result in cracking as shown
in Figure 2.9 [18]. Mehta and Monteiro [7] stated that the nonlinear relationship between stress
and strain, at stress levels greater than 30 to 40 percent of the ultimate stress, shows the
contribution of microcracks in the ITZ to creep. Because of a higher degree of paste-aggregate
binding in the ITZ, the creep of ICC could be significantly different from that of traditional
concrete. Presently, creep has not been studied thoroughly in ICC, but some research shows that
ICC exhibited less creep than the control [19]. Other recent studies show conflicting results
between mixtures using pre-wetted FLWA that showed less creep than normal concrete and
mixtures using dry FLWA that exhibited higher creep than the control mix [4]. For tensile creep,
research by Cusson and Hoogeveen [20] showed an increase in the tensile creep coefficient of ICC
compared to a control concrete.
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Fig 2.9 Diagram of shrinkage cracking mechanism in concrete.

2.4.6 Permeability

Better cement hydration creates a denser and more homogeneous ITZ in the concrete
structure that can reduce permeability and increase service life [21]. Percolation, which mainly
occurs through the 1TZ, can be reduced by the incorporation of FLWA that reduces the total
amount of ITZ and increases the densification in the ITZ, thus reducing permeability of the
concrete [22]. However, Bentz et al. stated that mixtures with a high water-to-cementitious
material ratio (w/cm) (> 0.45) can exhibit percolated pathways that can easily link up with pores
in the FLWA to provide increased penetrability [4]. Conversely, Powers et al. stated that, in low
w/cm (< 0.45), the porous FLWA particles will be surrounded by a dense layer of hydration
product, thus blocking the percolation pathway from going through the FLWA [23]. Figure 2.10
illustrates schematic ITZ models of the mortars with normal aggregate and the mortar with FLWA.
The ITZ volume in 2D is shown in grey. The figures show the reduction of ITZ volume caused by
the addition of prewetted FLWA, which does not form an ITZ.
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Fig 2.10 Comparison of schematic ITZ models of mortars with normal weight sand (left) and
integration of FLWA (right) [22].

2.5 Shrinkages in Internally Cured Concrete

2.5.1 Free Shrinkage

Typically, shrinkages in concrete include chemical shrinkage, autogenous shrinkage,
plastic shrinkage, drying shrinkage, and thermal shrinkage. The amount of free shrinkage in
concrete is the sum of all the shrinkages as shown by Equation 2.2. By nature, concrete is very
vulnerable to tensile stress, and if the free shrinkage is high enough, it will produce tensile stress
that exceeds the tensile strength, resulting in shrinkage cracking in the concrete. The shrinkage
cracking mechanism in concrete is shown in the Figure 2.9. Conclusively, minimizing shrinkage
is key to reducing and preventing shrinkage cracking. This kind of problem is very critical at early
ages because concrete is still developing its structural skeleton, thereby its strength. Free shrinkage
of concrete can be measured according to ASTM C157 [43].

Free shrinkage = Autogenous shrinkage +

Plastic and Drying shrinkages + Thermal shrinkage Eqg. 2.2
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2.5.2 Chemical Shrinkage

Chemical shrinkage is absolute volumetric reduction in cement paste as a result of chemical
reactions between the cementitious materials and water, i.e. hydration reactions. This occurs
because the volume of the hydration reaction products is less than the volume of the reactants [3],
[18]. Principal chemical composition of portland cement and selected properties are shown in
Table 2.1, and principal hydration reactions of portland cement and their volumetric changes are
shown in Table 2.2 [3]. All four principal hydration reactions of portland cement result in reduction
in volume, about 9.2% overall. This demonstrates that portland cement concrete will always

undergo volumetric reduction by its own nature.

Table 2.1 Reactants and Reaction Products of Portland Cement Hydration and Their Molar

Volumes [3].
Oxide/ .
Compound/  Abbreviation Chemical Notation SpeC|_f|c Msolar \{Golume
Gravity  (m® x 10°°/mole)
Phase
C CaO - -
S SiO; - -
A Al;,O3 - -
S
=< F Fe,0O3 - -
o
M MgO - -
S SOs - -
H H20 1.00 18.0
CsS 3Ca0-Si0; 3.21 71.0
g C.S 2Ca0-Aly03 3.28 52.0
>
é CsA 3Ca0-Al,0; 3.03 89.1
S} C.AF 4Ca0-Al;05-Fe;0s 3.73 128.0
CSH; CaS04:2H,0 3.15 74.2
C17SH4 Calcium-Silicate-Hydrate (C-S-H) 212 108.0
@ CH Calcium Hydroxide 2.24 33.1
[3+]
T CoASsHa: Ettringite 1.70 735.0
3CsASH12 Monosulfate 1.99 313.0
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Table 2.2 Principal Hydration Reactions of Portland Cement and Their Volumetric Changes [3].

Reactant Product
Silicate Reaction CsS +5.3H C17SH4+ 1.3CH
Volume (m? x 10°) 71.0 +5.3(18) = 166.4 108 + 1.3(33.1) = 151.0
Relative Volume 1.000 0.907
Silicate Reaction C.S +4.3H C17SH4 + 0.3CH
Volume (m? x 10°6) 52.0 + 4.3(18) = 129.4 108 +0.3(33.1) = 117.9
Relative Volume 1.000 0.911
Aluminate Reaction C3A + 26H + 3CSH; CsASsHa3,
Volume (m? x 10°) 89.1 + 26(18) + 3(74.2) = 779.7 735.0
Relative Volume 1.000 0.943
Aluminate Reaction 2C3A + 4H + CsASsH3, 3C4ASH1,

Volume (m? x 10)

2(89.1) + 4(18) + 735 = 985.2

3(313) = 939.0

Relative Volume 1.000 - 0.953

2.5.3 Autogenous Shrinkage

As described in ACI CT-18 [46], Autogenous shrinkage is the reduction in bulk volume,
of a concrete sample during hydration, due to the chemical shrinkage that occurs at constant
temperature, without an external water source, free of external loads, and measured after final set.
Without an external water source, internal pores begin to empty from chemical shrinkage. As
water is consumed by hydration reactions, menisci form in the partially-filled internal pores and
capillaries, resulting in internal tensile stresses that tend to consolidate the structure, causing bulk
shrinkage. Although autogenous shrinkage is caused by chemical shrinkage, its magnitude is less
due to the combined restraint of the rigid cementitious skeleton and the aggregates. If the
autogenous shrinkage is great enough, the restraint may cause cracking. [3], [18]. The relationship
between the pressure (stress) and capillary diameter is shown in Equation 2.3 [24]. Figure 2.11

shows a schematic representation of surface tension in a concrete pore.

—4 Xy Xcos6
d

P = Eqg. 2.3
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where:

P = pressure,

y = surface tension of the liquid,

0 = contact angle of the liquid, and
d = diameter of the capillary.
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Fig 2.11 Surface tension (capillary tension) in concrete pore.

The process of autogenous shrinkage of concrete can be described in several stages. The
first stage is the fluid stage, which spans from the time of first contact with water to the initial
setting time, during which chemical shrinkage begins and bulk shrinkage can occur without any
restraint due to the unsolidified nature of the fresh concrete. The skeleton-formation stage occurs
from the start of initial set (semi-rigid) to final set (rigid). During this stage, the capillary stress is
beginning to develop, resulting in autogenous shrinkage that is partially restrained by the rigid
skeleton, causing tensile stress. Heat generated by the hydration reactions results in bulk volume
increase due to thermal expansion, which increases the tensile stress. The hardening stage begins
after final set, and is characterized by continued autogenous shrinkage, which increases the tensile
stress [25]. A previous study evaluated the effect of IC on autogenous shrinkage using mortars
with blended cement, w/cm of 0.35, and FLWA (8% and 20% replacement) [26]. The results
showed a significant reduction in the autogenous shrinkage with a replacement level of 8% of
FLWA, and an almost complete elimination of autogenous shrinkage with 20% substitution of
FLWA. The researchers explained that the mortars withdrew the water from the FLWA particles

and maintained a high relative humidity, which reduced the capillary stress.
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HSHPC normally has a high cementitious material content and a low w/cm; as a result, it
does not have enough water to fully hydrate all its cementitious material. Compared to a well-
hydrated concrete, the same concrete with a reduced degree of hydration will have lower strength
and higher porosity and permeability due to reduced refining of the pore structure. Water is
withdrawn from the capillaries at an earlier age due to the lower water content, which means that
tensile stresses that develop from capillary action occur at an earlier age. This higher rate of water
withdrawal from the capillaries increases the rate of internal tensile stress development and the
subsequent autogenous shrinkage, which increases the probability of cracking. Additionally,
concrete self-desiccation can magnify the internal stresses that are caused by plastic, drying, and

thermal shrinkages, particularly in early-age concrete.

2.5.4 Plastic Shrinkage

Plastic shrinkage occurs after the concrete is placed, while it is still in a plastic state, and
before it develops any strength. It happens because plastic concrete loses moisture by evaporation
of water at the surface, absorption of batch water by dry aggregates, or absorption by base materials
in contact with the concrete. A high rate of evaporation during concrete placement usually leads
to plastic shrinkage, then cracking in concrete, allowing ingress of deleterious materials that attack
the concrete and diminish its service life. In concrete pavements particularly, the area exposed to
the environment is larger than other structures (higher surface-area-to-volume ratio), which leads
to excessive plastic shrinkage and plastic shrinkage cracking [3].

After placement, cement and aggregate particles tend to settle due to gravity, displacing
water to the surface. This water, called bleed water, forms a thin layer at the surface where it is
free to evaporate to the environment. The coarsest particles, which displace the most water, settle
first, and as the settling particles get smaller, the rate of water displacement (bleeding) decreases.
A rigid skeleton eventually develops from the interlocking of hydration products and further
reduces the particle settlement / water displacement. As the concrete structure continues to
develop, there is less and less bleed water reaching the surface. While water evaporation is
continuously taking place during the skeleton-formation and hardening stages, the bleeding water
is becoming less and less available. Once this water layer evaporates, water will begin to be drawn

from the near-surface pores and capillaries, creating tensile stresses that cause plastic shrinkage.
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Due to very low concrete strength before the formation of a rigid structure at final set, the tensile
stresses developed from capillary action can cause plastic shrinkage cracking [27].

When prewetted FLWA is used, the water can be transferred to the cement paste. The paste
would then be able to maintain its saturation; therefore, plastic shrinkage would be reduced similar
to the autogenous shrinkage remedial mechanism. Researchers conducted a study to evaluate
concretes with different percentages of FLWA replacement, ranging from 0% to 18%. The data
showed that, in mixtures containing 18% of FLWA replacement, there was a significant reduction
in cracking potential, and the width of the cracks generated by plastic shrinkage were smaller [28].
Meanwhile, the standard mix with 0% FLWA showed earlier shrinkage and larger crack widths.
The results indicate that the presence of a high percentage of FLWA replacement could improve a
plastic shrinkage problem. The research showed that plastic shrinkage cracking may be decreased
or eliminated if the right amount of FLWA is used. Internal curing using FLWA is beneficial to
reducing shrinkage, but it is also necessary to understand that any water consumed during plastic
shrinkage period will not be available later to reduce autogenous and drying shrinkage and promote

cement hydration [4].

2.5.5 Drying Shrinkage

Drying shrinkage is similar to plastic shrinkage in that it is caused by the loss of water, but
it happens after the concrete has hardened. Generally, concrete uses more water than just the water
necessary to hydrate the paste. This is known as the water of convenience, which provides needed
workability. This extra water eventually evaporates, generating changes in the volume of concrete.
Drying shrinkage consequently involves the movement and loss of water from within the pores in
the hydrated paste and from within the structure of the gel hydration products, changing the
concrete volume [3]. The capillary forces generated by the loss of water to the surrounding
environment create shrinkage stresses that are restrained by the hydrating cementitious matrix.
Shrinkage is greatest at early ages of the concrete, especially in the first seven days. Besides the
potential for shrinkage cracking, the loss of water can compromise concrete strength if the
remaining water is insufficient to adequately hydrate the cementitious materials.

Internal curing of the concrete can provide the extra water needed to properly hydrate the
cementitious material, mitigate drying shrinkage cracking, and mitigate autogenous cracking,

which can greatly improve the durability of concrete [7]. The effect of internal curing on drying
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shrinkage was studied using prismatic mortar specimens, and the results are shown in Figure 2.12
[5]. The strain versus age plots show that drying shrinkage decreased as the percentage of FLWA
replacement increased. These results can be explained by the fact that IC water in FLWA pores
was used by the hydrating paste to maintain saturation in the concrete, thereby reducing the
capillary stresses that cause autogenous shrinkage and early-age cracking. Similar to the plastic
shrinkage, any water from FLWA lost during drying shrinkage will not be available later to reduce

autogenous shrinkage and promote cement hydration.
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Fig 2.12. Free shrinkages of mortars with various levels of IC under unsealed conditions [5].

2.5.6 Thermal Shrinkage

The use of a high cementitious content in HSHPC also translates to a high heat generation.
In a structure, the profile of the temperature of hydrating concrete is characterized by an initial
increase to a temperature maximum during the first few days, due to the liberation of heat
generated by hydration, then by a non-uniform decrease in temperature until the ambient
temperature is reached [7]. The generated heat influences concrete’s thermal shrinkage. The
concrete thermal shrinkage is a change in concrete bulk volume that is caused by the change in
concrete temperature. Rising temperature expands the concrete, and decreasing temperature
shrinks it. The linear thermal change in concrete can be calculated with the linear coefficient of
thermal expansion (CTE) as shown in Equation 2.4 (AASHTO T 336 [44]).
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AL = a,ATL Eq. 2.4

where:

4L = change in length,

L = original length,

al = linear CTE, and

AT = change in temperature.

Usage of FLWA as an IC agent can improve the resistance to thermal shrinkage because,
typically, FLWA has much lower CTE than the normal-weight fine aggregate. CTE of concrete is
primarily influenced by the CTEs of its constituents; therefore, the CTE of ICC would be lower
than the standard concrete. According to the Equation 2.4, ICC creates less thermal shrinkage in
the concrete as compared to the standard concrete due to its lower CTE; consequently, it would
generate less internal stress. Likewise, the larger the temperature change, the larger the amount of
thermal shrinkage that would occur, which would result in a higher tendency for the concrete to
crack. Research has demonstrated that IC can extend the time needed to crack the IC mortar versus
the standard control mortar [29]. The results are shown in Figure 2.13 (adapted from [29]). It
showed that IC can significantly increase the buffer for the mortar with respect to thermal shock
during early ages and from diurnal temperature change. Lastly, the internal heat also accelerates
the moisture loss in concrete, which amplifies the autogenous, plastic, and drying shrinkages.
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Fig 2.13 The temperature change permitted before cracking occurs in standard control mortar
(mixture M30-0) and IC mortar (mixtures M30-12 and M30-24). Adapted from [29].

2.5.7 Restrained Shrinkage

Concrete shrinkage and restraint, in the form of reinforcing bars, connected structural
elements, or a gradient of stress, can create internal stress inside the concrete body leading to
cracking as shown in the Figure 2.10. The relationship between stress, strain, and elastic modulus
as shown in Equation 2.5 demonstrates that, for concretes with the same given strain, the concrete
having higher MOE generates stress that is higher than that of the one having lower MOE. This
indicates that MOE mandates the amount of stress induced by a given shrinkage. For the same

limiting strength, a concrete with a lower MOE can withstand greater volume changes.

o = MOE X¢ Eqg. 25
where:
o = stress,
MOE = modulus of elasticity, and
£ = strain (shrinkage)

Internal curing can improve the resistance to restrained shrinkage due to the use of low-

modulus FLWA. Modulus of elasticity of concrete is influenced by its constituents’ moduli,
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indicating that it can be influenced by the modulus of the fine aggregate. As discussed in an earlier
section, FLWA has a significantly lower MOE than that of the normal-weight fine aggregate due
to its porous structure and, consequently, it can lower the overall concrete’s MOE. A recent study
compared the behavior of mortars, with and without FLWA, when they were under restraint. When
residual stresses were compared for the first 2 days, both mortars showed low stress development,
but after that, normal mortars presented higher stress development. The specimens were evaluated
for 14 days, and all normal mortars cracked at different stresses during that time period, but the
FLWA mortars did not exhibit cracking in the same period of time. This suggests that internally

cured mortars tend to have a better cracking-resistance performance [30].

2.6 Techniques to Enhance Internally Cured Concrete

Several other techniques to enhance concrete properties, such as shrinkage reduction and
durability improvement, include the use of optimized aggregate gradations, shrinkage-reducing
admixture additions, and polymeric microfiber additions. These techniques can further reduce

shrinkages and enhance durability of ICC mixtures, and are described in the following sections.

2.6.1 Optimized Aggregate Gradation (OAG)

Optimized aggregate gradation is a method used to optimize the aggregate packing density
of a concrete for a given set of aggregates. This can improve the workability of fresh concrete
[31], and reduce autogenous, plastic, and drying shrinkages [32]. Also, heat of hydration of
concrete can be reduced by applying OAG method to reduce the amount of paste [33]. There are
many well-known methods for aggregate optimization. Examples include the use of the maximum
density method [34], the 0.45 power chart [35], the fineness modulus [36], the Shilstone chart [31],
and the Tarantula curve [37]. Based on comparisons of each method’s advantages and
disadvantages and results from the preliminary laboratory work, the Shilstone chart, as shown in
Figure 2.14, was selected as the method of choice for aggregate gradation optimization. It gave the
best combinations of workability, consistency of the fresh concrete, ease of implementation, and
potential to reduce cementitious content, which would correspondingly reduce the concrete

shrinkages.
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Fig 2.14 Shilstone chart [31].

2.6.2 Shrinkage-reducing Admixture (SRA)

Use of shrinkage-reducing admixture is another way that can be used to reduce shrinkages
in concrete. SRAs work by reducing the surface tension (capillary tension shown in Figure 2.11)
of pore fluid inside the concrete, which reduces the autogenous and plastic/drying shrinkages.
Additionally, SRAs could include expansive additives such as magnesium oxide to compensate
for the concrete shrinkages. SRAs have been shown to have great effect in reducing shrinkage and

tendency of cracking of concrete [38], [39].

2.6.3 Polymeric Microfiber (PMF)

Another well-known technique to reduce cracking in concrete is the use of polymeric
microfibers. These microfibers can stop crack propagation by bridging the mouths of any cracks
that form and reducing the high stresses localized at the cracks by distributing the stresses over
wider areas along the lengths of the fibers [39], [41]. Unlike the other shrinkage-reducing
techniques, PMF can provide post-crack load resistance, which could enhance the concrete
toughness and cracking resistance. Generally, PMF does not considerably alter the amount of
shrinkages in the concrete (including total shrinkage), but it can resist cracking by the physical
restraint provided between the concrete and the fiber [39]. PMF normally does not have a large
effect on the concrete strength; however, it could have big adverse effect on the workability [41].

Schematic representation of PMF in concrete is shown in Figure 2.15.
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Fig 2.15 Representation of PMF in concrete [41].

2.7 Autogenous Shrinkage Test for Concrete

Currently, the autogenous shrinkage of concrete can only be approximated from a standard
test for cement paste and mortar, ASTM C1698 — Standard Test Method for Autogenous Strain of
Cement Paste and Mortar [45]. To evaluate autogenous deformation in paste and mortar, a
corrugated polymeric tube is used. The deformation of a sample is measured, and the expansion
or shrinkage is calculated according to the method. However, the test is not suitable to run on
concrete because of the undersized plastic tube as shown in Figure 2.16. Because the test does not
take into consideration the restraint effect of the aggregates, the test result is not appropriate to be
used to analyze shrinkage of concrete. Therefore, there is a need for a better standard testing

method to determine autogenous shrinkage of concrete.
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CHAPTER 3
LABORATORY TESTING PROGRAM AND ANALYSIS OF RESULTS

A laboratory testing program was developed to evaluate the effects of incorporating
optimized aggregate gradation (OAG), shrinkage-reducing admixture (SRA), and polymeric
microfiber (PMF) techniques in both standard concrete (SC) and internally cured concrete (ICC).
The performance and usability of those concretes for pavement, bridge decks, and higher-strength
applications under Florida conditions will be evaluated. This laboratory testing program was
performed in the concrete laboratory of the Florida Department of Transportation (FDOT)’s State
Materials Office (SMO) in Gainesville, Florida. This chapter describes the mix proportions and
the mix ingredients of the concrete mixtures for pavement, bridge deck, and high-strength
applications evaluated in this study. The purpose of this study was to evaluate applicability of
those mixtures to Florida conditions. The base mix designs of these concretes were selected from
the database of approved mix designs from actual FDOT projects in order to best represent the
concrete mixes used in road, bridge, and high-strength structures in the State of Florida. This
chapter covers (1) raw materials used and mix designs, (2) laboratory testing program, and (3)

analysis of results of laboratory testing program.

3.1 Materials and Mix Designs

3.1.1 Mix Constituents

The materials used were primarily selected from locally available sources in order to
maintain similarity to the typical Florida concretes. This also kept the cost of transportation to a
minimum. Moreover, the mix constituents used in this study were all from sources approved by
FDOT except for the fine lightweight aggregate (FLWA) source, which has yet to be approved by
FDOT. The mix constituents that were used in producing the concrete mixtures are described in

this section.

3.1.1.1 Cement

Portland cement Type I/11 was used in this laboratory testing program. All cement lots were
found to meet the requirements of the standard specification AASHTO M85-15 [47]. All the
cement was acquired in 94-1b bags and was kept in a temperature- and humidity-controlled room

29



according to the standard specification.

3.1.1.2 Fly Ash

Fly ash has been used extensively by FDOT to improve the durability of concrete, hence
Class F fly ash was chosen for use in this laboratory testing program. All fly ash lots were found
to meet the requirements of the standard specification ASTM C618 - 12 [48]. Barrels of fly ash

were kept in a temperature- and humidity-controlled room according to the standard specification.

3.1.1.3 Coarse Aggregates

Florida limestone was selected for use as coarse aggregate in this study because it is
frequently used in FDOT concrete. The coarse aggregate was from mine number 87-090 Miami
Oolite formation. Two nominal sizes of coarse aggregates were used in this study, which were #57
and #89 according to the FDOT Standard Specification for Road and Bridge Construction section
901 (SSRBC) [49]. The physical properties of the limestone were determined by the SMO and met
the requirements of the standard specification. Before concrete mixing, the coarse aggregate was
bagged from the covered stockpile; then it was submerged in a water tank for 24 hours to reach a
saturated condition. The physical properties of the two coarse aggregates are shown in Table 3.1
and their gradations are shown in Figures 3.1 and 3.2.
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Table 3.1 Physical Properties of the Coarse Aggregates

Standard Testing

Specification

Test Method Unit Result Limits
#57 Stone
Materials Finer Than 75 pm AASHTO T11 [50] % 1.57 <1.75%
SSD Specific Gravity AASHTO T85 [51] NA 2.448 not specified
Apparent Specific Gravity AASHTO T85 NA 2.551 not specified
Bulk Specific Gravity AASHTO T85 NA 2.381 not specified
Absorption AASHTO T85 % 2.8 not specified
Gradation
Sieve 1-1/2” AASHTO T27 [62] % passing 100 100
Sieve 17 AASHTO T27 % passing 99.8 95 -100
Sieve 1/2” AASHTO T27 % passing 53.5 25-60
Sieve No.4 AASHTO T27 % passing 55 0-10
Sieve No.8 AASHTO T27 % passing 3.3 0-5
#89 Stone
Materials Finer Than 75 um AASHTO T11 % 1.25 <1.75%
SSD Specific Gravity AASHTO T85 NA 2.451 not specified
Apparent Specific Gravity AASHTO T85 NA 2.632 not specified
Bulk Specific Gravity AASHTO T85 NA 2.340 not specified
Absorption AASHTO T85 % 4.7 not specified
Gradation
Sieve 1/2” AASHTO T27 % passing 100 100
Sieve 3/8” AASHTO T27 % passing 95.8 90 - 100
Sieve No.4 AASHTO T27 % passing 44.3 20-55
Sieve No0.8 AASHTO T27 % passing 7.5 5-30
Sieve No0.16 AASHTO T27 % passing 3.4 0-10
Sieve No0.50 AASHTO T27 % passing 2 0-5
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Fig 3.2 Gradation of coarse aggregate #89.

3.1.1.4 Fine Aggregates
This study used two types of fine aggregates, namely fine normal-weight and fine

lightweight aggregates.
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Lightweight aggregate

The FLWA used was a manufactured expanded clay from Louisiana. Various sizes of the
FLWA were evaluated for their performance as an internal curing (IC) agent. It was decided that
the FLWA with 4.75 mm (3/16 in.) nominal maximum aggregate size was suitable for internally
cured concrete (ICC). Based on several trial mixes, this aggregate demonstrated good workability
and good plastic properties in the fresh concrete. Additionally, because of its high absorption
characteristic, it had potential to be a good IC agent and could give best benefits to the concrete.
To use the FLWA as an IC agent, multiple procedures were performed to assess its IC ability. By
following the procedures in ASTM C1761 [40], the physical properties of the FLWA were
determined, including density, specific gravity, absorption and desorption rates, minus 200-mesh
material content, gradation, and abrasion resistance. The test results are shown in Table 3.2 and its
gradation is shown in Figure 3.3.

Normal-weight aggreqgate

The normal-weight fine aggregate used was a siliceous sand from the Ludowicie, Georgia
mine number GA-397. The physical properties of the sand were determined by the FDOT SMO
and met the requirements of the SSRBC section 902. Before concrete mixing, the fine aggregate
was bagged from the covered stockpile and oven-dried for 12 hours. This was done to eliminate
all the moisture inside the aggregates. The physical properties of the siliceous sand used are shown

in Table 3.2 and its gradation is shown in Figure 3.4.
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Table 3.2 Physical Properties of the Fine Aggregates

Standard Testing

Specification

Test Method Unit Result Limits
Fine lightweight aggregate
Materials Finer Than 75 um AASHTO T11 % 0.63 <1.75%
SSD Specific Gravity AASHTO T84 [53] NA 1.538 not specified
Apparent Specific Gravity AASHTO T84 NA 1.780 not specified
Bulk Specific Gravity AASHTO T84 NA 1.228 not specified
Bulk Density AASHTO T19 [54] Ib/ft® 47 33-55
Absorption Rate at 72 hours ASTM C1761 % 25.2 > 5%
Desorption Rate ASTM C1761 % 96.2 >85%
Fineness Modulus AASHTO T27 NA 4.29 not specified
Abrasion FM1-T096 [55] % 21 <45%
Gradation
Sieve 3/8” ASTM C1761 % passing 100 100
Sieve #4 ASTM C1761 % passing 99.2 65— 100
Sieve #8 ASTM C1761 % passing 59.4 not specified
Sieve #16 ASTM C1761 % passing 21.7 15-80
Sieve #50 ASTM C1761 % passing 4.8 0-35
Sieve #100 ASTM C1761 % passing 3.6 0-25
Sand
Materials Finer Than 75 pm AASHTO T11 % 0.3 <1.75%
SSD Specific Gravity AASHTO T84 NA 2.644 not specified
Apparent Specific Gravity AASHTO T84 NA 2.650 not specified
Bulk Specific Gravity AASHTO T84 NA 2.640 not specified
Absorption AASHTO T84 % 0.1 not specified
Fineness Modulus AASHTO T27 NA 242 not specified
Gradation
Sieve 3/8” AASHTO T27 % passing 100 100
Sieve No.4 AASHTO T27 % passing 98.9 95-100
Sieve No.8 AASHTO T27 % passing 95.9 85-100
Sieve No0.16 AASHTO T27 % passing 86.5 65— 97
Sieve No0.30 AASHTO T27 % passing 60.6 25-70
Sieve No0.50 AASHTO T27 % passing 154 5-35
Sieve No0.100 AASHTO T27 % passing 1.2 0-7
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3.1.1.5 Water

Normal tap water supplied by the local city water system was used as mixing water for all

concrete mixes.
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3.1.1.6 Admixtures
All the admixtures used were from approved admixture manufacturers, and the admixtures’

physical and chemical properties were periodically determined by the FDOT SMO.

Air-entraining admixture

An air-entraining admixture was used to help increase the air content of the concretes. The
admixture complied with the standard specification ASTM C260 [56]. It was mixed with the

mixing water before the water was added into the concrete mixer.

Water-reducing and retarding admixture

The water-reducing and retarding admixture used was a polymer-based liquid solution that
met the requirements of the standard specification ASTM C494 [57] for a Type D admixture. The
admixture was primarily used to help produce good workability and good plastic properties.
During concrete mixing, the admixture was added after all other mix ingredients were blended in

the concrete mixer, to adjust the concrete to the desired workability.

High-range water-reducing admixture

The high-range water-reducing admixture used was a high-efficiency polycarboxylate-
based liquid superplasticizer solution that met the requirements of the standard specification
ASTM C494 for a Type F admixture. The admixture was primarily used to help achieve good
workability and good plastic properties with no segregation in a low w/cm ratio concrete. During
concrete mixing, the Type F admixture was used when the addition of the water-reducing
admixture (Type D) was unable to achieve the desired slump.

Shrinkage-reducing admixture

The shrinkage-reducing admixture used was an off-white powder concrete admixture. The
admixture is a proprietary magnesium oxide-based formula that works by controlled expansion
that compensates for the shrinkage of concrete. It met the requirements of a Type S admixture as
described in standard specification ASTM C494, and it has a specific gravity of 2.256. During
concrete mixing, the admixture was added to the mix along with the cement. The manufacturer-

recommended dosage was 5% by weight of the portland cement.

Polymeric microfiber

The polymeric microfiber used was a synthetic fiber manufactured from polypropylene. Its
primary use is to protect the concrete from cracking by mechanically bridging the crack opening.
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The fiber has a circular cross-section with a length of 0.75 inch and a diameter-to-length ratio of
1 to 50. Its modulus of elasticity (MOE) is 500 ksi, and its specific gravity is 0.91. The fiber
complied with standard specification ASTM C1116 [58]. During concrete mixing, the fiber was
added to the mix along with the fly ash. The manufacturer-recommended dosage was 1.5 pounds

per cubic yard of concrete.

3.1.2 Mix Designs

Detailed descriptions of the evaluated mix designs and their proportioning were given in
the report for Task 2 of this study; however, a summary of them is presented in this section. Three
FDOT mix designs were chosen from an approved concrete mixture database as base mix designs
for three different structural applications - one from Class | (Pavement), one from Class 11 (Bridge
Deck), and one from Class V concrete. Along with the standard control (SC) mixes, internally
cured concrete (ICC) mixes for the three concrete classifications were also developed and
evaluated. For ICC, a portion of the fine aggregate was replaced with pre-wetted FLWA. The
quantity of the FLWA used was an amount that would supply 7 Ib of absorbed water per 100 Ib of
cementitious materials used in the mix. Additionally, other techniques were utilized to improve

the shrinkage performance of the SC and ICC mixtures. Those techniques were as follows:

1) Optimized aggregate gradation (OAG)
2) Shrinkage-reducing admixture (SRA)
3) Polymeric microfiber (PMF)

After three base mix designs from the database were chosen, the first step was to substitute
the mix constituents from the original mix designs with the selected raw materials. Those mix
designs were then proportioned according to different methods, which were achieved by addition
of an intermediate-sized aggregate for OAG, replacing a part of sand with SRA, and replacing a
part of sand with PMF. More in-depth concrete proportioning for those crack-reduction methods
was previously described in the report for Task 1. Moreover, the FDOT specification [49] Section
346 specifies some parameters relating to mixture proportioning, which are shown in Table 3.3.
The mix proportions of the evaluated concretes for Class | (Pavement), Class Il (Bridge Deck),
and Class V are presented in Tables 3.4 through 3.9. In total, 33 different mix designs (eleven
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mixes per classification) were tested in this laboratory testing program, and all 33 mix designs

were duplicated for a total of 66 production batches.

Table 3.3 Mix Design Requirements for FDOT Concrete Classification

Minimum

Total Maximum  Minimum Over- Allowable Air
Class of Concrete L - design
Cementitious w/cmratio  Strength Slump Content
Strength
Content
(Iblyd®) (psi) (psi) (in.) (%)
Class | (Pavement) 470 0.50 3,000 4,200 1to6 1to6
Class Il (Bridge Deck) 470 0.44 4,500 5,700 1t06 1t06
Class V 752 0.37 6,500 7,900 1to6 1t06

Table 3.4 Mix Proportions for Class | (Pavement) Concretes (Solid Raw Materials)

Mix \g/ ‘M Cement Fly Ash  Water coarse Fine

atio #57 #89  FLWA  Sand
(Iblyd®)  (Ib/yd®) (Iblyd®) (Ib/yd®) (Iblyd®) (Ib/yd®) (Iblyd3)

M1-SC 432 108 238 1,473 - - 1,370
M1-OAG 100 432 108 238 1,701 256 - 1,079
M1-OAG 90 389 97 214 1,720 254 - 1,166
M1-SRA 432 108 238 1,683 - - 1,354
M1-PMF 432 108 238 1,691 - - 1,367
M1-1CC 044 432 108 238 1,696 - 192 1,019

M1-ICC-OAG 100 432 108 238 1,630 146 192 932
M1-ICC-OAG 90 389 97 214 1619 216 179 1,016
M1-ICC-SRA 432 108 238 1,689 - 192 1,022
M1-1CC-PMF 432 108 238 1,692 - 192 1,033

M1-ICC-OAG-SRA 432 108 238 1,623 146 192 935
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Table 3.5 Mix Proportions for Class | (Pavement) Concretes (Admixtures and Additions)

Mix Adﬁliié\ure A-(Ij-mitﬁre A;irr)llfi))e(tllj re SRA PMF
(oz/cwt) (oz/cwt) (oz/cwt) (Ibfyd®)  (Iblyd®)
M1-SC 0.04 5.2 6.0 - -
M1-OAG 100 0.11 5.0 19 - -
M1-OAG 90 0.13 5.0 4.7 - -
M1-SRA 0.16 5.2 6.2 21.6 -
M1-PMF 0.15 5.3 5.3 - 15
M1-ICC 0.00 5.0 3.7 - -
M1-ICC-OAG 100 0.20 5.0 3.2 - -
M1-ICC-OAG 90 0.13 54 6.3 - -
M1-ICC-SRA 0.20 5.0 3.2 21.6 -
M1-ICC-PMF 0.25 5.0 3.7 - 15
M1-ICC-OAG-SRA 0.27 5.0 3.7 21.6 -

Table 3.6 Mix Proportions for Class Il (Bridge Deck) Concretes (Solid Raw Materials)

Mix \g/ ®M  Cement FlyAsh  Water coarse Fine
atio #57 #9  FLWA  Sand
(Io/yd®)  (Iblyd®)  (Ib/yd®)  (Ib/yd)  (Ib/yd®)  (Ib/yd®)  (Iblyd®)
M2-SC 552 138 276 1,647 - - 1,198
M2-OAG 100 552 138 276 1,548 404 - 863
M2-OAG 85 469 117 235 1,532 455 - 1,018
M2-OAG 75 414 104 207 1,551 465 - 1,112
M2-SRA 552 138 276 1,660 - - 1,138
M2-PMF 0.40 552 138 276 1,642 - - 1,186
M2-ICC 552 138 276 1,490 - 245 767
M2-ICC-OAG 552 138 276 1,308 455 245 639
M2-ICC-SRA 552 138 276 1,648 - 245 729
M2-ICC-PMF 552 138 276 1,647 - 245 756
M2-ICC-OAG-SRA 552 138 276 1,298 446 245 627
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Table 3.7 Mix Proportions for Class Il (Bridge Deck) Concretes (Admixtures and
Additions)

Mix Ad'rAnIiEQure A-(Ij-mitﬁre A;jrr);lpi)itllj re SRA PMF
(0z/cwt) (oz/cwt) (oz/cwt) (Ib/yd®)  (Iblyd?)
M2-SC 2.29 5.0 0.2 - -
M2-OAG 100 4.49 338 0.0 - -
M2-OAG 85 0.61 5.0 2.3 - -
M2-OAG 75 0.12 5.0 5.7 - -
M2-SRA 0.46 4.1 0.9 27.6 -
M2-PMF 0.29 5.0 0.8 - 15
M2-1CC 3.29 21 0.8 - -
M2-ICC-OAG 3.20 3.3 0.7 - -
M2-ICC-SRA 4.10 5.0 2.0 27.6 -
M2-1CC-PMF 1.29 5.0 1.3 - 15
M2-ICC-OAG-SRA 3.36 5.0 11 27.6 -

Table 3.8 Mix Proportions for Class V Concretes (Solid Raw Materials)

Mix w/ M Cement Fly Ash  Water Coarse Fine
Ratio #57 #9  FLWA  Sand
(Ib/yd®)  (Iblyd®) (Ib/yd®) (Iblyd®) (Ib/yd®) (Iblyd®)  (Iblyd?)
M3-SC 632 158 269 1,629 - - 1,133
M3-OAG 100 632 158 269 1644 336 - 753
M3-OAG 85 537 134 226 1671 372 - 899
M3-OAG 75 474 119 202 1644 429 - 1,009
M3-SRA 632 158 269 1,627 - - 1,106
M3-PMF 034 632 158 269 1,631 - - 1,129
M3-ICC 632 158 269 1,702 - 280 596
M3-ICC-OAG 632 158 269 1,665 94 280 536
M3-ICC-SRA 632 158 269 1,638 - 280 631
M3-1CC-PMF 632 158 269 1,628 - 280 674
M3-1CC-OAG-SRA 632 158 269 1,645 92 280 528
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Table 3.9 Mix Proportions for Class V Concretes (Admixtures and Additions)

AEA Type D Type F

Mix Admixture  Admixture  Admixture SRA PMF
(0z/cwt) (0z/cwt) (oz/cwt) (Ib/yd®)  (Iblyd?)
M3-SC 0.40 4.7 1.7 - -
M3-OAG 100 0.76 4.0 1.0 - -
M3-OAG 85 1.15 4.0 25 - -
M3-OAG 75 1.88 4.3 6.2 - -
M3-SRA 6.75 4.7 2.6 31.6 -
M3-PMF 0.39 4.0 19 - 15
M3-ICC 1.14 4.0 2.7 - -
M3-ICC-OAG 240 3.5 24 - -
M3-ICC-SRA 4.37 4.0 4.1 31.6 -
M3-ICC-PMF 2.03 4.0 25 - 15
M3-ICC-OAG-SRA 6.84 4.0 2.9 31.6 -

3.2 Laboratory Testing Program

This section describes the laboratory testing procedures to evaluate the performance and
usability of the tested concrete mixtures. All specimen preparation and testing was performed at
FDOT’s SMO in Gainesville, FL. This section also explains the preparation of the concrete
mixtures and fabrication and curing of the concrete specimens in the laboratory. Standard testing
methods from ASTM, AASHTO, FDOT, and other related testing methods performed on the

mixtures and specimens are described here as well.

3.2.1 Trial Mixes

Trial mixes were conducted for all mix designs to ensure that the evaluated mixtures had
the proper fresh and hardened concrete properties. Each trial mix size was 2 ft® and was mixed in
a 4.5-ft3 drum mixer. The mixing was done in a temperature-controlled room with a temperature
range of 68° to 77° F and a relative humidity of about 50%. Air-entraining, water-reducing, and
high-range water-reducing admixtures were utilized, when necessary, to help achieve the desirable
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fresh concrete properties. The fresh concrete was tested for its plastic properties, which included
slump, air content, density, concrete temperature, time of set, and bleeding. Afterward, 4” x 8”
concrete cylinders were cast to test for compressive strength. The strength results were then
compared to the target over-designed strength. Both plastic properties and compressive strength
of the trial mix were required to satisfy their respective target values before being deemed ready
for production mixing. The plastic properties and over-designed strength requirement will be

discussed in the following section.

3.2.2 Production Mixes

All 66 production batches were conducted with the mix designs verified from the trial
mixes. Each production mix size was 9 ft* and mixed in a 12.5-ft> drum mixer. The plastic
properties of the production batch sometimes different from the trial mix due to variations in
aggregate moisture, room temperature, and aggregate gradation; therefore, air-entraining, water-
reducing, and high-range water-reducing admixtures dosage had to be adjusted to achieve the
desirable fresh concrete properties. Nevertheless, the water-to-cementitious material ratio (w/cm)
and the total cementitious content were not changed from the values specified in the mix design.
The mixing was done in the same temperature-controlled room with temperature range of 68° to
77° F and relative humidity of about 50%. After the desirable fresh concrete properties were
attained, the concrete specimens were cast in different sizes and shapes as per the test methods.
Figure 3.5 shows the drum mixer used for production mixing and the beam, prism, and cylinder
specimens after consolidation. After the completion of specimen fabrication, the concrete samples
were covered and allowed to cure for 24 hours. Then, the specimens were removed from the molds,
transported to the moist curing room, which had a temperature range of 70° to 77° F and relative
humidity of 100%, and kept within the room until the time of testing. Figure 3.6 shows the cylinder

specimens and a ring specimen after unmolding.
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Fig 3.5 Drum mixer used for production mixing (left) and beam, prism, and cylinder specimens
after consolidation (right).

—

Fig 3.6 Cylinder specimens (left) and ring specimen (right) after unmolding.

3.2.3 Testing

A series of tests were performed to evaluate each mixture’s properties and performance.

The tests performed are described in this section.

3.2.3.1 Tests on Fresh Concrete

These tests were performed to evaluate the concrete properties while the concrete was still
in a plastic state. The tests were performed in a temperature-controlled room with temperature
ranging from 68° to 77° F. The plastic property tests included slump, air content, density, concrete
temperature, times of set, and bleeding.
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Slump
The slump test was performed in accordance with the standard testing method ASTM C143

[59].

Air content

The air content test, using the pressure method, was run in accordance with the standard
testing method ASTM C231 [60]. After the slump test had been performed and the result satisfied
the target range, the mixture was transferred from the mixer into a wheelbarrow, and then the air

content was measured.

Density
The density was determined in accordance with the standard testing method ASTM C138

[61]. The pressure meter base was filled with concrete, the surface of the concrete was screeded
flush with the sides of the container, the weight of the concrete was measured, and the density of
the concrete was calculated from the measured weight of the concrete and the known volume of

the container. The air content was measured after the density measurement.

Concrete temperature

The concrete temperature was measured from the fresh concrete inside the wheel barrel in
accordance with the standard testing method ASTM C1064 [62].

Time of set

The times of set of the concretes, including times of initial and final set, were determined
from the semi-adiabatic temperature (SAT) history curve. The SAT test specimens were made in
accordance with the standard test method ASTM C192 [63]. The concrete specimens were cast in
4 x 8” single-use cylindrical plastic molds using a vibrating table to consolidate the samples. Two
concrete specimens were made for each production mix and placed into the insulated testing
chamber of a semi-adiabatic calorimeter. The insulated chamber maintained the specimens under
a semi-adiabatic condition for the entire testing duration of 6 days. A data logger continuously
recorded the temperature data at one-minute intervals. The temperature history was retrieved from
the data logger by a computer after the 6-day testing duration. The SAT testing was analyzed in
accordance with the standard practice ASTM C1753 [64]. Figure 3.7 shows the SAT specimens
being tested and the temperature history collected from the software. Figure 3.8 shows a standard
temperature history curve of a concrete mixture taken from the ASTM standard. From the
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temperature history curve, the initial setting time was determined as the start of the straight line in
the acceleration period after the dormant period (B) on the curve. On the other hand, the final
setting time was determined as the end of the same straight line ahead of the main peak (D) in the
acceleration period. This method was done in accordance with ASTM C1753 Section 9.3, Note 8,
and Appendix X1.4.2 and X1.4.3.

Fig 3.7 SAT specimens placed inside the semi-adiabatic calorimeter chamber.
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Fig 3.8 Standard temperature history curve of a concrete mixture captured in semi-adiabatic
condition (taken from ASTM C1753).

Bleeding test

The bleeding test was performed in accordance with the standard testing method ASTM
C232 [65]. Because there was not expected to be much difference between the trial batch and the
production batch for the same mix design, the bleeding test was only run in the trial batches.
Following the completion of specimen preparation, a pipette was used to draw the bleed water off
the surface of the bucket at 30-minute time intervals for the duration of four hours from the mixing
time. The withdrawn water was transferred to a graduated cylinder, and the accumulated quantity

of water was recorded. Figure 3.9 shows the bleeding test apparatus and specimen.
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Fig 3.9 Bleeding test.

3.2.3.2 Tests on Hardened Concrete

These tests were performed to evaluate the concrete properties when the concrete was in a
hardened state. The tests were performed in rooms with standard conditions, having temperature
ranging from 68° to 77° F and relative humidity of about 50%. The hardened concrete property
tests included compressive strength, splitting tensile strength, flexural strength, MOE and
Poisson’s ratio, coefficient of thermal expansion (CTE), free shrinkage, autogenous shrinkage,
cracking tendency using restrained shrinkage rings (RSR), permeability indicated by rapid chloride
penetration (RCP) testing, permeability indicated by surface resistivity, bulk chloride diffusion
testing to determine the chloride diffusion coefficient (CDC), and SAT profile.

Compressive strength

The compressive strength test specimens were made by following the standard testing
method ASTM C192. The concrete specimens were cast in 4” x 8” single-use cylindrical plastic
molds using a vibrating table to consolidate the samples. Three concrete specimens were made for
each testing age. The preparation of the concrete cylinders was done in accordance with the
standard testing method ASTM C39 [66]. Prior to compressive strength testing, each sample was
ground on both ends using an automatic grinding machine. The compressive strength test was
performed in accordance with the standard testing method ASTM C39. The dimensions and
weights of the specimens were measured before running the test. An automatic computer-
controlled loading machine was used to perform the test. The machine was capable of controlling
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the rate of loading within 3 psi/s of the prescribed rate of 35 psi/s. The maximum load at failure
and type of break were recorded. Figure 3.10 shows the automatic concrete specimen grinder and

a compressive strength specimen being tested.

Fig 3.10 Automatic grinding machine (left) and compressive strength specimen being tested
(right).

Splitting tensile strength

The splitting tensile strength test specimens were made in accordance with the standard
test method ASTM C192. The concrete specimens were cast in 4” x 8 single-use cylindrical
plastic molds using a vibrating table to consolidate the samples. Three concrete specimens were
made for each testing age. The preparation of the splitting tensile strength cylinders was done in
the same fashion as for the compression test specimens. The splitting tensile strength testing was
run in accordance with the standard testing method ASTM C496 [67]. The dimensions of the
specimens were measured before running the test. A manually-controlled loading machine was
used to perform the test. The concrete cylinder was arranged in the horizontal axis with a specially-
made apparatus before running the test. The maximum load at failure was recorded. Figure 3.11

shows the splitting tensile strength testing apparatus and a specimen being tested.
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Fig 3.11 Splitting tensile testing apparatus (left) and splitting tensile strength specimen being
tested (right).

Flexural strength

The flexural strength test specimens were made by following the standard testing method
ASTM C192. The concrete specimens were cast in 4” x 4” x 14” steel beam molds using a vibrating
table to consolidate the samples. Three concrete specimens were made for each testing age. The
preparation of the concrete beams was done in accordance with the standard testing method ASTM
C78 [68]. The flexural strength testing was run in accordance with the standard testing method
ASTM C78. A computer-controlled loading machine was used to perform the test. As stated in the
method, a relatively small amount of drying could induce tensile stress in the beam that would
markedly reduce its flexural strength; therefore, the specimens were tested promptly after removal
from the moist curing room. The maximum load at failure was recorded, and the dimensions of

the fractured faces were measured. Figure 3.12 shows a flexural strength specimen being tested.
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Fig 3.12 Flexural strength specimen being tested.

Modulus of elasticity (MOE) and Poisson’s ratio

The MOE test specimens were made by following the standard testing method ASTM
C192. The concrete specimens were cast in 4” x 8 single-use cylindrical plastic molds using a
vibrating table to consolidate the samples. Three concrete specimens were made for each testing
age. The preparation of the MOE cylinders was done in the same fashion as the compression
specimens. The MOE testing was performed in accordance with the standard testing method
ASTM C469 [69]. The dimensions of the specimens were measured before running the test. The
same automatic computer-controlled loading machine used for compression test was also used to
perform this test. A special compressometer was employed that was easier to use, quicker to install,
and provided more precise results than the traditional MOE apparatus. Furthermore, an
extensometer was attached to this apparatus to measure the transverse strain, which was used to
determine the Poisson’s ratio of the concrete. An average of three MOE and Poisson’s ratio values
from three loading cycles were recorded. Figure 3.13 shows the compressometer and extensometer
apparatus for the MOE test, the traditional MOE apparatus, and an MOE specimen being tested.
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Fig 3.13 Compressometer and extensometer apparatus for MOE test (left), traditional MOE
apparatus (middle), and the MOE specimen being tested (right).

Coefficient of thermal expansion (CTE)

The CTE test specimens were made by following the standard testing method ASTM C192.
The concrete specimens were cast in 4” x 8” single-use cylindrical plastic molds using a vibrating
table to consolidate the samples. Three concrete specimens were made for each testing age. The
preparation of the CTE cylinders was done in the same fashion as that for the compression test
specimen. The CTE test specimen was 7 inches in length, and the specimens were submerged for
24 hours before testing. The CTE testing was run in accordance with the standard method of test
AASHTO T336. The dimensions of the specimens were measured before running the test. The
temperature-controlled bath and LVDT devices were connected to a computer and controlled by
the CTE test software. The LVDT readings from the CTE tests from multiple temperature-loading
cycles were recorded. Figure 3.14 shows the temperature-controlled bath for the CTE test.
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Fig 3.14 Temperature-controlled bath for CTE test.

Free shrinkage

The free-shrinkage test specimens were made by following the standard testing method
ASTM C192. The concrete specimens were cast in 3” x 3” x 11.25” steel prism molds using a
vibrating table to consolidate the samples. Six concrete specimens were made for each production
mix and the same specimens were used for subsequent testing ages. The free-shrinkage testing was
performed in accordance with the standard testing method ASTM C157. An LVDT length
comparator was used to measure the length change of the specimen. Figure 3.15 shows a free-
shrinkage specimen being tested.
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Fig 3.15 Free-shrinkage specimen being tested.

Autogenous shrinkage

The main purpose of this test was to determine the unrestrained shrinkage of concrete
during hardening at a constant temperature and without any loss of moisture. The autogenous
shrinkage test specimens were made by modifying the standard testing method for determining
autogenous shrinkage for cement paste and mortar, ASTM C1698, to use with concrete. A three-
inch diameter low-density polyethylene corrugated tube was used in place of the one-inch diameter
tube in the standard test. Essentially, the intention of using the enlarged diameter tube in the
modified test was to accommodate the coarse aggregates in the concrete whilst keeping the same
test set-up including the length of the tube, the dilatometer bench, and the length-measuring gauge.
The concrete specimens were cast in 3” diameter x 16.8” plastic tube molds. The concrete sample
was internally vibrated using a 0.5-inch diameter vibrating needle because external vibration could
leave the concrete at the core unconsolidated. Three concrete specimens were made for each
production mix. Upon reaching the initial setting time, the specimen was then cut to the specified
length and sealed with gypsum. It was then ready to be transported to the measuring bench frame.
The dilatometer bench frame and reference bar had the same design as for the standard test, except
that the frame was wider to hold the larger tube. A linear variable differential transformer (LVDT)
device was used to measure the length change of the specimen on one end, and the other end was

fixed to the end plate. A data acquisition unit connected to the LVDT continuously recorded the
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length change at one-minute intervals. The test was run for at least six days before termination.

Figure 3.16 shows the 3-inch diameter corrugated tube and autogenous shrinkage specimens.

Figure 3.17 shows the steel bench frames and the autogenous shrinkage test set-up.

Fig 3.17 Measuring bench frames (left) and autogenous shrinkage test setup (right).
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Restrained shrinkage

The main purpose of the restrained shrinkage ring (RSR) test was to determine, under a
restrained condition, the age at cracking and the induced tensile stress characteristics of concrete.
The data were used for relative comparison of the cracking tendency of concrete test mixes. The
RSR test specimens were made by following the standard testing method ASTM C1581 [70]. The
concrete specimen was cast around a steel ring with a 16-inch outside diameter, 13-inch inside
diameter, and 6-inch height. Two concrete specimens were made for each production mix. The
RSR testing was run in accordance with the standard testing method ASTM C1581. Two strain
gauges, circumferentially and directionally mounted on the interior surface of the steel ring
opposite of each other, were used for registering the strain data. A data acquisition unit connected
to the strain gauges continuously recorded the strain data at one-minute intervals. The test was run
for at least 3 months unless cracking occurred prior to 3 months. Additionally, the specimens were
visually inspected for cracking every workday. Figure 3.18 shows the RSR shrinkage specimens

being tested.

Fig 3.18 RSR specimens being tested.

Rapid chloride penetration

The rapid chloride penetration (RCP) test was used to determine the concrete’s
permeability using electrical conductivity as an indicator. The RCP test specimens were made in

accordance with the standard test method ASTM C192. The concrete specimens were cast in 4” X
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8” single-use cylindrical plastic molds using a vibrating table to consolidate the samples. Three
concrete specimens were made for each testing age. The RCP testing was run in accordance with
the standard testing method ASTM C1202 [71]. The material used for coating the sides of the
specimens was a high-modulus high-strength epoxy adhesive. Each specimen was double-coated
to ensure the impermeability of the coating. A computer-controlled data readout apparatus was
used to measure the electric current and the solution temperature. The electric current and solution
temperature data were recorded throughout the test duration. Figure 3.19 shows the RCP
specimens being coated and tested.

Surface resistivity

The purpose of this test was to obtain an indication of the concrete’s permeability using
concrete resistivity. The surface resistivity test specimens were made in accordance with the
standard test method ASTM C192. The concrete specimens were cast in 4” x 8 single-use
cylindrical plastic molds using a vibrating table to consolidate the samples. Three concrete
specimens were made for each production mix and the same specimens were used for subsequent
testing ages. The surface resistivity testing was run in accordance with the Florida method FM5-
578 [72]. Surface resistivity was measured using a resistivity meter with a Wenner linear four-
probe array. Figure 3.20 shows a surface resistivity specimen being tested.
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Fig 3.20 Surface resistivity specimen being tested.

Bulk diffusion

This test method was used to determine the chloride diffusion coefficient (CDC) of
concrete. The bulk diffusion test specimens were made in accordance with the standard test method
ASTM C192. The concrete specimens were cast in 4” x 8” single-use cylindrical plastic molds
using a vibrating table to consolidate the samples. Three concrete specimens were made for each
testing ages. The bulk diffusion testing was run in accordance with the standard testing method
ASTM C1556 [73]. The material used for barrier coating is the same epoxy adhesive used in the
RCP test. Each specimen was double-coated to ensure the impermeability of the coating, and after
curing, the specimen was submerged in a saltwater tank. After the specimens had been submerged
for the specified exposure time, they were removed from the tank and each was cut into eight one-
inch thick disk-shaped samples. Each of the disks was then tested for its chloride content. Once all
chloride contents were obtained, the chloride profile of the specimen was established. From that
profile, the apparent CDC in the concrete specimen was calculated by using a chloride ingression
model based on Fick’s second law of diffusion. Figure 3.21 shows the bulk diffusion specimen

being coated and submerged in saltwater tank.
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Fig 3.21 Bulk diffusion specimens coated with epoxy (left) and submersion of the specimens in a
saltwater tank (right).

Semi-adiabatic temperature test

In addition to identifying the times of set of the concrete as described in the previous
section, the semi-adiabatic temperature (SAT) test was used to establish the temperature vs. time
profile to determine any relative differences in the early hydration of the concrete mixtures. Figure
3.22 shows the temperature history collected for an SAT test specimen.

Fig 3.22 Temperature history of a specimen collected by the software.
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3.3 Analysis of Results of Laboratory Testing Program

This section presents the results of the laboratory testing program for the concrete mixtures
described in the previous section. The test results presented include both fresh and hardened
concrete properties. The hardened concrete properties include test results up to two years. The
analysis of the test results and comparison of these mixtures were made to determine (1) the
differences in properties between the SC concretes and all other mixes within the same application
and (2) the differences between the various concrete mixtures in terms of drying shrinkage and

cracking resistance.

3.3.1 Results of Tests and Analysis of Fresh Concrete Properties

A series of tests were performed to evaluate each concrete mixture’s fresh properties and
performance. The test results and analyses of fresh concrete properties are described in this section.
Some of the fresh concrete properties such as slump, air content, and concrete temperature are
governed by FDOT specifications. However, specific to this study, a more restricted air content
target and workability rating were adopted in order to provide a fair comparison of properties
among the evaluated concretes. Table 3.10 shows the fresh and hardened concrete property
requirements for each concrete classification. For each mixture, the test results represent the
average values from two production batches. The fresh concrete property test results for each

concrete classification are presented in Tables 3.11, 3.12, and 3.13.

Table 3.10 Fresh and Hardened Concrete Property Requirement for This Study.

Minimum  Over-design

chticnen S oy Teoraure St Syengn 025 7Y
(in) (%) (°F) (psi) (psi)
Class | (Pavement) 1to3 2to4 68 to 86 3,000 4,200 Good
Class Il (Bridge Deck) 2to4 2to4 68 to 86 4,500 5,700 Good
Class V 2to4 2to4 68 to 86 6,500 7,900 Good
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Table 3.11 Fresh Concrete Properties of Class | (Pavement) Concretes

Mixtwres  Smp (0 Density QP TR ot R Bleeding e
(in) @)  (bft)  (F) (min) (min)  (ml/ft/hr)
M1-SC 4.1 4.2 140 74 630 900 11.2 Good
M1-OAG 100 1.9 2.3 144 75 330 690 05 Good
M1-OAG 90 2.6 3.6 143 75 420 630 0.0 Good
M1-SRA 2.3 3.3 141 75 390 720 0.0 Good
M1-PMF 3.5 4.2 140 74 510 750 18.8 Good
M1-1CC 2.5 2.7 138 74 330 630 0.0 Good
M1-ICC-OAG 100 2.3 2.2 140 74 390 600 6.4 Good
M1-1CC-OAG 90 3.0 3.4 137 74 360 630 4.0 Good
M1-ICC-SRA 2.4 3.3 138 70 600 840 0.5 Good
M1-1CC-PMF 1.8 3.3 139 73 450 600 8.6 Good
M1-ICC-OAG-SRA 2.0 2.7 138 73 390 600 0.0 Good

For Class | (Pavement) concretes, with the exception of some mixes exceeding the slump
and air content targets, all the concrete mixtures achieved the desirable slump, air content, density,
temperature, and workability rating for concrete pavement application. Also, the time windows for
saw cutting (time between initial and final sets) were adequate for all mixes. However, to achieve
the desirable slump, M1-SC, M1-OAG 90, M1-SRA, M1-PMF, and M1-ICC-OAG 90 required
higher dosages of high-range water-reducing admixture than the other mixtures. Using the ICC or
OAG techniques reduced the requirement for water or admixture to achieve the same slump. This
was due to the better aggregate packing as the ICC mixtures and the OAG mixtures were closest
to the optimum packing as determined by the Shilstone method. On the other hand, the use of SRA
and PMF increased the demand for water or water-reducing admixture. Mixture M1-OAG 90 and
M1-1CC-OAG 90 required higher amounts of water-reducing admixture to achieve the same slump
due to the fact that there was less cement paste in these mixtures. Furthermore, using OAG, SRA,
and PMF increased the air-entraining admixture demand to achieve the target air content.

Generally, too much bleed water can be harmful to the concrete as it can delay the finishing
time, dilute the w/cm and weaken the concrete at the top surface, and cause plastic shrinkage. High
bleeding is a known side effect of using too much admixture in the mix. Using a high dosage of

60



high-range water-reducing admixture may be the reason why M1-SC and M1-PMF were the top

two mixes having the highest amount of bleeding water. Polymeric microfibers also acted as

pathways for pore water to bleed up to the surface, which caused the M1-PMF mix to have the

highest amount of bleeding water.

Table 3.12 Fresh Concrete Properties of Class Il (Bridge Deck) Concretes.

Mixtues - Stump oot Density (DU TR set Finan Bleeding R
(in) @) (bt (F) (min) (min)  (ml/in%hr)
M2-SC 2.9 2.5 141 73 240 540 2.3 Good
M2-OAG 100 3.6 3.2 140 74 330 720 7.3 Good
M2-OAG 85 2.6 2.6 143 74 390 630 2.3 Good
M2-OAG 75 2.9 3.8 142 73 450 630 0.0 Good
M2-SRA 3.7 2.7 141 72 330 690 7.7 Good
M2-PMF 3.8 3.4 140 72 540 810 9.5 Good
M2-1CC 3.4 3.2 135 72 210 480 9.6 Good
M2-1CC-OAG 3.0 3.6 134 70 330 540 11.5 Good
M2-1CC-SRA 3.1 2.8 136 75 600 870 15 Good
M2-1CC-PMF 3.7 3.6 135 73 270 420 5.3 Good
M2-ICC-OAG-SRA 2.8 2.8 135 72 420 690 4.4 Good

For Class Il (Bridge Deck) concretes, all the concrete mixtures achieved the desirable

slump, air content, density, temperature, and workability rating. Also, both the initial and final

times of set for all mixes were within the normal range for concrete in Florida. None of the

mixtures required a high water-reducing admixture dosage to achieve the desirable slump, and

generally they required less admixture as compared to Class | (Pavement) concretes, due to the

higher cement paste content. Mixture M2-ICC-OAG had higher bleeding water than any other

mixes despite using a very small amount of high-range water-reducing admixture. This could be

the side effect of aggregate optimization. For this class of concrete, only OAG and ICC increased

the demand for air-entraining admixture.
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Table 3.13 Fresh Concrete Properties of Class V Concretes.

Mixtwres  Smp (0 Density QP TR ot R Bleeding e
(in) @)  (bft)  (F) (min) (min)  (ml/inZ/hr)
M3-SC 2.0 2.2 143 74 540 810 9.0 Good
M3-OAG 100 3.3 3.2 141 75 330 570 14.7 Good
M3-OAG 85 2.1 3.4 142 74 270 570 4.6 Good
M3-OAG 75 2.0 3.4 143 74 450 720 0.6 Good
M3-SRA 2.6 2.9 141 73 390 750 1.8 Good
M3-PMF 3.1 3.0 141 74 240 510 115 Good
M3-1CC 2.3 2.7 136 72 570 810 5.5 Good
M3-ICC-OAG 35 3.9 133 72 360 630 5.6 Good
M3-1CC-SRA 4.6 2.8 135 74 570 900 1.8 Good
M3-1CC-PMF 2.5 3.4 134 72 570 810 2.4 Good
M3-ICC-OAG-SRA 2.0 3.2 135 73 600 900 0.0 Good

For Class V concretes, all the concrete mixtures achieved the desirable slump, air content,

density, temperature, and workability rating. Also, both the initial and final times of set for all
mixes were within the normal range for concrete in Florida. None of the mixtures required a high
dosage of water-reducing admixture to achieve the desirable slump, and generally they required
less admixture as compared to the Class | (Pavement) and Class 1l (Bridge Deck) concretes, due
to the higher cement paste content. Mixture M3-OAG 100 had higher bleeding water than any
other mixes despite using a very small amount of high-range water-reducing admixture. This could
be the side effect of aggregate optimization. Also, the M3-PMF mixture had a relatively high
bleeding as well, which was likely due to the microfiber effect as discussed earlier. The usage of

OAG, SRA, and ICC increased the demand for air-entraining admixture.

3.3.2 Results of Tests and Analysis of Hardened Concrete Properties

The next step was to compare the concretes’ properties using the standard F-test and
Student’s t-test. A series of tests were performed to evaluate the mixture’s hardened characteristics
and performance. For each mixture, the test results presented are the average values from two

production batches except for CDCs from Bulk Diffusion testing, which were from one production.

62



To compare the test results, the standard F-test and Student’s t-test were utilized. The F-test was
used to determine if the differences in the test results’ variances between each mixture and the
standard concrete mixture were statistically significant. This information was important for
selecting which t-test methods to be used for the test result’s mean comparison. Basically, if the
variances of the two concretes to be compared are not significantly different, a t-test method
assuming the same variances was used, and vice versa. In the tables that show the t-test analysis,

the following signages are used:

[ denotes that the difference in results was not statistically significant at level of 5%.

1 denotes that the difference in results was statistically significant, and this mix has

higher values at level of 5%.

| denotes that the difference in results was statistically significant, and this mix has lower

value at level of 5%.

In tests where a normal distribution of test results could not be established to do the t-test
analysis, non-parametric median test was used to determine the differences. Additionally, the non-
parametric Mann-Whitney U test was used to evaluate the overall differences between each
mixture’s test result and the standard concrete test result. The statistic U is determined by counting
the win-tie-loss of each t-test’s significance result in one set against all significance results in the
other set. A win is counted as 1, a tie as 0.5, and a loss as 0. The sum of wins and ties is U for the
first set, and U for the other set is the converse. If the U of a non-standard concrete is higher than
the U of the standard concrete, the test results of that non-standard concrete are higher than the
standard concrete overall, and vice versa. If the Us of both concretes are equal, the test results of

both mixes are the same overall.

3.3.2.1 Compressive Strength

Similar to the fresh concrete properties, the compressive strength for each concrete
classification is also governed by FDOT specifications. The specification requires achievement of
two strengths; one is the minimum strength requirement and the other is an over-design

requirement. Those strength requirements are shown in Table 3.10. The average compressive
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strength for each mix was computed from the strengths of three 4” x 8 cylinders from one
production mix and another three 4” x 8” cylinders from another production miX, for a total of six
cylinders. The strength values up to two years and the results of t-test statistical analysis are shown
in Tables 3.14 through 3.19, and plots of the compressive strengths are shown in Figures 3.23
through 3.28.

Table 3.14 Compressive Strength of Class | (Pavement) Concretes.

Compressive Strength (psi)

Mixtures Testing Age (day)
1 7 28 182 364 546 728
M1-SC 2,287 4,977 6,308 8,545 9,194 9,220 9,483
M1-OAG 100 2,799 5,687 7,431 9,437 9,337 9,344 9,798
M1-OAG 90 2,555 5,544 7,061 9,541 9,497 9,705 8,495*
M1-SRA 2,672 5,440 6,763 9,049 9,496 9,047 9,486
M1-PMF 1,704 4,183 5,181 8,122 8,106 7,951 8,066
M1-ICC 2,928 6,195 7,496 9,174 8,715 9,339 8,823
M1-ICC-OAG 100 2,794 5,917 7,573 9,500 9,306 9,526 8,218*
M1-ICC-OAG 90 1,763 4,519 5,946 8,666 8,544 8,535 8,369
M1-ICC-SRA 2,614 5,494 6,994 7,994 8,306 8,462 7,967
M1-ICC-PMF 2,618 5,866 7,008 9,658 8,696 9,453 8,881

M1-1CC-OAG-SRA 2,335 5,458 7,235 8,286 8,352 8,607 9,599*
Note: *possible outliers.
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Table 3.15 Comparison of Compressive Strength of Class | (Pavement) Concretes

Percentage of and Statistical Significance Compared to the SC Mix

Mixtures Testing Age (day)
28 182 364 546 728
M1-SC 100 ref 100 ref 100 ref 100 ref 100 ref 100 ref 100 ref
M1-OAG 100 122 -— 114 -— 118 -— 110 1t 102 — 101 — 103 -—
M1-OAG 90 112 — 111 - 112 -— 112 ¢t 103 1t 105 1 90 |
M1-SRA 117 -— 109 -— 107 — 106 — 103 1t 98 — 100 —
M1-PMF 7% — 84 — 82 — 9 -— 8 | 8 | 8 |
M1-ICC 128 — 124 — 119 — 107 — 9% | 101 — 93 |
M1-ICC-OAG 100 122 -— 119 -— 120 -— 111 ¢ 100 — 103 — 87 |
M1-ICC-OAG 90 7 — 91 - 94 - 101 - 93 | 93 -— 838 -—
M1-ICC-SRA 114 — 110 — 111 — 94 — 9 | 92 | 84 |
M1-ICC-PMF 114 -— 118 — 111 — 113 ¢t 9% | 103 — 94 |
M1-ICC-OAG-SRA 102 — 110 — 115 — 97 — 91 | 93 | 1001 ~—

Compressive Strength (psi)

Compressive Strength of Class | (Pavement) Concretes
Non-ICC Group
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Fig 3.23 Compressive Strength of Class | (Pavement) Concretes, non-1CC group.
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Fig 3.24 Compressive Strength of Class | (Pavement) Concretes, ICC group.

For Class | (Pavement) concretes, all concretes passed both the minimum and over-design
strength requirement at 28 days, which are 3,000 and 4,200 psi, respectively. In fact, even the low-
cement mixes like M1-OAG 90 and M1-ICC-OAG 90 exceeded both requirements with high
margin. This shows that lower cement paste content can be used for concrete pavement with
sufficient compressive strength. Based on the results of U-test statistical analysis on the

significance data in the Table 3.15, the following can be stated:

1 The compressive strengths of M1-OAG 100, M1-OAG 90, and M1-SRA mixtures
were significantly higher than the SC mix overall.

9 The compressive strengths of M1-ICC-OAG 100 mixture were insignificantly
different from SC mix overall.

9 The compressive strengths of M1-PMF, M1-ICC, M1-ICC-OAG 90, M1-ICC-
SRA, M1-ICC-PMF, and M1-ICC-OAG-SRA mixtures were significantly lower
than the SC mix overall.

1 The OAG mixes with 100% paste content (M1-OAG 100, M1-ICC-OAG 100, and
M1-ICC-OAG-SRA) had 7 percent higher compressive strength than the SC mix
on average for all the testing ages.
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1 The OAG mixes with 90% paste content (M1-OAG 90 and M1-ICC-OAG 90) had
1 percent lower compressive strength than the SC mix on average for all the testing
ages.

1 The ICC mixes with 100% paste content (M1-ICC, M1-ICC-OAG 100, M1-ICC-
SRA, M1-ICC-PMF, and M1-ICC-OAG-SRA) had 5 percent higher compressive
strength than the SC mix on average for all the testing ages.

1 The SRA mixes (M1-SRA, M1-ICC-SRA, and M1-ICC-OAG-SRA) had 2 percent
higher compressive strength than the SC mix on average for all the testing ages.

1 The PMF mixes (M1-PMF and M1-ICC-PMF) had 4 percent lower compressive

strength than the SC mix on average for all the testing ages.

In general, the ICC, OAG, and SRA mixes with 100% cement paste content had higher
compressive strength than the SC mix, while the incorporation of PMF reduced the compressive

strength of the concrete.

Table 3.16 Compressive Strength of Class Il (Bridge Deck) Concretes.

Compressive Strength (psi)

Mixtures Testing Age (day)
1 7 28 182 364 546 728
M2-SC 3,197 6,328 7,982 10,119 9,751 10,071 9,118
M2-OAG 100 3,067 5,910 7,617 9,107 9,421 9,661 9,541
M2-OAG 85 3,204 6,537 8,163 10,046 10,049 9,864 9,213
M2-OAG 75 2,894 6,134 7,648 10,005 9,566 9,901 10,620
M2-SRA 2,989 6,132 7,523 8,916 9,262 9,299 9,436
M2-PMF 2,610 5,651 7,216 8,572 8,787 8,787 9,003
M2-ICC 2,952 5,867 7,418 9,801 9,401 9,392 8,821
M2-ICC-OAG 2,529 5,224 6,807 8,362 8,391 7,778 8,925
M2-ICC-SRA 3,092 5,866 7,234 8,338 9,365 8,599 8,343
M2-1CC-PMF 3,008 5,618 7,136 8,052 8,478 8,500 8,809

M2-ICC-OAG-SRA 2,960 5,617 7,737 8,713 9,089 8,794 9,093

67



Table 3.17 Comparison of Compressive Strength of Class Il (Bridge Deck) Concretes

Percentage of and Statistical Significance Compared to the SC Mix

Mixtures Testing Age (day)
1 7 28 182 364 546 728
M2-SC 100 ref 100 ref 100 ref 100 ref 100 ref 100 ref 100 ref
M2-OAG 100 % — 93 | 9% — 90 — 97 — 9% -— 105 -
M2-OAG 85 00 — 103 — 102 — 99 — 103 — 98 — 101 —
M2-OAG 75 91 | 97 — 9% — 9 — 98 — 98 -— 116 -
M2-SRA 93 | 97 | 94 | 8 | 95 — 92 -— 103 -
M2-PMF 82 | 8 | 9% | 8 | 9% | 87 | 99 -
M2-ICC 92 | 93 | 93 — 97 — 9% — 93 — 97 -—
M2-ICC-OAG 7 | 8 | 86 | 8 | 8 | 77 | 98 -—
M2-ICC-SRA 99 — 93 | 91 - 82 | 9% — 8 | 92 -
M2-ICC-PMF 94 - 8 | 8 | 80 | 8 | 84 | 97 -—
M2-ICC-OAG-SRA 93 | 89 | 97 — 86 | 93 | 8 | 100 —
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Fig 3.25 Compressive Strength of Class Il (Bridge Deck) Concretes, non-1CC group.
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Compressive Strength of Class Il (Bridge Deck) Concretes
ICC Group

11,000
10,000
9,000
8,000
7,000
6,000
5,000 .
4,000 ot Icc

3,000 B g ICC-OAG

2,000 ICC-SRA
ICC-PMF

1,000 - - -|CC-OAG-SRA

Compressive Strength (psi)

1d 28d 756d
Age

Fig 3.26 Compressive Strength of Class Il (Bridge Deck) Concretes, ICC group.

For Class Il (Bridge Deck) concretes, all concretes passed both the minimum and over-
design strength requirement at 28 days, which are 4,500 and 5,700 psi, respectively. In fact, even
the low-cement paste mixes like M2-OAG 85 and M2-OAG 75 exceeded both requirements by a
high margin. This shows that lower cement paste content can be used for concrete bridge deck
application with sufficient compressive strength. Based on the results of U-test statistical analysis

on the significance data in the Table 3.17, the following can be stated:

1 The compressive strengths of M2-OAG 85 mixture were insignificantly different
from the SC mix overall.

9 The compressive strengths of all other mixtures were significantly lower than the
SC mix overall.

9 None of the mixtures had compressive strengths significantly higher than the SC
mix overall.

1 The OAG mixes with 100% paste content (M2-OAG 100, M2-ICC-OAG, and M2-
ICC-OAG-SRA) had 9 percent lower compressive strength than the SC mix on
average for all the testing ages.
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1 The OAG mixes with all the different cement paste contents but without the
incorporation of ICC (M2-OAG 100, M2-OAG 85, and M2-OAG 75) had 1 percent
lower compressive strength than the SC mix on average for all the testing ages.

1 The ICC mixes (M2-ICC, M2-ICC-OAG, M2-ICC-SRA, M2-ICC-PMF, and M2-
ICC-OAG-SRA) had 10 percent lower compressive strength than the SC mix on
average for all the testing ages.

1 The SRA mixes (M2-SRA, M2-ICC-SRA, and M2-ICC-OAG-SRA) had 7 percent
lower compressive strength than the SC mix on average for all the testing ages.

1 The PMF mixes (M2-PMF and M2-ICC-PMF) had 11 percent lower compressive

strength than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had lower compressive strengths as

compared with the SC mix.

Table 3.18 Compressive Strength of Class V Concretes.

Compressive Strength (psi)

Mixtures Testing Age (day)
1 7 28 182 364 546 728
M3-SC 4,114 7,234 8,198 10,334 10,656 9,764 10,292
M3-OAG 100 3,335 6,299 7,736 9,709 9,919 9,300 9,616
M3-OAG 85 3,110 6,986 8,151 10,199 9,916 9,366 9,391
M3-OAG 75 3,251 6,008 7,304 8,792 8,774 9,219 8,822
M3-SRA 3,660 6,516 7,910 9,676 10,135 9,664 9,735
M3-PMF 3,736 7,046 8,235 9,737 9,286 10,582 9,601
M3-ICC 3,319 6,944 7,967 8,968 9,372 8,777 9,549
M3-ICC-OAG 3,418 6,603 7,624 8,709 9,131 9,459 8,778
M3-ICC-SRA 3,503 7,508 8,471 9,937 9,969 10,350 7,903
M3-ICC-PMF 3,645 6,462 7,702 9,062 8,609 8,786 8,470

M3-ICC-OAG-SRA 3,807 6,990 8,052 9,374 9,464 9,622 8,155
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Table 3.19 Comparison of Compressive Strength of Class V Concretes

Percentage of and Statistical Significance Compared to the SC Mix

Mixtures Testing Age (day)
28 182 364 546 728
M3-SC 100 ref 100 ref 100 ref 100 ref 100 ref 100 ref 100 ref
M3-OAG 100 8L | 8 | 94 — 94 — 93 — 95 — 93 -—
M3-OAG 85 % | 97 — 9 — 9 — 93 — 9% — 91 -—
M3-OAG 75 7 | 8 | 8 | 8 | 82 | 94 — 8 -—
M3-SRA 8% — 90 | 9% — 94 | 95 — 9 — 9B -—
M3-PMF 91 - 97 — 100 — 94 | 8 | 108 — 93 -—
M3-ICC 8t | 9% — 97 -— 8 | 8 | 9 — 93 -
M3-ICC-OAG 83 | 91 | 93 — 84 | 86 | 97 — 8 |
M3-ICC-SRA 8% | 104 — 103 — 9% — 94 -— 106 — 77 |
M3-ICC-PMF 8% | 89 | 94 -— 8 | 8 | 9% | 8 |
M3-ICC-OAG-SRA 93 | 97 — 98 — 91 | 89 | 9 — 79 |

Compressive Strength (psi)
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Fig 3.27 Compressive Strength of Class VV Concretes, non-1CC group.
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Fig 3.28 Compressive Strength of Class V Concretes, ICC group.

For Class V concretes, all concretes passed both the minimum and over-design strength
requirement at 28 days which are 6,500 and 7,900 psi, respectively. In fact, even the low-cement
paste mixes like M3-OAG 85 exceeded both requirements with high margin. This shows that a
lower cement paste content can be used for high-strength concrete application with sufficient
compressive strength. Based on the results of U-test statistical analysis on the significance data in
the Table 3.19, the following can be stated:

1 The compressive strengths of all mixtures were significantly lower than the SC mix
overall.

1 The OAG mixes with 100% paste content (M3-OAG 100, M3-ICC-OAG, and M3-
ICC-OAG-SRA) had 9 percent lower compressive strength than the SC mix on
average for all the testing ages.

1 The OAG mixes with all different cement paste contents but without the
incorporation of ICC (M3-OAG 100, M3-OAG 85, and M3-OAG 75) had 10
percent lower compressive strength than the SC mix on average for all the testing
ages.
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1 The ICC mixes (M3-ICC, M3-ICC-OAG, M3-ICC-SRA, M3-ICC-PMF, and M3-
ICC-OAG-SRA) had 9 percent lower compressive strength than the SC mix on
average for all the testing ages.

1 The SRA mixes (M3-SRA, M3-ICC-SRA, and M3-ICC-OAG-SRA) had 6 percent
lower compressive strength than the SC mix on average for all the testing ages.

1 The PMF mixes (M3-PMF and M3-ICC-PMF) had 8 percent lower compressive
strength than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had lower compressive strengths as

compared with the SC mix.

3.3.2.2 Splitting Tensile Strength

The average splitting tensile strength for each mix was computed from the strengths of
three 4” x 8” cylinders from one production mix and another three 4” x 8” cylinders from another
production mix, for a total of six cylinders. The strength values and t-test statistical analysis are
shown in Tables 3.20 through 3.25, and plots of the strengths are shown in Figures 3.29 through
3.34.
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Table 3.20 Splitting Tensile Strength of Class | (Pavement) Concretes.

Splitting Tensile Strength (psi)

Mixtures Testing Age (day)

7 28 182 364 546
M1-SC 438 489 638 765 583
M1-OAG 100 428 549 547 548 417
M1-OAG 90 447 482 727 529 418
M1-SRA 431 518 672 780 595
M1-PMF 383 434 642 760 715
M1-ICC 463 572 670 525 653
M1-ICC-OAG 100 510 562 625 612 598
M1-ICC-OAG 90 373 452 643 502 522
M1-ICC-SRA 461 488 642 512 423
M1-ICC-PMF 480 549 635 582 445
M1-ICC-OAG-SRA 475 420 585 602 455

Table 3.21 Comparison of Splitting Tensile Strength of Class | (Pavement) Concretes

Percentage of and Statistical Significance Compared to the

_ SC Mix
Mixtures Testing Age (day)
7 28 182 364 546

M1-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M1-OAG 100 8 - 112 — 86 — 72 l 72 -
M1-OAG 90 102 — 99 — 114 — 69 l 72 -
M1-SRA 98 — 106 — 105 — 102 — 102 -—
M1-PMF g — 89 — 101 — 99 — 123 -—
M1-ICC 106 — 117 — 105 — 69 | 112 —
M1-ICC-OAG 100 116 — 115 — 98 — 80 — 103 -—
M1-ICC-OAG 90 85 ! 92 — 101 — 66 ! 90 -
M1-ICC-SRA 105 — 100 — 100 — 67 ! 73 -
M1-ICC-PMF 110 -— 112 - 92 — 76 — 76 —
M1-ICC-OAG-SRA 108 — 86 — 101 — 79 ! 8 —
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Fig 3.29 Splitting Tensile Strength of Class | (Pavement) Concretes, non-1CC group.
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Fig 3.30 Splitting Tensile Strength of Class | (Pavement) Concretes, ICC group.

For Class | (Pavement) concretes, based on the results of U-test statistical analysis on the

significance data in the Table 3.21, the following can be stated:
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1 The splitting tensile strengths of M1-SRA, M1-PMF, M1-ICC-OAG 100, and M1-
ICC-PMF mixtures were insignificantly different from the SC mix overall.

1 The splitting tensile strengths of all other mixtures were significantly lower than
the SC mix overall.

1 None of the mixtures had splitting tensile strengths significantly higher than the SC
mix overall.

1 The OAG mixes with 100% cement paste content (M1-OAG 100, M1-ICC-OAG
100, and M1-ICC-OAG-SRA) had 7 percent lower splitting tensile strength than
the SC mix on average for all the testing ages.

1 The OAG mixes with 90% paste content (M1-OAG 90 and M1-ICC-OAG 90) had
11 percent lower splitting tensile strength than the SC mix on average for all the
testing ages.

1 The ICC mixes with 100% paste content (M1-ICC, M1-ICC-OAG 100, M1-ICC-
SRA, M1-ICC-PMF, and M1-ICC-OAG-SRA) had 5 percent lower splitting tensile
strength than the SC mix on average for all the testing ages.

1 The SRA mixes (M1-SRA, M1-ICC-SRA, and M1-ICC-OAG-SRA) had 7 percent
lower splitting tensile strength than the SC mix on average for all the testing ages.

1 The PMF mixes (M1-PMF and M1-ICC-PMF) had 3 percent lower splitting tensile

strength than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had lower splitting tensile strengths as

compared with the SC mix.
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Table 3.22 Splitting Tensile Strength of Class Il (Bridge Deck) Concretes.

Splitting Tensile Strength (psi)

Mixtures Testing Age (day)

7 28 182 364 546
M2-SC 534 563 683 525 557
M2-OAG 100 420 529 758 625 403
M2-OAG 85 539 510 795 518 530
M2-OAG 75 548 555 713 605 542
M2-SRA 479 514 530 583 663
M2-PMF 450 529 572 692 513
M2-ICC 425 613 725 468 417
M2-ICC-OAG 437 491 528 463 708
M2-1CC-SRA 525 536 512 478 478
M2-1CC-PMF 456 585 470 498 515
M2-1CC-OAG-SRA 479 555 538 543 515

Table 3.23 Comparison of Splitting Tensile Strength of Class Il (Bridge Deck) Concretes

Percentage of and Statistical Significance Compared to the

_ SC Mix
Mixtures Testing Age (day)
7 28 182 364 546
M2-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M2-OAG 100 79 | 94 — 111 — 119 — 72 |
M2-OAG 85 1010 — 91 ] 116 — 99 — 95 —
M2-OAG 75 03 — 9 — 104 — 115 — 97 -—
M2-SRA 9 - 99 - 78 -— 111 -— 119 -—
M2-PMF 84 — 94 — 84 - 132 1 92 -
M2-1CC 80 ! 109 — 106 — 8 — 75 !
M2-1CC-OAG 82 — 8 -— 77 — 88 - 127 -
M2-1CC-SRA 8 — o6 - 7 — 91 — 86 !
M2-1CC-PMF 8% — 104 — 69 — 95 — 92 -—
M2-ICC-OAG-SRA 909 — 9 - 79 — 103 — 92 -—
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Fig 3.31 Splitting Tensile Strength of Class 11 (Bridge Deck) Concretes, non-ICC group.
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Fig 3.32 Splitting Tensile Strength of Class 11 (Bridge Deck) Concretes, ICC group.
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For Class Il (Bridge Deck) concretes, based on the results of U-test statistical analysis on

the significance data in the Table 3.23, the following can be stated:

1 The splitting tensile strengths of M2-PMF mixture were significantly higher than
the SC mix overall.

1 The splitting tensile strengths of M2-OAG 75, M2-SRA, M2-ICC-OAG, M2-ICC-
PMF, and M2-1CC-OAG-SRA mixtures were insignificantly different from the SC
mix overall.

1 The splitting tensile strengths of M2-OAG 100, M2-OAG 85, M2-ICC, M2-ICC-
SRA mixtures were significantly lower than the SC mix overall.

1 The OAG mixes with 100% paste content (M2-OAG 100, M2-ICC-OAG, and M2-
ICC-OAG-SRA) had 7 percent lower splitting tensile strength than the SC mix on
average for all the testing ages.

1 The OAG mixes with all the different cement paste contents but without
incorporation of ICC (M2-OAG 100, M2-OAG 85, and M2-OAG 75) had the same
splitting tensile strength as the SC mix on average for all the testing ages.

1 The ICC mixes (M2-ICC, M2-ICC-OAG, M2-ICC-SRA, M2-ICC-PMF, and M2-
ICC-OAG-SRA) had 9 percent lower splitting tensile strength than the SC mix on
average for all the testing ages.

1 The SRA mixes (M2-SRA, M2-ICC-SRA, and M2-ICC-OAG-SRA) had 7 percent
lower splitting tensile strength than the SC mix on average for all the testing ages.

1 The PMF mixes (M2-PMF and M2-ICC-PMF) had 7 percent lower splitting tensile

strength than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had lower splitting tensile strengths as

compared with the SC mix.
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Table 3.24 Splitting Tensile Strength of Class V Concretes.

Splitting Tensile Strength (psi)

Mixtures Testing Age (day)

7 28 182 364 546
M3-SC 544 550 667 498 753
M3-OAG 100 475 562 535 512 582
M3-OAG 85 461 563 478 632 520
M3-OAG 75 479 549 442 630 577
M3-SRA 447 449 590 552 623
M3-PMF 505 484 567 658 605
M3-ICC 514 529 422 690 505
M3-ICC-OAG 448 429 652 632 545
M3-ICC-SRA 482 506 578 533 605
M3-ICC-PMF 487 525 578 592 650
M3-ICC-OAG-SRA 467 504 605 585 457

Table 3.25 Comparison of Splitting Tensile Strength of Class V Concretes

Percentage of and Statistical Significance Compared to the

_ SC Mix
Mixtures Testing Age (day)
7 28 182 364 546

M3-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M3-OAG 100 87 — 102 — 80 ! 103 — 77 -
M3-OAG 85 85 — 102 — 72 | 127 — 69 |
M3-OAG 75 88 — 100 — 66 | 12r - 77 -
M3-SRA 82 — 8 -— 88 — 111 — 83 -—
M3-PMF 93 — 8 — 86 — 132 — 80 -—
M3-ICC 94 — 96 — 63 ! 139 — 67 !
M3-ICC-OAG 82 — 78 ! 8 - 127 — T2 -
M3-ICC-SRA 86 — 92 - 87 | 107 — 80 -—
M3-ICC-PMF 99 — 9% - 87 — 119 — 86 —
M3-ICC-OAG-SRA 89 — 92 -— 91 -— 117 — =61 l
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Fig 3.33 Splitting Tensile Strength of Class V Concretes, non-ICC group.
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Fig 3.34 Splitting Tensile Strength of Class V Concretes, ICC group.
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For Class V concretes, based on the results of U-test statistical analysis on the significance

data in the Table 3.25, the following can be stated:

1 The splitting tensile strengths of M3-SRA, M3-PMF, and M3-ICC-PMF mixtures
were insignificantly different from the SC mix overall.

1 The splitting tensile strengths of all other mixtures were significantly lower than
the SC mix overall.

1 None of the mixtures had splitting tensile strengths significantly higher than the SC
mix overall.

1 The OAG mixes with 100% paste content (M3-OAG 100, M3-ICC-OAG, and M3-
ICC-OAG-SRA) had 10 percent lower splitting tensile strength than the SC mix on
average for all the testing ages.

1 The OAG mixes with all different cement paste contents but without incorporation
of ICC (M3-OAG 100, M3-OAG 85, and M3-OAG 75) had 9 percent lower
splitting tensile strength than the SC mix on average for all the testing ages.

1 The ICC mixes (M3-ICC, M3-ICC-OAG, M3-ICC-SRA, M3-ICC-PMF, and M3-
ICC-OAG-SRA) had 8 percent lower splitting tensile strength than the SC mix on
average for all the testing ages.

1 The SRA mixes (M3-SRA, M3-ICC-SRA, and M3-ICC-OAG-SRA) had 10
percent lower splitting tensile strength than the SC mix on average for all the testing
ages.

1 The PMF mixes (M3-PMF and M3-ICC-PMF) had 4 percent lower splitting tensile

strength than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had lower splitting tensile strengths as

compared with the SC mix.

3.3.2.3 Flexural Strength
The average flexural strength for each mix was computed from the strengths of three 4” x
4” x 14” beams from one production mix and another three 4” x 4 x 14” beams from another

production mix, for a total of six beams. The strength values and t-test statistical analysis are shown
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in Tables 3.26 through 3.31, and plots of the strengths are shown in Figures 3.35 through 2.40.

Table 3.26 Flexural Strength of Class | (Pavement) Concretes.

Flexural Strength (psi)

Mixtures Testing Age (day)

7 28 182 364 546
M1-SC 641 738 857 892 883
M1-OAG 100 732 830 945 932 918
M1-OAG 90 712 804 900 903 885
M1-SRA 621 717 880 948 907
M1-PMF 595 645 853 835 870
M1-ICC 717 782 883 935 930
M1-ICC-OAG 100 705 823 900 895 847
M1-ICC-OAG 90 581 709 893 762 943
M1-ICC-SRA 721 794 775 835 858
M1-ICC-PMF 683 779 887 930 902
M1-ICC-OAG-SRA 670 780 885 852 877
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Flexural Strength (psi)

Table 3.27 Comparison of Flexural Strength of Class | (Pavement) Concretes

Percentage of and Statistical Significance Compared to the

) SC Mix
Mixtures Testing Age (day)
7 28 182 364 546
M1-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M1-OAG 100 114 — 112 -— 110 1t 104 — 104 -—
M1-OAG 90 111 — 109 — 105 — 101 — 100 -
M1-SRA 97 — 97 — 103 — 106 — 103 -—
M1-PMF 93 — 8 — 100 — 94 — 99 -—
M1-ICC 112 — 106 — 103 — 105 — 105 -
M1-ICC-OAG 100 110 — 112 — 105 — 100 — 9% —
M1-ICC-OAG 90 91 — 9% — 104 — 8 — 107 -
M1-ICC-SRA 112 — 108 — 90 — 94 — 97 -—
M1-ICC-PMF 107 — 106 — 104 — 104 — 102 -
M1-ICC-OAG-SRA 105 — 106 — 103 — 9% — 99 —
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Fig 3.35 Flexural Strength of Class | (Pavement) Concretes, non-ICC group.
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Fig 3.36 Flexural Strength of Class | (Pavement) Concretes, ICC group.

For Class | (Pavement) concretes, based on the results of U-test statistical analysis on the

significance data in the Table 3.27, the following can be stated:

The flexural strengths of M1-OAG 100 mixture were significantly higher than the
SC mix overall.

The flexural strengths of all other mixtures were insignificantly different from the
SC mix overall.

None of the mixtures had flexural strengths significantly lower than the SC mix
overall.

The OAG mixes with 100% paste content (M1-OAG 100, M1-ICC-OAG 100, and
M1-1CC-OAG-SRA) had 5 percent higher flexural strength than the SC mix on
average for all the testing ages.

The OAG mixes with 90% paste content (M1-OAG 90 and M1-ICC-OAG 90) had
3 percent higher flexural strength than the SC mix on average for all the testing

ages.
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1 The ICC mixes with 100% paste content (M1-ICC, M1-ICC-OAG 100, M1-ICC-
SRA, M1-ICC-PMF, and M1-ICC-OAG-SRA) had 4 percent higher flexural
strength than the SC mix on average for all the testing ages.

1 The SRA mixes (M1-SRA, M1-ICC-SRA, and M1-ICC-OAG-SRA) had 1 percent
higher flexural strength than the SC mix on average for all the testing ages.

1 The PMF mixes (M1-PMF and M1-ICC-PMF) had equally the same flexural
strength than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA mixtures had higher flexural strengths as compared with
the SC mix, while the incorporation of PMF had no significant effect on the flexural strength of

Class | pavement concrete.

Table 3.28 Flexural Strength of Class Il (Bridge Deck) Concretes.

Flexural Strength (psi)

Mixtures Testing Age (day)

7 28 182 364 546
M2-SC 768 848 892 918 830
M2-OAG 100 127 810 952 892 903
M2-OAG 85 748 877 948 937 915
M2-OAG 75 788 855 957 1,000 935
M2-SRA 732 809 905 932 950
M2-PMF 721 811 837 875 868
M2-ICC 679 834 867 958 985
M2-ICC-OAG 686 785 845 845 870
M2-ICC-SRA 734 805 930 888 908
M2-ICC-PMF 698 813 873 907 843
M2-ICC-OAG-SRA 667 906 883 887 912
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Table 3.29 Comparison of Flexural Strength of Class Il (Bridge Deck) Concretes

Percentage of and Statistical Significance Compared to the

) SC Mix
Mixtures Testing Age (day)
7 28 182 364 546
M2-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M2-OAG 100 9%5 | 9% — 107 — 97 — 109 -—
M2-OAG 85 97 — 103 — 106 — 102 — 110 -—
M2-OAG 75 103 — 101 -— 107 — 109 — 113 1t
M2-SRA 9% — 9 — 101 -— 102 -— 114 1
M2-PMF 94 — 9% — 94 — 95 — 105 -
M2-ICC 8 | 98 — 97 — 104 — 119 1
M2-ICC-OAG 89 | 93 | 9% — 92 — 105 -
M2-ICC-SRA % — 9 | 104 -— 97 — 109 -
M2-ICC-PMF 91 | 9% — 98 — 99 -— 102 -
M2-ICC-OAG-SRA 87 | 107 — 99 — 97 — 110 1
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Fig 3.37 Flexural Strength of Class 11 (Bridge Deck) Concretes, non-ICC group.
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Fig 3.38 Flexural Strength of Class 11 (Bridge Deck) Concretes, ICC group.

For Class Il (Bridge Deck) concretes, based on the results of U-test statistical analysis on

the significance data in the Table 3.29, the following can be stated:

The flexural strengths of M2-OAG 75 and M2-SRA mixtures were significantly
higher than the SC mix overall.

The flexural strengths of M2-OAG 85, M2-PMF, M2-ICC, and M2-ICC-OAG-
SRA mixtures were insignificantly different from the SC mix overall.

The flexural strengths of M2-OAG 100, M2-ICC-OAG, M2-ICC-SRA, and M2-
ICC-PMF mixtures were significantly lower than the SC mix overall.

The OAG mixes with 100% paste content (M2-OAG 100, M2-ICC-OAG, and M2-
ICC-OAG-SRA) had 1 percent lower flexural strength than the SC mix on average
for all the testing ages.

The OAG mixes with all the different cement paste contents but without
incorporation of ICC (M2-OAG 100, M2-OAG 85, and M2-OAG 75) had 4 percent

higher flexural strength than the SC mix on average for all the testing ages.
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1 The ICC mixes (M2-ICC, M2-ICC-OAG, M2-ICC-SRA, M2-ICC-PMF, and M2-
ICC-OAG-SRA) had 1 percent lower flexural strength than the SC mix on average
for all the testing ages.

1 The SRA mixes (M2-SRA, M2-ICC-SRA, and M2-ICC-OAG-SRA) had 1 percent
higher flexural strength than the SC mix on average for all the testing ages.

1 The PMF mixes (M2-PMF and M2-ICC-PMF) had 3 percent lower flexural

strength than the SC mix on average for all the testing ages.

In general, for Class Il bridge deck concrete, the ICC, OAG, SRA, and PMF mixtures had

approximately the same flexural strengths as compared with the SC mix.

Table 3.30 Flexural Strength of Class V Concretes.

Flexural Strength (psi)

Mixtures Testing Age (day)

7 28 182 364 546
M3-SC 804 935 1,005 988 1,008
M3-OAG 100 765 794 915 955 872
M3-OAG 85 754 885 930 912 893
M3-OAG 75 714 838 860 889 917
M3-SRA 728 855 968 962 980
M3-PMF 773 900 985 937 942
M3-ICC 817 847 900 875 913
M3-ICC-OAG 781 837 873 795 835
M3-ICC-SRA 795 858 870 892 923
M3-ICC-PMF 781 811 900 927 847
M3-ICC-OAG-SRA 752 825 895 900 863
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Flexural Strength (psi)

Table 3.31 Comparison of Flexural Strength of Class V Concretes

Percentage of and Statistical Significance Compared to the

) SC Mix
Mixtures Testing Age (day)
28 182 364 546
M3-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M3-OAG 100 % — 8 | 91 -— 97 — 87 -—
M3-OAG 85 94 — 9 — 93 — 92 — 8 -
M3-OAG 75 8% | 9% | 86 | 9% | 91 -
M3-SRA 917 — 91 | 9% — 97 — 97 —
M3-PMF % — 9% — 98 — 9 — 93 -—
M3-ICC 02 — 91 | 9 | 8 — 91 -
M3-ICC-OAG 979 — 9% | 8 | 80 | 83 |
M3-ICC-SRA 9 - 92 -— 8 | 9% | 92 -
M3-ICC-PMF 97 — 87 | 9% | 94 -— 84 |
M3-ICC-OAG-SRA 94 — 88 | 89 — 91 | 86 |
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Fig 3.39 Flexural Strength of Class V Concretes, non-ICC group.
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Fig 3.40 Flexural Strength of Class V Concretes, ICC group.

For Class V concretes, based on the results of U-test statistical analysis on the significance

data in the Table 3.31, the following can be stated:

The flexural strengths of M3-OAG 85 and M3-PMF mixtures were insignificantly
different from the SC mix overall.

The flexural strengths of all other mixtures were significantly lower than the SC
mix overall.

None of the mixtures had flexural strengths significantly higher than the SC mix
overall.

The OAG mixes with 100% paste content (M3-OAG 100, M3-ICC-OAG, and M3-
ICC-OAG-SRA) had 11 percent lower flexural strength than the SC mix on average
for all the testing ages.

The OAG mixes with all different cement paste contents but without the
incorporation of ICC (M3-OAG 100, M3-OAG 85, and M3-OAG 75) had 9 percent

lower flexural strength than the SC mix on average for all the testing ages.
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1 The ICC mixes (M3-ICC, M3-ICC-OAG, M3-ICC-SRA, M3-ICC-PMF, and M3-
ICC-OAG-SRA) had 10 percent lower flexural strength than the SC mix on average
for all the testing ages.

1 The SRA mixes (M3-SRA, M3-ICC-SRA, and M3-ICC-OAG-SRA) had 8 percent
lower flexural strength than the SC mix on average for all the testing ages.

1 The PMF mixes (M3-PMF and M3-ICC-PMF) had 7 percent lower flexural
strength than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had lower flexural strengths as

compared with the SC mix.

3.3.2.4 Modulus of Elasticity (MOE)

The average MOE for each mix was computed from the MOE of three 4” x 8” cylinders
from one production mix and another three 4 x 8” cylinders from another production mix, for a
total of six cylinders. The MOE values and t-test statistical analysis are shown in Tables 3.32
through 3.37, and plots of the MOE are shown in Figures 3.41 through 3.46.
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Table 3.32 MOE of Class | (Pavement) Concretes.

MOE (Mpsi)
Mixtures Testing Age (day)

7 28 182 364 546
M1-SC 4.49 4.98 5.75 5.97 5.83
M1-OAG 100 4.81 5.13 5.92 5.88 5.92
M1-OAG 90 4.70 5.26 5.87 5.82 5.90
M1-SRA 4.61 4.98 5.93 5.98 5.82
M1-PMF 4.11 4.56 5.47 5.57 5.65
M1-ICC 4.39 4.69 5.38 5.22 5.37
M1-ICC-OAG 100 4.55 4.86 5.38 5.35 5.52
M1-ICC-OAG 90 4.09 4.61 5.38 5.23 5.48
M1-ICC-SRA 4.44 4.70 5.37 5.13 5.20
M1-ICC-PMF 4.35 4.82 5.85 5.40 5.60
M1-ICC-OAG-SRA 4.09 4.77 5.18 5.18 5.27

Table 3.33 Comparison of MOE of Class | (Pavement) Concretes

Percentage of and Statistical Significance Compared to the

_ SC Mix
Mixtures Testing Age (day)
7 28 182 364 546
M1-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M1-OAG 100 107 1t 103 — 103 — 98 — 102 -—
M1-OAG 90 0 — 106 — 102 — 97 — 101 -—
M1-SRA 103 — 100 — 103 — 100 — 100 -—
M1-PMF 92 | 92 | 9 | 9 — 97 -—
M1-1CC %8 — 94 | 9 | 8 | 9 |
M1-ICC-OAG 100 101 — 98 — 94 ! 90 ! 95 !
M1ICC-OAG90 91 | 93 | 94 | 8 | 9 -—
M1-ICC-SRA 9 — 9 | 93 | 8 | 8 |
M1-ICC-PMF 979 — 97 — 102 — 90 ! 96 !
MI-ICC-OAG-SRA 91 | 9 | 90 | 8 | 9 |
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Fig 3.41 MOE of Class | (Pavement) Concretes, non-ICC group.
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Fig 3.42 MOE of Class | (Pavement) Concretes, ICC group.
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For Class | (Pavement) concretes, based on the results of U-test statistical analysis on the

significance data in the Table 3.33, the following can be stated:

1 The MOE of the M1-OAG 100 mixture was significantly higher than the SC mix
overall.

1 The MOE values of the M1-OAG 90 and M1-SRA mixtures were insignificantly
different from the SC mix overall.

1 The MOE values of M1-PMF, M1-ICC, M1-ICC-OAG 100, M1-ICC-OAG 90,
M1-ICC-SRA, MI-ICC-PMF, and M1-ICC-OAG-SRA mixtures were
significantly lower than the SC mix overall.

1 The OAG mixes with 100% paste content (M1-OAG 100, M1-1CC-OAG 100, and
M1-ICC-OAG-SRA) had 4 percent lower MOE than the SC mix on average for all
the testing ages.

1 The OAG mixes with 90% paste content (M1-OAG 90 and M1-ICC-OAG 90) had
3 percent lower MOE than the SC mix on average for all the testing ages.

1 The ICC mixes with 100% paste content (M1-ICC, M1-ICC-OAG 100, M1-ICC-
SRA, M1-ICC-PMF, and M1-ICC-OAG-SRA) had 6 percent lower MOE values
than the SC mix on average for all the testing ages.

1 The SRA mixes (M1-SRA, M1-ICC-SRA, and M1-ICC-OAG-SRA) had 5 percent
lower MOE values than the SC mix on average for all the testing ages.

1 The PMF mixes (M1-PMF and M1-ICC-PMF) had 5 percent lower MOE values
than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had lower MOE as compared with the
SC mix.
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Table 3.34 MOE of Class Il (Bridge Deck) Concretes.

MOE (Mpsi)
Mixtures Testing Age (day)

7 28 182 364 546
M2-SC 4.75 5.12 5.77 5.92 5.87
M2-OAG 100 4.60 4.82 5.55 5.52 5.55
M2-OAG 85 5.00 5.34 5.98 5.80 5.97
M2-OAG 75 4.96 4.97 5.95 5.93 6.05
M2-SRA 4.74 4.66 5.57 5.65 4.78
M2-PMF 4.42 4.79 5.32 5.42 5.42
M2-ICC 3.99 451 5.08 5.12 5.12
M2-ICC-OAG 3.92 4.13 4.62 4.60 4.65
M2-1CC-SRA 4.10 4.36 5.07 5.28 5.00
M2-1CC-PMF 4.04 4.39 4.72 4.90 4.83
M2-1CC-OAG-SRA 4.03 4.53 4.83 4.95 4.95

Table 3.35 Comparison of MOE of Class Il (Bridge Deck) Concretes

Percentage of and Statistical Significance Compared to the

_ SC Mix
Mixtures Testing Age (day)
7 28 182 364 546
M2-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M2-OAG 100 97 — 94 | 9% | 9 — 95 |
M2-OAG 85 105 — 104 — 104 1 98 - 102 -—
M2-OAG 75 04 - 97 — 1038 — 100 — 103 -—
M2-SRA 00 — 91 | 97 | 95 — 8l |
M2-PMF 93 | 9% | 92 | 92 — 9 |
M2-1CC 84 | 8 | 8 | 8 | 8 |
M2-ICC-OAG 83 | 8 | 8 | 78 | 719 |
M2-ICC-SRA 8 | 8 | 8 | 8 — 8 |
M2-1CC-PMF 85 | 8 | 8 | 8 | 8 |
M2-ICC-OAG-SRA 8 | 88 | 8 | 84 | 84 |
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For Class Il (Bridge Deck) concretes, based on the results of U-test statistical analysis on

the significance data in the Table 3.35, the following can be stated:

1 The MOE of the M2-OAG 85 mixture was significantly higher than the SC mix
overall.

1 The MOE of M2-OAG 75 mixture was insignificantly different from the SC mix
overall.

1 The MOE values of all other mixtures were significantly lower than the SC mix
overall.

1 The OAG mixes with 100% paste content (M2-OAG 100, M2-ICC-OAG, and M2-
ICC-OAG-SRA) had 13 percent lower MOE values than the SC mix on average for
all the testing ages.

1 The OAG mixes with all the different cement paste contents but without
incorporation of ICC (M2-OAG 100, M2-OAG 85, and M2-OAG 75) had the same
MOE values as the SC mix on average for all the testing ages.

1 The ICC mixes (M2-ICC, M2-ICC-OAG, M2-ICC-SRA, M2-ICC-PMF, and M2-
ICC-OAG-SRA) had 16 percent lower MOE values than the SC mix on average for
all the testing ages.

1 The SRA mixes (M2-SRA, M2-ICC-SRA, and M2-ICC-OAG-SRA) had 12
percent lower MOE values than the SC mix on average for all the testing ages.

1 The PMF mixes (M2-PMF and M2-ICC-PMF) had 12 percent lower MOE values
than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had lower MOE values as compared
with the SC mix.
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Table 3.36 MOE of Class V Concretes.

MOE (Mpsi)
Mixtures Testing Age (day)

7 28 182 364 546
M3-SC 4.87 5.29 6.02 6.12 6.22
M3-OAG 100 4.58 4.99 5.52 5.77 5.65
M3-OAG 85 5.04 5.26 5.87 5.92 6.00
M3-OAG 75 4.82 5.19 5.30 5.47 5.40
M3-SRA 4.75 5.14 5.70 5.72 5.80
M3-PMF 4.81 5.15 5.82 5.83 5.95
M3-ICC 4.13 4.30 4.78 4.83 4.77
M3-ICC-OAG 3.93 4.14 4.70 4.62 4.83
M3-ICC-SRA 4.19 4.48 5.12 5.12 5.05
M3-ICC-PMF 3.96 4.23 4.73 3.90 4.92
M3-ICC-OAG-SRA 3.93 4.38 4.80 4.90 4.88

Table 3.37 Comparison of MOE of Class V Concretes

Percentage of and Statistical Significance Compared to the

_ SC Mix
Mixtures Testing Age (day)
7 28 182 364 546
M3-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M3-0AG 100 4 | 94 | 92 | 9 | 9 |
M3-OAG 85 103 — 9 — 98 — 97 — 96 —
M3-0AG 75 %9 — 9 — 8 | 8 | 8 |
M3-SRA 8 — 97 — 9 — 093 ! 93 -
M3-PMF 9 - 97 — 97 — 95 — 96 -
M3-1CC 85 | 8 | 79 | 719 | 177 |
M3-ICC-OAG 81 | 78 | 18 | 175 | 718 |
M3-ICC-SRA 86 | 8 | 8 | 8 | 8 |
M3-ICC-PMF 81 | 8 | 79 | 6 | 719 |
M3-ICC-OAG-SRA 81 | 83 | 8 | 8 | 78 |
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For Class V concretes, based on the results of U-test statistical analysis on the significance

data in the Table 3.37, the following can be stated:

1 The MOE values of M3-OAG 85 and M3-PMF mixtures were insignificantly
different from the SC mix overall.

1 The MOE values of all other mixtures were significantly lower than the SC mix
overall.

None of the mixtures had MOE significantly higher than the SC mix overall.

The OAG mixes with 100% paste content (M3-OAG 100, M3-ICC-OAG, and M3-
ICC-OAG-SRA) had 16 percent lower MOE values than the SC mix on average for
all the testing ages.

1 The OAG mixes with all different cement paste contents but without incorporation
of ICC (M3-OAG 100, M3-OAG 85, and M3-OAG 75) had 5 percent lower MOE
values than the SC mix on average for all the testing ages.

1 The ICC mixes (M3-ICC, M3-ICC-OAG, M3-ICC-SRA, M3-ICC-PMF, and M3-
ICC-OAG-SRA) had 20 percent lower MOE values than the SC mix on average for
all the testing ages.

1 The SRA mixes (M3-SRA, M3-ICC-SRA, and M3-ICC-OAG-SRA) had 13
percent lower MOE values than the SC mix on average for all the testing ages.

1 The PMF mixes (M3-PMF and M3-ICC-PMF) had 13 percent lower MOE values
than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had lower MOE values compared with
the SC mix.

3.3.2.5 Poisson’s Ratio

The average Poisson’s ratio for each mix was computed from the Poisson’s ratio of three
4” x 8” cylinders from one production mix and another three 4” x 8” cylinders from another
production mix, for a total of six cylinders. The Poisson’s ratio and t-test statistical analysis are
shown in Tables 3.38 through 3.43, and plots of the Poisson’s ratio are shown in Figures 3.47
through 3.52.
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Table 3.38 Poisson’s Ratio of Class | (Pavement) Concretes.

Poisson’s Ratio

Mixtures Testing Age (day)

7 28 182 364 546
M1-SC 0.20 0.22 0.20 0.23 0.23
M1-OAG 100 0.21 0.22 0.22 0.23 0.22
M1-OAG 90 0.21 0.22 0.22 0.22 0.23
M1-SRA 0.20 0.21 0.22 0.22 0.22
M1-PMF 0.21 0.20 0.22 0.21 0.22
M1-ICC 0.21 0.22 0.21 0.22 0.22
M1-ICC-OAG 100 0.22 0.22 0.22 0.22 0.23
M1-ICC-OAG 90 0.21 0.22 0.22 0.22 0.23
M1-ICC-SRA 0.21 0.22 0.22 0.23 0.23
M1-ICC-PMF 0.19 0.23 0.22 0.22 0.23
M1-ICC-OAG-SRA 0.23 0.23 0.22 0.23 0.23

Table 3.39 Comparison of Poisson’s Ratio of Class | (Pavement) Concretes

Percentage of and Statistical Significance Compared to the

_ SC Mix
Mixtures Testing Age (day)
7 28 182 364 546
M1-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M1-OAG 100 105 1t 100 — 110 t 100 — 96 —
M1-OAG 90 105 1t 100 — 110 t 9% — 100 -—
M1-SRA 100 — 9% — 110 — 9% — 96 -—
M1-PMF 105 1 917 — 110 1 99 — 9% —
M1-ICC 1005 — 100 — 105 — 9% — 96 -—
M1-ICC-OAG 100 110 1t 1000 — 110 1t 9% — 100 —
M1-ICC-OAG 90 1005 1t 100 — 110 t 9% — 100 -
M1-ICC-SRA 105 — 100 -— 110 1t 100 — 100 -
M1-ICC-PMF 9% — 105 — 110 — 9% — 100 -
M1-ICC-OAG-SRA 115 1t 105 — 110 — 100 — 100 —
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For Class | (Pavement) concretes, based on the results of U-test statistical analysis on the

significance data in the Table 3.39, the following can be stated:

1 The Poisson’s ratios of M1-OAG 100, M1-OAG 90, M1-PMF, M1-ICC-OAG 100,
M1-ICC-OAG 90, MI1-ICC-SRA, and M1-ICC-OAG-SRA mixtures were
significantly higher than the SC mix overall.

9 The Poisson’s ratios of M1-SRA, M1-ICC, and M1-ICC-PMF mixtures were
insignificantly different from the SC mix overall.

1 None of the mixtures had a Poisson’s ratio significantly lower than the SC mix
overall.

1 The OAG mixes with 100% paste content (M1-OAG 100, M1-ICC-OAG 100, and
M1-ICC-OAG-SRA) had 4 percent higher Poisson’s ratio than the SC mix on
average for all the testing ages.

1 The OAG mixes with 90% paste content (M1-OAG 90 and M1-ICC-OAG 90) had
2 percent higher Poisson’s ratio than the SC mix on average for all the testing ages.

1 The ICC mixes with 100% paste content (M1-ICC, M1-ICC-OAG 100, M1-ICC-
SRA, M1-ICC-PMF, and M1-ICC-OAG-SRA) had 3 percent higher Poisson’s ratio
than the SC mix on average for all the testing ages.

1 The SRA mixes (M1-SRA, M1-ICC-SRA, and M1-ICC-OAG-SRA) had 3 percent
higher Poisson’s ratio than the SC mix on average for all the testing ages.

1 The PMF mixes (M1-PMF and M1-1CC-PMF) had the same Poisson’s ratio as the
SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, mixtures had higher Poisson’s ratios as compared with
the SC mix. The incorporation of PMF had no significant effect on the Poisson’s ratio of the

concrete.
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Table 3.40 Poisson’s Ratio of Class Il (Bridge Deck) Concretes.

Poisson’s Ratio

Mixtures Testing Age (day)

7 28 182 364 546
M2-SC 0.21 0.22 0.21 0.23 0.22
M2-OAG 100 0.23 0.23 0.23 0.23 0.23
M2-OAG 85 0.22 0.22 0.21 0.23 0.22
M2-OAG 75 0.21 0.22 0.21 0.23 0.23
M2-SRA 0.21 0.23 0.23 0.22 0.24
M2-PMF 0.21 0.23 0.22 0.22 0.22
M2-ICC 0.22 0.24 0.23 0.23 0.23
M2-ICC-OAG 0.23 0.23 0.23 0.24 0.24
M2-1CC-SRA 0.22 0.23 0.23 0.24 0.24
M2-1CC-PMF 0.22 0.23 0.23 0.23 0.24
M2-1CC-OAG-SRA 0.23 0.22 0.23 0.23 0.25

Table 3.41 Comparison of Poisson’s Ratio of Class Il (Bridge Deck) Concretes

Percentage of and Statistical Significance Compared to the

_ SC Mix
Mixtures Testing Age (day)
7 28 182 364 546
M2-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M2-OAG 100 1170 1t 105 - 110 -— 100 — 105 -—
M2-OAG 85 05 — 100 - 100 — 100 — 100 -—
M2-OAG 75 100 -— 100 - 100 — 100 — 105 -—
M2-SRA 100 — 105 -— 110 1 9% — 109 -—
M2-PMF 100 — 105 — 105 — 9% — 100 -—
M2-1CC 05 — 109 1t 110 — 100 -— 105 -—
M2-1CC-OAG 1170 1t 105 -— 110 — 104 -— 109 -—
M2-1CC-SRA 05 1t 105 -— 110 1t 104 — 109 -—
M2-1CC-PMF 0 — 105 - 110 — 100 — 109 -—
M2-ICC-OAG-SRA 110 {1 100 — 110 1 100 — 114 1
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For Class Il (Bridge Deck) concretes, based on the results of U-test statistical analysis on

the significance data in the Table 3.41, the following can be stated:

1 The Poisson’s ratios of M2-OAG 100, M2-SRA, M2-ICC, M2-ICC-OAG, M2-
ICC-SRA, and M2-ICC-OAG-SRA mixtures were significantly higher than the SC
mix overall.

9 The Poisson’s ratios of M2-OAG 85, M2-OAG 75, M2-PMF, and M2-1CC-PMF
mixture were insignificantly different from the SC mix overall.

1 None of the mixtures had a Poisson’s ratio significantly lower than the SC mix
overall.

1 The OAG mixes with 100% paste content (M2-OAG 100, M2-ICC-OAG, and M2-
ICC-OAG-SRA) had 7 percent higher Poisson’s ratio than the SC mix on average
for all the testing ages.

1 The OAG mixes with all the different cement paste contents but without ICC (M2-
OAG 100, M2-OAG 85, and M2-OAG 75) had 3 percent lower Poisson’s ratio than
the SC mix on average for all the testing ages.

1 The ICC mixes (M2-ICC, M2-ICC-OAG, M2-ICC-SRA, M2-ICC-PMF, and M2-
ICC-OAG-SRA) had 7 percent higher Poisson’s ratio than the SC mix on average
for all the testing ages.

1 The SRA mixes (M2-SRA, M2-ICC-SRA, and M2-ICC-OAG-SRA) had 6 percent
higher Poisson’s ratio than the SC mix on average for all the testing ages.

1 The PMF mixes (M2-PMF and M2-1CC-PMF) had 4 percent higher Poisson’s ratio

than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had higher Poisson’s ratios as
compared with the SC mix. The SRA mixes with reduced cement paste content had slightly lower

Poisson’s ratio as compared with the SC mix.
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Table 3.42 Poisson’s Ratio of Class V Concretes.

Poisson’s Ratio

Mixtures Testing Age (day)

7 28 182 364 546
M3-SC 0.21 0.21 0.23 0.23 0.23
M3-OAG 100 0.24 0.23 0.23 0.25 0.24
M3-OAG 85 0.23 0.23 0.23 0.24 0.24
M3-OAG 75 0.22 0.23 0.23 0.24 0.21
M3-SRA 0.22 0.22 0.22 0.21 0.23
M3-PMF 0.22 0.22 0.24 0.23 0.22
M3-ICC 0.23 0.23 0.23 0.24 0.23
M3-ICC-OAG 0.23 0.24 0.23 0.25 0.25
M3-ICC-SRA 0.23 0.24 0.23 0.26 0.25
M3-ICC-PMF 0.22 0.24 0.22 0.25 0.24
M3-ICC-OAG-SRA 0.22 0.23 0.24 0.26 0.25

Table 3.43 Comparison of Poisson’s Ratio of Class V Concretes

Percentage of and Statistical Significance Compared to the

_ SC Mix
Mixtures Testing Age (day)
7 28 182 364 546

M3-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M3-OAG 100 114 1t 110 - 100 -— 109 1t 104 1
M3-OAG 85 110 1 110 1 100 — 104 1 104 1
M3-OAG 75 105 — 110 1 100 — 104 1 91 |
M3-SRA 05 1 105 — 9 | 91 | 100 —
M3-PMF 105 — 105 — 104 1t 100 — 96 !
M3-ICC 110 ¢t 110 1t 100 — 104 1t 100 -—
M3-ICC-OAG 110 1 114 1 100 — 109 1 109 1
M3-ICC-SRA 10 1 114 1 100 — 113 1 109 1
M3-ICC-PMF 105 1 114 1 9% | 109 1 104 1
M3-ICC-OAG-SRA 105 1 110 — 104 1 113 1 109 1
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For Class V concretes, based on the results of U-test statistical analysis on the significance
data in the Table 3.43, the following can be stated:

9 The Poisson’s ratios of M3-PMF mixtures were insignificantly different from the
SC mix overall.

9 The Poisson’s ratios of M3-SRA mixtures were significantly lower than the SC mix
overall.

1 All other mixture’s Poisson’s ratios were significantly higher than the SC mix
overall.

1 The OAG mixes with 100% paste content (M3-OAG 100, M3-ICC-OAG, and M3-
ICC-OAG-SRA) had 8 percent higher Poisson’s ratio than the SC mix on average
for all the testing ages.

1 The OAG mixes with all different cement paste contents but without incorporation
of ICC (M3-OAG 100, M3-OAG 85, and M3-OAG 75) had 5 percent higher
Poisson’s ratio than the SC mix on average for all the testing ages.

1 The ICC mixes (M3-ICC, M3-ICC-OAG, M3-ICC-SRA, M3-ICC-PMF, and M3-
ICC-OAG-SRA) had 7 percent higher Poisson’s ratio than the SC mix on average
for all the testing ages.

1 The SRA mixes (M3-SRA, M3-ICC-SRA, and M3-ICC-OAG-SRA) had 6 percent
higher Poisson’s ratio than the SC mix on average for all the testing ages.

1 The PMF mixes (M3-PMF and M3-ICC-PMF) had 4 percent higher Poisson’s ratio

than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had higher Poisson’s ratios as

compared with the SC mix.

3.3.2.6 Coefficient of Thermal Expansion

The average CTE for each mix was computed from the CTE of three 4” x 8” cylinders from
one production mix and another three 4” x 8 cylinders from another production mix, for a total
of six cylinders. The CTE values and t-test statistical analysis are shown in Tables 3.44 through
3.49, and plots of the CTE are shown in Figures 3.53 through 3.58.
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Table 3.44 CTE of Class | (Pavement) Concretes.

CTE (pe/°F)
Mixtures Testing Age (day)

28 364 546
M1-SC 4.33 5.20 4.75
M1-OAG 100 4.23 4.48 4.82
M1-OAG 90 4.36 4.54 4.58
M1-SRA 4.57 5.32 4.93
M1-PMF 4.48 5.23 4.72
M1-ICC 3.99 4.97 4.48
M1-ICC-OAG 100 3.82 4.19 4.36
M1-ICC-OAG 90 4.34 4.28 4,52
M1-ICC-SRA 4.34 5.22 4.65
M1-ICC-PMF 4.17 4.18 4.81
M1-ICC-OAG-SRA 4.04 5.02 4.65

Table 3.45 Comparison of CTE of Class | (Pavement) Concretes

Percentage of and Statistical Significance
Compared to the SC Mix

Mixtures Testing Age (day)
28 364 546
M1-SC 100 ref 100 ref 100 ref
M1-OAG 100 98 - 86 l 102 -
M1-OAG 90 101 - 87 - 96 -
M1-SRA 106 1 102 - 104 -
M1-PMF 103 - 101 - 99 -
M1-ICC 2 | 9% - 94 —
M1-ICC-OAG100 88 | 8 | 92 —
M1-ICC-OAG 90 100 - 82 ! 95 -
M1-ICC-SRA 100 - 100 - 98 -
M1-ICC-PMF 96 - 80 l 101 —
M1-ICC-OAG-SRA 93 ! 96 - 98 -
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For Class | (Pavement) concretes, based on the results of U-test statistical analysis on the

significance data in the Table 3.45, the following can be stated:

The CTE of M1-SRA mixture were significantly higher than the SC mix overall.
The CTE of M1-OAG 90, M1-PMF, and M1-ICC-SRA mixtures were
insignificantly different from the SC mix overall.

1 The CTE of M1-OAG 100, M1-ICC, M1-ICC-OAG 100, M1-ICC-OAG 90, M1-
ICC-PMF, and M1-1CC-OAG-SRA mixtures were significantly lower than the SC
mix overall.

1 The OAG mixes with 100% paste content (M1-OAG 100, M1-ICC-OAG 100, and
M1-ICC-OAG-SRA) had 7 percent lower CTE than the SC mix on average for all
the testing ages.

1 The OAG mixes with 90% paste content (M1-OAG 90 and M1-ICC-OAG 90) had
6 percent lower CTE than the SC mix on average for all the testing ages.

1 The ICC mixes with 100% paste content (M1-ICC, M1-ICC-OAG 100, M1-ICC-
SRA, M1-ICC-PMF, and M1-ICC-OAG-SRA) had 6 percent lower CTE than the
SC mix on average for all the testing ages.

1 The SRA mixes (M1-SRA, M1-ICC-SRA, and M1-ICC-OAG-SRA) had the same
CTE as the SC mix on average for all the testing ages.

1 The PMF mixes (M1-PMF and M1-ICC-PMF) had 3 percent lower CTE than the

SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had lower CTE as compared with the
SC mix.
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Table 3.46 CTE of Class Il (Bridge Deck) Concretes.

CTE (ue/°F)
Mixtures Testing Age (day)

28 364 546
M2-SC 4.70 5.11 4.81
M2-OAG 100 4.22 4.19 4.26
M2-OAG 85 4.39 4.19 4.26
M2-OAG 75 4.22 4.25 4.46
M2-SRA 4.76 491 5.00
M2-PMF 4.66 4.61 4.67
M2-1CC 4.22 4.41 4.31
M2-ICC-OAG 4.24 4.11 4.04
M2-1CC-SRA 4.39 4.88 4.58
M2-1CC-PMF 4.25 4.14 4.33
M2-1CC-OAG-SRA 4.51 4.36 4.08

Table 3.47 Comparison of CTE of Class Il (Bridge Deck) Concretes

Percentage of and Statistical Significance
Compared to the SC Mix

Mixtures

Testing Age (day)
28 364 546
M2-SC 100 ref 100 ref 100 ref
M2-OAG 100 90 ! 82 ! 88 !
M2-OAG 85 93 ! 82 ! 89 !
M2-OAG 75 90 ! 83 ! 93 —
M2-SRA 101 — 96 — 104 0
M2-PMF 99 — 90 ! 97 —
M2-ICC 90 ! 86 ! 90 !
M2-ICC-OAG 90 ! 80 ! 84 !
M2-1CC-SRA 93 ! 96 — 95 !
M2-ICC-PMF 90 | 81 | 90 !
M2-ICC-OAG-SRA 96 — 85 ! 85 !
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For Class Il (Bridge Deck) concretes, based on the results of U-test statistical analysis on

the significance data in the Table 3.47, the following can be stated:

The CTE of M2-SRA mixture were significantly higher than the SC mix overall.
All other mixture’s CTE were significantly lower than the SC mix overall.

The OAG mixes with 100% paste content (M2-OAG 100, M2-ICC-OAG, and M2-
ICC-OAG-SRA) had 13 percent lower CTE than the SC mix on average for all the
testing ages.

1 The OAG group with all the different cement paste contents but without
incorporation of ICC (M2-OAG 100, M2-OAG 85, and M2-OAG 75) had 12
percent lower CTE than the SC mix on average for all the testing ages.

1 The ICC mixes (M2-ICC, M2-ICC-OAG, M2-ICC-SRA, M2-ICC-PMF, and M2-
ICC-OAG-SRA) had 11 percent lower CTE than the SC mix on average for all the
testing ages.

1 The SRA mixes (M2-SRA, M2-ICC-SRA, and M2-ICC-OAG-SRA) had 5 percent
lower CTE than the SC mix on average for all the testing ages.

1 The PMF mixes (M2-PMF and M2-ICC-PMF) had 9 percent lower CTE than the

SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had lower CTE as compared with the
SC mix.
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Table 3.48 CTE of Class V Concretes.

CTE (pe/°F)
Mixtures Testing Age (day)

28 364 546
M3-SC 4.56 4.73 4.89
M3-OAG 100 4.01 4.17 4.04
M3-OAG 85 3.99 4.43 3.95
M3-OAG 75 4.14 4.39 4.04
M3-SRA 4.92 5.28 5.34
M3-PMF 4.54 4.86 4.59
M3-ICC 3.86 4.13 4.36
M3-ICC-OAG 3.85 4.26 4.35
M3-ICC-SRA 3.72 4.12 4.53
M3-ICC-PMF 3.77 4.04 4.03
M3-ICC-OAG-SRA 3.84 4.12 4.24

Table 3.49 Comparison of CTE of Class V Concretes

Percentage of and Statistical Significance
Compared to the SC Mix

Mixtures Testing Age (day)
28 364
M3-SC 100 ref 100 ref 100 ref
M3-OAG 100 88 | 8 | 8 |
M3-OAG 85 88 l 94 — 81 l
M3-OAG 75 91 ! 93 — 83 !
M3-SRA 108 — 112 1 109 1
M3-PMF 100 — 103 — 94 !
M3-1CC &5 | 8 | 8 |
M3-ICC-OAG 84 | 9 | 8 |
M3-ICC-SRA &2 | 8 | 93 -
M3-ICC-PMF 83 | 8 | 8 |
M3-ICC-OAG-SRA 8 | 87 | 8 |
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For Class V concretes, based on the results of U-test statistical analysis on the significance
data in the Table 3.49, the following can be stated:

The CTE of M3-SRA mixture were significantly higher than the SC mix overall.
All other mixture’s CTE were significantly lower than the SC mix overall.

The OAG mixes with 100% paste content (M3-OAG 100, M3-ICC-OAG, and M3-
ICC-OAG-SRA) had 13 percent lower CTE than the SC mix on average for all the
testing ages.

1 The OAG mixes with all different cement paste contents but without incorporation
of ICC (M3-OAG 100, M3-OAG 85, and M3-OAG 75) had 12 percent lower CTE
than the SC mix on average for all the testing ages.

1 The ICC mixes (M3-ICC, M3-ICC-OAG, M3-ICC-SRA, M3-ICC-PMF, and M3-
ICC-OAG-SRA) had 14 percent lower CTE than the SC mix on average for all the
testing ages.

1 The SRA mixes (M3-SRA, M3-ICC-SRA, and M3-ICC-OAG-SRA) had 6 percent
lower CTE than the SC mix on average for all the testing ages.

1 The PMF mixes (M3-PMF and M3-ICC-PMF) had 9 percent lower CTE than the

SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had lower CTE as compared with the
SC mix.

3.3.2.7 Free Shrinkage

The average free shrinkage for each mix was computed from the shrinkages of six 3” x 3”
x 11.25” prisms from one production mix and another six 3” x 3 x 11.25” prisms from another
production mix, for a total of twelve prisms. The shrinkage values and t-test statistical analysis are
shown in Tables 3.50 through 3.55, and plots of the shrinkage are shown in Figures 3.59 through
3.64.
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Table 3.50 Free Shrinkage of Class | (Pavement) Concretes.

Free Shrinkage (ue)
Mixtures Testing Age (day)

7 28 182 364 546 728
M1-SC 113 55 307 327 365 346
M1-OAG 100 45 92 323 345 249 362
M1-OAG 90 -25 -37 259 281 199 198
M1-SRA -119 -75 145 212 138 112
M1-PMF -8 -8 283 320 240 358
M1-ICC -26 -11 265 373 268 263
M1-ICC-OAG 100 6 29 351 417 301 335
M1-1CC-OAG 90 -43 -57 195 261 220 183
M1-ICC-SRA -23 -79 205 274 199 234
M1-ICC-PMF -71 -81 238 258 184 247
M1-ICC-OAG-SRA -78 -50 244 228 154 250

Table 3.51 Comparison of Free Shrinkage of Class | (Pavement) Concretes

Percentage of and Statistical Significance Compared to the SC Mix

Mixtures Testing Age (day)
7 28 182 364 546 728
M1-SC - - - 100 ref 100 ref 100 vref 100 ref
M1-OAG 100 - - - 105 — 106 — 68 — 105 —
M1-OAG 90 - - - 84 — 86 — 55 — 57 —
M1-SRA - - - 47 — 65 — 38 | 32 -—
M1-PMF - - - 92 — 98 — 66 — 103 -—
M1-ICC - - - 8% — 114 — 73 — 76 —
M1-ICC-OAG 100 - - - 114 — 128 — 82 — 97 -—
M1-ICC-OAG 90 - - - 64 — 80 — 60 — 53 -—
M1-ICC-SRA - - - 67 — 84 — 55 — 68 —
M1-ICC-PMF - - - % — 179 — 50 — 71 -—
M1-ICC-OAG-SRA - - - 9 — 70 — 42 | 7172 -
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For Class | (Pavement) concretes, based on the results of U-test statistical analysis on the

significance data in the Table 3.51, the following can be stated:

1 The free shrinkages of M1-SRA and MI1-ICC-OAG-SRA mixtures were
significantly lower than the SC mix overall.

1 All other mixture’s free shrinkages were insignificantly different from the SC mix
overall.

1 The OAG mixes with 100% paste content (M1-OAG 100, M1-ICC-OAG 100, and
M1-ICC-OAG-SRA) had 11 percent lower free shrinkage than the SC mix on
average for all the testing ages.

1 The OAG mixes with 90% paste content (M1-OAG 90 and M1-ICC-OAG 90) had
33 percent lower free shrinkage than the SC mix on average for all the testing ages.

1 The ICC mixes with 100% paste content (M1-ICC, M1-ICC-OAG 100, M1-ICC-
SRA, M1-ICC-PMF, and M1-ICC-OAG-SRA) had 21 percent lower free shrinkage
than the SC mix on average for all the testing ages.

1 The SRA mixes (M1-SRA, M1-ICC-SRA, and M1-ICC-OAG-SRA) had 40
percent lower free shrinkage than the SC mix on average for all the testing ages.

1 The PMF mixes (M1-PMF and M1-ICC-PMF) had 20 percent lower free shrinkage

than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had considerably lower free shrinkage
as compared with the SC mix.
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Table 3.52 Free Shrinkage of Class Il (Bridge Deck) Concretes.

Free Shrinkage (ue)
Mixtures Testing Age (day)

7 28 182 364 546 728
M2-SC -8 -10 369 340 329 292
M2-OAG 100 37 19 488 386 355 337
M2-OAG 85 18 11 352 291 278 292
M2-OAG 75 -11 -81 241 190 185 137
M2-SRA -149 -174 204 145 110 152
M2-PMF 37 -6 389 334 283 348
M2-ICC 27 -16 418 312 327 398
M2-1CC-OAG -58 -74 337 330 402 312
M2-ICC-SRA -5 -40 321 242 250 234
M2-ICC-PMF -33 -32 404 391 277 355
M2-ICC-OAG-SRA -42 -59 329 315 255 315

Table 3.53 Comparison of Free Shrinkage of Class Il (Bridge Deck) Concretes

Percentage of and Statistical Significance Compared to the SC Mix

Mixtures Testing Age (day)
7 28 182 364 546 728
M2-SC - - 100 ref 100 ref 100 vref 100 ref
M2-OAG 100 - - 132 1t 114 1t 108 — 115 —
M2-OAG 85 - - %5 — 86 | 84 | 100 -—
M2-OAG 75 - - 65 — 5 | 56 | 47 —
M2-SRA - - 5 | 43 | 3 | 52 |
M2-PMF - - 105 — 98 — 8 | 119 -—
M2-I1CC - - 113 1 92 — 99 — 136 1
M2-ICC-OAG - - 91 — 97 — 122 1 107 —
M2-1CC-SRA - - gr — 71 | 76 | 80 |
M2-ICC-PMF - - 109 — 115 — 84 — 122 -—
M2-ICC-OAG-SRA - - 89 — 93 — 78 — 108 -—
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Fig 3.61 Free shrinkage of Class Il (Bridge Deck) Concretes, non-ICC group.
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Fig 3.62 Free shrinkage of Class Il (Bridge Deck) Concretes, ICC group.
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For Class Il (Bridge Deck) concretes, based on the results of U-test statistical analysis on

the significance data in the Table 3.53, the following can be stated:

1 The free shrinkages of M2-OAG 100, M2-ICC, and M2-1ICC-OAG mixtures were
significantly higher than the SC mix overall.

1 The free shrinkages of M2-ICC-PMF and M2-ICC-OAG-SRA mixtures were
insignificantly different from the SC mix overall.

1 The free shrinkages of M2-OAG 85, M2-OAG 75, M2-SRA, M2-PMF, and M2-
ICC-SRA were significantly lower than the SC mix overall.

1 The OAG mixes with 100% paste content (M2-OAG 100, M2-ICC-OAG, and M2-
ICC-OAG-SRA) had 5 percent higher free shrinkage than the SC mix on average
for all the testing ages.

1 The OAG mixes with all the different cement paste contents but without
incorporation of ICC (M2-OAG 100, M2-OAG 85, and M2-OAG 75) had 12
percent lower free shrinkage than the SC mix on average for all the testing ages.

1 The ICC mixes (M2-ICC, M2-ICC-OAG, M2-ICC-SRA, M2-ICC-PMF, and M2-
ICC-OAG-SRA) had 2 percent lower free shrinkage than the SC mix on average
for all the testing ages.

1 The SRA mixes (M2-SRA, M2-ICC-SRA, and M2-ICC-OAG-SRA) had 28
percent lower free shrinkage than the SC mix on average for all the testing ages.

1 The PMF mixes (M2-PMF and M2-ICC-PMF) had 5 percent higher free shrinkage
than the SC mix on average for all the testing ages.

For the Class Il bridge deck concrete evaluated in this study, there was no clearly observed
difference in drying shrinkage between the ICC and the OAG mixes from that of the SC mix. The
use of SRA reduced the drying shrinkage significantly. The use of PMF increased the drying
shrinkage of the concrete slightly.
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Table 3.54 Free Shrinkage of Class V Concretes.

Free Shrinkage (ue)
Mixtures Testing Age (day)

7 28 182 364 546 728
M3-SC -18 -25 322 288 302 327
M3-OAG 100 -15 -45 247 337 347 328
M3-OAG 85 16 -20 230 235 254 272
M3-OAG 75 -42 -23 215 268 232 232
M3-SRA -16 -8 238 281 217 242
M3-PMF 33 -5 252 288 188 252
M3-ICC 10 -40 293 340 327 295
M3-ICC-OAG -74 -80 345 398 352 315
M3-ICC-SRA -134 -232 224 195 133 235
M3-ICC-PMF -32 -104 111 283 307 277
M3-ICC-OAG-SRA -70 -104 217 168 207 187

Table 3.55 Comparison of Free Shrinkage of Class V Concretes

Percentage of and Statistical Significance Compared to the SC Mix

Mixtures Testing Age (day)
7 28 182 364 546 728
M3-SC - - 100 vref 100 vref 100 vref 100 ref
M3-OAG 100 - - 77 - 117 -— 115 — 100 -
M3-OAG 85 - - 71| 8 | 84 | 83 |
M3-OAG 75 - - 67 | 93 — 77 — 71 -—
M3-SRA - - 74 | 98 — 72 | 714 |
M3-PMF - - 7% — 100 — 62 — 771 —
M3-ICC - - 91 -— 118 t 108 — 90 -—
M3-ICC-OAG - - 107 t 138 t 117 t 9% —
M3-ICC-SRA - - 70 | 68 | 4 | T2 |
M3-ICC-PMF - - 34 | 98 — 102 — 8 |
M3-ICC-OAG-SRA - - 67 | 58 | 69 | 57 |
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For Class V concretes, based on the results of U-test statistical analysis on the significance
data in the Table 3.55, the following can be stated:

1 The free shrinkages of M3-ICC and M3-ICC-OAG mixtures were significantly
higher than the SC mix overall.

9 The free shrinkages of M3-OAG 100 and M3-PMF mixtures were insignificantly
different from the SC mix overall.

1 The free shrinkages of M3-OAG 85, M3-OAG 75, M3-SRA, M3-ICC-SRA, M3-
ICC-PMF, and M3-1CC-OAG-SRA mixtures were significantly lower than the SC
mix overall.

1 The OAG mixes with 100% paste content (M3-OAG 100, M3-ICC-OAG, and M3-
ICC-OAG-SRA) had 7 percent lower free shrinkage than the SC mix on average
for all the testing ages.

1 The OAG mixes with all different cement paste contents but without incorporation
of ICC (M3-OAG 100, M3-OAG 85, and M3-OAG 75) had 14 percent lower free
shrinkage than the SC mix on average for all the testing ages.

1 The ICC mixes (M3-ICC, M3-ICC-OAG, M3-ICC-SRA, M3-ICC-PMF, and M3-
ICC-OAG-SRA) had 16 percent lower free shrinkage than the SC mix on average
for all the testing ages.

1 The SRA mixes (M3-SRA, M3-ICC-SRA, and M3-ICC-OAG-SRA) had 31
percent lower free shrinkage than the SC mix on average for all the testing ages.

1 The PMF mixes (M3-PMF and M3-ICC-PMF) had 20 percent lower free shrinkage

than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had lower free shrinkage as compared
with the SC mix.

3.3.2.8 Restrained Shrinkage Ring (RSR)
The median cracking age from RSR test for each mix was computed from the ages of
concrete cracking of two specimens from one production mix and another two specimens from a

second production mix, for a total of four specimens. The median test was used for analysis
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because the number of RSR results were too low to establish the normal distribution assumption
to use t-test analysis and the variation of the data is high. The cracking age difference of 10 percent
or more was considered significant in this analysis. The cracking ages and median test statistical
analysis are shown in Tables 3.56 through 3.58, and plots of the cracking age are shown in Figures
3.65 through 3.67.

Table 3.56 RSR and Comparison of RSR of Class | (Pavement) Concretes.

Percentage of and

Mixtures A% r:((:lggr;g) Statistical Significancg
Compared to the SC Mix
M1-SC 66.5 100% ref
M1-OAG 100 29.2 44% !
M1-OAG 90 93.7 141% 0
M1-SRA 100.0 150% 0
M1-PMF 40.7 61% !
M1-1CC 47.3 71% l
M1-1CC-OAG 100 44 .4 67% l
M1-ICC-OAG 90 51.7 78% !
M1-1CC-SRA 100.0 150% 1
M1-1CC-PMF 42.9 64% !
M1-1CC-OAG-SRA 50.8 76% !
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Fig 3.65 RSR of Class | (Pavement) Concretes.

For Class | (Pavement) concretes, based on the results of U-test statistical analysis on the
significance data in the Table 3.56, the following can be stated:

1 The cracking ages of M1-OAG 90, M1-SRA, and M1-ICC-SRA mixtures were

significantly later than the SC mix.

All other mixture’s cracking ages were significantly earlier than the SC mix.

The OAG mixes with 100% paste content (M1-OAG 100, M1-1CC-OAG 100, and M1-
ICC-OAG-SRA) had 38 percent earlier cracking age than the SC mix on average.

1 The OAG mixes with 90% paste content (M1-OAG 90 and M1-ICC-OAG 90) had 9
percent later cracking age than the SC mix on average.

1 The ICC mixes with 100% paste content (M1-1CC, M1-ICC-OAG 100, M1-ICC-SRA,
M1-ICC-PMF, and M1-1CC-OAG-SRA) had 14 percent earlier cracking age than the
SC mix on average.

9 The SRA mixes (M1-SRA, M1-ICC-SRA, and M1-ICC-OAG-SRA) had 26 percent

later cracking age than the SC mix on average.
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1 The PMF mixes (M1-PMF and M1-ICC-PMF) had 37 percent earlier cracking age than
the SC mix on average.

In general, the ICC, OAG, and PMF mixtures had earlier cracking ages as compared to the
SC mix. The use of SRA increased the cracking age of the concrete significantly. The variation of
the test results was high as seen by the 14% average coefficient of variation (COV) of the test.

Table 3.57 RSR and Comparison of RSR of Class Il (Bridge Deck) Concretes.

Percentage of and

Mixtures Ai; r:u(:l;;r;%) Statistical Significancg
Compared to the SC Mix
M2-SC 31.6 100% ref
M2-OAG 100 47.8 151% 0
M2-OAG 85 55.2 175% 0
M2-OAG 75 52.9 167% 0
M2-SRA 100.0 316% 1
M2-PMF 36.4 115% 0
M2-ICC 23.1 73% !
M2-ICC-OAG 21.0 66% !
M2-ICC-SRA 45.1 143% 0
M2-ICC-PMF 24.0 76% !
M2-ICC-OAG-SRA 75.2 238% 0

131



110
100
90
80
70
60
50
40
30
20
10

days

RSR of Class Il (Bridge Deck) Concretes

L Y SR
o \é' © \('(' o
(JU
A

Mixtures

Fig 3.66 RSR of Class Il (Bridge Deck) Concretes.

For Class Il (Bridge Deck) concretes, based on the results of U-test statistical analysis on

the significance data in the Table 3.57, the following can be stated:

The cracking ages of M2-OAG 100, M2-OAG 85, M2-OAG 75, M2-SRA, M2-
PMF, M2-ICC-SRA, and M2-ICC-OAG-SRA mixtures were significantly later
than those for the SC mix.

The cracking ages of M2-ICC, M2-ICC-OAG, and M2-ICC-PMF were
significantly earlier than those for the SC mix.

The OAG mixes with 100% paste content (M2-OAG 100, M2-ICC-OAG, and M2-
ICC-OAG-SRA) had a 52 percent later cracking age than the SC mix on average.
The OAG mixes with all the different cement paste contents but without
incorporation of ICC (M2-OAG 100, M2-OAG 85, and M2-OAG 75) had a 64
percent later cracking age than the SC mix on average.

The ICC mixes (M2-ICC, M2-ICC-OAG, M2-ICC-SRA, M2-ICC-PMF, and M2-
ICC-OAG-SRA) had 19 percent later cracking age than the SC mix on average.
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1 The SRA mixes (M2-SRA, M2-ICC-SRA, and M2-ICC-OAG-SRA) had a
cracking age that was 2.3 times later than the SC mix on average.

1 The PMF mixes (M2-PMF and M2-ICC-PMF) had 5 percent earlier cracking age
than the SC mix on average.

In general, the OAG and SRA mixtures had substantially later cracking ages compared
with the SC mix. In fact, SRA increased the cracking age by 2.3 times. The ICC and PMF mixes
had earlier cracking ages than the SC mix. The variation of the test results was high as seen by the
23% average COV of the test.

Table 3.58 RSR and Comparison of RSR of Class V Concretes.

Percentage of and

Mixtures A% r:((:lggr;g) Statistical Significancg
Compared to the SC Mix
M3-SC 21.7 100% ref
M3-OAG 100 314 144% 1
M3-OAG 85 32.9 151% 1
M3-OAG 75 41.5 191% 1
M3-SRA 58.2 268% 0
M3-PMF 32.8 151% 1
M3-ICC 23.0 106% —
M3-ICC-OAG 24.0 111% 1
M3-ICC-SRA 70.0 323% 1
M3-ICC-PMF 21.8 100% —
M3-ICC-OAG-SRA 67.9 313% 1
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Fig 3.67 RSR of Class V Concretes.

Class V concretes, based on the results of U-test statistical analysis on the significance

data in the Table 3.58, the following can be stated:

The cracking ages of M3-ICC and M3-ICC-PMF mixtures were insignificantly
different from the SC mix.

All other mixture’s cracking ages were significantly later than the SC mix.

The OAG mixes with 100% paste content (M3-OAG 100, M3-ICC-OAG, and M3-
ICC-OAG-SRA) had cracking ages 89 percent later than the SC mix on average.

The OAG mixes with all different cement paste contents but without incorporation of
ICC (M3-OAG 100, M3-OAG 85, and M3-OAG 75) had 62 percent later cracking ages
than the SC mix on average.

The ICC mixes (M3-ICC, M3-ICC-OAG, M3-ICC-SRA, M3-ICC-PMF, and M3-ICC-
OAG-SRA) had 90 percent later cracking ages than the SC mix on average.

The SRA mixes (M3-SRA, M3-ICC-SRA, and M3-ICC-OAG-SRA) had 3 times later

cracking age than the SC mix on average.
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1 The PMF mixes (M3-PMF and M3-ICC-PMF) had 26 percent later cracking age than
the SC mix on average.

In general, the OAG, SRA, and PMF mixtures had substantially later cracking ages as
compared with the SC mix. The use of SRA increased the cracking age by 3 times. Whereas, the
use of IC increased the cracking age of the concrete minimally. The variation of the test results is
high as seen by the average COV of the test is 20%.

3.3.2.9 Rapid Chloride Penetration

The average rapid chloride penetration (RCP) in terms of electric charge passed in the RCP
test for each mix was computed from the RCP of three 4” x 2” slices from one production mix and
another three 4” x 2” slices from another production mix, with a total of six slices. The RCP values
and t-test statistical analysis are shown in Tables 3.59 through 3.64, and plots of the RCP are
shown in Figures 3.68 through 3.73.

Table 3.59 RCP of Class | (Pavement) Concretes.

RCP (coulomb)

Mixtures Testing Age (day)

28 364 546
M1-SC 4,035 710 592
M1-OAG 100 3,695 758 616
M1-OAG 90 3,696 768 634
M1-SRA 4,563 729 614
M1-PMF 4,409 771 654
M1-ICC 3,937 662 582
M1-1CC-OAG 100 3,821 650 505
M1-ICC-OAG 90 3,721 542 475
M1-ICC-SRA 3,559 614 517
M1-ICC-PMF 3,342 586 470
M1-ICC-OAG-SRA 3,611 506 427
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Table 3.60 Comparison of RCP of Class | (Pavement) Concretes

Percentage of and Statistical Significance
Compared to the SC Mix

Mixtures

Testing Age (day)
28 364 546
M1-SC 100 ref 100 ref 100 ref
M1-OAG 100 92 - 107 — 104 —
M1-OAG 90 92 — 108 0 107 —
M1-SRA 113 — 103 — 104 —
M1-PMF 09 — 109 — 110 0
M1-ICC 98 - 93 ! 98 -
M1-1ICC-OAG 100 95 - 92 - 85 !
M1-ICC-OAG 90 92 - 76 ! 80 !
M1-ICC-SRA 88 - 86 ) 87 )
M1-ICC-PMF 83 ) 83 ) 79 )
M1-ICC-OAG-SRA 89 - 71 ) 72 )
RCP of Class | (Pavement) Concretes
Non-ICC Group
—&— SC
OAG 100
---#--- 0AG 90

d 100d 200d

300d

Age

SRA

—%— PMF

400d

500d 600d

Fig 3.68 RCP of Class | (Pavement) Concretes, non-ICC group.
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Fig 3.69 RCP of Class | (Pavement) Concretes, ICC group.

For Class | (Pavement) concretes, based on the results of U-test statistical analysis on the

significance data in the Table 3.60, the following can be stated:

T

The RCP values of M1-SRA and M1-PMF mixtures were significantly higher than
the SC mix overall.

The RCP values of M1-OAG 100, M1-OAG-90, and M1-SRA mixtures were
insignificantly different from the SC mix overall.

The RCP values of M1-1CC, M1-ICC-OAG 100, M1-ICC-OAG 90, M1-ICC-SRA,
M1-ICC-PMF, and M1-ICC-OAG-SRA mixtures were significantly lower than the
SC mix overall.

The OAG mixes with 100% paste content (M1-OAG 100, M1-ICC-OAG 100, and
M1-1CC-OAG-SRA) had 11 percent lower RCP values than the SC mix on average
for all the testing ages.

The OAG mixes with 90% paste content (M1-OAG 90 and M1-ICC-OAG 90) had
7 percent lower RCP values than the SC mix on average for all the testing ages.

137



1 ICC mixes with 100% paste content (M1-ICC, M1-ICC-OAG 100, M1-ICC-SRA,
M1-ICC-PMF, and M1-1CC-OAG-SRA) had 14 percent lower RCP values than the
SC mix on average for all the testing ages.

1 The SRA mixes (M1-SRA, M1-ICC-SRA, and M1-ICC-OAG-SRA) had 10
percent lower RCP values than the SC mix on average for all the testing ages.

1 The PMF mixes (M1-PMF and M1-ICC-PMF) had 5 percent lower RCP values
than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had lower RCP values as compared
with the SC mix.

Table 3.61 RCP of Class Il (Bridge Deck) Concretes.
RCP (coulomb)

Mixtures Testing Age (day)

28 364 546
M2-SC 3,358 619 497
M2-OAG 100 3,640 706 563
M2-OAG 85 3,269 575 515
M2-OAG 75 2,825 535 427
M2-SRA 4,298 679 672
M2-PMF 4,329 758 600
M2-ICC 3,083 559 400
M2-ICC-OAG 3,871 645 607
M2-ICC-SRA 2,720 524 455
M2-ICC-PMF 3,830 716 585
M2-ICC-OAG-SRA 3,030 668 492
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Table 3.62 Comparison of RCP of Class Il (Bridge Deck) Concretes

5,000
4,500
4,000
3,500
3,000
2,500
2,000
1,500
1,000

500

Mixtures

Percentage of and Statistical Significance
Compared to the SC Mix

Testing Age (day)
28 364 546
M2-SC 100 ref 100 ref 100 ref
M2-OAG 100 108 — 114 0 113 —
M2-OAG 85 97 - 93 - 104 -
M2-OAG 75 84 ! 86 ! 86 !
M2-SRA 128 0 110 — 135 0
M2-PMF 129 0 122 0 121 0
M2-1CC 92 - 90 ) 80 !
M2-1CC-OAG 115 — 104 — 122 0
M2-ICC-SRA 81 ) 85 ) 92 -
M2-1CC-PMF 114 — 116 0 118 0
M2-ICC-OAG-SRA 90 — 108 — 99 -
RCP of Class Il (Bridge Deck) Concretes
Non-ICC Group
—&— SC
OAG 100
---¢--- OAG 85
---¢--- 0AG 75

d 100d

200d

SRA

—%— PMF

500d 600d

Fig 3.70 RCP of Class Il (Bridge Deck) Concretes, non-ICC group.
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Fig 3.71 RCP of Class Il (Bridge Deck) Concretes, ICC group.

For Class Il (Bridge Deck) concretes, based on the results of U-test statistical analysis on

the significance data in the Table 3.62, the following can be stated:

T

The RCP values of M2-OAG 100, M2-SRA, M2-PMF, M2-ICC-OAG, and M2-
ICC-PMF mixtures were significantly higher than the SC mix overall.

The RCP values of M2-OAG 85 and M2-ICC-OAG-SRA mixtures were
insignificantly different from the SC mix overall.

The RCP values of M2-OAG 75, M2-ICC and M2-ICC-SRA mixtures were
significantly lower than the SC mix overall.

The OAG mixes with 100% paste content (M2-OAG 100, M2-ICC-OAG, and M2-
ICC-OAG-SRA) had 8 percent higher RCP values than the SC mix on average for
all the testing ages.

The OAG mixes with all the different cement paste contents but without
incorporation of ICC (M2-OAG 100, M2-OAG 85, and M2-OAG 75) had 2 percent

lower RCP values than the SC mix on average for all the testing ages.
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1 The ICC mixes (M2-ICC, M2-ICC-OAG, M2-ICC-SRA, M2-ICC-PMF, and M2-
ICC-OAG-SRA) had the same RCP values as the SC mix on average for all the
testing ages.

1 The SRA mixes (M2-SRA, M2-ICC-SRA, and M2-1ICC-OAG-SRA) had 3 percent
higher RCP values than the SC mix on average for all the testing ages.

1 The PMF mixes (M2-PMF and M2-ICC-PMF) had 20 percent higher RCP values
than the SC mix on average for all the testing ages.

The Class Il (Bridge Deck) ICC mixes had similar RCP values as that of the SC mix. The
use of reduced cement paste content reduced the RCP of the concrete. The use of SRA and PMF

increased the RCP of the concrete.

Table 3.63 RCP of Class V Concretes.

RCP (coulomb)

Mixtures Testing Age (day)

28 364 546
M3-SC 3,202 532 461
M3-OAG 100 4,009 800 589
M3-OAG 85 2,724 605 523
M3-OAG 75 2,368 518 446
M3-SRA 3,334 814 449
M3-PMF 3,688 586 493
M3-ICC 3,062 608 487
M3-ICC-OAG 3,859 562 534
M3-ICC-SRA 4,014 531 521
M3-ICC-PMF 3,263 634 500
M3-ICC-OAG-SRA 3,443 585 590
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Table 3.64 Comparison of RCP of Class V Concretes

Mixtures

Percentage of and Statistical Significance
Compared to the SC Mix

Testing Age (day)
28 364 546
M3-SC 100 ref 100 ref 100  ref
M3-OAG 100 125 — 150 0 128 0
M3-OAG 85 85 — 114 0 113 —
M3-0AG 75 74 — 97 — 97 —
M3-SRA 104 — 153 0 97 —
M3-PMF 115 — 110 0 107 -
M3-ICC 96 - 114 - 106 -
M3-ICC-OAG 21 — 106 — 116 0
M3-ICC-SRA 25 — 100 — 113 -
M3-ICC-PMF 102 — 119 0 108 —
M3-ICC-OAG-SRA 108 — 110 0 128 0
RCP of Class V Concretes
Non-ICC Group
—&— SC
OAG 100
---¢--- OAG 85
---#--- 0AG 75
SRA

100d

200d

—— PMF

400d

500d 600 d

Fig 3.72 RCP of Class V Concretes, non-ICC group.
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Fig 3.73 RCP of Class V Concretes, ICC group.

For Class V concretes, based on the results of U-test statistical analysis on the significance
data in the Table 3.64, the following can be stated:

T

The RCP values of M3-OAG 100, M3-OAG 85, M3-SRA, M3-PMF, M3-ICC, M3-
ICC-OAG, M3-ICC-SRA, M3-ICC-PMF, and M3-ICC-OAG-SRA mixtures were
significantly higher than the SC mix overall.

The RCP values of M3-OAG 75, M3-ICC, and M3-ICC-SRA mixtures were
insignificantly different from the SC mix overall.

None of the mixtures had RCP values that were significantly lower than the SC mix
overall.

The OAG mixes with 100% paste content (M3-OAG 100, M3-ICC-OAG, and M3-
ICC-OAG-SRA) had 21 percent higher RCP values than the SC mix on average for
all the testing ages.

The OAG mixes with all different cement paste contents but without incorporation
of ICC (M3-OAG 100, M3-OAG 85, and M3-OAG 75) had 9 percent higher RCP

values than the SC mix on average for all the testing ages.
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1 The ICC group (M3-ICC, M3-ICC-OAG, M3-ICC-SRA, M3-ICC-PMF, and M3-

ICC-OAG-SRA) had 11 percent higher RCP values than the SC mix on average for
all the testing ages.

The SRA mixes (M3-SRA, M3-ICC-SRA, and M3-ICC-OAG-SRA) had 15
percent higher RCP values than the SC mix on average for all the testing ages.
The PMF mixes (M3-PMF and M3-ICC-PMF) had 10 percent higher RCP values
than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had higher RCP values as compared
with the SC mix.

Effect of paste volume on RCP

The paste volumes, cementitious content, w/cm, and RCP values of OAG and ICC-OAG

mixtures incorporating paste reduction are shown in Table 3.65. The plots of paste volumes
against RCP values at 28, 364, and 546 days are shown in Figure 3.74, 3.75, and 3.76,

respectively.
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Table 3.65 Paste Volume, Cementitious Content, w/cm, and RCP Values for OAG
Mixtures.

RCP (coulomb)

Cementitious Paste
Mixtures Content Volume w/cm Testing Age (day)
(Ib/yd®) (% by vol.) 28 364 546
M1-SC 540 25.0% 0.44 4,035 710 592
M1-OAG 100 540 25.0% 0.44 3,695 758 616
M1-OAG 90 486 22.5% 0.44 3,696 768 634
M1-ICC-OAG 100 540 25.0% 0.44 3,821 650 505
M1-ICC-OAG 90 486 22.5% 0.44 3721 542 475
M2-SC 690 30.0% 0.40 3,358 619 497
M2-OAG 100 690 30.0% 0.40 3,640 706 563
M2-OAG 85 587 25.5% 0.40 3,269 575 515
M2-OAG 75 518 22.5% 0.40 2,825 535 427
M3-SC 790 32.0% 0.34 3,202 532 461
M3-OAG 100 790 32.0% 0.34 4,009 800 589
M3-OAG 85 672 27.0% 0.34 2,724 605 523
M3-OAG 75 593 24.0% 0.34 2,368 518 446
RCP 28 Days
5,000
4,500
4,000 e ® Class|SC
3,500 * Class | OAG
3,000 A —@—Class | ICC-OAG
W Class Il SC
2500 —8—Class Il OAG
2,000 A ClassVSC
1,500 Class V OAG
1,000
35.0% 32.5% 30.0% 27.5% 25.0% 22.5% 20.0%

Fig 3.74 Paste volumes versus RCP values at 28 days.
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Fig 3.75 Paste volumes versus RCP values at 364 days.
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Fig 3.76 Paste volumes versus RCP values at 546 days.

Class I OAG mixes incorporating paste reduction did not result in a better RCP

performance as shown in the Figure 3.74, Figure 3.75, and Figure 3.76; however, Class | ICC-

OAG mixes incorporating paste reduction improved RCP performance for all three testing ages.

Also, Class Il and Class V OAG mixes incorporating paste reduction showed improved RCP

performance for all three testing ages.
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3.3.2.10 Surface Resistivity

The average surface resistivity for each mix was computed from the resistivity of three 4”
x 8” cylinders from one production mix and another three 4” x 8” cylinders from another
production mix, for a total of six cylinders. The surface resistivities and t-test statistical analysis
are shown in Tables 3.66 through 3.71, and plots of the surface resistivity are shown in Figures
3.77 through 3.82.

Table 3.66 Surface Resistivity of Class | (Pavement) Concretes.

Surface Resistivity (kohm-cm)

Mixtures Testing Age (day)

28 182 364 546 728
M1-SC 10.1 314 454 49.0 57.2
M1-OAG 100 10.3 33.8 46.3 50.8 53.1
M1-OAG 90 10.3 31.8 44.8 50.0 53.9
M1-SRA 10.2 31.2 41.2 46.9 57.5
M1-PMF 10.1 30.2 38.1 53.3 50.3
M1-ICC 9.9 35.0 455 52.8 59.4
M1-ICC-OAG 100 11.1 35.8 49.7 58.6 61.1
M1-ICC-OAG 90 10.7 33.3 48.2 57.6 71.3
M1-ICC-SRA 10.6 36.9 49.1 55.5 61.6
M1-ICC-PMF 11.3 37.8 50.4 57.8 66.0
M1-ICC-OAG-SRA 11.6 38.9 51.7 60.2 66.1
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Surface Resistivity (kohm-cm)

Table 3.67 Comparison of Surface Resistivity of Class | (Pavement) Concretes

Percentage of and Statistical Significance Compared to the

) SC Mix
Mixtures Testing Age (day)
28 182 364 546 728
M1-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M1-OAG 100 102 — 108 — 102 — 104 — 93 —
M1-OAG 90 102 — 100 — 99 — 102 — 94 -—
M1-SRA 01 — 9 — 91 — 9% — 101 -
M1-PMF 00 — 9% — 84 | 109 — 88 |
M1-ICC 98¢ — 111 — 100 — 108 — 104 -—
M1-ICC-OAG 100 110 1t 114 1t 109 — 120 1t 107 —
M1-ICC-OAG 90 106 — 106 — 106 — 118 1t 125 1t
M1-ICC-SRA 105 — 118 ¢t 108 — 113 t 108 ~-—
M1-ICC-PMF 112 1t 120 1t 111 — 118 t 115 1t
M1-ICC-OAG-SRA 115 — 124 1t 114 — 123 1t 116 1
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Fig 3.77 Surface Resistivity of Class | (Pavement) Concretes, non-1CC group.
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Fig 3.78 Surface Resistivity of Class | (Pavement) Concretes, ICC group.

For Class | (Pavement) concretes, based on the results of U-test statistical analysis on the

significance data in the Table 3.67, the following can be stated:

The surface resistivities of M1-ICC-OAG 100, M1-ICC-OAG 90, M1-ICC-SRA,
M1-ICC-PMF, and M1-ICC-OAG mixtures were significantly higher than the SC
mix overall.

The surface resistivities of M1-OAG 100, M1-OAG 90, M1-SRA, and M1-ICC
mixtures were insignificantly different from the SC mix overall.

The surface resistivities of M1-PMF mixture were significantly lower than the SC
mix overall.

The OAG mixes with 100% paste content (M1-OAG 100, M1-ICC-OAG 100, and
M1-ICC-OAG-SRA) had 9 percent higher surface resistivity than the SC mix on
average for all the testing ages.

The OAG mixes with 90% paste content (M1-OAG 90 and M1-1CC-OAG 90) had
5 percent higher surface resistivity than the SC mix on average of all the testing

ages.
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1 The 100% paste content ICC group (M1-ICC, M1-ICC-OAG 100, M1-ICC-SRA,
M1-ICC-PMF, and M1-1CC-OAG-SRA) had 10 percent higher surface resistivity
than the SC mix on average for all the testing ages.

1 The SRA mixes (M1-SRA, M1-ICC-SRA, and M1-ICC-OAG-SRA) had 8 percent
higher surface resistivity than the SC mix on average for all the testing ages.

1 The PMF mixes (M1-PMF and M1-ICC-PMF) had 5 percent higher surface
resistivity than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures had higher surface resistivities as
compared with the SC mix. It is worth noting that the measured surface resistivities were still

increasing at the age of 2 years, especially for the ICC mixes.

Table 3.68 Surface Resistivity of Class Il (Bridge Deck) Concretes.

Surface Resistivity (kohm-cm)

Mixtures Testing Age (day)

28 182 364 546 728
M2-SC 10.5 37.3 55.3 61.7 68.3
M2-OAG 100 10.1 34.3 47.1 52.6 55.3
M2-OAG 85 11.4 36.6 48.2 59.3 64.5
M2-OAG 75 11.9 37.1 49.3 58.5 62.5
M2-SRA 9.5 315 44.2 45.8 49.1
M2-PMF 8.7 30.5 42.9 47.1 47.3
M2-ICC 11.5 36.0 48.6 62.4 69.3
M2-ICC-OAG 8.9 30.7 41.0 50.0 52.1
M2-ICC-SRA 11.6 38.2 51.2 66.0 72.4
M2-ICC-PMF 9.9 335 46.0 52.6 53.9
M2-ICC-OAG-SRA 104 38.3 47.3 59.8 61.9

150



Table 3.69 Comparison of Surface Resistivity of Class Il (Bridge Deck) Concretes

Surface Resistivity (kohm-cm)

Percentage of and Statistical Significance Compared to the

) SC Mix
Mixtures Testing Age (day)
28 182 364 546 728
M2-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M2-OAG 100 % — 92 | 8 | 8 | 8 |
M2-OAG 85 109 — 98 — 87 | 9% — 94 -—
M2-OAG 75 113 ¢+ 9 — 89 | 9% — 92 -—
M2-SRA %0 | 84 | 80 | 74 | 712 ]
M2-PMF 83 | 8 | 78 | 76 | 69 |
M2-ICC 1210 - 97 — 88 — 100 — 101 -—
M2-ICC-OAG 8% | 82 | 74 | 8 | 76 |
M2-ICC-SRA 110 | 102 — 93 — 107 1t 106 -—
M2-ICC-PMF 94 | 9% | 8 | 8 | 179 |
M2-ICC-OAG-SRA 99 — 103 — 86 | 97 — 91 |
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Fig 3.79 Surface Resistivity of Class Il (Bridge Deck) Concretes, non-1CC group.
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Fig 3.80 Surface Resistivity of Class Il (Bridge Deck) Concretes, ICC group.

For Class Il (Bridge Deck) concretes, based on the results of U-test statistical analysis on

the significance data in the Table 3.69, the following can be stated:

1 The surface resistivities of M2-OAG 75, M2-ICC, and M2-ICC-SRA mixtures
were insignificantly different from the SC mix overall.

1 The surface resistivities of M2-OAG 100, M2-OAG 85, M2-SRA, M2-PMF, M2-
ICC-OAG, M2-ICC-PMF, M2-ICC-OAG-SRA mixtures were significantly lower
than the SC mix overall.

1 None of the mixture surface resistivities were significantly higher than the SC mix
overall.

1 The OAG mixes with 100% paste content (M2-OAG 100, M2-ICC-OAG, and M2-
ICC-OAG-SRA) had 12 percent lower surface resistivity than the SC mix on
average for all the testing ages.

1 The OAG mixes with all the different cement paste contents but without the
incorporation of ICC (M2-OAG 100, M2-OAG 85, and M2-OAG 75) had 6 percent
lower surface resistivity than the SC mix on average for all the testing ages.
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1 The ICC mixes (M2-ICC, M2-ICC-OAG, M2-ICC-SRA, M2-ICC-PMF, and M2-
ICC-OAG-SRA) had 6 percent lower surface resistivity than the SC mix on average
for all the testing ages.

1 The SRA mixes (M2-SRA, M2-ICC-SRA, and M2-ICC-OAG-SRA) had 6 percent
lower surface resistivity than the SC mix on average for all the testing ages.

1 The PMF mixes (M2-PMF and M2-ICC-PMF) had 17 percent lower surface

resistivity than the SC mix on average for all the testing ages.

In general, the Class Il (Bridge Deck) ICC, OAG, SRA, and PMF mixtures had lower
surface resistivities as compared with the SC mix. It is worth noting that the measured surface

resistivities were still increasing at the age of 2 years, especially for the ICC mixes.

Table 3.70 Surface Resistivity of Class V Concretes.

Surface Resistivity (kohm-cm)

Mixtures Testing Age (day)

28 182 364 546 728
M3-SC 9.8 40.5 53.2 62.6 63.2
M3-OAG 100 9.7 32.0 414 45.3 46.1
M3-OAG 85 11.6 34.3 404 474 48.8
M3-OAG 75 12.9 34.8 47.7 53.2 55.1
M3-SRA 11.9 43.3 56.4 58.7 68.3
M3-PMF 11.0 40.5 49.2 56.5 59.5
M3-ICC 10.9 34.9 49.6 63.1 66.7
M3-ICC-OAG 10.5 35.2 45.2 48.0 48.4
M3-ICC-SRA 10.6 32.7 47.9 55.0 50.6
M3-ICC-PMF 11.1 39.8 52.7 56.4 60.5
M3-ICC-OAG-SRA 11.3 32.2 42.4 42.6 43.4
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Surface Resistivity (kohm-cm)

Table 3.71 Comparison of Surface Resistivity of Class V Concretes

Percentage of and Statistical Significance Compared to the

) SC Mix
Mixtures Testing Age (day)
28 182 364 546 728
M3-SC 100 ref 100 ref 100 ref 100 ref 100 ref
M3-OAG 100 Q9 - 79 | 18 | 72 | 13 ]
M3-OAG 85 118 — 8 | 76 — 76 | 77 |
M3-OAG 75 132 — 86 | 9 | 8 | 87 |
M3-SRA 121 — 107 — 106 1t 94 — 108 1t
M3-PMF 112 — 1000 — 92 — 90 | 94 -—
M3-ICC 111 — 86 | 93 | 100 — 106 -—
M3-ICC-OAG 07 — 8 | 8 | 177 | 77T |
M3-ICC-SRA 108 — 8 | 90 — 8 — 80 |
M3-ICC-PMF 113 — 98 — 99 — 90 | 9% -—
M3-ICC-OAG-SRA 115 — 80 — 80 | 68 | 69 |
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Fig 3.81 Surface Resistivity of Class VV Concretes, non-ICC group.
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Fig 3.82 Surface Resistivity of Class V Concretes, ICC group.

For Class V concretes, based on the results of U-test statistical analysis on the significance

data in the Table 3.71, the following can be stated:

The surface resistivities of M3-SRA mixture were significantly higher than the SC
mix overall.

All other mixture surface resistivities were significantly lower than the SC mix
overall.

The OAG mixes with 100% paste content (M3-OAG 100, M3-ICC-OAG, and M3-
ICC-OAG-SRA) had 16 percent lower surface resistivity than the SC mix on
average for all the testing ages.

The OAG mixes with all different cement paste contents but without incorporation
of ICC (M3-OAG 100, M3-OAG 85, and M3-OAG 75) had 11 percent lower
surface resistivity than the SC mix on average for all the testing ages.

The ICC mixes (M3-ICC, M3-ICC-OAG, M3-ICC-SRA, M3-ICC-PMF, and M3-
ICC-OAG-SRA) had 8 percent lower surface resistivity than the SC mix on average

for all the testing ages.
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1 The SRA mixes (M3-SRA, M3-ICC-SRA, and M3-ICC-OAG-SRA) had 6 percent
lower surface resistivity than the SC mix on average for all the testing ages.
1 The PMF mixes (M3-PMF and M3-ICC-PMF) had 1 percent higher surface

resistivity than the SC mix on average for all the testing ages.

In general, the ICC, OAG, and SRA mixtures had lower surface resistivities as compared
with the SC mix. The use of PMF increased the surface resistivity of the concrete slightly. 1t is
worth noting that the measured surface resistivities were still increasing at the age of 2 years,

especially for the ICC mixes.

Effect of paste volume on surface resistivity

The paste volumes, cementitious content, w/cm, and surface resistivities of OAG and
ICC-OAG mixtures incorporating paste reduction are shown in Table 3.72. The plots of paste
volumes against surface resistivities at 28, 182, 364, 546, and 728 days are shown in Figure 3.83,
3.84, 3.85, 3.86, and 3.87, respectively.
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Table 3.72 Paste Volume, Cementitious Content, w/cm, and Surface Resistivities for OAG

Mixtures
Cementitious Paste Surface Resistivity (kohm-cm)
Mixtures Content Volume w/cm Testing Age (day)
(Ibfyd?) (% by vol.) 28 182 364 546 728
M1-SC 540 25.0% 0.44 10.1 314 45.4 49.0 57.2
M1-OAG 100 540 25.0% 0.44 10.3 33.8 46.3 50.8 53.1
M1-OAG 90 486 22.5% 0.44 10.3 318 44.8 50.0 53.9
M1-1CC-OAG 100 540 25.0% 0.44 11.1 35.8 49.7 58.6 61.1
M1-1CC-OAG 90 486 22.5% 0.44 10.7 33.3 48.2 57.6 713
M2-SC 690 30.0% 0.40 10.5 37.3 55.3 61.7 68.3
M2-OAG 100 690 30.0% 0.40 10.1 34.3 47.1 52.6 55.3
M2-OAG 85 587 25.5% 0.40 11.4 36.6 48.2 59.3 64.5
M2-OAG 75 518 22.5% 0.40 11.9 37.1 49.3 58.5 62.5
M3-SC 790 32.0% 0.34 9.8 40.5 53.2 62.6 63.2
M3-OAG 100 790 32.0% 0.34 9.7 32.0 41.4 45.3 46.1
M3-OAG 85 672 27.0% 0.34 11.6 34.3 40.4 47.4 48.8
M3-OAG 75 593 24.0% 0.34 12.9 34.8 41.7 53.2 55.1
SR 28 Days
14.0
13.0
12.0 ® Class1SC
11.0 o\ Class | OAG
00 |, - . —e—Class | ICC-0AG
B Class 11 SC
>0 —B—Class I OAG
8.0 A ClassVSC
7.0 Class V OAG
6.0
32.5% 30.0% 27.5% 25.0% 22.5% 20.0%

Fig 3.83 Paste volumes versus resistivities at 28 days.

157



SR 182 Days

42.0
s00 | A
38.0 ® Class|SC
[ ] —
—@— Class | OAG
36.0 —
—8— Class | ICC-0AG
34.0 \.
\ W Class |l SC
32.0 Py —B— Class Il OAG
30.0 A ClassVSC
28.0 Class V OAG
26.0
32.5% 30.0% 27.5% 25.0% 22.5% 20.0%
Fig 3.84 Paste volumes versus resistivities es at 182 days.
SR 364 Days
75.0
70.0
65.0 ® Class|SC
55.0 n —@— Class | ICC-0AG
A
50.0 o— W Class 11 SC
— #
45.0 S o —8—Class Il OAG
40.0 A ClassVSC
35.0 Class V OAG
30.0
32.5% 30.0% 27.5% 25.0% 22.5% 20.0%

Fig 3.85 Paste volumes versus resistivities at 364 days.
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SR 546 Days

75.0
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65.0 ® Class|SC
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45.0 ——Class Il OAG
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Fig 3.86 Paste volumes versus resistivities at 546 days.
SR 728 Days
75.0
70.0 /
]
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—— Class || OAG
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Fig 3.87 Paste volumes versus resistivities at 728 days.

For most testing ages, Class | OAG mixes incorporating paste reduction did not result in
a better surface resistivity performance as shown in the Figures 3.83 through 3.87. On the other
hand, Class I ICC-OAG mixes incorporating paste reduction increased surface resistivity for 28,
182, 364, and 546-day results, but decreased it for 728-day results. Also, Class Il and Class V
OAG mixes incorporating paste reduction showed improved resistivity performance for all five
testing ages.
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3.3.2.11 Bulk Diffusion

The median Chloride Diffusion Coefficient (CDC) as measured from the bulk diffusion
test for each mix was computed from the results of bulk diffusion test of three 4 x 8” cylinders
from one production mix. The median test was used for analysis because the number of CDC
results were too low to establish the normal distribution required to use the t-test analysis and the
variation of the data was high. The CDC difference of 10 percent or more is considered significant.
The CDC values and median test statistical analyses are shown in Tables 3.73 through 3.78, and
plots of the CDC are shown in Figures 3.88 through 3.93.

Table 3.73 CDC of Class | (Pavement) Concretes.

CDC (in.?/year)
Mixtures Testing Age (days)

364 546
M1-SC 0.216 0.177
M1-OAG 100 0.220 0.145
M1-OAG 90 0.262 0.190
M1-SRA 0.246 0.194
M1-PMF 0.252 0.224
M1-ICC 0.240 0.163
M1-ICC-OAG 100 0.235 0.121
M1-ICC-OAG 90 0.338 0.189
M1-ICC-SRA 0.188 0.180
M1-ICC-PMF 0.177 0.230

M1-ICC-OAG-SRA 0.143 0.211
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Table 3.74 Comparison of CDC of Class | (Pavement) Concretes

Percentage of and Statistical Significance

Compared to the SC Mix

Mixtures

Testing Age (day)
364 546
M1-SC 100% ref 100% ref
M1-OAG 100 102% — 82% l
M1-OAG 90 121% 1 107% —
M1-SRA 114% 1 110% 1
M1-PMF 117% 1 126% 1
M1-ICC 111% 1 92% -
M1-ICC-OAG 100 109% — 68% !
M1-ICC-OAG 90 156% 1 107% -
M1-ICC-SRA 87% ! 102% -
M1-ICC-PMF 82% ! 130% 1
M1-ICC-OAG-SRA 66% ! 119% 1

CDC of Class | (Pavement) Concretes

Non-ICC Group

—a&— SC
OAG 100

250 300 350

400

Age

450

500

550

Fig 3.88 CDC of Class | (Pavement) Concretes, non-ICC group.

161

600



CDC of Class | (Pavement) Concretes

ICC Group
0.350
0.300
__ 0250
>
b S
~
< 0.200 —&— SC
U ICC
S o0.150 - 2 &
o v ICC-OAG 100 L
ICC-OAG 90
0.100
ICC-SRA
0.050 — % - |CC-PMF
--#--|CC-OAG-SRA
0.000
200 250 300 350 400 450 500 550 600

Age

Fig 3.89 CDC of Class I (Pavement) Concretes, ICC group.

For Class | (Pavement) concretes, based on the results of U-test statistical analysis on the

significance data in the Table 3.74, the following can be stated:

1 The CDC values of M1-OAG 90, M1-SRA, M1-PMF, M1-ICC, and M1-ICC-OAG
90 mixtures were significantly higher than the SC mix overall.

1 The CDC values of M1-ICC-PMF and M1-ICC-OAG-SRA mixtures were
insignificantly different from the SC mix overall.

1 The CDC values of M1-OAG 100, M1-1CC-OAG 100, and M1-ICC-SRA mixtures
were significantly lower than the SC mix overall.

1 The OAG mixes with 100% paste content (M1-OAG 100, M1-ICC-OAG 100, and
M1-1CC-OAG-SRA) had 9 percent lower CDC values than the SC mix on average
for all the testing ages.

1 The OAG mixes with 90% paste content (M1-OAG 90 and M1-ICC-OAG 90) had
23 percent higher CDC values than the SC mix on average for all the testing ages.
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1 The ICC mixes with 100% paste content (M1-ICC, M1-ICC-OAG 100, M1-ICC-
SRA, M1-ICC-PMF, and M1-ICC-OAG-SRA) had 3 percent lower CDC values
than the SC mix on average for all the testing ages.

1 The SRA mixes (M1-SRA, M1-ICC-SRA, and M1-ICC-OAG-SRA) had the same
CDC values than the SC mix on average for all the testing ages.

1 The PMF mixes (M1-PMF and M1-1CC-PMF) had 14 percent higher CDC values
than the SC mix on average for all the testing ages.

In general, the ICC, SRA, and PMF mixtures had higher CDC values, and OAG had
minimally lower CDC values compared to the SC mix. The variation of the test results was high

as seen by the average COV of the test of 21%.

Table 3.75 CDC of Class Il (Bridge Deck) Concretes.

CDC (in%/year)
Mixtures Testing Age (day)

364 546
M2-SC 0.189 0.098
M2-OAG 100 0.151 0.144
M2-OAG 85 0.197 0.183
M2-OAG 75 0.228 0.159
M2-SRA 0.250 0.141
M2-PMF 0.214 0.184
M2-ICC 0.210 0.103
M2-ICC-OAG 0.176 0.212
M2-ICC-SRA 0.187 0.092
M2-ICC-PMF 0.247 0.123

M2-1CC-OAG-SRA 0.215 0.144
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Table 3.76 Comparison of CDC of Class Il (Bridge Deck) Concretes

0.300

0.250

0.200

0.150

0.100

0.050

0.000

Percentage of and Statistical Significance
Compared to the SC Mix

Mixtures Testing Age (day)
364 546
M2-SC 100% ref 100% ref
M2-OAG 100 80% l 147% 1
M2-OAG 85 104% — 187% 1
M2-OAG 75 121% 1 162% 1
M2-SRA 132% 1 144% 1
M2-PMF 113% 1 188% 1
M2-ICC 111% 1 105% -
M2-ICC-OAG 93% - 216% 1
M2-ICC-SRA 99% - 94% -
M2-ICC-PMF 131% 1 126% 1
M2-ICC-OAG-SRA 114% 1 147% 1

CDC of Class Il (Bridge Deck) Concretes
Non-ICC Group

—&— SC

OAG 100

------ OAG 85
---e--- 0AG 75
SRA

—%— PMF

200 250 300 350 400 450 500 550
Age

Fig 3.90 CDC of Class Il (Bridge Deck) Concretes, non-1CC group.
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Fig 3.91 CDC of Class Il (Bridge Deck) Concretes, ICC group.

For Class Il (Bridge Deck) concretes, based on the results of U-test statistical analysis on

the significance data in the Table 3.76, the following can be stated:

The CDV values of M2-OAG 85, M2-OAG 75, M2-SRA, M2-PMF, M2-ICC, M2-
ICC-OAG, M2-ICC-PMF, and M2-ICC-OAG-SRA mixtures were significantly
higher than the SC mix overall.

The CDC values of M2-OAG 100 and M2-1CC-SRA mixtures were insignificantly
different from the SC mix overall.

None of the mixtures had CDC values that were significantly lower than the SC
mix overall.

The OAG mixes with 100% paste content (M2-OAG 100, M2-ICC-OAG, and M2-
ICC-OAG-SRA) had 33 percent higher CDC values than the SC mix on average
for all the testing ages.

The OAG mixes with all the different cement paste contents but without
incorporation of ICC (M2-OAG 100, M2-OAG 85, and M2-OAG 75) had 34

percent higher CDC values than the SC mix on average for all the testing ages.

165



1 The ICC mixes (M2-ICC, M2-ICC-OAG, M2-ICC-SRA, M2-ICC-PMF, and M2-
ICC-OAG-SRA) had 24 percent higher CDC values than the SC mix on average
for all the testing ages.

1 The SRA mixes (M2-SRA, M2-ICC-SRA, and M2-ICC-OAG-SRA) had 22
percent higher CDC values than the SC mix on average for all the testing ages.

1 The PMF mixes (M2-PMF and M2-1CC-PMF) had 40 percent higher CDC values
than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures substantially increased the CDC
values as compared with the SC mix. The variation of the test results was high as seen by the
average COV of the test of 18%.

Table 3.77 CDC of Class V Concretes.

CDC (in%/year)
Mixtures Testing Age (day)
364 546
M3-SC 0.149 0.132
M3-OAG 100 0.293 0.218
M3-OAG 85 0.202 0.130
M3-OAG 75 0.234 0.136
M3-SRA 0.169 0.128
M3-PMF 0.176 0.153
M3-ICC 0.171 0.097
M3-ICC-OAG 0.184 -
M3-ICC-SRA 0.204 0.270
M3-ICC-PMF 0.177 0.147

M3-ICC-OAG-SRA 0.162 0.182
- Denotes that testing was not done at this age.
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Table 3.78 Comparison of CDC of Class V Concretes

Percentage of and Statistical Significance
Compared to the SC Mix

Mixtures Testing Age (day)
364 546
M3-SC 100% ref 100% ref
M3-OAG 100 197% 1 165% 1
M3-OAG 85 136% 1 98% —
M3-0OAG 75 157% 1 103% -
M3-SRA 113% 1 97% -
M3-PMF 118% 1 116% 1
M3-ICC 115% ' 73% l
M3-ICC-OAG 123% 1 - -
M3-ICC-SRA 137% 1 205% 1
M3-ICC-PMF 119% 1 111% 1
M3-ICC-OAG-SRA 109% - 138% 1

- Denotes that the there was no testing for this test at this age.

CDC of Class V Concretes
Non-ICC Group
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Fig 3.92 CDC of Class V Concretes, non-1CC group.
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Fig 3.93 CDC of Class V Concretes, ICC group.

For Class V concretes, based on the results of U-test statistical analysis on the significance

data in the Table 3.78, the following can be stated:

1 The CDC values of M3-1CC mixture were insignificantly different from the SC mix

overall.
All other mixture’s CDC values were significantly higher than the SC mix overall.
The OAG mixes with 100% paste content (M3-OAG 100, M3-ICC-OAG, and M3-
ICC-OAG-SRA) had 47 percent higher CDC values than the SC mix on average
for all the testing ages.

1 The OAG mixes with all different cement paste contents but without incorporation
of ICC (M3-OAG 100, M3-OAG 85, and M3-OAG 75) had 43 percent higher CDC
values than the SC mix on average for all the testing ages.

1 The ICC mixes (M3-ICC, M3-ICC-OAG, M3-ICC-SRA, M3-ICC-PMF, and M3-
ICC-OAG-SRA) had 26 percent higher CDC values than the SC mix on average

for all the testing ages.
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1 The SRA mixes (M3-SRA, M3-ICC-SRA, and M3-ICC-OAG-SRA) had 33
percent higher CDC values than the SC mix on average for all the testing ages.

1 The PMF mixes (M3-PMF and M3-1CC-PMF) had 16 percent higher CDC values
than the SC mix on average for all the testing ages.

In general, the ICC, OAG, SRA, and PMF mixtures substantially increased the CDC values
as compared with the SC mix. The variation of the test results is high as seen by the average COV
of the test of 21%.

3.4 Summary

This laboratory testing program investigated the effects of using internally cured concrete
(ICC), optimized aggregate gradation (OAG), reduced cement paste content, a shrinkage-reducing
admixture (SRA), and polymeric microfibers (PMF) on the fresh concrete and hardened concrete
properties of Florida Class | pavement, Class Il bridge deck, and Class V structural concrete. The

main findings are summarized as follows:

Fresh Concrete Properties

1. All the ICC and OAG mixes, with or without incorporation of reduced cement paste
content, SRA, or PMF, were able to be produced to meet the FDOT specifications for
Class I pavement, Class Il bridge deck, and Class V structural concrete with respect to
slump, air content, and mix temperature.

2. The ICC mixes had lower density compared to the conventional concrete mix. The
density of ICC mixes ranged from 133 to 140 pcf, while that of conventional mix
ranged from 140 to 144 pcf.

3. The OAG mixes had improved workability compared to the conventional concrete. A
lower amount of water-reducing admixture was required for the OAG mixes to achieve
the desired slump.

4. The concrete mixes with reduced cement paste content required higher dosages of

water-reducing admixtures to achieve the desired slump.
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5.

The use of PMF appeared to increase bleeding in the fresh concrete.

Strength Properties of Hardened Concrete

6.

10.

All the ICC and OAG mixes, with or without incorporation of SRA or PMF, were able
to be produced to meet the FDOT specifications for Class | pavement, Class Il bridge
deck, and Class V structural concrete with respect to design and over-design
compressive strength.

For Class | pavement concrete, the ICC and OAG mixes had slightly higher
compressive strengths (by 7 %) and flexural strengths (by 5%) as compared to the
conventional concrete. However, the splitting tensile strengths of the ICC and OAG
mixes were slightly lower than that of the conventional concrete.

For Class | pavement concrete, the OAG mixes with 10% reduction in cement paste
content had compressive and flexural strengths similar to those of the conventional
concrete with no cement reduction.

For Class Il bridge deck and Class V structural concrete, the compressive, splitting
tensile, and flexural strengths of the ICC and OAG mixes were slightly lower than those
of the conventional concrete.

The incorporation of SRA or PMF slightly reduced the strengths of the concrete.

Flastic Modulus, Poisson’s Ratio, Coefficient of Thermal Expansion, and Drying

Shrinkage

11.

12.

13.

The ICC and OAG mixes generally had lower elastic moduli, higher Poisson’s ratios
and lower coefficients of thermal expansion compared to those of the conventional
concrete. The incorporation of SRA or PMF had no significant effects on these
properties.

For Class | pavement and Class V structural concrete, the ICC and OAG mixes
generally had lower drying shrinkage compared to that of the conventional concrete.
For Class Il bridge deck concrete, there was no clear difference between the ICC and
OAG mixes, and conventional concrete.

The use of SRA substantially reduced the drying shrinkage (by an average of 40%) of

all the concrete tested. The incorporation of PMF in the concrete reduced the drying
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shrinkage of the concrete tested by an average of 20%.

Restrained Shrinkage Ring Test Results

14.

15.

The cracking ages from the restrained shrinkage ring testing of the ICC, OAG, and
PMF mixes were earlier than that of the conventional concrete for Class | pavement
concrete. The cracking ages of OAG mixes were later than that of the conventional
concrete, whereas the ages for ICC and PMF mixes were earlier for Class Il bridge
deck. For Class V structural concrete, ICC, OAG, and PMF mixtures all had later
cracking ages than that of the conventional concrete.

The use of SRA substantially increased the cracking age of all the concretes tested. All
the SRA mixes had substantially higher cracking ages than that of the conventional

concrete.

Durability Parameters

16.

17.

18.

The ICC mixes had lower rapid chloride penetration (RCP) values for Class | pavement
concrete, similar RCP values for Class Il bridge deck concrete, but higher RCP values
for Class V structural concrete compared with that of the conventional concrete. The
OAG mixes had lower RCP values for Class | pavement concrete, but higher RCP
values for Class Il bridge deck and Class V structural concretes compared to the
conventional concrete. The use of SRA or PMF increased the RCP of the concrete.
The ICC and OAG mixes had lower surface resistivity as compared to the conventional
concrete, for all three classes of concrete. The use of SRA or PMF did not have a
significant effect on the surface resistivity of the concrete.

The ICC, OAG, SRA, and PMF mixes had higher chloride diffusion coefficients (CDC)
values as compared to the conventional concrete, for all three classes of concrete except

for the Class | pavement OAG mixture that had minimally lower CDC values.
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CHAPTER 4
PERFORMANCE OF PAVEMENT SLAB STUDY 1
AND ANALYSIS OF RESULTS

This chapter showed planning and design of the experimental pavement Slab Study 1 and
analysis of the performance of the slabs. This study evaluated the performance of four different
concrete slabs with a conventional SC reference mix and three ICC mixes that incorporated OAG,
reduced paste content, and PMF. Those four experimental slabs were placed at the accelerated
pavement testing (APT) facilities at the FDOT’s SMO in Gainesville, FL. Additionally, the Heavy
Vehicle Simulator (HVS) was used to apply simulated vehicular wheel loads onto the test slabs to
evaluate the structural performance of the slabs. This chapter includes (1) mixture selection and
design of test slabs, (2) construction of test slabs and concrete testing, and (3) slab modeling and

testing and assessment of test slab performance.

4.1 Mixture Selection and Design of Test Slab

4.1.1 Mixture Selection

From eleven concrete mixture candidates evaluated in the laboratory testing program, one
standard concrete and three other concrete mixtures were selected to be used in four separate
concrete test slabs. Two main attributes that were considered in making the selection were

workability of the fresh concrete and properties of the hardened concrete.

4.1.1.1 Fresh Concrete Properties from Laboratory Testing Program

According to the FDOT specification, concrete mixtures for pavement application should
have the following properties: (a) slump between 1.5 and 4 inches, (b) air content between 1 and
6 percent (by volume), (c) placement temperature below 90°F, (d) little bleeding water, and (e)
suitable time of set. Table 4.1 shows the concrete plastic properties of the eleven concretes from

the laboratory testing program.
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Table 4.1 Class | (Pavement) Fresh Concrete Properties from Laboratory Testing Program

Mixtwres  Smp (0 Density QP TR ot R Bleeding e
(in) @)  (bft)  (F) (min) (min)  (ml/ft/hr)
M1-SC 4.1 4.2 140 74 630 900 11.2 Good
M1-OAG 100 1.9 2.3 144 75 330 690 05 Good
M1-OAG 90 2.6 3.6 143 75 420 630 0.0 Good
M1-SRA 2.3 3.3 141 75 390 720 0.0 Good
M1-PMF 3.5 4.2 140 74 510 750 18.8 Good
M1-1CC 2.5 2.7 138 74 330 630 0.0 Good
M1-ICC-OAG 100 2.3 2.2 140 74 390 600 6.4 Good
M1-1CC-OAG 90 3.0 3.4 137 74 360 630 4.0 Good
M1-ICC-SRA 2.4 3.3 138 70 600 840 0.5 Good
M1-1CC-PMF 1.8 3.3 139 73 450 600 8.6 Good
M1-ICC-OAG-SRA 2.0 2.7 138 73 390 600 0.0 Good

From the laboratory testing results shown in Table 4.1, all eleven mixtures had slumps

ranging from 1.9 — 4.1 inches, and all of them were rated as good workability. The air contents for
all mixtures were between 2.2% and 4.2%, which were within the specified range. All mixtures’
temperatures were below 85°F and only ranged from 70°F to 75°F. The mixtures showed no sign
of segregation as indicated by observation of the consolidation of the concrete during the sample
fabrication process. The bleeding water data ranged from 0.0 to 18.8 ml/ft?/hr. The bleeding water
for Mix1-PMF was considerably high (18.8 ml/ft?/hr) and can cause problems for the pavement
construction; thereby, it was deemed not suitable for this slab study. Lastly, the joint-cutting
window, which is the time between initial and final setting times, was 360 minutes at the longest
duration and was 150 minutes at the shortest duration, which are adequate for the operation.

In summary, all mixtures, except for M1-PMF, showed good performance in terms of fresh

concrete properties and were judged as suitable for pavement application.

4.1.1.2 Hardened Concrete Properties from Laboratory Testing Program
Three categories of properties of hardened concrete can be identified as critical in assessing

the quality of concrete pavement construction. These categories are 1) strength properties, 2)
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shrinkage properties, and 3) permeability properties. Concrete mixtures suitable for pavement
application should have strengths that meet the minimum requirements according to the FDOT
specification, have minimal length change both in contraction and expansion, and have low
permeability. The average strength, shrinkage, and permeability test results and their significance
tests for the Class | (Pavement) concrete mixtures at 28 days from the laboratory testing program
are shown in Tables 4.2, 4.3, and 4.4, respectively. In the tables that show the t-test analysis, the

following signages are used:

— denotes that the difference in results was not statistically significant at level of 5%.

1 denotes that the difference in results was statistically significant, and this mix has
higher values at level of 5%.

| denotes that the difference in results was statistically significant, and this mix has lower

value at level of 5%.

Table 4.2 Class | (Pavement) Concrete Strength Properties at 28 Days from Laboratory
Testing Program

Compressive  Splitting Tensile Flexural Modulus of Poisson’s
Mixtures Strength Strength Strength Elasticity Ratio
(psi) (psi) (psi) (Mpsi)
M1-SC 6,308 ref 489 ref 738 ref 4.98 ref 0.22 ref
M1-OAG 100 7431 — 549 — 830 — 5.13 — 0.22 —
M1-OAG 90 7,061 — 482 — 804 — 5.26 — 0.22 —
M1-SRA 6,763 — 518 — 717 — 4.98 — 0.21 —
M1-PMF 5181 — 434 — 645 — 456 0.20 -
M1-ICC 7,496 — 572 — 782 — 469 0.22 —
M1-ICC-OAG 100 7573 — 562 — 823 — 4.86 — 0.22 -
M1-ICC-OAG 90 5946 — 452 — 709 — 461 0.22 -
M1-ICC-SRA 6,994 — 488 — 794 — 470 0.22 -
M1-ICC-PMF 7,008 — 549 — 779 — 4.82 — 0.23 —
M1-ICC-OAG-SRA 7,235 — 420 — 780 — 477 0.23 —
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Table 4.3 Class | (Pavement) Concrete Shrinkage Properties from Laboratory Testing
Program

CTE (28-day) Free Shrinkage

Mixtures (182-day)
(ne/°F) (ne)
M1-SC 4.33 ref 307 ref
M1-OAG 100 4.23 — 323
M1-OAG 90 4.36 — 259
M1-SRA 4.57 0 145
M1-PMF 4.48 — 283
M1-ICC 3.99 ! 265
M1-ICC-OAG 100 3.82 ! 351
M1-ICC-OAG 90 4.34 — 195
M1-ICC-SRA 4.34 — 205
M1-ICC-PMF 4.17 — 238
M1-ICC-OAG-SRA 4.04 ! 244

Table 4.4 Class | (Pavement) Concrete Permeability Properties at 28 Days from
Laboratory Testing Program

ixtures Resistiviy Rep
(kohm-cm) (Coulombs)

M1-SC 10.1 ref 4,035 ref
M1-OAG 100 10.3 - 3,695 -
M1-OAG 90 10.3 - 3,696 -
M1-SRA 10.2 - 4,563 -
M1-PMF 10.1 - 4,409 -
M1-1CC 9.9 - 3,937 -
M1-1CC-OAG 100 11.1 . 3,821 -
M1-1CC-OAG 90 10.7 - 3,721 -
M1-1CC-SRA 10.6 - 3,559 -
M1-1CC-PMF 11.3 . 3,342 )

M1-1CC-OAG-SRA 11.6 - 3,611 -
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4.1.1.3 Mixtures Selection

The desirable characteristics of pavement concrete, in terms of stress generation under
loading, are high flexural strength, low MOE, low CTE, and low free shrinkage. Also, having low
permeability is important for long-term durability of reinforced concrete pavement. Initial
structural responses by each of the mixtures can be simulated in a validated 3D finite element
method (FEM) model for concrete pavement. A project specific 3D FEM model, developed and
validated from a previous pavement project, was used for this purpose. The maximum computed
stresses were divided by the flexural strengths of the respective concretes to determine the stress-
to-strength (SS) ratios, which were used to evaluate the potential performance of the concretes
from the laboratory testing program. Table 4.5 shows the calculated SS ratios of the concretes,
based on a simulated 9-inch concrete test slab (under the FDOT APT facility condition) and loaded
at the slab’s mid edge by a 22-kip axial load under a temperature differential of +20°F (the
difference between top face and bottom face). Figure 4.1 illustrates the layout of the slab and
location of the 22-kip axial load at the slab’s mid edge. This temperature-load condition was found

from prior research to be a critical loading condition for concrete pavements in Florida [74], [75].

Table 4.5 Computed Stresses and SS Ratios from the Laboratory Testing Program

Maximum Flexural _ _
Mixtures CoSTerSJ;ed Strength SS Ratio Ranking
(psi) (psi)

M1-SC 551.8 738 0.75 9
M1-OAG 100 556.6 830 0.67 4
M1-OAG 90 578.6 804 0.72 7
M1-SRA 559.4 717 0.78 10
M1-PMF 505.6 645 0.78 10
M1-ICC 500.8 782 0.64 2
M1-ICC-OAG 100 501.5 823 0.61 1
M1-ICC-OAG 90 520.1 709 0.73 8
M1-ICC-SRA 528.0 794 0.66 3
M1-ICC-PMF 536.5 779 0.69 6
M1-ICC-OAG-SRA 521.9 780 0.67 4

176



Adjacent Slab Adjacent Slab

Adjacent Slab Loaded Slab

i
No Load Iransfer
Joinl

2 ft

\ 22-kip Mid Edge with
Temp. Differential of 20°F

6 fi

15 1i
“ >

Fig 4.1 Layout of the slab and location of the applied 22-kip axial load for critical stress analysis

From the SS ratio results shown in Table 4.5 and other hardened concrete properties from
the laboratory testing program, the M1-ICC-OAG 100 mix was selected for the slab study because
it was ranked as the best performer among all the mixtures. The M1-1CC-OAG 90 mix, which was
similar to the M1-1CC-OAG 100 mix but with only 90% of the cement content, was also selected
to evaluate the effects of cement reduction. Plus, it was ranked at number 8, which is better than
the standard concrete, which is ranked at number 9. Lastly, M1-1CC-PMF was selected to evaluate
the effects of PMF, plus it was ranked better than the standard concrete at number 6. Therefore,
these four mixtures, M1-ICC-OAG 100, M1-ICC-OAG 90, M1-ICC-PMF, along with M1-SC,
were selected to be evaluated in this Slab Study 1. The raw materials used for the slab study are as

follows:

Cement: Type I/1l

Fly ash: Class F

Coarse aggregate: #57 and #89

Fine aggregate: Lightweight aggregate (LWA) and sand

Admixture: Air-entraining admixture (AEA), Type D (water reducer

and retarder), and Type F (high-range water reducer)

Fiber: Polymeric micro fibers (PMF)
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The mix designs used for this slab study are presented in Table 4.6, and the slab

designations and their corresponding concrete mixtures are shown in Table 4.7.

Table 4.6 Mix Designs for Slab Study 1

Mix Constituent M1-SC e Mo MEie

w/cm ratio 0.44
Cement (Ib/yd®) 432 432 389 432
Fly ash (Ib/yd®) 108 108 97 108
Water (Ib/yd?) 238 238 214 238
Coarse Aggregate

#57 (Iblyd®) 1,598 1,120 1,137 1,696

#89 (Ib/yd®) - 687 696 -
Fine Aggregate

FLWA (Ib/%) - 192 192 192

Sand (Ib/yd®) 1,443 888 975 974
Admixture

AEA (oz/cwt) 1.67 6.87 15.14 2.04

Type D (0z/cwt) 5.0 5.0 5.6 5.0

Type F (0z/cwt) 5.0 5.0 5.6 5.0

PMF (Ib/yd?) - - - 15

- Denotes that the material was not used in the mix design.

Table 4.7 Mix Designs for Slab Study 1

Slab Designation Concrete Mixture
Slabl ICC-1 M1-ICC-PMF
Slab2 ICC-2 M1-ICC-OAG 100
Slab3 ICC-3 M1-ICC-OAG 90
Slab4 SC M1-SC
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4.1.2 Slab Layout, Instrumentation, Monitoring, and Testing

All four experimental slabs were instrumented with sensors to monitor and record their
responses from external loading. The responses were, then, used to calibrate and validate the 3-D
FEM for the pavement slabs.

4.1.2.1 Slab Layout

Dimensions of each concrete pavement slab are 12 feet by 15 feet by 9 inches thick, which
are typical for Florida concrete pavement. All four pavement slabs were arranged according to
Figure 4.2. The slabs were designed without dowel bars at the joints.

FDOTSMO [ APT FACILITY AREA
BUILDING A
15 15*
\
SLAB2 SLARY
™
I
|
SLAB1T SLABZ
Ty
|

MNOT TOSCALE

Fig 4.2 Layout of the four test slabs for Slab Study 1.

4.1.2.2 Slab Instrumentation and Monitoring

Two types of sensors were instrumented in the slabs. Thermocouples were used to measure
the temperatures inside the slabs and dynamic strain gauges were used to measure the strains inside
the slabs. Both were important for analyzing slab response due to loads. The thermocouples were

arranged in tree-stem-like shape, while the dynamic strain gauges were placed 2 inches below the
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surface and 2 inches above the base. Sensors were placed at the center and the corner of the slabs
as shown in Figure 4.3, and Figure 4.4 presents the slab schematic cross-section showing the

arrangement of the sensors.

== Strain gauge
®  Thermocouple tree
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- 15’ >

Fig 4.3 Sensor locations for Slab Study 1.
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Fig 4.4 Slab schematic cross-section showing strain gauges and thermocouples tree. The orange
ring shapes are thermocouples, and the blue rectangular shapes are dynamic strain gauges.

The data from the instrumented sensors in the slabs were collected by a data acquisition
unit linked to all the embedded sensors. Data collection started as soon as the slab placement was
completed. The sensors outputs were continuously monitored and recorded until the falling-weight
deflectometer (FWD) testing and HV'S loading were completed. The data acquisition unit and the
data collected were maintained by the SMO’s pavement evaluation unit, and the collected data

were transferred to the researchers for analysis.

4.2 Construction of Test Slabs and Concrete Testing

4.2.1 Construction of Test Slabs

Slab4 SC and Slab1 ICC-1 were placed on October 24, 2016, and Slab2 ICC-2 and Slab3
ICC-3 were placed one week later on October 31, 2016. These test slabs were constructed over the
existing two-inch thick asphalt layer, which acted as a leveling course and provided a firm and
consistent foundation for the concrete slabs, supported by a 10.5 in. limerock base layer. A
vibratory leveling bar was used to strike off and level the concrete surface of the test slabs, then a

broom was used to produce a rough surface texture before it hardened. A white-pigmented curing
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compound was applied over the top and sides of the slabs to prevent excessive water evaporation.
Nylon rods were used to secure the sensors, as well as to minimize the thermal effect on the gauge
readings. PVC buckets, without bottoms, were used to protect the gauges during concrete
placement. The concrete was poured manually around the strain sensors inside the PVC buckets,
after which they were pulled out vertically to place concrete around the sensors. Figure 4.5 shows
the construction of the test slabs.

The concrete mixtures were sampled and evaluated for their fresh and hardened concrete
properties using the same evaluation methods as described in the laboratory testing program.
During the placement of the concrete slabs, plastic concrete properties were measured, and
concrete samples for hardened concrete property testing were fabricated. The specimens were

tested at the SMO lab for ages up to one year.

e
L UM ! RS YA

Fig 4.5 Construction of the slabs for Slab Study 1.
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4.2.2 Concrete Testing

4.2.2.1 Fresh Concrete Properties of Slab Concretes
The four concrete mixtures used in the four test slabs were evaluated for their fresh concrete
properties at the time of placement of the concrete slabs. Table 4.8 shows the fresh concrete

properties of the four concrete mixtures.

Table 4.8 Fresh Concrete Properties of Concretes Used

Mixtures Slump Air Content Density  Temperature chl;g?]ig;ity
(in) (%) (Ib/ft%) (°F)
Slabl ICC-1 35 5.1% 132 77 Good
Slab2 ICC-2 5.3 18.9% 106 70 Good
Slab3 ICC-3 55 18.9% 113 73 Good
Slab4 SC 2.8 4.7% 139 77 Good

As shown in Table 4.8, the slump values for all the concretes were satisfactory. In addition,
workability rating was good for all the mixtures with respect to ease of placement and finishing.
The temperature of the concretes at placement were well below the FDOT limit of 90°F. The air
contents of Slabl ICC-1 and Slab4 SM were within the FDOT specification (1-6%). However, the
air contents of Slab2 ICC-2 and Slab3 ICC-3 were exceptionally high due to the excessive dosage
of air-entraining admixture used by the contractor, which was much higher than the specified
amount and out of control of the researchers. The concretes flowed into the formwork easily
without any consolidation problem or surface finishing difficulty. Therefore, all mixtures can be

characterized as highly workable mixes.

4.2.2.2 Hardened Concrete Properties of Slab Concretes

All four concrete mixtures were sampled at the job site on the day of their placement.
Various samples were made for different strength and shrinkage tests, including 1) 4” x 8”
cylinders for compressive strength, MOE, Poisson’s ratio, splitting tensile strength, and CTE tests,
2) 4” x 4” x 14” beams for flexural strength test, and 3) 3” x 3” x 11.25” prisms for free shrinkage
test. All specimens were fabricated according to ASTM C31 [76]. Tables 4.9, 4.10, and 4.11
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present the measured strengths, MOE and Poisson’s ratios, and CTE and free shrinkages of these

concrete samples, respectively.

Table 4.9 Strength Properties of Concretes Used

Compressive Strength (psi)

Splitting Tensile

Flexural Strength

Strength (psi) (psi)
Mixtures Testing Age (day)
1 2 7 28 56 364 7 28 364 7 28 364
Slabl ICC-1 1,240 - 2,670 4,230 - 5370 330 405 360 565 715 750
Slab2 ICC-2 - 380 580 830 740 1,290 90 135 145 200 300 365
Slab3 ICC-3 - 420 580 990 1,250 1,540 110 160 190 210 305 395
Slab4 SC 1,750 - 3,360 4,930 - 6,140 370 475 390 625 805 830
- Denotes that the there was no testing for this test at this age.
Table 4.10 MOE and Poisson’s Ratios of Concretes Used
MOE (Mpsi) Poisson’s Ratio
Mixtures Testing Age (day)
7 28 93 364 7 28 93 364
SlablICC-1 330 3.75 - 400 022 021 - 0.24
Slab2 ICC-2 - - 210 1.60 - - - 0.20
Slab3 ICC-3 - - 2.65 2.00 - - - 0.20
Slab4 SC 3.80 4.30 - 450 019 0.20 - 0.21

- Denotes that the there was no testing for this test at this age.

Table 4.11 CTE and Free Shrinkages of Concretes Used

CTE (ue/°F) Free Shrinkage (ue)
Mixtures Testing Age (days)
28 93 7 28 364
Slabl ICC-1 5.56 - 130 500 -3,520
Slab2 ICC-2 - 5.08 0 380 -5,420
Slab3 ICC-3 - 5.94 0 230 -5,580
Slab4 SC 6.07 - 100 630 -3,430

- Denotes that the there was no testing for this test at this age.
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Due to the high air contents of the Slab2 ICC-2 and Slab3 ICC-3 concretes, the strengths
and the elastic moduli of these two concretes were very low and were much lower than the
corresponding values for the same concrete mix designs obtained from the laboratory testing
program. Consequently, in this situation, it was not appropriate to compare the performance of
Slab2 ICC-2 and Slab3 ICC-3 to that of Slabl ICC-1 and Slab4 SC directly without accounting
for their lower strengths due to the excessive high air voids. Hence, for this analysis, only
performance of Slabl ICC-1 and Slab4 SC were compared. The test results were compared using
Student’s t-test statistical analysis like the laboratory testing program described in Chapter 2.

At 28 days curing, the compressive strength, splitting tensile strength, and flexural strength
of the Slabl ICC-1 concrete were lower than those of the Slab4 SC mix by 14%, 15%, and 11%,
respectively. On the other hand, the MOE and CTE of the Slabl ICC-1 concrete were lower than
those of the Slab4 SC mix by 13% and 8%, respectively. As for drying shrinkage, the results for
both concretes were insignificantly different from one another. For concrete pavement application,
it is desirable for the concrete to have sufficient strengths in order to withstand the traffic load.
However, it is also desirable for the concrete to have low elastic modulus and CTE to have low
load-temperature-induced stresses from deflection, and thus better performance.

4.3 Slab Testing and Modeling and Assessment of Test Slabs Performance

4.3.1 Slab Modeling and Testing

The test slabs were subjected to FWD testing and HVS loading. The strain data obtained
from FWD testing and HVS loading were used to calibrate and validate the 3-D FEM model for
the test slabs. The calibrated and validated FEM model was then used to analyze and predict the

structural performance of the slabs under critical loading and environment conditions.

4.3.1.1 Finite Element Modeling of Test Slabs

A 3-D FEM for concrete slabs was developed using the ADINA (version 9) finite element
software. Figure 4.6 shows the 3-D finite element model which was developed for the analysis of
the four test slabs. A concrete slab was modeled by an assemblage of elastic hexahedron elements.
A hexahedron element is defined by eight nodes with each node having three degrees of freedom,
i.e., translations in x-, y-, and z-directions. The effects of temperature changes in the concrete slab

can also be considered in the analysis. The concrete was characterized by its elastic modulus,

185



Poisson’s ratio, and CTE. The test slabs were modeled as not bonded to the underlying foundation.
The pavement foundation was modeled as an isotropic and linearly elastic subgrade material
characterized by its elastic modulus and Poisson’s ratio. A depth of 150 inches was used to model
the subgrade material. The bottom of subgrade layer was modeled as fixed in the z- direction.
The properties of the four concretes used in the model were obtained from the sampled test
slab concrete’s properties. The elastic modulus of the subgrade was obtained through the back-
calculation method by matching the analytical to the measured FWD deflections of the test slabs,
as presented in the next section. Load transfer across the joint between two adjacent slabs was
modeled by translational springs connecting the nodes of the finite elements along the joint, as
illustrated in Figure 4.7. Spring elements also have three degrees of freedom. Three values of
spring constants were used to represent the spring stiffnesses along the x-, y-, and z-directions.
Since there were no dowel bars at the joints, the springs model the load transfer through mechanical

interlock at the interface between the two slabs.
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Fig 4.6 3-D finite element model for the four test slabs.
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Fig 4.7 Modeling of transverse joint using spring elements.

4.3.1.2 FWD Testing for Calibration of the FEM Model

The elastic modulus of the concrete material was initially estimated from the results of
laboratory tests on the sampled concrete. The elastic modulus of subgrade and the stiffness of the
joint and edge springs were estimated by back-calculation of the FWD deflection data. The results
of the FWD tests at the slab center were used to estimate the elastic modulus of the subgrade. On
the other side, the results of the FWD testing at the joints were used to calibrate values of spring
stiffness at the joints by matching the analytically computed deflections with the measured FWD

deflections. Figure 4.8 shows the FWD tests at the slab center and at the joint of the slab.

@ i S0
Fig 4.8 FWD test at (a) the slab center and (b) the joint.

Surface deflections in the concrete pavement caused by a 12-kip FWD were used to

estimate the values of the elastic modulus of the subgrade and the stiffness of the springs for the

187



load transfer at the joints in the finite element (FE) model. This set of FWD tests was done at
midday when the slab would tend to have a positive temperature differential resulting in full
contact with the subgrade at the slab edge. The measured deflection basins in the transverse
direction were very similar to those in the longitudinal direction. The analytical deflection basin
was calculated by using an elastic modulus of the subgrade of between 70,000 and 80,000 psi.
After the elastic modulus of the subgrade had been estimated, the deflection basin caused
by the FWD load applied at the joint was used to estimate the spring’s joint stiffness, which was
later used to model the load transfer at the joints. Subsequently, the estimated elastic moduli of the
slab and subgrade were used in the 3D FEM to compute the deflection basin across the joint. Figure
4.9 shows an example of the matched deflection basins from the back-calculation process for
estimating the joint spring stiffnesses. Using the previously estimated parameters and material
properties, relatively well-matched results between the measured and the calculated deflection
basins were achieved by using a vertical stiffness of 1,000,000 Ib/in. and the stiffness of 10,000
Ib/in. in the x- and y- directions. Table 4.12 presents a summary of model parameters for the four

test slabs.
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Fig 4.9 Determination of spring stiffness across the joint using FWD basin caused by a 12-kip
FWD load at the joint between (a) Slabl and Slab2 and (b) Slab3 and Slab4.
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Table 4.12 Summary of Model Parameters Calibrated for the Four Test Slabs

Mixtures Slabl ICC-1 Slab2 ICC-2 Slab3ICC-3  Slab4 SC

Elastic modulus of concrete (ksi) 3,750 2,100 2,650 4,300
Density of concrete (pcf) 132 106 113 139
CTE (ue/°F) 5.56 5.08 5.94 6.07
Poisson’s ratio 0.21 0.20 0.20 0.20
Elastic modulus of subgrade (ksi) 70 70 80 80
Spring constant for load transfer (lb/in)

Transverse joint X 10,000 - - 10,000

Transverse joint Y 10,000 - - 10,000

Transverse joint Z 1,000,000 - - 1,000,000

Longitudinal joint X - 10,000 - 10,000

Longitudinal joint Y - 10,000 - 10,000

Longitudinal joint Z - 1,000,000 - 1,000,000

4.3.1.3 HVS Testing

The HVS loading was applied on Slab1 ICC-1 and Slab4 SC on March 02, 2017 (129 days
after their placement), and on Slab2 ICC-2 and Slab3 ICC-3 on March 14, 2017 for (134 days after
their placement). The HVS loading was applied using a super single tire with a contact pressure of
110 psi and a load of 11.5 kips, traveling at about 7.25 mph in a uni-directional mode with no
wander. The HVS loading was applied at three different locations on each slab, namely at 6 inches,
15 inches, and 23 inches from the edge of the slab. For each loading path as shown in the Figure
4.10, the slab was loaded for a minimum duration of 24 hours, and the dynamic strain data was
collected for 1-minute durations at hourly intervals. The temperature data was continuously

collected for the entire testing.
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Fig 4.10 HVS loading paths.

4.3.2 Assessment of the Performance of the Test Slabs

4.3.2.1 Critical Stress Analysis

Using the 3-D FEM, developed for the four test slabs and calibrated with the measured
deflection basins from the FWD tests, analyses were performed to simulate the maximum stresses
in the slabs when subjected to some critical load and temperature conditions. First, a 22-Kip axle
load, which represents the maximum legal limit for single axle load in Florida, was used as the
applied load in the analyses. Analyses for the following two critical load-temperature conditions

were performed, and the configurations of these two conditions is shown in Figure 4.11:

(1) A 22-kip axle load was applied to the mid-edge of the pavement slab with a temperature
differential of +20°F.

(2) A 22-kip axle load was applied to the corner of the pavement slab with a temperature
differential of -10°F.
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Fig 4.11 Critical load-temperature conditions for the test slabs.

For comparison purpose, additional analyses were performed for the following non-critical load-

temperature conditions:

(1) A 22-kip axle load was applied to the mid-edge of the pavement slab with no
temperature differential.

(2) A 22-kip axle load was applied to the mid-edge of the pavement slab with a temperature
differential of -10°F.

(3) A 22-kip axle load was applied to the corner of the pavement slab with no temperature
differential.

(4) A 22-kip axle load was applied to the corner of the pavement slab with a temperature
differential of +20°F.

The maximum computed stresses in the four test slabs from the critical stress analyses are
shown in Table 4.13. In order to assess the potential performance of these test slabs in service, the
maximum computed stresses were divided by the flexural strengths of concrete from the test slabs

to obtain the SS ratios. According to fatigue theory [74], the number of load repetitions to failure
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of concrete increases as the SS ratio decreases. Thus, a lower computed SS ratio would indicate
that a higher number of load repetitions would be required to induce failure, promoting an
expectation of better performance in service. The measured 28-day flexural strengths of the
concrete sampled from the test slabs were used to compute the SS ratios, which are shown in Table
4.13.

Table 4.13 Computed Maximum Stresses and SS Ratios for the Test Slabs

Tempera- _ CTE MOE Flexural Computed Stress SS Ratio
ture Mix Strength (psi)
Condition (ue/°F) (ksi) (psi) Corner Mid-Edge Corner Mid-Edge
ICC-1 5.56 3,750 715 310.8 378.9 0.43 0.53
5 i 300 0.68 0.86
% § ICC-2 5.80 2,100 (797)" 2054 258.9 (0.26)* (0.32)*
5 S i 305 0.83 1.02
g_é |o; ICC-3 5.94 2,650 (687)" 252.0 310.9 (0.37)" (0.45)"
FS Y SC 6.07 4,300 805 404.6 451.9 0.50 0.56
ICC-1 5.56 3,750 715 146.4 148.8 0.20 0.21
o5 ] 300 0.43 0.42
% § ICC-2 5.80 2,100 (797)° 127.6 125.8 (0.16)"* (0.16)*
5 S i 305 0.43 0.41
EE !g ICC-3 5.94 2,650 (687)’ 131.0 125.3 (0.19)* (0.18)*
E S SC 6.07 4,300 805 178.0 168.5 0.22 0.21
ICC-1 5.56 3,750 715 167.3 165.7 0.23 0.23
o5 i 300 0.43 0.52
e ICC-2 5.80 2100 797y 127.6 154.7 016  (0.19)"
5 € i 305 0.40 0.54
g_é n ICC-3 5.94 2,650 (687)" 122.4 163.6 (0.17)" (0.24)"
F3 9 SC 6.07 4,300 805 148.8 176.7 0.18 0.22

Flexural strength calculated using lab-field ratio of (M1-ICC-OAG 100/M1-SC = 1.115) at 28 days.
Flexural strength calculated using lab-field ratio of (M1-ICC-OAG 90/M1-SC = 0.961) at 28 days.
SS ratio calculated from the flexural strength using lab-field ratio of ICC-2.

SS ratio calculated from the flexural strength using lab-field ratio of ICC-3.

+ > *

From the results presented in Table 4.13, it can be seen that the maximum stresses and the
maximum SS ratios were obtained at the condition when a 22-kip axle load was applied to the mid-
edge of the pavement slab with a temperature differential of +20°F. This is the critical loading
condition of this pavement slab. At this critical loading condition, the computed SS ratios for Slab4
SC, Slabl ICC-1, Slab2 ICC-2, and Slab3 ICC-3 are 0.56, 0.53, 0.86, and 1.02, respectively. Based
on the maximum stress-to-strength ratios, the ranking of the test slabs from best to worst were
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Slabl ICC-1, Slab4 SC, Slab2 ICC-2, and Slab3 ICC-3. The high SS ratios for the ICC-2 and ICC-
3 slabs were due to the very low flexural strengths (300 and 305 psi) of these two concrete mixes
caused by exceptionally high air void contents (18.9%).

If the lab-field ratios of M1-ICC-OAG 100/M1-SC = 1.115 and M1-ICC-OAG 90/M1-SC
=0.961 at 28 days were to use to get the calculated slab flexural strengths, the maximum SS ratios
of Slab2 ICC-2 and Slab3 ICC-3 would have been 0.32 and 0.45 instead of 0.86 and 1.02,
respectively. The hypothetical ranking of the test slabs from best to worst would have been Slab2
ICC-2, Slab3 ICC-3, Slabl1 ICC-1, and Slab4 SC with the SS ratios of 0.32, 0.45, 0.53, and 0.56,

respectively.

4.3.2.2 Visual Observation

No visible cracks were observed on all four test slabs before the HVS loading. After HVS
loading, visible corner cracks were observed on Slab2 ICC-2 and Slab3 ICC-3, which had high
computed maximum SS ratios (0.86 and 1.02) from the critical stress analysis. Figures 4.12 and
4.13 show pictures of the surface of Slabs2 and Slab3 after the HVS loading, respectively. Slabl
ICC-1 and Slab4 SC, which had low computed stress-to-strength ratios (0.53 and 0.56) did not
show any visible cracks after HVS loading. Figures 4.14 and 4.15 show pictures of the surface of

Slabsl and Slab4 after HVS loading, respectively.
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Fig 4.12 Surface of Slab2 ICC-2 after HVS loading.
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Fig 4.13 Surface of Slab3 ICC-3 after HVS loading.
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Fig 4.15 Surface of Slab4 SC after HV'S loading.
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4.4 Summary

From the results of critical stress analysis presented in Table 4.13, the maximum stresses
and the maximum SS ratios were obtained for the condition with a 22-kip axle load applied to the
mid-edge of the pavement slab and a temperature differential of +20°F. At this critical loading
condition, the computed SS ratios for Slab1 ICC-1, Slab2 ICC-2, Slab3 ICC-3, and Slab4 SC were
0.53, 0.86, 1.02, and 0.56, respectively. Based on the maximum SS ratios, the ranking of the test
slabs from best to worst should be Slabl ICC-1, Slab4 SC, Slab2 ICC-2, and Slab3 ICC-3. The
high SS ratios for the ICC-2 and ICC-3 slabs were due to the very low flexural strengths (300 and
305 psi) of these two concrete mixes caused by exceptionally high air void volumes (18.9%). Only
ICC-1 and SM concrete, whose air contents were within the FDOT limit and similar to the air
contents obtained from the laboratory testing program, were considered. 1CC-1 mixture (M1-1CC-
PMF) showed slightly better performance than the SC concrete (M1-SC) in terms of the computed
SS ratio (0.53 vs 0.56).
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CHAPTER 5
PERFORMANCE OF PAVEMENT SLAB STUDY 2
AND ANALYSIS OF RESULTS

Chapter 4 involved planning and design of experimental pavement Slab Study 2 which is
supplementary to the Slab Study 1. Three experimental slabs with three different concrete mixtures
were placed at the same facility as the Slab Study 1, which is FDOT’s SMO in Gainesville, FL.

Similar schematic research as in Slab Study 1 was followed for this study.

5.1 Mixture Selection and Design of Test Slab

5.1.1 Mixture Selection

Three concrete mixtures, one standard concrete and two other mixtures from eleven
candidate concrete mixtures evaluated in the laboratory testing program, were selected to be used
in three separate concrete test slabs From the SS ratio results from Table 4.5 and other concrete
properties, M1-ICC-SRA was also selected to evaluate the effects of SRA and because it was
ranked third in term of SS ratio. M1-ICC-OAG 100 mix was again selected for this supplementary
slab study because its performance was not able to be assessed in the first slab study due to the
concrete’s excessive air content and extremely weak strength. Therefore, these three mixtures, M1-
ICC-SRA, M1-ICC-OAG 100, along with M1-SC, were selected to be evaluated in this Slab Study
2. The raw materials used for this slab study were similar to those of Slab Study 1.

The mix designs used for this slab study are presented in Table 5.1, and the slab

designations and their corresponding concrete mixtures are shown in Table 5.2.
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Table 5.1 Mix Designs for Slab Study 2

Mix Constituent M1-SC MLC A

w/cm ratio 0.44
Cement (Ib/yd®) 432 432 432
Fly ash (Ib/yd®) 108 108 108
Water (Ib/yd?) 238 238 238
Coarse Aggregate

#57 (Iblyd®) 1,508 1,714 1,579

#89 (Ib/¥®) 119 - 233
Fine Aggregate

FLWA (Ib/yd?) - 284 284

Sand (Ib/yd®) 1,457 911 970.7
Admixture

AEA (0z/cwt) - - 0.34

Type D (0z/cwt) 5.0 5.0 5.0

Type F (oz/cwt) 8.4 4.7 4.3

SRA (Ib/cwit) - 5.0 -

- Denotes that the material was not used in the mix design.

Table 5.2 Mix Designs for Slab Study 2

Slab Designation Concrete Mixture
Slabl SC M1-SC
Slab2 ICC-1 M1-ICC-SRA
Slab3 ICC-2 M1-ICC-OAG 100

5.1.2 Slab Layout, Instrumentation, Monitoring, and Testing

The experimental slabs were instrumented with sensors to monitor and record their
responses from external loading. The responses were then used to calibrate and validate the 3-D
FEM for the pavement slabs. The layout of the slabs and type of instrumented sensors were
different from the Slab Study 1 and are described in the later sections.
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5.1.2.1 Slab Layout
Each concrete pavement slab was 13 feet wide, 15 feet long, and 8 inches thick. The layout
for the three pavement slabs is shown in Figure 5.1. The slabs were designed to have dowel bars

as load transfer mechanism.

15’ 15° 15

Adjacent
Slak

Adjacent
Slab

AN

FTrrrrerrrvrs] .
rrTrrrrrrrernrd

-
.
T |
rrrrrvrrreed
| S T

Slab2 ICC1 Slab3 ICC2 Slabl STD

Fig 5.1 Layout of the three test slabs for Slab Study 2.

5.1.2.2 Slab Instrumentation and Monitoring

The test slabs were instrumented with various types of sensors for measuring dynamic and
environment strains, relative humidity, and temperatures within the concrete pavement. Table 5.3
summarizes the information from the sensors used in the test slabs. Figure 5.2 shows the
instrumentation layout and cross-section for the test slabs. The locations for the dynamic strain
gauges were selected based on the anticipated maximum strain responses in the test slabs from the
HVS loading. At each indicated environmental sensor location, two embedded, vibrating-wire
strain gauges were placed at a depth of 1 in. from the concrete surface, and 1 in. from the bottom
of the concrete layer. The environmental sensor was placed in the longitudinal and transverse
direction at each corner in order to monitor the behavior of curling due to the environmental load.
Each thermocouple tree consisted of six wires which were located at depths of 1, 2, 3, 4, 6.5, and
8 in. from the surface of the concrete slab and were placed at the slab center. Next to the
thermocouple tree, the relative humidity sensor tree was installed to monitor the internal curing
condition at various the slab depths. In order to achieve this goal, the five sensors were placed at
depths of 1, 2, 4, 6, and 7 in. from the surface of the concrete slab. Nylon rods were used to secure

the installation of sensors, as well as to minimize the thermal effect on the gauge readings.
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Table 5.3 List of Sensors for Slab Study 2

Operating
Type Manufacturer Model Gauge Length Temperature Range
(in) (°F)

Static/Environmental
Strain Sensor

Dynamic Strain Sensor CTL - 8.0 -29 to +399

Moisture and
Thermocouple Sensors

Geokon 4200A-2 6.0 -4 t0 +176

TE Connectivity  HTM2500LF 3.0 -40 to +176

| ®in oK

Cross Section o
2 1
3 I we Dynamic strain
<ip 1 Static/Environmental strain
| | Moisture Sensor tree
* ' ‘ @ Thermocouple tree
<
1
P o
1
e = - o
—— —— —
—_— - d' sl —\—
. o e SN e Adjacent P e &b  m——
lE'; y ——— ,«" J Slab —— SE—
""""""""""""""" e b N O o == .P-.; R
7 —— —— ——
. : o & -
Slab2 ICC1 Slab3 ICC2 Slabl STD

Fig 5.2 Instrumentation of the test slabs for Slab Study 2.

Data from the instrumented sensors in the slabs were collected by a data acquisition unit
linked to all the embedded sensors. Data collection started 1 hour before the slab placement was
completed, and the data acquisition unit continuously monitored and collected the data until FWD
testing and HV'S loading were completed. The data acquisition unit and the data it collected were
maintained by the SMO’s pavement evaluation unit, and the collected data was transferred to the

researchers for analysis.
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5.2 Construction of Test Slabs and Concrete Testing

5.2.1 Construction of Test Slabs

Slabl SC and Slab3 ICC-2 were placed on March 19, 2019, and Slab2 ICC-1 on April 12,
2019. These test slabs were constructed over the existing two-inch-thick asphalt layer, which acted
as a leveling course and provided a firm and consistent base layer, which was supported by a 10.5
in. lime rock subbase layer. A vibrating leveling bar was used to level off the concrete surface of
the test slab and then a broom was passed over the concrete surface to produce a rough surface
texture before it hardened. A curing compound was applied over the top and sides of the slabs to
prevent excessive water evaporation. The concrete was poured manually and care was taken to
protect the strain sensors during concrete placement. PVC buckets, without bottoms, were used to
protect the gauges during concrete placement. The concrete was poured manually around the strain
sensors inside the PVC buckets, which were pulled out vertically during removal to allow gentle
consolidation of the concrete around the sensors. The concrete crew encountered no problems in
the pouring of all three concretes. The pouring of the ICC concretes was similar to the pouring of
the standard concrete mix. Figure 5.3 shows the construction of the test slabs.

The concrete mixtures were sampled and evaluated for their fresh and hardened concrete
properties using the same evaluation methods as described in the laboratory testing program.
During the placement of the concrete slabs, plastic concrete properties were measured, and
concrete samples for hardened concrete property testing were fabricated. The specimens were

tested at the SMO lab for ages up to one year.
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5.2.2 Concrete Testing

5.2.2.1 Fresh Concrete Properties of Slab Concretes

The three concrete mixtures used in the three test slabs were evaluated for their fresh
concrete properties at the time of placement of the concrete slabs. Table 5.4 shows the plastic
properties of the three concrete mixtures. As shown in Table 5.4, the slump values for all the
concretes were satisfactory. In addition, workability rating was good for all the mixtures with
respect to the ease of placement and finishing. It is noted that the SC mix required considerably
more of high-range water-reducer to achieve this level of slump as compared with the other two
mixtures. This was due to the workability improvement from use of the OAG and ICC techniques.
The temperatures of all the concretes at placement were well below the FDOT limit of 90°F, the
air contents were within the FDOT specification range of 1 to 6%, and the densities were also

within the expected range from the theoretical mix design. During the placement, all concretes
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flowed into the formwork easily without any consolidation problems or surface finishing

difficulties. Therefore, all mixtures were characterized as highly workable mixes.

Table 5.4 Fresh Concrete Properties of Concretes Used

Mixtures Slump Air Content  Density =~ Temperature ng;ggity
(in) (%) (Ib/ft3) (°F)
Slabl SC 2.75 4.4 139 68 Good
Slab2 ICC-1 (SRA) 2.75 2.7 138 71 Good
Slab3 ICC-2 (OAG 100) 6.50 1.3 138 71 Good

5.2.2.2 Hardened Concrete Properties of Slab Concretes

All three concrete mixtures were sampled at the job site on the day of their placement.
Various samples were made for different tests, including 1) 4” x 8” cylinders for compressive
strength, splitting tensile strength, MOE, Poisson’s ratio, CTE, and surface resistivity testing, 2)
4” x 4” x 14” beams for flexural strength testing, and 3) 3” x 3” x 11.25” prisms for free shrinkage
testing. All specimens were fabricated according to ASTM C31. Tables 5.5, 5.6, and 5.7 present
the measured strength properties, MOE and Poisson’s ratios, and CTE, free shrinkages, and surface
resistivities of the three concrete mixtures, respectively. Figure 5.4, 5.5, 5.6, and 5.7 present the
comparison plots of compressive strengths, splitting tensile strengths and flexural strengths, MOE

and surface resistivity, and free shrinkages of the three mixtures, respectively.

Table 5.5 Strength Properties of Slab Concretes

Compressive Strength (psi) Splitting Tensile Flexural Strength

Strength (psi) (psi)
Mixtures Testing Age (day)
1 7 28 7 28 7 28
Slabl SC 1,400 3,780 5,410 350 460 660 825
Slab2 ICC-1 (SRA) 1,580 4,130 5,590 375 385 680 840
Slab3 ICC-2 (OAG 100) 1,230 3,460 5,220 320 435 605 755
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Table 5.6 MOE and Poisson’s Ratios of Concretes Used

MOE (Mpsi) Poisson’s Ratio

Mixtures Testing Age (day)
7 28 7 28
Slabl SC 4.05 4.30 0.19 0.20
Slab2 ICC-1 (SRA) 3.65 4.05 0.21 0.21
Slab3 ICC-2 (OAG 100) 3.50 3.85 0.20 0.21

Table 5.7 CTE, Free Shrinkages, and Surface Resistivities of Concretes Used

(;75“) Free Shrinkage (pg) Surf(:il(c;ahlr?\;(iirﬁ)ivity
Mixtures Testing Age (day)
28 7 28 182 28 182
Slabl SC 4,65 207 -85 362 6.8 19.7
Slab2 ICC-1 (SRA) 4,06 -48 -45 347 7.3 25.5
Slab3 ICC-2 (OAG 100) 3.72 205 -170 275 6.5 23.2

Compressive Strength

6,000
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4,500
4,000
3,500

‘2 3,000
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1,500
1,000

500

1-day 7-day 28-day

SC =m|CC1 =mICC2

Fig 5.4 Compressive strengths of the test slabs.
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Fig 5.5 Splitting tensile and flexural strengths of the test slabs.
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Fig 5.6 MOE and surface resistivity of the test slabs.
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Fig 5.7 Free shrinkage of the test slabs (shrinkage is shown as a positive value in the figure).

For concrete pavement application, it is desirable for the concrete to adequate strength in
order to withstand the service load; however, it is also desirable for the concrete to have low elastic
modulus and low CTE to generate lower load-temperature-induced stresses, which result in better
performance. Furthermore, it is desirable to have high SR, but not critical for concrete pavement
application. From the test results, Slab2 ICC-1 concrete had higher strengths but lower MOE at
ages of 1 and 7 days, and had similar strengths and MOE at age of 28 days as compared to the
Slabl SC. Also, Slab2 ICC-1 concrete had lower CTE, similar free shrinkage, and higher surface
resistivity as compared to the standard mix. Slab3 ICC-2 concrete had lower strengths and MOE
at ages of 1 and 7 days, but had similar strengths and lower MOE at 28 days as compared to the
Slabl SC. Also, Slab3 ICC-2 had lower CTE and free shrinkage, but higher surface resistivity

compared to the standard mixture.
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5.3 Slab Testing, Modeling and Assessment of Test Slab Performance

5.3.1 Slab Modeling and Testing

5.3.1.1 Finite Element Modeling of Test Slabs

A 3-D FEM model for concrete slabs was developed using the ADINA (version 9) finite
element software. Figure 5.8 shows the 3-D FEM model which was developed for the analysis of
these three test slabs.

This FEM model was designed to analyze one slab at a time in order to simplify the FE
model and the analysis. A concrete slab is modeled by an assemblage of elastic hexahedron
elements. A hexahedron element is defined by eight nodes with each node having three degrees of
freedom, i.e., translations in the x-, y-, and z-directions. The effects of temperature changes in the
concrete slab can also be considered in the analysis. The concrete in this slab is characterized by
its elastic modulus, Poisson’s ratio, and CTE. The test slabs are modeled as unbonded to the
underlying foundation. Each slab was modeled without any load transfer to simulate the worst-
case scenario for the pavement. The pavement foundation was modeled as an isotropic and linearly
elastic subgrade material characterized by its elastic modulus and Poisson’s ratio. A depth of 200
inches was used to model the subgrade material. The bottom of the subgrade layer was modeled
as fixed in z-direction. The properties of the three concretes used in the model were initially
obtained from the measured properties of the sampled concrete. The elastic modulus of the
subgrade was obtained through the back-calculation method by matching the analytical to the

measured FWD deflections of the test slabs.

208



Fig 5.8 3-D FEM model for the test slabs.

5.3.1.2 FWD Testing for Calibration of the FEM Model

The elastic modulus of the concrete material was initially estimated from the results of
laboratory tests on the sampled concrete. The elastic modulus of the subgrade was estimated by
back-calculation of the FWD deflection data. The results of the FWD tests at the slab center were
used to estimate the elastic modulus of the subgrade. Surface deflections in the concrete pavement
caused by a 12-kip FWD were used to estimate the values of the elastic modulus of the subgrade
in the FE model. Figure 5.9 shows the FWD testing on the slab, and Figure 5.10 shows the
measured and computed deflection basin caused by a 12-kip FWD load at the center of the three
test slabs. This set of FWD tests was done at midday when the slab would tend to have a positive
temperature differential resulting in full contact with the subgrade at the slab edge. The analytical
deflection basin was calculated by using an elastic modulus of the subgrade of between 120,000
and 135,000 psi. Using the previously estimated parameters and material properties, the results
given in the Figure 5.10 show fairly well-matched results between the measured and the calculated

deflection basins. Table 5.8 presents a summary of model parameters for the three test slabs.
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Fig 5.9 FWD testing on the slab.

Table 5.8 Summary of Model Parameters Calibrated for the Test Slabs

Parameters Used in FEM Slabl SC Slab2 ICC-1  Slab3 ICC-2
Elastic Modulus of Concrete (ksi) 4,300 4,050 3,850
Density of Concrete (Ib/ind) 0.082 0.080 0.080
CTE (in./in./°F x 10-6) 4.65 4.06 3.72
Poisson’s ratio 0.20 0.21 0.21
Elastic Modulus of Subgrade (ksi) 120 135 135

210



= Field Data2

’ . Field Data1
F| —— FEM Results

E? - A
mla r - W .
= -
c STD (Slabg):
g il MOE: 4,300,000 psi
21 Density: 0.082 Ib/in3
sl CTE: 4.64 in/in/°F
Poisson Ratio 0.20
R » R R S—
(a) Location (in.)
u T T T L3 T L] L] L]
| [ Field Data1
« Field DataZ2 —
"I —— FEM Results — "
L T -
= < “®
FFE *-_ .-'K
[=1
xap e
E ICC-ACO 100 (Slab2):
g sl MOE: 4,050,000 psi
2 Density: 0.080 Ib/in3
st CTE: 4.06 in/fin/°F
Paisson Ratio 0.21
e 0w Y
n . & r - = r T L L] 1
| ’ Field Data1
= Field Data2 L —
"I | —— FEM Resiults — "
_'E? - ‘ E
ﬂb R\H -
g3 - ICC-SRA (Slab3):
é . MOE: 3,580,000 psi
3 Density: 0.080 Ib/in3
sl CTE: 3.72 infin/"F
Poisson Ratio 0.21
e e w o w e ®m w®
(C) Location (in.)
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FWD load at the center for (a) Slabl SC, (b) Slab2 ICC-1, and (c) Slab3 ICC-2.

211



5.3.2 Assessment of the Performance of the Test Slabs

5.3.2.1 Critical Stress Analysis

Using the developed 3-D finite element models for the three test slabs, which were
calibrated with the measured deflection basins from FWD tests, analyses were performed to
determine the maximum stresses in the slabs when the slabs were subject to some critical load and
temperature conditions. A 22-kip axle load represents the maximum legal load limit for a single
axle load in Florida, and was used as the applied load in the analysis. The analyses of the following
two critical load-temperature conditions were performed, and the configurations of these two

conditions is shown in Figure 5.11:

(1) A 22-kip axle load was applied to the mid-edge of the pavement slab with a temperature
differential of +20°F.

(2) A 22-kip axle load was applied to the corner of the pavement slab with a temperature
differential of -10°F.

i Adjacent Slab Loaded Slab

‘ e
Load Transfer "

Joint

l Corner Edge Middle Edge
1 Load (-10°F) Load (+20°F)

15°
-« >

Fig 5.11 Critical load-temperature conditions for the test slabs.

For comparison purpose, additional analyses were performed for the following non-critical load-

temperature conditions:

(1) A 22-kip axle load was applied to the mid-edge of the pavement slab with a temperature
differential of -10°F.
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(2) A 22-kip axle load was applied to the corner of the pavement slab with a temperature
differential of +20°F.

Table 5.9 shows the maximum computed stresses in the three test slabs from the critical
stress analysis. In order to assess the potential performance of these test slabs in service, the fatigue
theory that was described in the Chapter 3 is utilized. To summary of the theory, a lower computed
SS would indicate a higher allowable number of load repetitions to failure and a better performance
would be expected. The measured 28-day flexural strengths of the concrete sampled from the test

slabs were used to compute the stress-to-strength ratios, which are also shown in Table 5.9.

Table 5.9 Computed Maximum Stresses and SS Ratios for the Test Slabs

Tempera- CTE MOE Flexural Computeq Stress
ture Mix Strength (psi)
Condition (ue/°F) (ksi) (psi) Corner Mid-Edge Corner Mid-Edge

SS Ratio

SC 4.65 4,300 825 275.1 507.0 0.33 0.61

ICC-1 4.06 4,050 840 245.9 450.0 0.29 0.54

Temperature
differences of
+20°F

ICC-2 3.72 3,850 755 223.0 415.5 0.30 0.55
SC 4.65 4,300 825 187.1 156.7 0.23 0.19

ICC-1 4.06 4,050 840 167.6 1355 0.20 0.16

Temperature
differences of

-10°F

ICC-2 3.72 3,850 755 156.1 123.6 0.21 0.16

From the results presented in the Table 5.9, the maximum stresses and the maximum SS
ratios were obtained when a 22-kip axle load was applied to the mid-edge of the pavement slab
with a temperature differential of +20°F. At this critical loading condition, the computed SS ratios
for Slabl SC (M1-SC), Slab2 ICC-1 (M1-ICC-SRA), and Slab3 ICC-2 (M1-ICC-OAG 100) were
0.61, 0.54, and 0.55, respectively. Based on the maximum SS ratios, the ranking of the test slabs
from best to worst should be Slab2 ICC-1, Slab3 ICC-2, and Slab 1 SC. It can be seen that the
concrete slabs with ICC mixes perform better for concrete pavement application than the standard

concrete slab with respect to their computed stress-to-strength ratios.
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5.3.2.2 Visual Observation

No visible cracks were observed on the three test slabs at 85 days after the placement of
Slabl SC and Slab3 ICC-2 and 61 days after the placement of Slab2 ICC-1 without any external
loading applied to the slabs. Figures 5.12 through 5.14 shows the pictures of top surfaces of Slabl
SC, Slab2 ICC-1, and Slab3 ICC-2, respectively.

Fig 5.12 Picture of the surface of Slabl SC.
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Fig 5.13 Picture of the surface of Slab2 ICC-1.

Fig 5.14 Picture of the surface of Slab3 ICC-2.
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5.4 Summary

In Slab Study 2, two internally-cured concrete (ICC) mixes and a standard control mix
were evaluated for their performance in concrete pavement slab application through a full-scale
test slab experiment. These two ICC mixes were (1) an ICC incorporating shrinkage-reducing
admixture (SRA) (Mix ICC-1) and (2) an ICC incorporating optimized aggregate gradation (OAG)
(Mix ICC-2). These two ICC mixes and the standard mix all had the same water-cementitious ratio
and cementitious materials content. These three concrete mixes all had satisfactory workability
and were placed to form three test slabs with no construction issues. Both ICC mixes had
comparable compressive and flexural strengths as the standard mix. The ICC-1 mix had slightly
higher strength, while the ICC-2 mix had slightly lower strength. Both ICC mixes had lower elastic
moduli, lower coefficients of thermal expansion (CTE), and lower densities than the standard mix.
These properties indicate that the ICC mixes would have lower load-temperature-induced stresses
in a concrete pavement slab and, thus, potentially better performance.

A 3-D finite element model using ADINA software was developed for analysis of the test
slabs, and the model was calibrated with deflection data from the falling weight deflectometer
(FWD) test. Using the calibrated 3-D finite element models for the three test slabs, analyses were
performed to determine the maximum stresses in the slabs when subjected to critical load and
temperature conditions. The maximum computed stresses were divided by the flexural strength
determined for the test slab concrete to obtain the stress-to-strength (SS) ratios. A lower computed
SSratio indicates a higher allowable number of load repetitions to failure and a better performance
in service. The results of this critical stress analysis indicated that the two ICC mixes would out-

perform the standard mixes in concrete pavement application.
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CHAPTER 6
LIFE-CYCLE COST ANALYSIS ON USE OF ICC IN BRIDGE DECK
AND PAVEMENT APPLICATIONS

This report describes a life-cycle cost analysis (LCCA) on the use of internally cured
concrete (ICC), optimized aggregate gradation (OAG), cement paste reduction, shrinkage-
reducing admixture (SRA), and polymeric microfibers (PMF) for concrete pavement applications,
as compared with a standard reference concrete. Cost comparison was also made between these
types of concrete mixes and the standard reference concrete for the Class 11 (bridge deck) and Class

V structural concrete mixes that were evaluated in this study.

6.1 Life-Cycle Cost Analysis of Concrete for Pavement Application

6.1.1 Predicted Service Life of Pavement Concretes Based on AASHTO Design Equation

The AASHTO design equation for rigid pavement [77] was used to assess the potential
performance of the Class I (Pavement) concrete mixes evaluated in the laboratory testing program

in this study. The AASHTO deign equation for rigid pavement is shown in Equation 6.1.

loglo(ng) == ZR - SO + 735 - loglo(D + 1) - 006 Eq 61
APSI
logsg (4.5 - 1.5) S.' C4 (D75 — 1.132)

+ (4.22 — 0.32p;) log,,

1.64 x 107 o7s _ 18.42
1+ (D + 1)876 215.63] (D (&)0.25
i k |

where:

Wi = predicted number of 18-kip equivalent single axle load applications (ESALS),

Zr = standard normal deviate,

So = combined standard error of the traffic prediction and performance prediction,

D = thickness (inches) of pavement slab,

APSI = difference between the initial design serviceability indeX, po, and the design terminal
serviceability index, pt,

Sc” = concrete flexural strength (psi),

J = load transfer coefficient used to adjust for load transfer characteristics of a specific
design,

Cy = drainage coefficient,
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concrete modulus of elasticity (MOE) (psi), and
modulus of subgrade reaction (Ib/in.3, pci).

This design equation was developed based on the results the AASHTO Road Test which
was conducted in Ottawa, Illinois in 1993. It relates the number of 18-kip equivalent single axle
loads the pavement can carry before it reaches a specified terminal serviceability index, as a
function of various relevant pavement design parameters. No repair or maintenance between initial
construction and time of terminal serviceability is assumed in this design equation. Though the
AASHTO road test was conducted using only one type of concrete, the design equation was
extended to cover concrete of different properties by incorporating the elastic modulus and flexural
strength of the concrete. A typical concrete pavement in Florida with a slab thickness of 9 inches

is used in this hypothetical analysis. The following values were used for the various design

parameters:

Zr = 0.35 (typical standard deviation for rigid pavement as determined from the results
of the AASHTO Road Test)

So = -1.645 (number of standard deviations used for 95% reliability, as used in the
AASHTO Pavement Design Guide by assuming a normal distribution)

D = 9 inches (slab thickness used in the analysis)

APSI = 1.9 (assume an initial serviceability of 4.4 and terminal serviceability of 2.5)

J = 3.2 (typical load transfer coefficient used for jointed plain concrete pavement)

Cq = 1 (drainage coefficient used for average condition)

k = 400 pci (modulus of subgrade reaction for a typical strong subgrade in Florida [3],

[4]

Using the flexural strengths (S¢”) and moduli of elasticity (Ec) at 28 days of the Class |
(Pavement) concrete mixes that were evaluated in this study, the service lives of typical 9-inch
thick concrete pavement were calculated in terms of the number of 18-kip single axle loads (W1s)
needed to initiate failure. The calculated results for the various concrete mixes, along with the

pavement parameters used, are shown in Table 6.1.
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Table 6.1 Calculated W1g using AASHTO Design Equation for Rigid Pavement.

D

S’

E

K

Mixtures Zr So (inch) APSI (psi) J Gy (Mpsi)  (pci) Log Wis Wag
M1-SC -1.645 035 9 19 738 32 1 498 400 6.868735 7,391,536
M1-OAG 100 -1.645 035 9 1.9 830 32 1 5.13 400 7.037694 10,906,717
M1-OAG 90 -1.645 035 9 19 804 32 1 5.26 400 6.985803 9,678,380
M1-SRA -1645 035 9 19 717 32 1 498 400 6.825857 6,696,648
M1-PMF -1.645 0.35 9 19 645 32 1 4.56 400 6.685479 4,847,070
M1-ICC -1645 035 9 19 782 32 1 4.69 400 6.966130 9,249,755
M1-ICC-OAG 100 -1.645 035 9 19 823 32 1 4.86 400 7.035245 10,845,391
M1-ICC-OAG 90 -1.645 035 9 1.9 709 32 1 4.61 400 6.823885 6,666,301
M1-1CC-SRA -1.645 0.35 9 19 794 32 1 4.70 400 6.988341 9,735,108
M1-1CC-PMF -1.645 0.35 9 19 7719 32 1 4.82 400 6.955203 9,019,921
M1-1CC-OAG-SRA -1.645 0.35 9 19 780 32 1 4.77 400 6.959092 9,101,062

The calculated results were applied to a section of Archer Road, a high-traffic city road in

Gainesville, Florida. From the FDOT traffic database [78], the annual average daily traffic
(AADT) for that portion of Archer Road is 48,500, which converts to a W1g of 1,120 per day, or
408,800 per year. Using this annual Ws, the estimated pavement service lives of the concrete

mixes used in this study are calculated and shown in Table 6.2. Figure 6.1 shows the plots of these

estimated service lives. It is to be stated that these are the estimated times for the pavement to

reach the specified terminal serviceability, 2.5 PSI in these calculations, without any maintenance

or repair.
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Table 6.2 Estimated Service Life of Pavement Concretes

Service Life of R_elati\_/e
Total W1s0n Archer Service Life as

Mixtures Calculated Wi Road per year Pavement compared with
(year) M1-SC
M1-SC 7,391,536 408,800 18.1 100%
M1-OAG 100 10,906,717 408,800 26.7 148%
M1-OAG 90 9,678,380 408,800 23.7 131%
M1-SRA 6,696,648 408,800 16.4 91%
M1-PMF 4,847,070 408,800 11.9 66%
M1-ICC 9,249,755 408,800 22.6 125%
M1-ICC-OAG 100 10,845,391 408,800 26.5 146%
M1-ICC-OAG 90 6,666,301 408,800 16.3 90%
M1-ICC-SRA 9,735,108 408,800 23.8 131%
M1-ICC-PMF 9,019,921 408,800 22.1 122%
M1-ICC-OAG-SRA 9,101,062 408,800 22.3 123%
Service Life of Pavement
Mixture
M1-SC |
M 1-OAG 100 |
M1-0AG 90 I
M1-SRA
M1-PMF
M1-ICC
M1-ICC-OAG 100 |
M1-ICC-0AG 90 I
M1-ICC-SRA
M1-ICC-PMF
M1-ICC-OAG-SRA I

30

o
(9]
[EEN
o

15
Year

N
o
N
wu

Fig 6.1 Estimated service life of pavements using various concrete mixes

According to the predications based on the AASHTO design equation for rigid pavement,
seven (7) of the evaluated concrete mixtures would have longer service life than the standard
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concrete. The two concrete mixtures with the longest predicted service life were the concrete
incorporating OAG (M1-OAG 100) and the concrete incorporating both ICC and OAG (M1-ICC-
OAG 100), with relative predicted life values of 148% and 146% compared to the standard
reference mix. The other five concrete mixes with longer predicted service lives than the standard
reference mix are 1) the ICC mix incorporating SRA (M1-ICC-SRA), 2) the concrete mix
incorporating OAG and reduced cement paste content (M1-OAG 90), 3) the ICC mix without
incorporation of OAG (M1-ICC), 4) the ICC mix incorporating OAG and SRA (M1-ICC-OAG-
SRA), and 5) the ICC mix incorporating PMF (M1-1CC-PMF), with relative predicted service lives
of 133%, 133%, 125%, 123%, and 122%, respectively.

6.1.2 Life-Cycle Cost Analysis of Pavement Concretes

For this study, only the material cost was considered in the life-cycle cost analysis of the
pavement concretes. The unit cost for each concrete mix was determined by summing up the
material costs for all the constituents in each concrete mix. The unit costs for all of the constituents
used in these mixes are shown in Table 6.3. Using these unit prices and the mix compositions of
the pavement concrete mixtures presented in Chapter 2, the unit cost for each of the eleven
pavement concrete mixes were calculated and are presented in Table 6.4. The relative rankings
from lowest to highest unit cost are also shown in the table. Figure 6.2 shows the plot of unit costs

of these eleven concrete mixes.
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Table 6.3 Unit Cost of Mix Constituents

Constituent Unit Price
Portland cement Type | per ton $118
Fly ash Class F per ton $50
Coarse aggregate #57 stone per ton $28
Coarse aggregate #89 stone per ton $30
Fine lightweight aggregate per ton $33
Fine aggregate sand per ton $30
Air-entraining admixture per ton $3,526
Water-reducing admixture per ton $6,255
High-range water-reducing admixture per ton $6,422
Shrinkage-reducing admixture per ton $1,250
Polymeric microfiber per ton $2,000

Table 6.4 Class | (Pavement) Concrete Unit Cost

Miures - Costperyd® o tCITITMISC  Towest 1o ighedd
M1-SC $157.9 100% 6
M1-OAG 100 $155.8 99% 3
M1-OAG 90 $156.5 99% 4
M1-SRA $190.8 121% 11
M1-PMF $166.0 105% 8
M1-ICC $155.6 99% 2
M1-ICC-OAG 100 $154.8 98% 1
M1-ICC-OAG 90 $157.0 99% 5
M1-ICC-SRA $181.8 115% 9
M1-ICC-PMF $159.2 101% 7
M1-ICC-OAG-SRA  $182.6 116% 10
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Unit Cost of Pavement Concrete

Mixture
M1-SC

M1-OAG 100
M1-OAG 90
M1-SRA

M1-PMF

M1-ICC
M1-ICC-OAG 100
M1-ICC-OAG 90
M1-ICC-SRA
M1-ICC-PMF
M1-ICC-OAG-SRA

o
]
o

100 150 200
Cost (S)

Fig 6.2 Unit cost of pavement concretes.

The unit cost of the standard concrete, M1-SC, ranks in the middle among the eleven mixes.
All of the five concrete mixes incorporating either SRA or PMF have higher unit costs than the
standard mix, while the other five mixes have slightly lower unit costs, with relative costs of 98 to
99% as compared with the standard concrete. These five mixes of relatively lower unit costs are
mixes with various combinations of ICC, OAG, and reduced cement content.

To further demonstrate the actual cost of pavement, the total material cost of concrete for
one lane-mile of concrete with a thickness of 9 inches and width of 12 feet was calculated for each
of the eleven concrete mixes and presented in Table 6.5. Using the predicted service life for each
concrete as presented in Table 6.2 and the unit cost of each pavement concrete shown in Table 6.4,
the equivalent annual cost (EAC) for each concrete was calculated using Equation 6.2.

PW X i

4 = [(1+D)-1]/(1 + D)™ Eq.6.2
where:
A = equivalent annual cost,
i = interest rate per year,
PW = present worth total cost, and
n = number of years of service life.
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Table 6.5 Concrete Cost for One Lane Mile of Concrete Pavement

_ Pr_edict_ed VVolume of Unit Cost of Total Concrete
Mixtures Service Life of Concrete Concrete per Cost
Pavement (year) (yd®) yd®
M1-SC 18.1 1,760 $157.9 $277,981
M1-OAG 100 26.7 1,760 $155.8 $274,192
M1-OAG 90 23.7 1,760 $156.5 $275,369
M1-SRA 16.4 1,760 $190.8 $335,816
M1-PMF 11.9 1,760 $166.0 $292,191
M1-ICC 22.6 1,760 $155.6 $273,908
M1-ICC-OAG 100 26.5 1,760 $154.8 $272,473
M1-ICC-OAG 90 16.3 1,760 $157.0 $276,357
M1-ICC-SRA 238 1,760 $181.8 $320,051
M1-ICC-PMF 22.1 1,760 $159.2 $280,149
M1-ICC-OAG-SRA 22.3 1,760 $182.6 $321,450

The computed EAC for all the eleven pavement concretes using interest rates of 0%, 2.5%,
and 5% are presented in Table 6.6. Figure 6.3 shows the plots of EAC for each concrete with
different interest rates. The ranking of the EAC from lowest to highest are also shown in the table.
It can be noted that when an interest rate of 2.5% or lower was used, seven concrete mixes showed
lower EAC than the standard mix. When an interest rate of 5% was used, six concrete mixes
showed lower EAC than the standard mix. The two concrete mixtures with the lowest EAC were
the concrete incorporating OAG (M1-OAG 100), and the concrete incorporating both ICC and
OAG (M1-ICC-OAG 100), with relative EACs of 67%, 74%, and 79% for both mixes as compared
with the standard concrete when interest rates of 0%, 2.5%, and 5% respectively, were used in the

analysis.
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Table 6.6 Equivalent Annual Cost of Concrete for One Lane-Mile of Pavement

Mixtures E.AC EAC E.AC
(0% interest) (2.5% interest) (5% interest)
M1-SC $15,358 (8)* $19,282 (8) $23,698 (7)
M1-OAG 100 $10,269 (1) $14,199 (2) $18,827 (2)
M1-OAG 90 $11,619 (3) $15,540 (3) $20,089 (3)
M1-SRA $20,477 (10) $25,212 (10) $30,488 (10)
M1-PMF $24,554 (11) $28,691 (11) $33,170 (11)
M1-ICC $12,120 (4) $16,011 (4) $20,502 (4)
M1-ICC-OAG 100 $10,282 (2) $14,185 (1) $18,777 (1)
M1-1CC-OAG 90 $16,955 (9) $20,851 (9) $25,190 (9)
M1-ICC-SRA $13,448 (6) $18,005 (6) $23,297 (6)
M1-ICC-PMF $12,677 (5) $16,653 (5) $21,229 (5)
M1-ICC-OAG-SRA $14,415 (7) $18,979 (7) $24,238 (8)

# The ranking in EAC from lowest to highest is presented in ().

EAC of Pavement

0% interest 7
m/ e

A

2.5% interest

T e R
%f/ﬁ%ﬂﬁﬁ/ﬁ/ﬁmyz

5% interest

i

M%ﬁ%ﬁ%f%ﬂﬁ%x%ﬁ s

EAC(S) $O $5,000 $10,000 $15,000 $20,000 $25,000 $30,000 $35,000
B M1-SC & M1-OAG 100 8 M1-0AG 90 M1-SRA B M1-PMF 7 M1-ICC
& M1-ICC-OAG 100 i M1-ICC-OAG 90 & M1-ICC-SRA % M1-ICC-PMF £ M1-ICC-OAG-SRA

Fig 6.3 EAC of pavement concrete for one land-mile of pavement.
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6.1.3 Evaluation of Pavement Concrete Mixes Based on Critical Stress Analysis

The potential performance of the pavement concrete mixes was also evaluated using a
critical stress analysis. A 3D FEM model developed and validated from the pavement slab study
was used for this purpose. Using this FEM model, analysis was made to determine the maximum
temperature-load induced stress in the concrete slab when a 22-kip axial load was applied at the
slab’s mid-edge under a temperature differential of +20 °F in the concrete slab. This temperature-
load condition was found from prior research to be a critical loading condition for concrete
pavements in Florida. Figure 6.4 illustrates the location of the 22-kip axial load at the slab’s mid-
edge. The modeled slab was 12 feet in width, 15 feet in length, and 9 inches thick. A subgrade
modulus of 115,000 psi, which represents the condition of a good subbase, was used to model the
subgrade. No load transfer at the edges and joints was modeled in order to simulate a critical
condition. The properties of the various pavement concretes as determined in the laboratory testing
program were used to model the concrete slabs to determine how they would perform if these

concretes were to be used in this hypothetical concrete pavement.

Adjacent Slab Adjacent Slab

Adjacent Slab : Loaded Slab

~ No Load Transfer
Joint

ft

-~

1

A 22-kip Mid Edge with
Temp. Differential of 20°F

6N

151t

+ >

Fig 6.4 The location of the applied 22-kip axial load for critical stress analysis.

The maximum computed stresses under this critical load-temperature condition were

divided by the flexural strengths of the respective concretes to determine the stress-to-strength

226



ratios, which were used to evaluate the performance of the pavement concretes. A low computed
stress-to-strength would indicate that the concrete would be able to take a higher number of stress
cycles before failure would occur. Thus, a lower computed stress-to-strength ratio would indicate
a better predicted performance.

Table 6.7 presents the computed maximum stresses and stress-to-strength ratios for the
concrete slabs using the eleven pavement concretes. The relevant properties of the concrete used
in the analyses are also presented in the table. It can be noted that eight of the pavement concrete
mixes ranked better than the standard concrete with regards to the computed stress-to-strength
ratio. The top four concrete mixes with the lowest stress-to-strength ratio were 1) ICC-OAG 100,
2) ICC, 3) ICC-SRA, and 4) OAG 100, with computed stress-to-strength ratios of 0.61, 0.64, 0.66,
and 0.67, respectively, as compared with a computed stress-to-strength ratio of 0.75 for the

reference concrete mix.

Table 6.7 Computed Stresses and Stress-to-Strength Ratios from Critical Stress Analysis

_ Elastic CTE Density Poissc_m’s '(\:/I:r)r(]m?erg Flexural  Stress-to- _
Mixtures M?Ssti;us (%g) / (Ib/in?) Ratio Stress St(rggig;th Stlgt]i%[h Ranking
(psi)

M1-SC 4,980,000 4.33 0.0813 0.22 551.8 738 0.75 9
M1-OAG 100 5,130,000 4.23 0.0831 0.22 556.6 830 0.67 4
M1-OAG 90 5,260,000 4.36 0.0825 0.22 578.6 804 0.72 7
M1-SRA 4,980,000 457 0.0818 0.21 559.4 717 0.78 10
M1-PMF 4,560,000 4.48 0.0808 0.20 505.6 645 0.78 10
M1-ICC 4,690,000 3.99 0.0797 0.22 500.8 782 0.64 2
M1-ICC-OAG 100 4,860,000 3.82  0.0810 0.22 501.5 823 0.61 1
M1-1CC-OAG 90 4,610,000 4.34 0.0794 0.22 520.1 709 0.73 8
M1-ICC-SRA 4,700,000 4.34 0.0798 0.22 528.0 794 0.66 3
M1-ICC-PMF 4,820,000 4.17 0.0802 0.23 536.5 779 0.69 6
M1-ICC-OAG-SRA 4,770,000 4.04 0.0801 0.23 521.9 780 0.67 4
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6.2 Cost Analysis of Concrete for Bridge Application

Because there is currently no reliable and consistent service life calculation or model for

6.2.1 Cost of Class Il (Bridge Deck) Concrete

The use of SRA considerably increases the cost of the concrete.

bridge deck concretes, the life-cycle cost of a bridge deck, which requires service life as a critical
parameter, cannot be determined. For this study, only the unit cost of Class Il (Bridge Deck)
concretes were analyzed. The unit cost of the concretes can be calculated by summing all the cost
of its constituent. Using the constituent cost shown in Table 6.3 and the mix designs from Chapter
2, the unit cost for each of the Class Il (Bridge Deck) concretes evaluated in this study was
calculated and shown in Table 6.8. Figure 6.5 shows the plots of the unit cost of the Class 11 (Bridge
Deck) concretes. The unit cost of the standard concrete, M2-SC, is higher than six of the other
Class Il (Bridge Deck) concrete mixtures. The six concrete mixes with a lower unit cost than the
standard concrete are the concrete mixes with various combinations of ICC, OAG, and reduced
cement content, with relative unit costs from 92 to 99% as compared with the standard concrete.

Table 6.8 Class Il (Bridge Deck) Concrete Unit Cost

Relative cost as

Ranking (from

Mixtures Cost per yd® compared with M2-SC  lowest to highest)
M2-SC $168.1 100% 7
M2-OAG 100 $166.9 99% )
M2-OAG 85 $162.2 96% 3
M2-OAG 75 $162.3 97% 4
M2-SRA $198.6 118% 9
M2-PMF $169.5 101% 8
M2-ICC $155.2 92% 1
M2-ICC-OAG $161.9 96% 2
M2-ICC-SRA $202.8 121% 11
M2-1ICC-PMF $167.2 99% 6
M2-ICC-OAG-SRA $200.3 119% 10
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Unit Cost of Class Il (Bridge Deck) Concrete

Mixture
M2-SC

M2-ACO 100
M2-ACO 85
M2-ACO 75

M2-SRA
M2-PMF
M2-ICC

M2-ICC-ACO
M2-ICC-SRA

M2-ICC-PMF

M2-ICC-ACO-SRA

o
]
o

100 150
Cost (S)

N
o
o

250

Fig 6.5 Unit cost of bridge deck concretes.

6.3 Cost Analysis of Concrete for High-Strength Structure Application

6.3.1 Cost of Class V Concrete

Because there is currently no reliable and consistent service life calculation or model for
high-strength concretes, the life-cycle cost of concrete for a high-strength structure, which requires
service life as a critical parameter, cannot be determined. For this study, only unit cost of Class V
concretes were analyzed. The unit costs of the concretes were calculated by summing all the costs
of its constituents. Using the constituent costs shown in the Table 6.3 and mix designs from
Chapter 2, the unit costs of the Class V concretes evaluated in this study were calculated and shown
in Table 6.9. Figure 6.6 shows the plots of unit costs of the Class V concretes. The unit cost of
standard concrete, M3-SC, ranks in the middle among the eleven Class V concretes in this study.
The five concrete mixes with a lower unit cost than the standard concrete are the concrete mixes
with various combinations of ICC, OAG, and reduced cement content, with relative unit costs from
95 to 98% as compared with the standard concrete. The use of SRA increases the cost of the

concrete significantly.
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Table 6.9 Class V Concrete Unit Cost

Relative cost as

Ranking (from

Mixtures Cost per yd® compared with M3-SC  lowest to highest)
M3-SC $178.6 100% 6
M3-OAG 100 $174.5 98% 3
M3-OAG 85 $170.0 95% 1
M3-OAG 75 $172.6 97% 2
M3-SRA $228.3 128% 11
M3-PMF $180.3 101% 8
M3-ICC $175.6 98% 5
M3-ICC-OAG $175.3 98% 4
M3-ICC-SRA $222.4 125% 9
M3-ICC-PMF $179.6 101% 7
M3-ICC-OAG-SRA $222.6 125% 10

Mixture
M3-SC

M3-ACO 100
M3-ACO 85
M3-ACO 75

M3-SRA
M3-PMF
M3-ICC

M3-ICC-ACO
M3-ICC-SRA

M3-ICC-PMF

M3-ICC-ACO-SRA

o

Unit Cost of Class V Concrete

(%)
o

100 150
Cost (S)

Fig 6.6 Unit cost of Class V concretes.
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CHAPTER 7
SUMMARY AND RECOMMENDATIONS

7.1 Findings from the Laboratory Testing Program

The main findings from the laboratory testing program are summarized as follows:

Fresh Concrete Properties

. Allthe ICC and OAG mixes with or without incorporation of reduced cement paste content,
SRA, or PMF were able to be produced to meet the FDOT specifications for Class |
(Pavement), Class Il (Bridge Deck), and Class V structural concrete with respect to slump,
air content, and mix temperature.

. The ICC mixes had lower density compared to the conventional concrete mix. The density
of ICC mixes ranged from 133 to 140 pcf, while that of conventional mix ranged from 140
to 144 pcf.

. The OAG mixes had improved workability compared to the conventional concrete. A lower
amount of water-reducing admixture was required for the OAG mixes to achieve the
desired slump.

. The concrete mixes with reduced cement paste content required higher dosages of water-
reducing admixtures to achieve the desired slump.

. The use of PMF increased bleeding in the fresh concrete.

Strength Properties of Hardened Concrete
. All the ICC and OAG mixes with or without incorporation of SRA or PMF were able to be

produced to meet the FDOT specifications for Class | (Pavement), Class Il (Bridge Deck),
and Class V structural concrete with respect to design and over-design compressive
strength.

For Class | (Pavement) concrete, the ICC and OAG mixes had slightly higher compressive
strength (by 7%) and flexural strength (by 5%) as compared to the conventional concrete.
However, the splitting tensile strength of the ICC and OAG mixes were slightly lower than

that of the conventional concrete.
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10.

11.

12.

13.

14.

For Class | (Pavement) concrete, the OAG mixes with 10% reduction in cement paste
content had similar compressive and flexural strengths as those of the conventional
concrete with no cement reduction.

For Class Il (Bridge Deck) and Class V structural concrete, the compressive, splitting
tensile, and flexural strengths of the ICC and OAG mixes were slightly lower than those
of the conventional concrete.

The incorporation of SRA or PMF slightly reduced the strengths of the concrete.

Flastic Modulus, Poisson’s Ratio, Coefficient of Thermal Expansion, and Drying

Shrinkage
The ICC and OAG mixes generally had lower elastic moduli, higher Poisson’s ratios, and

lower coefficients of thermal expansion compared to those of the conventional concrete.
The incorporation of SRA or PMF had no significant effects on these properties.

For Class | (Pavement) and Class V structural concrete, the ICC and OAG mixes generally
had lower drying shrinkage compared to that of the conventional concrete. For Class Il
(Bridge Deck) concrete, there was no clear difference between the ICC and OAG mixes,
and the conventional concrete.

The use of SRA substantially reduced the drying shrinkage of all the concrete tested by an
average of 40%. The incorporation of PMF in the concrete reduced the drying shrinkage

of the concrete tested by an average of 20%.

Restrained Shrinkage Ring Test Results

The cracking ages from the restrained shrinkage ring test of the ICC, OAG, and PMF mixes
were earlier than that of the conventional concrete for Class | (Pavement) concrete. The
cracking ages of OAG mixes were later than that of the conventional concrete, whereas of
ICC and PMF mixes were earlier for Class Il (Bridge Deck). For Class V structural
concrete, ICC, OAG, and PMF mixtures all had later cracking ages than that of the
conventional concrete.
15. The use of SRA substantially increased the cracking age (by an average of 40%) of all
the concretes tested. All the SRA mixes had substantially later cracking ages than that

of the conventional concrete.
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Durability Parameters

16. The ICC mixes had lower rapid chloride penetration (RCP) values for Class | (Pavement)
concrete, similar RCP values for Class Il (Bridge Deck) concrete, but higher RCP values
for Class V structural concrete compared with those of the conventional concrete. The
OAG mixes had lower RCP values for Class | (Pavement) concrete, but higher RCP values
for Class Il (Bridge Deck) and Class V structural concretes compared with those of the
conventional concrete. The use of SRA or PMF increased the RCP of the concrete.

17. The ICC and OAG mixes had lower surface resistivities as compared with the conventional
concrete, for all three classes of concrete. The use of SRA or PMF did not have a significant
effect on the surface resistivity of the concrete.

18. The ICC, OAG, SRA, and PMF mixes had higher chloride diffusion coefficient (CDC)
values as compared with the conventional concrete, for each class of concrete except for

the Class | (Pavement) OAG mixture that had minimally lower CDC values.

7.2 Findings from Experimental Pavement Slab Studies

Two sets of instrumented experimental pavement test slabs were constructed and loaded
by a Heavy Vehicle Simulator (HVS) at the FDOT Accelerated Pavement Test (APT) facility to
compare the behavior and performance of various ICC mixes versus a standard concrete mix for
concrete pavement application. Based on visual inspection, the test slabs using ICC mixes had
similar performance as the test slabs using a standard concrete mix, since all of them did not show
any cracks at the end of the HV'S loading. However, based on the results of critical stress analysis,
all the test slabs using ICC mixes showed better predicted performance than the test slabs using
the standard mix. These ICC mixes include an ICC mix incorporating polymer microfibers (PMF),
an ICC mix incorporating a shrinkage-reducing admixture (SRA), and an ICC mix incorporating

optimized aggregate gradation (OAG).
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7.3 Findings from Life-Cycle Cost Analysis

Comparison of Performance of Concrete Pavement Mixes

Ten Class | (Pavement) concrete mixes incorporating internal curing (ICC), optimized
aggregate gradation (OAG), cement paste reduction, shrinkage-reducing admixture (SRA), and
polymeric microfiber (PMF) were evaluated in terms of their predicted performance based on the
AASHTO design equation for rigid pavement and critical stress analysis, and their economic
feasibility based on their estimated unit costs and equivalent annual cost. According to the
predicted performance from the AASHTO design equation, seven of the ten mixes outperformed
the standard reference concrete. The use of ICC and OAG improved the predicted performance of
the concrete mixes by extending their service life as compared with the conventional concrete. The
two concrete mixtures with the longest predicted service life are the concrete incorporating OAG
(OAG 100), and the concrete incorporating both ICC and OAG (ICC-OAG 100), with relative
predicted lives of 148% and 146%, as compared with the standard reference mix. The results of
critical stress analysis showed the same conclusion that the use of ICC and OAG improved the
predicted performance of the concrete mixes. The top two concrete mixes with the lowest stress-
to-strength ratio were the concrete mix incorporating ICC and OAG (ICC-OAG 100) and the
concrete mix incorporating ICC, with computed stress-to-strength ratios of 0.61 and 0.64,
respectively, as compared with a computed stress-to-strength ratio of 0.75 for the reference
concrete mix. The incorporation of SRA and PMF did not improve the predicted performance
according to both analysis methods.

Comparison of Cost of Concrete Pavement Mixes

The estimated unit costs of pavement concrete incorporating ICC and OAG, but without
the use of SRA or PMF, were 98 to 99% of that of the reference concrete. When SRA or PMF was
used, the unit cost of the concrete increased substantially. The predicted service life of the
pavement concretes based on the AASHTO design equation was used to determine the equivalent
annual costs (EAC) of the concretes for a typical concrete pavement in Florida. The concretes
incorporating ICC and OAG had lower EAC as compared with the reference concrete. The two
concrete mixtures with the lowest EAC were the concrete incorporating OAG (OAG 100), and the
concrete incorporating both ICC and OAG (ICC-OAG 100), with relative EACs of 67%, 74%, and
79% for both mixes, as compared with the standard concrete when interest rates of 0%, 2.5%, and

5% respectively, were used in the analysis.
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Comparison of Cost of Class Il (Bridge Deck) and Class V Structural Concrete Mixes

Cost comparison was made between the concrete mixes and the reference standard concrete
for the Class 11 (Bridge Deck) and Class V structural concrete mixes. The unit cost of the reference
Class Il concrete is higher than six of the other Class Il concrete mixtures. The six concrete mixes
with lower unit cost than the standard concrete are the concrete mixes with various combinations
of ICC, OAG, and reduced cement content, with relative unit costs from 92 to 99%, as compared
with the standard concrete. The unit cost of the reference Class V concrete mix ranked in the
middle among the eleven Class V concretes in this study. The five concrete mixes with a lower
unit cost than the reference concrete were the concrete mixes with various combinations of ICC,
OAG, and reduced cement content, with relative unit costs from 95 to 98%, as compared with the

standard concrete. The use of PMF or SRA substantially increased the cost of the concrete.

7.4 Recommendations

Based on the results of the laboratory testing program, pavement slab study, and life-cycle
cost analysis, it is recommended that ICC mixes incorporating optimized aggregate gradation
(OAG) be used for concrete pavement in Florida to bring about increased pavement life and cost
effectiveness. The method of mix design as presented in this report can be used for design of these
concrete mixes. It is recommended that ICC mixes incorporating OAG be tried out in some actual
pavement sections in Florida so that the actual performance of these mixes can be evaluated.

The use of ICC mixes in Florida Class Il and Class V concretes could result in some
reduction of unit cost for the concrete as compared with the conventional concrete. It is
recommended that a few bridge decks be constructed with ICC mixes to evaluate their actual
performance in service.

It is recommended that language be added to Section 346 of the FDOT Standard
Specifications for Road and Bridge Construction to allow the use of lightweight fine aggregate in
internally-cured Portland cement concrete for use in concrete pavement. Language should also be
added to recommend the use of Optimized Aggregate Gradation method for blending of aggregates

in the design of internally cured concrete.
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